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ABSTRACT

Labeo spp. are large, herbivorous fishes that are important components of aquatic 

ecosystems and are a high conservation priority in South Africa. This thesis contributes 

to determination of conservation priorities for Labeo umbratus (Smith 1841) by 

resolving the taxonomic status of this species in the evolutionary context of southern 

African Labeo spp., assessing the presence of unique lineages in historically isolated 

river basins, and assessing the threat of intra- and interspecific hybridisation associated 

with introductions. Phylogenetic analyses of five DNA sequence data sets (cytochrome 

c oxidase subunit I gene [COI], cytochrome b gene [Cyt b], Recombination activating 

gene 1 [Rag1], COI+Rag1 and COI+Cyt b+Rag1) showed that the Labeo umbratus 

group (sensu Reid, 1985), which comprises the species Labeo umbratus, Labeo 

capensis (Smith 1841), Labeo seeberi Gilchrist and Thompson 1911 and Labeo 

rubromaculatus Gilchrist and Thompson 1913, is monophyletic, morphologically 

distinct and geographically disjunct from other African Labeo spp. groups except in the 

Tugela River system were L. rubromaculatus co-occurs with Labeo molybdinus Du 

Plessis 1963. Phylogeographic analysis of mitochondrial DNA (Cyt b) sequence data 

demonstrated that the populations of the L. umbratus from the Orange and the 

southward-flowing river systems are reciprocally monophyletic and were identified as 

evolutionary significant units. The populations in the southward-flowing river systems 

were further divided into southwestern (Gourits and Gamtoos) and southeastern 

(Sundays, Bushmans, Great Fish, Keiskamma, Buffalo and Nahoon) polyp hyletic 

sublineages. Four management units (Gourits Basin; Gamtoos Basin; 

Sundays+Bushmans+Great Fish River Basins; and Keiskamma+Buffalo+Nahoon River 

Basin) were not reciprocally monophyletic but were proposed on the basis of
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containing unique haplotype frequencies for conservation purposes. To evaluate the 

threat of hybridisation to the genetic integrity of L. umbratus, the occurrence of Labeo 

umbratus x L. capensis hybrids was investigated using mtDNA Cyt b and nDNA S7 

intron sequence data and morphological data. Genetic evidence for interspecific 

hybridisation was detected for populations in two impoundments, Hardap Dam (Orange 

River Basin) and Darlington Dam (Sundays River Basin, Eastern Cape, South Africa). 

Some putative hybrids were identifiable morphologically on account of intermediacy 

between the parental species in meristic and morphometric characters. Translocation 

via direct stocking (Hardap Dam) or via an inter-basin water transfer scheme 

(Darlington Dam) was identified as a driver for hybridisation. Introductions associated 

with an inter-basin water transfer scheme has resulted in introgression between the 

previously isolated Orange River and southern lineages of L. umbratus. Further 

translocation of fish from these affected areas to non-contaminated river systems and 

impoundments such as Kat River (Great Fish River) and Slagboom (Sundays River) 

should be avoided.
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CHAPTER ONE: GENERAL INTRODUCTION

Overexploitation, water pollution, flow modification, destruction or degradation of 

habitats, and invasion by non-native species, acting separately and interactively 

(Dudgeon et al., 2006, Gene, 2007, Leprieur et al., 2009), have resulted in freshwater 

fishes being among the most imperilled organisms on the planet (Carrizo et al., 2013). 

South Africa is no exception and the most recent assessment of threats to southern 

African aquatic ecosystems (Darwall et al., 2009), listed invasive species, pollution, 

water abstraction and modification of water courses for human use as major threats.

The International Union for Conservation of Nature and Natural Resources (IUCN) Red 

List of Threatened Species™ provides a peer-reviewed assessment on the conservation 

status of evaluated species using information on the distribution, habitat preference, 

taxonomy, conservation priorities and threats in relation to the IUCN Red List 

Categories and Criteria (IUCN, 2012) in order to assign a threat status (e.g., Extinct, 

Extinct in the Wild, Critically Endangered, Endangered, Vulnerable, Near Threatened, 

Least Concern or Data Deficient) to individual species (Darwall et al., 2008). In 2008 

the conservation status of a total of 355 southern African freshwater fish species was 

assessed using the IUCN Red List criteria (Darwall et al., 2008). Of the total number,

12 species were assessed to be Critically Endangered, 19 were Endangered, 9 were 

Vulnerable, 9 were Near Threatened, 235 were Least Concern and 71 were Data 

Deficient. Of the 12 species that were evaluated as Critically Endangered, one was a 

Labeo Cuvier 1816 species, Labeo seeberi Gilchrist and Thompson 1911 (IUCN, 2016). 

The L. seeberi evaluation was based on severe declines in population sizes resulting
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from predation by non-native fishes, as well as from the deterioration of habitat quality 

(Paxton et al., 2002).

The conservation status of 11 other southern African species of the cyprinid genus 

Labeo were assessed using Red-List criteria in 2008 (Table 1.1). Although, all 

remaining species are currently evaluated as Least Concern, evaluators listed several 

threats including the impact of non-native fishes, habitat alterations, man-made barriers 

to migration and hybridisation with closely related, introduced species (Table 1.1).

Hybridisation as a threat to genetic integrity was listed as a threat to one species, Labeo 

umbratus (Smith 1841). The threat is a consequence of inter-basin water transfer 

schemes (IBWTs), which have facilitated the introduction of species across a 

geographic divide between the Orange River system and two southern-flowing river 

systems, namely the Great Fish River and Sundays River systems (Swartz & Impson, 

2007). Given that hybridisation between L. umbratus and Labeo capensis (Smith 1841) 

has been observed previously in impoundments (Gaigher & Bloemhof, 1975), this study 

is intended to contribute to the knowledge base required to better understand this threat 

to L. umbratus populations in the Eastern Cape Province of South Africa, where this 

Labeo species is the largest native primary freshwater fish species. This will be 

achieved by determining the phylogenetic relationships and evolutionary history of 

southern African Labeo spp.; assessing the phylogeography of L. umbratus to assess for 

regions of conservation importance and evaluating the threat of hybridisation resulting 

from introductions to develop recommendations for the better conservation of L. 

umbratus genetic diversity.
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TABLE 1.1. Southern African Labeo spp. and their conservation status. Data taken from 
the IUCN Red List of Threatened Species™ (IUCN, 2012).

Species Threats Conservation
status

Reference

L. altivelis Peters 
1852

Heavily fished in much of its distribution 
range.

Least Concern Bills et al. 
(2010b)

L. ansorgii 
Boulenger 1907

A dam in the Cunene River separates the 
populations in the upper and lower reaches of 
the river.

Least Concern Da Costa 
(2007)

L. capensis (Smith 
1841)

Industrial pollution on some sections of the 
Vaal River.

Least Concern Swartz & 
Impson (2007)

L. congoro Peters 
1852

Habitat and river flow modification, pollution, 
the use of toxic plants for fishing and 
overfishing are threats. East African 
populations are also threatened by water 
turbidity and sedimentation of spawning beds.

Least Concern Bayona et al. 
(2010)

L. cylindricus Peters 
1852

Habitat degradation by sedimentation as a 
result of agricultural practices.

Least Concern Bills et al. 
(2010a)

L. lunatus Jubb 1963 Heavy fishing pressure may affect abundance. Least Concern Marshall &
Tweddle
(2007)

L. molybdinus Du 
Plessis 1963

Not known. Least Concern Bills &
Cambray
(2007)

L. rosae
Steindachner 1894

Susceptible to weir construction, net fishing 
and sedimentation.

Least Concern Bills et al. 
(2007)

L. rubromaculatus 
Gilchrist and 
Thompson 1913

Inter-basin water transfers may result in 
invasion of non-native Labeo species and 
possible hybridisation.

Least Concern Cambray
(2007)

L. ruddi Boulenger 
1907

Sedimentation and loss of pools in the Kruger 
National Park, South Africa.

Least Concern Engelbrecht et 
al. (2007)

L. seeberi Gilchrist 
and Thompson 1911

Predation by non-native fish centrarchids 
(Micropterus dolomieui Lacepede, 1802, 
Micropterus salmoides and Lepomis 
macrochirus Rafinesque 1819) and possibly 
Clarias gariepinus, fragmented populations 
(little to no recruitment), decline of habitat 
quality and number of mature individuals.

Critically
Endangered

Lubbe et al. 
(2015)

L. umbratus (Smith 
1841)

Industrial pollution on some sections of the 
Vaal River, invasion by non-native fish and 
habitat deterioration (weirs) in the Bushmans, 
Gourits Gamtoos Rivers and hybridisation 
with L. capensis in the Great Fish and 
Sundays Rivers in South Africa.

Least Concern Swartz & 
Impson (2007)

3



FAMILY CYPRINIDAE

The genus Labeo belongs to the family Cyprinidae, which is the largest and freshwater 

fish family with a wide geographic distribution that includes North America, Africa, 

Europe, Asia and most of islands of South and Southeast Asia (Howes, 1991; Nelson, 

2006). The family comprises about 2991 described species in 11 subfamilies and at 

least 220 genera (Howes, 1991; Eschmeyer & Fong, 2015). About 326 species have 

been described since 2006 (Eschmeyer & Fong, 2015). Included among these recently 

described species are Labeofulakariensis Tshibwabwa, Stiassny & Schelly 2006 from 

the lower Congo River (Tshibwabwa et al., 2006), five species of Garra Hamilton 1822 

from Ethiopia (Stiassny & Getahun, 2007), and the redfin species Pseudobarbus 

skeltoni Chakona & Swartz 2013 from the Cape Floristic Region, South Africa 

(Chakona & Swartz, 2013). In addition, two ongoing international research initiatives 

are focused on elucidating the diversity and evolution of Cypriniformes fishes: 

Cypriniformes Tree of Life (CTol) (CTol, 2016) and All Cypriniformes Species 

inventory (ACSI-2) (ACSI, 2016).

The infrafamilial classification of the Cyprinidae remains highly controversial. The 

Cyprininae is the largest cyprinid subfamily generally recognised. The Cyprininae is 

classified into about 11 tribes, which include the Labeonini (Fig. 1.1(a)) (Yang et al., 

2015). Rainboth (1991, 1996) formed the tribe Labeonini by combining the ‘subfamily’ 

Labeoninae of Chen et al. (1984) and the ‘labeine cyprinids’ group of Reid (1982,

1985). However, the taxonomy of the tribe is undergoing continued refinement (Zhang 

& Chen, 2004; Stiassny & Getahun, 2007; Yang & Mayden, 2010; Yang et al., 2012; 

Zheng et al., 2012). The species placed in the Labeonini are distributed in the 

freshwaters of tropical Africa and Asia (Yang & Mayden, 2010). Most of the species
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are adapted to rapid, fast-flowing waters (rheophilic) and have oral modifications (e.g., 

the terminal or inferior positioning of the mouth, presence or absence of the upper lip 

and tongue-like or suctorial disc-shaped lower lip of various sizes) and a streamlined 

body structure suited for such habitats (Yang et al., 2012). Species in this tribe also 

have a vomero-palatine organ (Reid, 1982), which is a double row of fleshy transverse 

folds situated on the buccopharyngeal membrane (the roof of the mouth). The organ is 

used during feeding to co-mix the ingested particles with mucous secretions, but it is in 

a regressed state in rheophilic aufwuchs scrapers such as Labeo and Garra (Reid,

1982). The diverse morphology of the mouth and presence of the vomero-palatine 

organ is a synapomorphy for the Labeonini within the Cyprinidae (Reid, 1982; Yang et 

al., 2012; Zheng et al., 2012).
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FIG. 1.1. (a) Maximum likelihood phylogram showing relationships among the tribes within the

subfamily Cyprininae. The tribe of interest in the current study, the Labeonini, is highlighted 

within a red rectangle (source: Yang et al., 2015). (b) Maximum likelihood phylogram showing 

relationships among genera within the tribe Labeonini. The genus of interest in the present study, 

Labeo Cuvier, 1816, is highlighted within a red rectangle (modified from Yang et al. 2015).
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The tribe Labeonini Bleeker, 1859 [Fig. 1.1(b)] contains about 34 genera and 400 

species (Yang & Mayden 2010). The high taxonomic diversity of the tribe is due to the 

recent description of many new species (e.g., Kottelat, 2000; Su et al., 2000;

Vishwanath & Kosygin, 2000; Zhang & Chen, 2002; Su et al., 2003; Kullander & Fang, 

2004; Zhang & Chen, 2004; Zhang & Fang, 2005; Zhou et al., 2005; Li et al., 2006; 

Tshibwabwa et al., 2006; Zhang & Kottelat, 2006; Zhang et al., 2006; Stiassny & 

Getahun, 2007; Kottelat & Hui, 2008; Li et al., 2008; Krupp & Budd, 2009; Zhang & 

Zhou, 2012; Arunachalam et al., 2013; Lothongkham et al., 2014; He et al., 2015).

The genera Labeo and Garra represent almost half of the total number of species in the 

tribe (Yang & Mayden, 2010). The Labeo and Garra are predominantly indigenous to 

Africa, whereas the other genera are distributed in East Asia (China) and Southeast Asia 

(Yang & Mayden, 2010).

THE GENUS LABEO

About 105 valid species of Labeo (example Fig. 1.2) are currently recognised. The 

species are widely distributed throughout the major river systems of Africa, South Asia 

(India and Sri Lanka) and Southeast Asia (including Taiwan) (Houde & Zastrow, 1993; 

Froese & Pauly, 2000). At least 72 valid Labeo species are indigenous to Africa, which 

constitute 16.5% of the overall African cyprinid species diversity (Skelton et al., 1991; 

Houde & Zastrow, 1993; Froese & Pauly, 2000).

Labeo species occupy a variety of habitats (lakes, ponds, swamps, rivers and swift 

streams) (Reid, 1985) and some species (e.g., L. capensis and L. umbratus) have the 

ability to survive under low oxygen (hypoxic) conditions (Hattingh, 1972; Pletzen &
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Fig. 1.2. Two representative Labeo spp. (L. umbratus Smith, 1841 above and L. capensis Smith, 1841 

below).

Fig. 1.3. Labeo generalised ventral view of the mouth. a) Papillate lips. b) Plicate lips. Images reproduced 

from Reid (1985).
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Hattingh, 1975). Members of the genus Labeo have evolved a specialised suctorial 

mouth (Fig. 1.3) and pharyngeal apparatus used for grazing on benthic algae and 

aufwuchs on any firm surface (e.g., rocks and woody debris) (Reid, 1985). Labeo spp. 

are caught as a food source in developing countries by commercial and subsistence 

fisheries, and are occasionally used for angling (Skelton et al., 1991; Ellender et al, 

2010).

Labeo spp. are generally polyandrous but differentiation of male and female fish is 

difficult (Reid, 1985). Most species breed during the rainy season by undergoing lateral 

migration into the shallow floodplains bordering the riverbeds, but some migrate 

upstream (Cambray, 1990). Females produce more than 100 000 adhesive eggs, which 

are scattered (Reid, 1985) on a variety of substrates depending on species. Labeo 

umbratus for example scatters its eggs on flooded vegetation (Jackson & Coetzee, 

1982).

Reid (1985) divided the African Labeo spp. into six species groups [Labeoforskalii 

(LFG), Labeo umbratus (LUG), Labeo coubie (LCG), Labeo macrostoma (LMG), 

Labeo niloticus (LNG) and Labeo gregorii (LGG)] on the basis of morphology and 

anatomy, but he indicated that these groups may not be monophyletic and that five of 

the species groups may be more closely related to Asian species than to each other. The 

LFG is the largest with an estimated 24 valid species and is considered not to be closely 

related to Asian species. The LNG (12 species) and LCG (15 species) are widespread 

and almost pan-African (Reid, 1985; Houde & Zastrow, 1993; Lowenstein et al., 2011) 

(Fig. 1.4).
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Fig. 1.4. Map of Africa showing the major ichthyological regions of inland waters inhabited by Labeo 

spp. and the regional distribution of the African Labeo species groups delimited by Reid (1985) 

(redrawn from Reid, 1985). River Basins: 1) Senegal/Gambia, 2) Western coast (Liberian and 

Ivory coast), 3) Volta, 4) Benin coast, 5) Niger/Benue, 6) Chad, 7) Cameroon coast, 8) Congo 

basin, 9) Angolan coast, 10) Orange, 11) Cape, 12) Limpopo, 13) Mozambique coast, 14) 

Zambezi/Okavango, 15) Eastern coast, 16) Rift valley, 17) Nile. Illustrations of Labeo spp. 

representative of each species group on the left of the table are reproduced from Reid (1985).
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The other three species groups show restricted distributions: the LUG (4 species) to 

southern Africa, the LGG (3 species) to the East Coast, and the LMG (6 species) from 

Congo to West Africa (Fig. 1.4) (Reid, 1985; Houde & Zastrow, 1993; Lowenstein et 

al., 2011). Skelton et al. (1991) suggested that these species groups may warrant 

recognition as subgenera or genera.

The validity of Reid’s (1985) species groupings have been challenged by several 

authors (Roberts, 1986; Thys van den Audenaerde, 1987; Tshibwabwa, 1997). 

Tshibwabwa & Teugels (1995) alternatively grouped the African Labeo spp. into two 

groups based on the anatomy of the inner surface of the lips, which is either papillate or 

plicate (Fig. 1.3). Lowenstein et al. (2011) also revealed that one clade was paraphyletic 

as it contained species that had both mouth forms. However, the studies by Tshibwabwa 

& Teugels (1995) and Lowenstein et al. (2011) did not include representatives of the 

southern African species. This represents a notable gap in understanding the 

phylogenetic relationships among African Labeo spp. The inclusion of southern African 

Labeo spp. in molecular phylogenetic analyses is therefore crucial in order to 

understand the evolutionary history of African Labeo spp.

SOUTHERN AFRICAN REGION

Southern Africa is considered to be the portion of the African continent bounded by the 

Cunene River in the north-west, the Zambezi River in the north-east, and the Cape 

region in South Africa (Skelton, 2001; Fig. 1.5). Southern Africa is surrounded by 

oceans on three sides: the Indian Ocean on the eastern and southern coasts, and the 

Atlantic Ocean on the western coast. The region has a narrow coastal plain in the south 

that becomes broader in the north-east (Mozambique). Three major river systems have
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scoured deep valleys by draining the interior of the region, namely the Orange River, 

which flows to the west into the Atlantic Ocean, and the Limpopo and Zambezi river 

systems, which flow into the Indian Ocean. The mouths of these major river systems are 

separated by shorter succession rivers that drain the coast (Fig. 1.5).

Congo basin

Zambezi basin

Vlada;
Okasango'liasta

Orange basin
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_ Atlantic Ocean

Indian Ocean
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Fig. 1.5. Map of southern Afnca showing the location and drainage patterns of the major river systems 

and the shorter coastal drainage systems.

Southern African Labeo spp.

Twelve Labeo spp. are indigenous to southern Africa (Skelton, 2001). Four species 

have been placed in the LUG (L. umbratus, L. capensis, L. seeberi and L. 

rubromaculatus Gilchrist and Thompson, 1913), three in the LNG (L. altivelis Peters, 

1852, L. rosae Steindachner, 1894 and L. ruddi Boulenger, 1907), one in the LCG (L.
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congoro Peters, 1852) and four in the LFG (L. cylindricus Peters, 1852, L. molybdinus 

Du Plessis, 1963, L. lunatus Jubb, 1963 and L. ansorgii Boulenger, 1907). Other than 

Reid’s (1985) morphological and anatomical investigation, the phylogenetic 

relationships among southern African Labeo spp. are poorly understood. Thus, there is 

a need for a molecular study to: 1) resolve the evolutionary relationships within the 

genus Labeo and 2) allow for the species relationships hypothesised by Reid (1985) to 

be tested objectively. The focus of this Thesis is on the LUG, which is restricted to the 

Orange, Tugela and Cape coastal drainages (Skelton, 2001).

The group includes some species, e.g., L. umbratus and L. capensis, that have been 

translocated to other river systems, both intentionally (for angling purposes) (Du 

Plessis, 1963; Skelton, 2001) and unintentionally through inter-basin water transfer 

schemes (IBWTs) (Cambray & Jubb, 1977). Labeo umbratus was translocated 

intentionally into the Olifants River, which is a tributary of the Limpopo river system 

(Coetzee et al., 2002). The same species, together with L. capensis, has also been 

translocated to the Great Fish and Sundays river systems via the Orange-Fish and the 

Cookhouse tunnels, respectively (Cambray & Jubb, 1977; Van Rensburg et al., 2011). 

Labeo capensis were transferred from the upper Vaal catchment into the Tugela River 

system via an Orange-Thukela IBWT (Karssing, 2008, Van Rensburg et al., 2011). It is 

also possible that L. rubromaculatus reached the Orange river system via the same 

IBWT as the scheme pumps water 470 m up the Drakensberg Escarpment from the 

Kilburn Dam into the Driekloof Dam, and at times the water is allowed to return down 

in order to generate electricity (Department of Water Affairs, Tugela-Vaal project, 

1978). Translocated species, in turn, hybridise or compete with the native species 

(Ramoejane, 2010; Van Rensburg et al., 2011).
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Morphologically, the size of the scales of species in the LUG is relatively small 

compared to those in other species in the genus, the number of lateral-line scales ranges 

between 42 and 82, and the lowest count of gill rakers (26-43, on the outer margin of 

the ceratobranchial of the first gill arch) of all Labeo spp. groups (Reid, 1985). Most 

species grow to more than 150 mm (standard length) (Skelton, 2001). The fish migrate 

upstream during spring and summer to reproduce. Labeo umbratus and L. capensis are 

the most-studied species, with greatest research emphasis on the biology, feeding, 

reproduction and larval development, population structure, migration, parasites and 

hybridisation (Mulder, 1973; Jackson & Coetzee, 1982; Reid, 1985; Potts et al., 2005). 

Labeo umbratus is naturally distributed across river systems that are currently isolated 

and could have been isolated for a long enough period to have started to differentiate 

genetically. However, taxonomic delimitation of such populations is strongly dependent 

on the species concept that is applied.

SPECIES CONCEPTS

According to Mayr (1982) and De Queiroz (2005) the species is a fundamental unit in 

biology. However, conceptualisation of the species as a taxonomic unit remains 

controversial among evolutionary biologists, systematists and ecologists (Mayden,

1999; De Queiroz, 2007). A variety of species concepts have been proposed (Table 

1.2). These concepts are incompatible to varying degrees (Mayden, 1997; De Queiroz, 

1998), but share an underlying conceptual unity that can be treated as a general or 

primary concept. The primary defining property of the species category is existence as a 

separately evolving metapopulation lineage (De Queiroz, 2007). Individual species
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concepts also incorporate diverse properties that arise during the speciation process, 

which may be considered secondary (operational) criteria relevant for assessment of 

lineage separation (De Queiroz, 2007). All published species concepts have perceived 

flaws or disadvantages, hence a consensus has not been achieved and different concepts 

are more compatible with specific methodological approaches. A detailed appraisal of 

all published species concepts is beyond the scope of the present work, but comparison 

of the four concepts most frequently applied in ichthyology is pertinent. According to 

the isolation version of the biological species concept (BSC) the lineage must be 

intrinsically reproductively isolated from other lineages. Under the ecological species 

concept (ESC) the lineage occupies a distinct niche. The phenetic species concept 

(PhSC) prescribes that the lineage is phenetically distinguishable. Under the 

phylogenetic species concept (PSC; monophyly version) the lineage must be 

monophyletic in terms of its component genes, taxa or subpopulations (Mayden, 1999; 

De Queiroz, 2007).

The species concept acts as a guide to lines of evidence relevant to the fundamentally 

different methodological approaches used to assess the separation of lineages (De 

Queiroz, 2007). Species concepts can be applied based on the type of questions the 

investigator seeks to answer and the methodological approach followed (Mayden,

1999). For example, a study that uses a species-level phylogeny to make inferences on 

historical biogeography might be better served using a species concept that incorporates 

monophyly (i.e., PSC) (De Queiroz, 2007).
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TABLE 1.2. Contemporary species concepts, their abbreviations and properties modified 

from De Queiroz (2007).

Species concept Properties Advocates/references

Biological (BSC) Interbreeding (natural reproduction 
resulting in viable and fertile 
offspring).

Wright (1940); Mayr (1942); 
Dobzhansky (1950)

Isolation Intrinsic reproductive isolation 
(absence of interbreeding between 
heterospecific organisms based on 
intrinsic properties, as opposed to 
extrinsic [geographic] barriers).

Mayr (1942); Dobzhansky (1970)

Recognition Shared specific mate recognition or 
fertilisation system (mechanisms by 
which conspecific organisms or their 
gametes recognise one another for 
mating and fertilisation).

Paterson (1985); Masters et al. 
(1987); Lambert & Spencer (1995)

Ecological (ESC) Occupy the same niche or adaptive 
zone (all components of the 
environment with which conspecific 
organisms interact).

Van Valen (1976); Andersson (1990)

Evolutionary Unique evolutionary role, tendencies 
and historical fate.

Simpson (1951); Wiley (1978); 
Mayden (1997)

Cohesion (CSC) Phenotypic cohesion (genetic or 
demographic exchangeability).

Templeton (1989, 1998)

Phylogenetic (PSC) Heterogeneous (see the following 
four versions).

Hennigian Ancestor becomes extinct when 
lineage splits.

Hennig (1966); Ridley (1989); Meier 
& Willmann (2000)

Monophyletic Monophyly (consisting of an ancestor 
and all of its descendents; commonly 
inferred from possession of shared 
derived character states).

Rosen (1979); Donoghue (1985); 
Mishler (1985)

Genealogical Exclusive coalescence of alleles (all 
alleles of a given gene are descended 
from a common ancestral allele not 
shared with those of other species).

Baum & Shaw (1995); Avise & Ball 
(1990)

Diagnosable Diagnosability (qualitative, fixed 
difference).

Nelson & Platnick (1981); Cracraft 
(1983); Nixon & Wheeler (1990)

Phenetic (PhSC) Form a phenetic cluster (quantitative 
difference).

Michener (1970); Sokal & Crovello 
(1970); Sneath & Sokal (1973)

Genotypic cluster (definition) (GCC) Form a genotypic cluster (deficits of 
genetic intermediates; e.g., 
heterozygotes).

Mallet (1995)

Morphological (MSC) Similar body shape (morphometrics) 
and some other structural features 
(meristics).

Cain (1963)
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Some species concepts can only be applied to organisms that reproduce sexually, others 

to asexual organisms, while others can be applied to both but still with restrictions 

(Mayden, 1999; De Queiroz, 2007). Species delimitation based on the PSC seems to be 

superior to the BSC, ESC and PhSC because genetic changes within a lineage occur 

before morphological and behavioural changes (Wheeler & Meier, 2000).

Some investigators label different populations as “evolutionarily significant units” 

(ESUs) if the species status is uncertain (Barlow, 2002). The ESU is a concept used 

when certain populations within a species need to be treated separately for conservation 

and management purposes as they have been historically isolated from other 

conspecific populations and are likely to have the potential to become taxonomically 

distinct in the future (Moritz, 1994). The diverging populations are still at an early stage 

of speciation and their distinctiveness is measurable in terms of ecological and genetic 

exchangeability (Crandall et al., 2000). The ESU concept is useful when studying the 

phylogeography of a species. In the present study the PSC is used for the phylogenetic 

analysis, ESUs for the phylogeographic analysis, and both PSC and MSC in 

hybridisation assessments to delimit species.

MOLECULAR SYSTEMATICS

Molecular systematics is the study of patterns and evolutionary relationships of 

organisms, including identification and delineation of groups of taxa, using genetics and 

molecular information (Schwartz, 2005). Advances in this field have helped in 

understanding the underlying evolutionary process and patterns of biodiversity 

(Barraclough & Nee, 2001; Hammer et al., 2013). Genetic methods such as karyotype
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analysis, allozyme electrophoresis, amplified fragment length polymorphisms (AFLPs), 

mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) sequencing, microsatellites 

and single nucleotide polymorphisms (SNPs) are used to obtain the raw genetic data 

(Hammer et al., 2013). Karyotype analysis (karyotype variation) and allozyme 

electrophoresis (variation within proteins) were the first methods to be used, but now 

have been largely replaced by DNA-based methods. Two of the DNA-based methods 

(mtDNA and nDNA sequencing) are mostly used in phylogenetic studies (Patwardhan 

et al., 2014).

Mitochondrial DNA

Mitochondrial DNA has been used more frequently than other DNA-based methods for 

phylogenetic and population studies of animals since the 1990s (Hammer et al., 2013; 

Patwardhan et al., 2014) because the raw genetic data is readily accessed from most 

organisms owing to the availability of universal and taxon-specific primers. 

Mitochondria, and consequently mtDNA copies, are present in high numbers within a 

cell, thus contributing to the ease of detection of amplification products and the cost- 

efficiency of mtDNA sequencing. Mitochondrial DNA is mostly, if not exclusively, 

maternally inherited and has been used increasingly in the field of phylogeography 

(Moritz et al., 1987; Pereira, 2000; Avise, 2009; Guo & Chen, 2010; Hammer et al.,

2013) . Cytochrome b (Cyt b) and cytochrome c oxidase subunit 1 (COI) are two 

mtDNA markers that have been used widely in phylogenetic studies (Patwardhan et al.,

2014) .
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The cytochrome b gene is fast evolving and is mostly used to elucidate phylogenetic 

relationships between closely related taxa, as resolution of deeper relationships is lost 

(Esposti et al., 1993; Patwardhan et al., 2014). Cytochrome c oxidase subunit 1 evolves 

slowly and can be used to infer phylogenetic relationships across a wide range of 

hierarchical levels (Hebert et al., 2003; Patwardhan et al., 2014). The use of mtDNA in 

phylogenetic studies is not without problems as mtDNA is subject to incomplete lineage 

sorting (a problem not unique to mtDNA), does not allow identification of hybrids, and 

is maternally inherited. These drawbacks make it difficult for investigators using 

mtDNA to correctly infer phylogenies (Maddison, 1997). The use of both mtDNA and 

nDNA for phylogeny reconstructions counters these specific problems (Patwardhan et 

al, 2014).

Nuclear DNA

Nuclear DNA, like mtDNA, is also subject to specific genetic problems (e.g., 

paralogous gene copies, incomplete lineage sorting and natural selection) (Hammer et 

al., 2013). Nuclear DNA has been used less widely than mtDNA in molecular 

systematics because of the lack of suitable primers and their occasional need for gene 

cloning, and it is less readily amplified because of the low number of gene copies 

within a cell (Chen et al., 2008; Hammer et al., 2013). However, use of nDNA in 

molecular systematics has increased recently, partly because of the need to complement 

mtDNA data (Guo & Chen, 2010). Unlike mtDNA, nDNA is bi-parentally inherited, 

evolves more slowly than mtDNA, protein-coding genes are partitioned into exons and 

introns, is generally subject to recombination and is useful for identification of hybrids 

(Pacheco et al., 2002; Avise, 2009; Hammer et al., 2013). Nuclear introns, according to 

Guo & Chen (2010), provide an alternative to using coding sequences as genetic
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markers. Introns are non-functional and therefore accumulate mutations at a faster rate

than coding regions (Friesen, 2000). In addition, introns harbour a much greater degree 

of genetic polymorphism within and among species than exons (Chow & Hazama, 

1998). The latter characteristics have led to the recent increase in the use of introns in 

population genetic and phylogenetic studies (Friesen, 2000). The different 

characteristics of nDNA and mtDNA are an indication that they are suitable for 

different applications within molecular systematics (Hammer et al., 2013). In the 

present study, mtDNA (Cyt b and COI) and nDNA (S7 and Rag1 intron genes) together 

were used to answer phylogenetic, phylogeographic and hybridisation questions.

Phylogenetic Assessment

Phylogenetics is the study of the evolutionary history of organisms, and typically 

relationships are represented in the form of a phylogenetic tree (Nei & Kumar, 2000). 

Phylogenetic inference methods define ancestor and desendant relationships and 

provide a hierarchical foundation for taxonomic classification (Hou et al., 2007). 

Phylogenetic trees are an estimate of the evolutionary relationships between individuals 

or taxa and their hypothetical common ancestor (Nei & Kumar, 2000; Felsenstein,

2004; Hall, 2011). Phylogenies also aims to show the pattern of diversification (Suarez- 

Diaz & Anaya-Munoz, 2008), which occurs when one ancestral population divides into 

two or more subpopulations, and which then follow different evolutionary trajectories 

(Hammer et al., 2013). The subpopulations evolve as a result of accumulation of 

mutations, natural selection, adaptation and genetic drift (Hammer et al., 2013). 

According to Hammer et al. (2013), populations become distinct species when cross­

breeding no longer produce fertile offspring (reproductive isolation). This isolation 

leads to two types of speciation processes (geographic and ecological speciation)
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(Hammer et al., 2013). Geographic speciation is a process under which populations are 

separated by a barrier (allopatry): physical (e.g., catchment divide), chemical (e.g., 

seawater), biotic (e.g., predators) and behavioural (e.g., unsuitable habitats and 

specialisation for a particular habitat) (Losos & Glor, 2003; Hammer et al., 2013). 

Ecological speciation is the process by which the gene pool is divided within a 

geographic area of overlap (sympatry) (Rundle & Nosil, 2005; Nosil, 2009; Hammer et 

al., 2013). The division can be caused by sexual selection, hybridisation, spawning 

grounds and habitat specialisation (Nosil, 2009; Hammer et al., 2013).

Phylogenetic relationships are mostly inferred using molecular data (Hall, 2013). 

Molecular phylogenetic analysis involves the use of approaches such as maximum 

likelihood and Bayesian inference to construct phylogenetic trees, and evolutionary 

distance and a molecular clock to estimate the timing of speciation (Hall, 2011, 2013). 

Phylogenetic analytical methods have been applied previously to southern African 

fishes to address questions about their evolution, divergence times and phylogenetic 

relationships (e.g. Swartz et al., 2008; Goodier et al., 2011).

Swartz et al. (2008) resolved the phylogenetic relationships among members of the 

genus Pseudobarbus Smith 1841, but incongruence between morphological and 

molecular data was observed, possibly because of convergent evolution and homoplasy 

in some of the morphological characters. Swartz et al. (2008) determined that the 

earliest divergence among the extant taxa was between Pseudobarbus quathlambae 

(Barnard 1938), which is restricted to Lesotho, and the remaining species of the 

Pseudobarbus genus from the Cape Floristic Region. The Cyt b phylogenetic tree of
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Goodier et al. (2011) revealed five previously unknown Hydrocynus Cuvier 1816 

lineages. Molecular dating of the phylogeny indicated that estimated divergence times 

of the 10 lineages based on mtDNA data were consistent with Neogene geological 

events that modified drainage in Africa (Goodier et al., 2011). The current study will 

investigate the evolutionary and phylogenetic relationships among southern African 

Labeo spp. using molecular phylogenetic analysis.

Phylogeography

Phylogeography is the field of study concerned with the historical processes governing 

the contemporary geographical distribution of organisms, especially at the intraspecific 

level (Avise, 1998; Hickerson et al., 2010). The field was first developed to combine 

phylogenetic and population genetic studies (Avise et al., 1987), but has evolved as an 

interactive discipline between all fields of biology (Hickerson et al., 2010). 

Phylogeographic studies can be based on single or multiple species (for comparative 

purposes) (Hickerson et al., 2010); in analyses of single species, phylogeography 

considers multiple populations distributed across the landscape (Avise, 2009).

Phylogeographic analysis initially focused on the use of mtDNA data (Avise, 1998; 

Hickerson et al., 2010), but subsequently has expanded to include nDNA data (Avise, 

1998). Mitochondrial DNA was preferred mostly because of its rapid evolutionary rates 

and maternal inheritance (Avise, 1998), as this allows detection of mutations at the 

population level (Avise, 2000). The disadvantage of using only mtDNA is that it 

represents only a minuscule fraction of the total historical record within a sexual 

organismal pedigree (Avise, 1998). Much of that history can be retrieved by inclusion
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of nDNA, and especially fast-evolving nDNA regions such as introns of the S7 

ribosomal protein gene (Morrison et al., 2006). A phylogeographic study of isolated 

populations of Crystallaria asprella (Jordan 1878) in eastern United States rivers (Ohio 

River Basin, upper Mississippi River, Gulf Coast and lower Mississippi River) utilising 

mtDNA Cyt b sequence data indicated the presence of four distinct populations from 

the latter United State rivers, with the most divergent population identified within the 

Ohio River Basin (Elk River) (Wood & Raley, 2000). Morrison et al. (2006), using 

sequence data for the mtDNA control region and nDNA S7 gene for a population 

genetic analysis of C. asprella, observed that population relationships indicated by the 

control region were consistent with the Cyt b data of Wood & Raley (2000), whereas 

the Elk River population was the only monophyletic population retrieved with the S7 

data.

A few phylogeographic studies of southern African fishes have been conducted using 

mtDNA data (e.g. Swartz et al., 2007; Chakona et al., 2013a), but no phylogeographic 

study of Labeo spp. has been undertaken. A phylogeographic analysis of southern 

African Labeo using both mtDNA and nDNA will contribute to an improved 

understanding of the history and biodiversity patterns observed among southern African 

river systems. This study will therefore also contribute to the elucidation of the 

evolutionary relationships and genetic diversity among the species studied, and will also 

assist in setting population conservation priorities.
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MORPHOLOGY

Morphology is considered to be a science of organismal form (Camardi, 2001). It is a 

descriptive discipline and its analytical methods or principles can be used as the 

underlying principles of taxonomy (Camardi, 2001). Morphology was mostly used in 

traditional taxonomy, but often has proved to be inadequate for reliable phylogenetic 

reconstruction (Hou et al., 2007). Morphology has provided a limited number of 

phylogenetically informative characters, especially among organisms with reduced or 

conserved body forms (Hou et al., 2007). Morphology has been used for over a century 

in systematics to classify fish diversity by the study of external and internal morphology 

(Stepien & Kocher, 1997). Counts (for meristic analysis), measurements (for 

morphometrics) and dissections of fish by systematists have successfully enabled 

identification of groups of evolutionarily related species (Stepien & Kocher, 1997).

Morphological data also have been used successfully to identify hybrids. Godbout et al. 

(2009), for example, formulated a dichotomous key to identify hybrids between 

Largemouth Bass [Micropterus salmoides (Lacepede 1802)] and Spotted Bass 

[Micropterus punctulatus (Rafinesque 1819)] in the field from morphological 

characters. It is generally assumed that hybrids are phenotypically intermediate to the 

two parental species (Smith, 1992). However, this is not always the case and also not 

true for second-generation hybrids (F2 hybrids and backcrosses), as such hybrids may 

be morphologically indistinguishable from one of the parental species owing to 

dominance (Campton, 1987). Backcrosses or advanced-generation hybrids can also 

possess novel traits or heterosis (have stronger or bigger traits than both parental 

species) (Stokes et al., 2007). Morphological characters, in combination with genetic 

data, enables more reliable detection of hybrids (Stepien & Kocher, 1997).
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Behaviour has been found to assist in species delimitation and to resolve taxonomic 

problems (Barlow, 2002; Stauffer et al., 2002). An example is the diagnoses of the Lake 

Malawi cichlids. Behaviour as expressed by mate choice based on colour patterns or 

bowel shape has been used for species discrimination among both rock-dwelling and 

sand-dwelling cichlid species. However, collection of behavioural data is more difficult 

and time consuming (Barlow, 2002). This type of data is typically only collected in 

crucial cases. The disadvantage of behavioural data collection is that the data can 

mostly only be collected from live specimens and, because colour is an important 

character for mate choice, data cannot be collected from museum specimens. This 

highlights the importance of recording photographs or videos of live specimens 

(Barlow, 2002).

THESIS OUTLINE

The primary objective of this thesis is to contribute towards the knowledge required for 

developing startegies for better conservation of genetic diversity in L. umbratus. To do 

this, the thesis is divided into five chapters. Chapter 1 introduces the thesis and outlines 

the purpose of the research, explains important concepts, provides an overview of 

previous relevant work in the subject area, and provides a contextual background to the 

research. In Chapter 2 the phylogenetic relationships among the southern African Labeo 

spp. are analysed and the divergence times between species and species groups are 

estimated. The main aim of this chapter is to reconstruct the phylogenetic relationships 

among the southern African Labeo species to determine: (1) the monophyly of the 

Labeo umbratus group using a molecular approach; (2) the timing of Labeo species 

diversification using divergence-time estimates; (3) whether divergence times between 

Labeo spp. could be used to predict the vulnerability of populations to hybridisation,
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which could lead to overall loss of genetic integrity, assuming that recently diverged 

species hybridise readily. In Chapter 3 the geographic distribution of Labeo umbratus 

genetic lineages is mapped, the evolutionary processes that may be responsible for the 

contemporary genetic diversity patterns are assessed, and the reconstructed population 

history is related to known climatic and geological events. The chapter seeks to 

determine: (1) whether populations of L. umbratus constitute historically isolated 

lineages distributed among different river systems; (2) how long the river systems have 

been isolated and whether the known drainage history matches genetic structuring in the 

Labeo spp.; and (3) what evolutionary processes have played a role in the genetic 

differentiation or lack thereof among river systems. Chapter 4 presents a reassessment 

of hybridisation between L. umbratus lineages and L. capensis, firstly by assessing 

whether the two species can be differentiated using 33 morphometric and four meristic 

characters in conjunction with mtDNA and nDNA data, and secondly by determining if 

morphological characters can be used to identify hybrids in the field. This chapter 

attempts to answer the questions: (1) what type of hybridisation (hybridisation without 

introgression or wide spread hybridisation or complete admixture) is occurring in man­

made impoundments; (2) whether morphological and/or genetic data are suitable for 

identification of hybrids between L. capensis and L. umbratus; and (3) whether hybrids 

can be identified reliably in the field. Finally, Chapter 5 presents a synthesis of the 

overall thesis findings, discussion of the conservation implications and future research 

opportunities.
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CHAPTER TWO: PHYLOGENETIC RELATIONSHIPS OF

SOUTHERN AFRICAN L A B E O  SPECIES

INTRODUCTION

Phylogenetic analysis of molecular data has been used to help resolve uncertainties 

concerning evolutionary species relationships, diversity and taxonomy (Hou et al.,

2007; Yang et al., 2012). In recent years fish classification has changed extensively 

with the aid of molecular systematics, with the description of many new taxa at species 

and higher taxonomic levels, clarification of species delimitation and synonymisation of 

previously recognised taxa (Tshibwabwa et al., 2006; Stiassny & Getahun, 2007; Yang 

et al., 2012; Chakona & Swartz, 2013). More than 100 species of Labeo in Africa are 

recognised, but the monophyly of the genus and interspecific relationships within the 

genus remain uncertain (Reid, 1985; Yang et al., 2012). Reconstruction of the 

phylogeny of Labeo will aid in understanding the diversity and interrelationships of the 

African members of this genus. Previous taxonomic (Reid, 1985; Tshibwabwa & 

Teugels, 1995; Tshibwabwa, 1997; Tshibwabwa et al., 2006) and molecular 

phylogenetic studies on Labeo species from the Congo basin have been undertaken 

(e.g., Lowenstein et al., 2011). In the present study molecular phylogenetic analyses 

were performed as part of an assessment of phylogenetic relationships among southern 

African species of Labeo.
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Species Groups among Southern African Labeo

Of the six species groups within Labeo proposed by Reid (1985), four are represented 

by species in southern Africa, namely the Labeo forskalii Group (LFG), Labeo niloticus 

Group (LNG), Labeo coubie Group (LCG) and Labeo umbratus Group (LUG).

Labeo forskalii group
The Labeo forskalii Group (hereafter LFG) comprises more than 40 species and is thus 

the largest Labeo species group (Reid, 1985). Members of the LFG are distinguished 

from other Labeo species groups by the slender, streamlined body form and the large, 

fleshy snout (Reid, 1985). Morphologically, members of the LFG more closely 

resemble members of the LCG than any other African or Asian Labeo species groups 

with regard to general oromandibular (mouth, tongue and jaw) characteristics (Reid, 

1985).

Four species of the LFG are present in southern Africa (Reid, 1985; Skelton, 2001). 

These are Labeo cylindricus Peters 1852, Labeo molybdinus Du Plessis 1963, Labeo 

lunatus Jubb 1963 and Labeo ansorgii Boulenger 1907 (Reid, 1985). Labeo cylindricus 

is the most widespread of these species (Fig. 2.1), occurring in the Okavango, Zambezi, 

Pungwe, Buzi, Save, Limpopo, Incomati and Pongola river systems, in parts of the 

Congo Basin (Lualba River and Zambian Congo) and in the East African Rift Valley 

Lakes as far north as Ethiopia (Reid, 1985; Tshibwabwa, 1997; Skelton, 2001; Bills et 

al., 2010b). In the field, L. cylindricus is sometimes confused with L. molybdinus, with 

which it co-occurs.
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Fig. 2.1. Southern African distribution of the Labeo forskalii species group indicated with red colour. 

Distribution data are based on Skelton (2001). Localities for each species are indicated by 

alphabets (A-D). Fish illustrations for each species are produced from (Skelton, 2001) with 

permission from the South African Institute for Aquatic Biodiversity (SAIAB).

However, the two species differ in eye colour (grey in L. molybdinus and bright red in 

L. cylindricus) and lateral scale count (Du Plessis, 1963; Reid, 1985). The distribution 

of L. molybdinus extends from the middle Zambezi River south to the Tugela River 

system (Bills & Cambray, 2007). Labeo lunatus closely resembles L. molybdinus and L. 

forskalii (Reid, 1985). It occurs in the upper Zambezi and Okavango rivers (Skelton,
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2001; Marshall & Tweddle, 2007). According to Reid (1985), L. lunatus can be 

regarded as a form of L. molybdinus with a sail-like dorsal fin, as there is otherwise 

little morphological differentiation between the two species, and a form of L. 

molybdinus with a sail-like dorsal fin has been described from the middle Zambezi and 

middle Buzi rivers (Jubb, 1961, 1964; Bell-Cross, 1976). Labeo ansorgii occurs in West 

Coast river systems (Bengo, Cunene and Kwanza) and Lake Kilunda in Angola and 

Namibia (Bell-Cross, 1976; Da Costa, 2007). The species closely resembles L. forskalii 

and L. cylindricus, but differences in colour patterns may enable identification of these 

species (Reid, 1985).

Labeo niloticus group
The Labeo niloticus Group (hereafter LNG) is a pan-African species group of nine 

species that can be distinguished from other Labeo species by their small mouths. 

According to Reid (1985) members of the LNG more closely resemble Asian Labeo 

species, such as Labeo gonius (Hamilton 1822), than the other African Labeo species.

In southern Africa the LNG is represented by three species: Labeo altivelis Peters 1852, 

Labeo rosae Steindachner 1894 and Labeo ruddi Boulenger 1907 (Reid, 1985; Skelton, 

2001). Labeo rosae occurs in the Lowveld reaches of the Limpopo, Incomati and 

Pongola river systems (Bell-Cross, 1976; Bills et al., 2007; Van Steenberge et al.,

2014), which flow eastward into the Indian Ocean (Fig. 2.2). There is evidence that this 

species has been translocated to the Congo Basin based on the re-identification of two 

museum specimens previously identified as Labeo mesops Gunther 1868 as (Steenberge 

et al., 2014).
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Fig. 2.2. Southern African distribution of the Labeo niloticus species group indicated with orange colour. 

Distribution data are based on Skelton (2001). Localities for each species are indicated by 

alphabets (A-C). Fish illustrations for each species are produced from (Skelton, 2001) with 

permission from the ©SAIAB.

The dorsal fin of Labeo rosae is very low (DF >25%) and its posterior margin is 

concave in shape. Labeo altivelis specimens from the middle Zambezi River have, on 

average, a very high dorsal fin (DF>28%), which decreases in size in specimens from 

river systems southwards towards the Save River (Jubb, 1961; Bell-Cross, 1976).
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The posterior margin of the dorsal fin of L. altivelis may be convex, straight or concave 

(Jubb, 1961; Bell-Cross, 1976). Labeo altivelis occurs in the Buzi, Save and Zambezi 

river systems, north of the latter eastern systems (Bell-Cross, 1976; Bills et al., 2010a). 

Labeo ruddi is unique among species in the L. niloticus group. Labeo ruddi possesses a 

distinct caudal peduncle spot in preserved sexually mature individuals, it lacks 

longitudinal stripes, its lateral line is more ventral than dorsal, the gill raker (outer 

margin of the ceratobranchial of the first gill arch) count is low (43-48) compared with 

those of L. rosae (56) and L. altivelis (60), and L. ruddi has a short blunt snout (Reid, 

1985). Labeo ruddi consists of two disjunct populations, one in the Cunene River 

system on the Angolan-Namibian border, and the second (over 1000 km distant from 

the Cunene River) in the lower reaches of the Limpopo and Incomati river systems 

(Engelbrecht et al., 2007; Van Steenberge et al., 2014). This species is absent from the 

Okavango Delta and Zambezi river systems that separate the two populations 

(Engelbrecht et al., 2007). Currently, the two populations are considered to be 

conspecific (Engelbrecht et al., 2007).

Labeo coubie group
The Labeo coubie Group (hereafter LCG) comprises eight species, of which only L. 

congoro Peters 1852 occurs in southern Africa. Labeo congoro is widespread occurring 

from Katanga and Lake Mweru in the Democratic Republic of Congo through to the 

eastward-flowing Malagarasi, Rufiji, Ruaha, Zambezi and Phongolo river systems 

(Bell-Cross, 1976; Bayona et al., 2010) (Fig. 2.3).
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Fig. 2.3. Southern African distribution of Labeo congoro indicated with grey colour. Distribution data are 

based on Skelton (2001). Fish illustrations for each species are produced from (Skelton, 2001) 

with permission from the ©SAIAB.

Labeo umbratus group
The Labeo umbratus Group (hereafter LUG) contains four species: Labeo capensis 

(Smith 1841), Labeo umbratus (Smith 1841), Labeo seeberi Gilchrist and Thompson 

1911 and Labeo rubromaculatus Gilchrist and Thompson 1913. The LUG is restricted 

to southern Africa (Fig. 2.4) and its distribution does not overlap with that of other 

species groups, except in the Tugela River (Reid, 1985) where L. rubromaculatus co-
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occurs with L. molybdinus of the LFG. Labeo seeberi possesses the highest number and 

the smallest scales of any African Labeo species (Reid, 1985). This species occurs in 

the Olifants River system, which flows westward into the Atlantic Ocean (Reid, 1985; 

Lubbe et al., 2015). Labeo seeberi is morphologically similar to L. umbratus and L. 

capensis (Reid, 1985). Labeo umbratus is more widely distributed than the other 

species in the LUG, with its distribution extending to the southward-flowing Gourits, 

Gamtoos, Sundays, Bushmans, Great Fish, Keiskamma, Buffalo and Nahoon, and 

Orange river systems (Reid, 1985; Swartz & Impson, 2007).

Fig. 2.4. Southern African distribution of the Labeo umbratus species group indicated with green colour. 

Distribution data are based on Skelton (2001). Localities for each species are indicated by 

different coloured circles. Fish illustrations for each species are produced from (Skelton, 2001) 

with permission from the ©SAIAB.
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In the Orange River system, L. umbratus co-occurs with L. capensis, from which it 

differs morphologically by possessing a larger head (HL >24% SL in L. umbratus vs 

<23% SL in L. capensis), a higher number of lateral line scales (57 vs 43) and a smaller 

dorsal fin (DF>22% in L. capensis vs <20% in L. umbratus) (Reid, 1985). The natural 

distribution of L. capensis is restricted to the Orange River system but the species has 

been translocated to the Great Fish and Sundays river systems by means of an inter­

basin water transfer scheme (Cambray & Jubb, 1977). Labeo rubromaculatus occurs in 

the Tugela River together with L. molybdinus from the LFG (Du Plessis, 1963). Reid 

(1985) suggested that the anatomy of the mouth region of L. rubromaculatus is 

plesiomorphic compared with that of other species within the LUG, but L. 

rubromaculatus is otherwise morphologically similar to L. umbratus and L. capensis. 

Labeo rubromaculatus is distinct from the other species in the LUG in that its flanks are 

golden-red in live adult specimens and this species also has a higher gill raker count (43 

vs 38-42 in the other LUG species; Reid, 1985).

Members of the LUG more closely resemble the Asian species Labeoporcellus (Heckel 

1844), in terms of general morphology and small scale size, than they do African 

species (Reid, 1985). Skelton (1991) suggested that, on the basis of morphological 

differences and geographical distribution, the LUG could be assigned to a separate 

genus if, in addition to its morphological and biogeographical distinctiveness and 

delimited synapomorphies, it proves to be monophyletic (Gill et al., 2005). Smith 

(1841) described L. capensis and L. umbratus as members of the genus Abrostomus 

Smith 1841. Smith may have considered that the two species were sufficiently distinct 

in morphology to represent a separate genus as this was after Cuvier (1816) described 

the genus Labeo. Boulenger (1909) subsequently transferred the two species to Labeo.
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The latter grouping has been accepted by subsequent researchers (Gilchrist & 

Thompson, 1913; Barnard, 1943; Du Plessis, 1963; Reid, 1985). In light of Skelton’s 

(1991) suggestion, a reassessment of the generic affinities of the LUG is therefore 

warranted.

Aims and Objectives

The main aim of this chapter was to reconstruct the phylogenetic relationships between 

the southern African Labeo species to (1) assess the monophyly of the LUG using a 

molecular phylogenetic approach, (2) estimate the timing of Labeo species 

diversification using a molecular dating approach and (3) determine whether estimated 

divergence times between Labeo spp. could be used as an indicator of vulnerability to 

interspecific hybridisation.
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MATERIALS AND METHODS

Sampling

One hundred and nine samples representing 45 ingroup species and Gara rufa Heckel 

1843 as an outgroup species, were used for DNA extraction (Table 2.1, 2.2 and 2.3). 

When available, samples from the South African Institute for Aquatic Biodiversity 

(SAIAB) National Fish Collection were used (Table 2.1). Samples collected at or close 

to the type locality of a species were favoured as these samples were assumed to be 

representative of the holotypes. DNA could not be amplified from Labeo rosae 

specimens lodged in the SAIAB National Fish Collection, probably due to the age of 

the tissue samples.

In addition to the use of museum specimens, surveys were conducted to collect 

specimens of L. capensis, L. umbratus, L. seeberi, L. rubromaculatus, L. cylindricus 

and L. molybdinus (see Fig 2.5 and Table 2.1 for details). Fish were sampled using a 

variety of methods, including electrofishing, seine netting, gill netting and fyke netting. 

Collection of fresh specimens of L. rosae and from the eastern population of L. ruddi 

was not possible owing to logistical constraints and were therefore not included in the 

analysis.
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TABLE 2.1. Labeo spp. samples used for genetic analysis obtained from the South 
African Institute for Aquatic Biodiversity (SAIAB) National Fish Collection. Species 
names and groups (sensu Reid, 1985) to which they belong, number of specimens, 
locality and river system where collected, and field identification numbers and SAIAB 
accession numbers are given. Field IDs are indicated by letters and numerals, SAIAB 
accession numbers by numerals only.

Species No. Locality River system SAIAB or Field ID

L. altivelis LNG 1 Mozambique Buzi 61605

1 Mozambique Zambezi 97228

1 Mozambique ? AC13A087

L. ansorgii LFG 1 Namibia Kunene 78470

1 Namibia Kunene 78477

L. capensis LUG 1 Vaal Dam Orange MR09A071

1 Vaal Dam Orange MR09A072

L. cf. annectens LFG 2 Angola Lucala 84710

L. cf. mesops LNG 2 Mozambique Lugenda 73897

L. congoro LCG 1 Mozambique Muarazi 97324

1 Mozambique Muarazi 97064

L. cylindricus LFG 1 Limpopo Crocodile PM11A007

1 Limpopo Sundays 78512

1 Limpopo Groot Letaba 78716

1 Botswana Okavango delta 66522

3 Malawi Bua 118769

2 Zambia Zambezi 72655

1 Angola Cuele 186808

1 Angola Cuele 186797

L. lunatus LFG 1 Zambia Kafue 85247

1 Botswana Okavango Delta 87197

1 Botswana Okavango Delta 87198

L. molybdinus LFG 1 Limpopo Crocodile PM11A008

1 Limpopo Crocodile 78497

AC= Albert Chakona, MR= Mpho Ramoejane, PM= Pholoshi Maake; Species groups: LFG= Labeo forskalii group, LNG, Labeo 
niloticus group, LCG= Labeo coubie group, LUG= Labeo umbratus group.

37



TABLE 2.1. continued

Species No Locality River system SAIAB or 
field numbers

L. molybdinus LFG 1 Mpumalanga Incomati PM11A

1 Mozambique Revue 67721

1 KwaZulu-Natal Pongola PM11A037

1 KwaZulu-Natal Tugela 187470

L. rubromaculatus LUG 2 Ekuthokozen Tugela 187470

L. ruddi LNG 1 Namibia Kunene 78568

1 Namibia Kunene 78766

L. seeberi LUG 1 Doring Olifants MR11A068

1 Doring Olifants MR11A091

Labeo spp. 2 Angola Lucala 85101

1 Angola Luando 85189

2 Angola Kwanza 85508

1 Angola Kwanza 85336

1 Angola Kwanza 85157

1 Angola Kwanza 85370

1 Central African 
Republic

Mbourou 77595

1 Central African 
Republic

Oubangui 77992

L. umbratus LUG 1 Vaal Dam Orange MR09A088

1 Vaal Dam Orange MR09A089

1 Perdegat Pool near 
Steytlerville

Gamtoos MR08J006

1 Perdegat Pool near 
Steytlerville

Gamtoos MR08J007

1 Stompdrift Dam Gourits AC08A015

1 Stompdrift Dam Gourits AC08A016

L. weeksii LNG 1 Angola Chicapa 99148

G. rufa 2 KwaZulu-Natal 
Aquarium mortality

186130

Field samples collectors: AC= Albert Chakona, MR= Mpho Ramoejane, PM= Pholoshi Maake; Species groups: LFG= Labeo 
forskalii group, LNG, Labeo niloticus group, LMG= Labeo macrostoma group, LCG= Labeo coubie group, LUG= Labeo umbratus 
group.
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Fig. 2.5. Localities from where all the southern African Labeo specimens used for DNA extraction were 

collected. 1 = Olifants basin, 2 = Gourits basin, 3 = Gamtoos basin, 4 = Tugela basin, 5 = Vaal 

Dam in Orange basin, 6 = Pongola basin, 7 = Pungwe basin, 8 = Okavango Delta, 9 = Ruvuma 

basin, 10 = Cunene basin, 11 = Kwanza basin, Zambezi basin, Congo basin . Species link to 

localities are shown in Table 2.2.

Upon capture, each specimen was killed with an overdose of the anaesthetic eugenol 

(clove oil) and a portion of muscle tissue or a fin clip was sampled from each individual 

and preserved in 99% ethanol. The tissue samples were later transferred to a -80 °C 

freezer for long-term storage after replacing the ethanol with fresh 99% ethanol. 

Voucher specimens in the field, were tagged with labels that corresponded to the 

genetic samples and then fixed in 10% formalin. The body cavity was injected with 

10% formalin to improve preservation of the whole specimen.
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Samples were subsequently transferred through an ethanol gradient series (to prevent 

rapid dehydration and to minimise changes in body shape) to a final concentration of 

70% ethanol for long-term preservation and donated to the SAIAB National Fish 

Collection. In addition, sequence data for Labeo spp. published by Lowenstein et al. 

(2011) and Yang et al. (2012) for the cytochrome c oxidase subunit I gene (COI), 

cytochrome b gene (Cyt b) and Recombination activating gene 1 (Rag1) were 

downloaded from the GenBank (https://www.ncbi.nlm.nih.gov/genbank) and the 

Barcode of Life Database (BOLD; http://www.boldsystems.org) databases, respectively 

(Tables 2.2 and 2.3). These sequences were included in the data set to explore the 

phylogenetic relationships of southern African Labeo spp. in relation to other African 

Labeo species. The Labeo spp. included from the studies by Lowenstein et al. (2011) 

and Yang et al. (2012) represent four of the six African species groups (LFG, LCG, 

LMG and LNG) (Tables 2.2 and 2.3). The only species group that was not represented 

in this study was the L. gregorii group.

The sequences downloaded from BOLD were mislabelled (i.e., had different labels to 

those specified in the published study by Lowenstein et al., 2011), as were some of their 

copies in GenBank. This problem was solved by reconstructing the COI maximum 

likelihood tree using only the sequences from BOLD and comparing that tree with the 

one constructed by Lowenstein et al. (2011). The COI sequences where then labelled 

accordingly and the corrected COI labels were used to correct those for the Rag1 

sequences. Specimens (L. aff. rectipinnis, L. cf. coubie, L. cf. cyclorhynchus, L. cf. 

maleboensis, L. cf. parvus, L. chariensis, L. lukulae, L. sp. nov. and L. sorex) that could 

not be matched to sequences were excluded from the present analysis. Sequence labels 

were identical to those used in the published paper Lowenstein et al. (2011).
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TABLE 2.2. Labeo species, locality and GenBank accession numbers for DNA sequence 
data from the study by Yang et al. (2012). African species group (sensu Reid, 1985) 
abbreviations are shown following the species names. COI = Cytochrome c oxidase 
subunit I gene, Cyt b = Cytochrome b gene, Rag1 = Recombination activating gene 1

Species Locality GenBank accession no.

COI Cyt b Rag1

L. angra (Hamilton 1822) Asia AP011329 AP011329 JX074473

L. barbatulus (Sauvage 1878) Asia KC631197 KC631289 KC631222

L. bata (Hamilton 1822) Asia JX074181 JX074260 JX074473

L. batesii Boulenger 1911 LMG Africa AB238967 AB238967 EU711150

L. calbasu (Hamilton 1822) Asia AP012143 AP012143 GQ913472

L. coubie Ruppell 1832 LCG Benin: Pendjari 
National Park

JX074182 JX074261 GQ913473

L. chrysophekadion (Bleeker 
1850)

Cambodia: Market, Ta 
Khmau, Kandal

AP011199 AP011199 EU409622

L. cyclorhynchus Boulenger 1899 
LMG

Africa AP011359 AP011359 JX074474

L. dussumieri (Valenciennes 
1842)

India JX074168 JX074250 GQ913453

L. dyocheilus (McClelland 1839) Asia JX074183 JX074262 GQ913474

L. forskalii Ruppell 1835 LFG Ethopia: Alwero River JX074210 JX074287 JX074491

L. horie Heckel 1847 LNG Ethopia: Alwero River JX074211 JX074288 JX074492

L. parvus Boulenger 1902 LFG Ethopia: Baro River JX074209 JX074286 JX074490

L. pierrei (Sauvage 1880) Cambodia: Landing 
port, Kampong Chhnang

AP011200 AP011200 GQ913475

L. rohita Hamilton 1822 Cambodia: Landing 
port, Kampong Chhnang

AP011201 AP011201 GQ913476

L. senegalensis Valenciennes 
1842 LNG

Benin: Queme and 
Iguidi Rivers

AB238968 AB238968 EU711151

L. stolizkae Steindachner 1870 China: Ruili, Yannan GU086536 GU086574 GU086522

L. vulgaris Heckel 1847 LNG Ethopia: Welkite + 
Gojeb Rivers tributary 
of Gibe River

JX074222 JX074298 JX074497

L. weeksii Boulenger 1909 LNG Africa JX074184 JX097079 GQ911680

L. yunnanensis Chaudhuri 1911 Asia JX074205 JX074282 JX074486

Accession number prefixes: AB (DNA data bank of Japan); AP, EU, GQ, GU, JX, KC (Genbank); Species groups: LFG= Labeo 
forskalii group, LNG, Labeo niloticus group, LMG= Labeo macrostoma group, LCG= Labeo coubie group, LUG= Labeo umbratus 
group.

41



TABLE 2.3. Labeo species, locality and BOLD ID code for DNA sequence data from 
the study by Lowenstein et al. (2011). The left code is the BOLD process ID that may 
be used to view specimen records and GenBank accession numbers, and the right 
identification code is the AMNH tissue accession. African species group abbreviations 
are shown following the species names. COI = Cytochrome c oxidase subunit I gene, 
Rag1 = Recombination activating gene 1

Species Locality BOLD ID code for COI and Rag1

L. barbatus Boulenger 
1898 LCG

Lower Congo River t-022-2149 AMNHI-385

L. fulakariensis 
Tshibwabwa, Stiassny 
& Schelly 2006 LCG

Lower Congo River: Maiko River t-062-6122 AMNHI-129

Lower Congo River: Bulu t-030-2985 AMNHI-407

Lower Congo River: Mbelo t-027-2629 AMNHI-408

Lower Congo River: Lufula River C08-760 AMNHI-410

L. greenii Boulenger 
1902 LMG

Lulua River t-075-7407 AMNHI-414

Kisangani: Maiko River t-062-6121 AMNHI-411

Lower Congo River: Maiko River t-062-6123 AMNHI-412

L. lineatus Boulenger 
1898 LNG

Lower Congo River: Ntsele River t-069-6876 AMNHI-212

Lower Congo River: Mosolo River t-039-3878 AMNHI-424

Lower Congo River: Foulakari River t-020-1994 AMNHI-421

L. lividus Roberts & 
Stewart 1976 LCG

Lower Congo River: Kinsuka t-067-6671 AMNHI-206

L. longipinnis 
Boulenger 1898 LCG

Lower Congo River: Louzi C08-54 AMNHI-429

Lower Congo River: Lufula River t-050-4913 AMNHI-428

L. nasus Boulenger 
1899 LFG

Lower Congo River: Mbelo t-027-2620 AMNHI-430

Lower Congo River: upstream Luozi t-033-3231 AMNHI-431

Lower Congo River: below Bulu t-032-3147 AMNHI-432

Lower Congo River: Bulu t-030-2946 AMNHI-433

t-/C- number= BOLD process ID; AMNHI-number= American Museum of Natural History tissue ID; Species groups: LFG= Labeo 
forskalii group, LNG, Labeo niloticus group, LMG= Labeo macrostoma group, LCG= Labeo coubie group.
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TABLE 2.3. (continued)

Species Locality Sample code for COI and Rag1

L. nunensis Pellegrin 
1929 LFG

Lower Congo River: Cameroon: 
Ebebda

t-064-6381 AMNHI-161

Lower Congo River: Cameroon: 
Ebebda

t-064-6382 AMNHI-162

L. parvus LFG Lower Congo River: Lulua River t-055-5405 AMNHI-440

Lower Congo River: Lulua River t-055-5450 AMNHI-441

L. quadribarbis Poll & 
Gosse 1963 LFG

Kisangani: Mpozo River t-033-3252 AMNHI-447

L. sengaensis 
Valenciennes 1842 
LCG

Cameroon: Ebebda t-064-6380 AMNHI-449

L. simpsoni Ricardo- 
Bertram 1943 LFG

Lower Congo River: downstream 
Luozi

t-052-5119 AMNHI-461

Lower Congo River: Luozi t-030-2905 AMNHI-463

L. weeksii LNG Lower Congo River: Lenga River CO8-928 AMNHI-474

Lower Congo River: Nsele River t-068-6798 AMNHI-475

Lower Congo River: Nsele River t-068-6791 AMNHI-468

Lower Congo River: Ndjili River t-001-0031 AMNHI-470

Lower Congo River: Fouta t-039-3831 AMNHI-471

t-/C- number= BOLD process ID; AMNHI-number= American Museum of Natural History tissue ID; Species groups: LFG= Labeo 
forskalii group, LNG, Labeo niloticus group, LCG= Labeo coubie group.

Two Garra rufa specimens available in the SAIAB collection were selected as an 

outgroup, because the subtribe Garraina Bleeker 1863 is indicated to be the sister 

subtribe to subtribe Labeoina Bleeker 1859, in which Labeo is classified (Yang et al., 

2012).

DNA Extraction, Amplification and Sequencing

Genomic DNA for the 58 samples was extracted using Promega DNA purification kits 

(Madison, New York, USA). The primer pairs used to amplify two mitochondrial genes 

(COI and Cyt b) and one nuclear gene region (Rag1) from the extracted DNA are listed
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in Table 2.4. These genes were preferred because they were used successfully in 

previous studies to resolve phylogenies of fishes that included Labeo spp. (Mayden et 

al., 2009; Tang et al., 2009; Yang et al., 2012). In addition, the COI gene marker is 

widely used for genetic barcoding, thus, there are ample sequence data available and it 

is sufficiently variable to be able to discriminate between two closely related species 

(Hebert et al., 2003a, 2003b).

TABLE 2.4. List of primers and the respective nucleotide sequences used in the study. 
Primer designers are listed under Reference.

Primer name Primer sequence Reference
Cytochrome c oxidase subunit I gene (COI)
VF2_tl forward 5'-TGT AAA ACG ACG GCC AGT CAA CCA 

ACC AAG ACATTG GCA C-3'
(Ivanova et al., 2007).

VR1_tl reverse 5'-CAG GAA ACA GCT ATG CTT CTG 
GGTGGC CAA AGA ATC A-3'

(Ivanova et al., 2007).

Cytochrome b gene (Cyt b)
GluF forward 5'-AAC CAC CGT TGT ATT CAA CTA CAA-3' (Machordom & Doadrio, 2001)
ThrR reverse 5'-ACC TCC GAT CTT CGG ATT ACA AGA 

CCG-3'
(Machordom & Doadrio, 2001)

Gcyt-Glu forward 5'-GAA AAA CCA CCG TTG TTG TTA TTC A­
3'
5'-CGA CTT CCG GAT TAC AAG ACC-3'

(Waters & Wallis, 2001)

Gcyt-Thr reverse (Waters & Wallis, 2001)
Recombination activating gene 1 (Rag1)
Rag1-F1 5'-CTG AGC TGC AGT CAG TAC CAT AAG 

ATG T-3'
(Lopez et al., 2004)

Rag1-R3 5'-GTC TTG TG(CG) AGG TAG TTG GT-3' (Lopez et al., 2004)

Initially, the GluF forward and ThrR reverse primers were used to amplify the Cyt b 

gene, but subsequently the Gcyt-Glu forward and Gcyt-Thr reverse primer pair was 

used when the former primer combination failed to amplify the target region. All PCR 

reactions were performed in a final volume of 25 ql, consisting of 2.5 ql of 1* buffer, 

2.5 ql of 2 mM MgCl2, 2.5 ql of 0.2 mM dNTPs, 0.5 ql each 20 mM primer, 0.1 ql of 5 

U/ql Taq polymerase, DNA and double-distilled water. The volume of water depended 

on the amount of DNA used (2-10 ql). The PCR conditions for amplification of each 

DNA region are listed in Table 2.5.
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TABLE 2.5. PCR protocols for amplification of one nuclear and two mitochondrial DNA 
regions. COI = Cytochrome c oxidase subunit I gene, Cyt b = Cytochrome b gene, Rag1 
= Recombination activating gene 1

Initial
Denaturation Annealing Extension

Gene
denaturation 35 cycles Final extension

region Temp Time Temp Time Temp Time Temp Time Temp Time

Cyt b 94 °C 2 min 94 °C 45 s 52 °C 60s 72 °C 60 s 72 °C 5 min

COI 95 °C 60 s 94 °C 30 s 54 °C 45s 72 °C 60 s 72 °C 10 min

RAG1 95 °C 2 min 94 °C 30 s 52 °C 30s 72 °C 1 min 72 °C 10 min

The PCR products of the three gene regions were purified with the QIAquick PCR 

Purification Kit (QIAGEN, Valencia, California, USA), and sequenced (in both forward 

and reverse directions) using the BigDye® Terminator v3.1 Cycle Sequencing Kit 

(Applied Biosystems, Foster City, California, USA). The end products of cycle­

sequencing were screened on an ABI 3730xl automated DNA Genetic Analyser 

(Applied Biosystems) by Macrogen Inc. (Seoul, South Korea), and on an ABI 3100 

Genetic Analyser at Rhodes University (Grahamstown, South Africa).

Phylogenetic Analysis

Sequences for COI, Cyt b and Rag1 were edited manually in SeqMan (Lasergene 

v.7.2.0, DNA Star, Inc., Madison, Wisconsin, USA) to check for gaps or uncertain 

nucleotides. Consensus sequences were obtained from alignment of the forward and 

reverse sequences to check for discrepancies. For the Rag1 nuclear sequences, 

nucleotide ambiguity codes were assigned to heterozygotes. DnaSP 5.10 v5 (Librado & 

Rozas, 2009) was used to phase Rag1 genotypes (identification of the two alleles from 

the sequenced haplotype) for better identification of hybrids and to identify the unique 

haplotypes of Cyt b and COI, and alleles of Rag1.
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The three sequence data sets (COI, Cyt b and Rag1) were first analysed separately and 

then were combined (COI + Cyt b + Rag1 and COI + Rag1) to assess the robustness of 

relationships across data sets. The COI and Rag1 data sets comprised the highest 

number of Labeo species, thus the two regions were combined into a single data set 

(Table 2.6). The combined sequence data sets were further edited if necessary in 

Molecular Evolutionary Genetics Analysis (MEGA) version 6 (Tamura et al., 2013). 

Edited sequence data sets were then aligned further using ClustalX 2.1 (Larkin et al., 

2007). Models of nucleotide substitution that best fit each of the five data sets were 

selected from among 1624 models using the Akaike information criterion (AIC) 

(Akaike, 1974) with jModelTest 2.1.7 (Guindon & Gascuel, 2003; Darriba et al., 2012). 

With the same software, base frequencies, Ti:Tv ratio, proportion of invariable sites (I) 

and the a value of the gamma distribution (rate variation among sites) were estimated 

for each gene region.

Sequence analysis

The number of taxa, number of base pairs per sequence, and the optimal evolutionary 

model selected for each of the five data sets are presented in Table 2.6. A maximum 

likelihood (ML; Felsenstein, 1981) phylogenetic approach was used to reconstruct 

phylogenetic trees for each gene and the two combined data sets with MEGA version 6 

and PAUP* 4.0 beta (Swofford, 2002). Maximum likelihood (ML) is a phylogenetic 

method that infers an evolutionary tree by finding the tree that maximises the 

probability of observing the data (Hall, 2011).
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TABLE 2.6. Number of taxa, number of bases per sequence and optimal evolutionary 
model selected using the Akaike information criterion for each of the five data sets

Data set No. of taxa No. of bases Selected models and references

Cyt b 67 948 GTR+I+G

Lanave et al. (1984), Tavare (1986), 
Rodriguez et al. (1990)

COI 73 570 TrN+I+G

Tamura & Nei (1993)

Rag 1 71 974 TrNef+G

Tamura & Nei (1993)

COI+Rag 1 102 1544 TIM2ef+I+G 

Posada (2004)

COI+Cyt b+Rag 1 67 2490 TIM2+I+G

Posada & Buckley (2004)

GTR, general time reversible; TrN, Tamura & Nei (1993); TIM, transitional model; I, proportion of invariable sites; 
G, rate heterogeneity; ef, equal base frequencies.

The parameters of the optimal evolutionary model selected with jModelTest were 

implemented in heuristic searches with the tree-bisection-reconnection (TBR) branch 

swapping method and 10 random addition replicates were used to find the best ML tree- 

topology for each of the five data sets.

In addition, Bayesian inference (BI) (Laplace, 1812) was performed with MrBayes 

v3.0B (Huelsenbeck & Ronquist, 2001), using the evolutionary models selected with 

jModelTest. This approach was used to estimate the phylogenetic relationships between 

southern African Labeo spp., their placement among the African Labeo spp. and their 

relationships to Asian species.
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As with ML, BI is a powerful and widely used method for estimating phylogenetic trees 

(Hall, 2011). The approach uses the log likelihood as a criterion for choosing among 

trees (Hall, 2011). One cold and three heated Monte Carlo Markov chains (MCMC) 

were run simultaneously for 10 million generations. Parameter values and trees were 

sampled every 2000 generations. The first 20% generations were discarded as “burn-in” 

to be confident that the MCMC chains were only sampling optimal trees. The likelihood 

scores for the trees were then examined to determine that stationarity had been attained. 

The 50% majority-rule consensus tree was calculated from the remaining 4000 trees for 

each of the analyses from which the posterior probabilities were estimated. These 

probabilities in percentage are used to estimate the probability that a particular 

relationship is retrieved. Probabilities > 0.95 are considered significant (Ronquist & 

Huelsenbeck, 2003).

Genetic distance estimates

Estimates of genetic distance among sequences were analysed with MEGA. The 

number of nucleotide substitutions per site among sequences was calculated using the 

models selected by jModelTest. The genetic distances within lineages were calculated 

for each individual data set and between lineages for the COI+Rag1 and COI+Cyt 

b+Rag1 combined data sets. The mean genetic distance among species and between 

sister species within lineages should be less than the average genetic distance among 

lineages (Hebert et al., 2003a). The genetic distances were used to evaluate differences 

among species and species groups.
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Divergence time estimates

The mitochondrial Cyt b data set was used to estimate approximate divergence times 

between Labeo species. Mitochondrial DNA was chosen because it is most often used 

for estimation of divergence events, thus there are more data for comparison (Galtier et 

al., 2009; Hedges & Kumar, 2009). Cytochrome b was preferred over COI because it is 

the most used gene for this purpose and the most variable mitochondrial marker with 

which to estimate divergence times for intra- and interspecific comparisons (Tobe et al., 

2010). The nuclear Rag1 intron was not used because it was less variable.

A Bayesian MCMC algorithm, implemented in BEAST 1.7.1 (Drummond et al., 2012), 

was used to estimate divergence times between lineages. A relaxed molecular clock 

method that allows a branch-specific rate of variation, drawn from a log-normal 

distribution, was employed to co-estimate the tree and date the divergences of the 

lineages under the chosen evolutionary model. Given the lack of a calibrated mutation 

rate for Labeo species, a range of published Cyt b substitution rates (slow and fast) of 

0.76% and 2.2% per million years was used here (see Chakona et al., 2013b). This 

range includes the 2% mean rate for vertebrate mtDNA that has been used in a number 

of studies of fishes for which the true mutation rate is unknown (Brown et al., 1979; 

Goodier et al., 2011). Tree priors were computed according to a Yule speciation process 

(Gernhard, 2008) and all other priors were set to the default values. The MCMC 

analyses were run for 60 million generations and sampled every 2000th generation, 

with the first 10% of samples discarded as burn-in. TRACER v1.6 (Rambaut et al., 

2014) was used to inspect for and confirm stationarity, and that effective sample sizes 

(ESS > 100) were adequate for all parameters. FigTree v1.4.2 (Rambaut, 2009) was 

used to build the phylogenetic tree containing the divergence time estimates.
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Species delimitation

Species were delimited using the phylogenetic species concept (monophyly), which 

considers species as a group of organisms that descended from a common ancestor 

(Rosen, 1979; Donoghue, 1985; Mishler, 1985). The concept is not restrictive in that it 

allows breeding between different species and takes into account even the slightest 

genetic difference between organisms (Giraud et al., 2008). Sister species or groups 

were identified as being the most closely related to a given group or species and share a 

common ancestor. Divergence of putative unnamed species was compared with that of 

closely related species delimited by Reid (1985) on the basis of morphological 

discontinuities. This approach helped to identify groups of individuals that would need 

further investigation.

RESULTS

Phylogenetic Relationships

Maximum likelihood and BI phylogenies showed similar topologies for all data sets 

analysed (Cyt b, COI, Rag1, COI+Rag1 and COI+Cyt b+Rag1), thus the ML 

phylogenetic tree with Bayesian posterior probabilities (PP) is presented as 

representative of the phylogenetic relationships resolved from each data set (see Figs. 

2.6-2.10). Only significant (PP > 0.95) Bayesian posterior probabilities are shown on 

all trees. The five data sets differed in taxa representation, hence ML trees derived from 

each data set are presented.
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All African species formed a monophyletic well-supported group (PP > 98%) for all 

data sets except Cyt b (Fig. 2.6) and were shown to be distinct from Asian Labeo 

species. This differentiation was supported by mean percentage genetic distances of 

1.3% (COI+Rag1) between Asian Labeo spp. and the genetically closest African Labeo 

species, L. batesii (Table 2.7). Six major African lineages (designated A to F) were 

revealed, as represented by the COI+Rag1 phylogenetic tree, which was robust (clades 

were well resolved, nodes were statistically well supported, and the data set had good 

taxonomic coverage) (Fig. 2.9). The monophyly of the designated lineages mostly 

received good Bayesian posterior probabilities support (PP > 95%) in all data sets 

where they were recovered, except for lineage B for Cyt b (Fig. 2.6), lineage C for 

COI+Rag1 (Fig. 2.9), and lineages D and F for Rag1 (Fig. 2.8).

However, the relationships among the lineages were not well resolved, as evidenced by 

the non-significant posterior probabilities on deeper branches (PP < 95%). The poor 

resolution of major clades was most evident in the phylogeny derived from the Rag1 

data set (Fig. 2.8). The Rag1 sequence data also showed the lowest within-lineage 

percentage distances (0.4-1.2) (Table 2.8). The southern African Labeo species were 

placed in four lineages (A, B, E and F) in all majority-rule consensus phylogenies 

retrieved. Most species were monophyletic where the data sets contained more than one 

individual per taxon (PP > 95%) (Figs. 2.6-2.10).
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Fig. 2.6. Maximum likelihood phylogenetic tree derived from cytochrome b sequence data showing the 

relationships among southern African Labeo species. Values above the branches and next to a 

square parenthesis are significant Bayesian posterior probabilities > 0.95. Values next to species 

names indicate the sample number. Lineages are indicated by an upper-case letter in parentheses. 

Possible hybrids are indicated by a red rectangle; a possible hybrid that was indicated by COI 

sequence data was not included in the data set due to amplification difficulty. The sample in the 

green rectangle was identified as a possible hybrid from Rag1 sequence data (see Fig. 2.8).
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TABLE 2.7. Mean percentage genetic distances between lineages. Values above the 
diagonal are for COI+Cyt b+Rag1 and those below the diagonal are for COI+Rag1. 
Lineage A represents the Labeo niloticus group, lineage B represents the L. forskalii 
group, lineage C represents L. macrostoma group, lineage D represents the L. coubie 
group, lineage E represents the L. umbratus group, lineage F and L. batesii represent 
novel lineages, Asian represents Asian Labeo spp. and G. rufa is an outgroup.

Groups Lineage Lineage Lineage Lineage Lineage Lineage L. batesii Asian G. rufa 
A B C D E F

Lineage A 4.0 - 4.5 4.7 4.5 7.3 3.2 13.5

Lineage B 2.5 - 3.9 4.1 3.6 6.7 2.4 13.2

Lineage C 2.5 2.3 - - - - -

Lineage D 2.9 2.4 2.5 4.6 4.5 7.6 3.1 13.9

Lineage E 3.1 2.2 2.6 2.8 4.5 7.5 3.1 14.1

Lineage F 3.1 2.4 2.6 3.1 2.8 7.2 3.2 13.2

L. batesii 2.2 0.6 2.0 2.1 1.9 2.2 6.3 16.2

Asian 2.6 1.7 2.3 2.1 2.2 2.3 1.3 11.2

G. rufa 11.4 11.0 11.5 11.5 11.1 10.7 10.6 9.5

Most species were placed in consistent lineages in the phylogenies derived from the 

different data sets. However, incongruence between data sets was noted for certain 

species. Specimens identified as L. rubromaculatus in the Cyt b and COI trees (Figs.

2.6 and 2.7) had nuclear DNA alleles similar to L. capensis but with an extra mutational 

step (Fig. 2.8). Two individuals (L. cylindricus from the Bua River and L. molybdinus 

from the Revue River system) clustered with L. lunatus in the mtDNA Cyt b tree (Fig.

2.6), whereas in the Rag1 tree (Fig. 2.8), for each of L. cylindricus and L. molybdinus 

all alleles were clustered together within lineage B. The COI gene could not be 

amplified for these individuals, thus they are not included in the COI tree (Fig. 2.7). All 

sequences of possible hybrids were excluded from the data sets used in the combined 

analyses (Figs. 2.9 and 2.10) except for Labeo sp. 2 alleles.
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TABLE 2.8. Mean percentage genetic distances within lineages for each of the five data sets.

Groups COI Cyt b Rag1 COI+Rag1 COI+Cytb+Rag1

Lineage A 2.4 3.3 0.5 1.5 2.1

Lineage B 5.8 6.3 0.6 2.2 3.2

Lineage C 6.6 - 0.9 3.3 -

Lineage D 5.0 9.3 0.4 2.1 3.3

Lineage E 2.0 3.1 0.6 1.3 2.4

Lineage F 5.3 8.5 1.2 2.3 4.4

Lineage A consisted of species that Reid (1985) grouped into the LNG (L. altivelis, L. 

cf. mesops, L. horie, L. senegalensis and L. weeksii), and included an unidentified 

specimen (Labeo sp. 1) from the Congo Basin; thus, the lineage was considered to 

represent the LNG. Labeo congoro (a southern African species) and L. lineatus were 

considered by Reid (1985) to belong to the LCG, but were shown here to group with the 

LNG. The unidentified specimen Labeo sp. 1 was resolved to be closely related to L. 

weeksii [PP > 95% for Cyt b (Fig. 2.6), COI+Rag1 (Fig. 2.9) and COI+Cyt b+Rag1 

(Fig. 2.10)]. The Labeo sp. haplotype and L. weeksii were mostly resolved to be closely 

related to L. cf. mesops in certain trees [PP > 95% for Cyt b (Fig. 2.6) and COI+Cyt 

b+Rag1 (Fig. 2.10)], but not in the phylogenies derived from the Rag1 (Fig. 2.8) and 

COI+Rag1 (Fig. 2.9) data sets. Labeo weeksii, L. cf. mesops and L. sp. 1 were resolved 

to be sister to L. altivelis (a southern African species) in some trees [PP > 97% for Cyt b 

(Fig. 2.6) and COI+Cyt b+Rag1 (Fig. 2.10)], except for the phylogenies derived from 

the COI (Fig. 2.7), COI+Rag1 (Fig. 2.9) and Rag1 (Fig. 2.8) data sets, which resolved 

L. altivelis as the earliest divergence within the lineage. Labeo horie and L. 

senegalensis were resolved as sister species, which was identical to the finding by Yang 

et al. (2012), and were shown to share an identical Rag1 allele (Fig. 2.8).
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Fig. 2.7. Maximum likelihood phylogenetic tree derived from cytochrome c oxidase subunit I sequence 

data showing relationships among southern African Labeo species. Values above the branches and 

next to a square parenthesis are significant Bayesian posterior probabilities > 0.95. Values next to 

species names indicate the sample number. Lineages are indicated by an upper-case letter in 

parentheses. A possible hybrid is indicated by a red rectangle; possible hybrids that were indicated 

by Cyt b sequence data were not included in the data set due to amplification difficulty. The 

sample indicated by the green rectangle was identified as a possible hybrid from Rag1 sequence 

data (see Fig 2.8).
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Fig. 2.8. Maximum likelihood phylogenetic tree derived from recombination activating gene 1 sequence 

data showing relationships between alleles among southern African Labeo species. Values above 

the branches and next to a square parenthesis are significant Bayesian posterior probabilities > 

0.95. Values next to a species name indicate the sample number. Lineages are indicated by an 

upper-case letter in parentheses; their presentation was adopted from COI+Rag1 data. A possible 

hybrid is indicated by a red rectangle; the alleles indicated by a green rectangle were identified as 

possible hybrids in trees derived from other data sets (see Figs. 2.6 and 2.7).
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The latter two species were resolved to be sister species to the four above-mentioned 

species (L. altivelis, L. cf. mesops, Labeo sp. 1 and L. weeksii) in some trees [PP =

100% for Cyt b (Fig. 2.6) and COI+Cyt b+Rag1 (Fig. 2.10)], but not in the COI (Fig.

2.7), Rag1 (Fig. 2.8) and COI+Rag1 (Fig. 2.9) trees. Labeo congoro and L. lineatus 

were resolved as sister species in the COI+Rag tree [PP = 100% (Fig. 2.9)] but not the 

Rag1 tree (Fig. 2.8). Labeo congoro and L. lineatus were generally resolved as sister to 

a clade of six species (L. altivelis, L.cf. mesops, L. horie, Labeo sp. 1, L. senegalensis 

and L. weeksii) [PP = 100% for Cyt b (Fig. 2.6), COI (Fig. 2.7) and COI+Rag1 (Fig.

2.9) trees] except in the Rag1 tree (Fig. 2.8). The Labeo sp. 2 individual from the 

Congo Basin was resolved as sister to all species of the LNG in the COI+Rag1 tree (PP 

= 97%) (Fig. 2.9), but was also nested with species from the LFG [COI (Fig. 2.7)] and 

with species from the LNG [Rag1 (Fig. 2.8)]. The Cyt b gene could not be amplified for 

this individual and thus was also not included in the combined COI+Cyt b+Rag1 

analysis.

Lineage B comprised species that Reid (1985) grouped into the LFG (L. ansorgii, L. cf. 

annectens, L. cylindricus, L. forskalii, L. lunatus, L. molybdinus, L. nasus, L. nunensis, 

L. quadribarbis, L. parvus, L. sengaensis and L. simpsoni) and included unidentified 

specimens (Labeo spp 1-8.) from the Kwanza River system (over all tree). The group 

therefore was considered to represent the LFG. The genetic distance within this group 

was slightly higher (0.6-6.3%) compared with that of the LNG (lineage A)(0.5-3.3%) 

(Table 2.8). The two groups were separated by 4.0% mean genetic distance for all data 

sets combined and 2.5% for the COI+Rag1 combined data set (Table 2.7). The 

monophyly of lineage B was well supported (PP > 98%) in all trees except the Cyt b
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tree (PP < 95%) (Figs. 2.6-2.10). Overall, the lineage could be subdivided into three 

monophyletic sublineages (B1, B2 and B3). Sublineage B1 comprised a group of 

closely related unidentified Labeo specimens from the Kwanza River in Angola and 

two individuals of uncertain identity that showed an affinity to L. annectens (L. cf. 

annectens). The monophyly of sublineage B1 was well supported (PP = 100%) except 

in the Rag1 tree (Fig. 2.8), in which they formed a monophyletic lineage B with other 

species alleles that belong to the LFG. The unidentified Labeo spp. and L. cf. annectens 

individuals could be grouped into five possible forms: (a) Labeo sp. 1 and 2, (b) Labeo 

sp. 4 and 5, (c) Labeo sp. 6 and 7, (d) L. cf. annectens 1, and (e) L. cf. annectens 2 and 

Labeo sp. (3 and 8) [PP > 97% for COI+Rag1 (Fig. 2.9), COI+Cyt b+Rag1 (Fig. 2.10)] 

trees. This arrangement reflects comparison of the sequence divergence of two groups 

of closely related, recently diverged and morphologically distinct species [L. capensis 

and L. umbratus (0.15), L. horie and L. senegalensis (0.14)] with the forms that showed 

the lowest sequence divergence [(d) and (e) (0.21)] (Fig. 2.11).

The sublineage B1 was resolved to be sister to sublineage B2 [PP > 95% for the COI 

(Fig. 2.7) and the COI+Rag1 (Fig. 2.9) trees]. Sublineage B2 consisted of four species 

from the Congo River system (L. nasus, L. parvus, L. quadribarbis and L. simpsoni; PP 

> 97% in the trees in which all of these species were present) except in the Rag1 tree 

(Fig. 2.8). The relationship of these four species was consistent with the results of 

Lowenstein et al. (2011). Excluding the potecial hybrid (Labeo sp. 2 Congo), the 

sublineages B1 and B2 were mostly resolved to be a sister clade to sublineage B3 where 

all of the sublineages were recovered [PP > 97% for the COI (Fig. 2.7) and the 

COI+Rag1 (Fig. 2.9) trees].
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Fig. 2.9. Maximum likelihood phylogenetic tree derived from the combined cytochrome c oxidase

subunit I gene + recombination activating gene 1 sequence data showing the relationships among 

southern African Labeo species. Values above the branches and next to a square parenthesis are 

significant Bayesian posterior probabilities > 0.95. Values next to a species name indicate the 

sample number; numerals followed by a lower-case letter indicate distinct alleles. Lineages are 

indicated by an upper-case letter in parentheses. Possible hybrids were not included in the data set 

except Labeo sp. 2 alleles (indicated by a red rectangle), which were suggestive of ancient 

hybridisation between species from the L. forskalii group and L. niloticus group.
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Sublineage B3 consisted of the remaining species placed in the LFG (L. ansorgii, L. 

cylindricus, L. forskalii, L. lunatus, L. molybdinus, L. nunensis, L. parvus (Baro) and L. 

sengaensis). Ignoring potential hybrids [L. cylindricus 1 (Bua)], L. ansorgii (a southern 

African species) was resolved to be sister to L. lunatus (southern African) with good 

support [PP > 97% for the Cyt b (Fig. 2.6) and the COI+Cyt b+Rag1 (Fig. 2.10) trees]. 

In addition, the two species shared an identical Rag1 allele. Ignoring the potential 

hybrids [L. cylindricus 1 (Bua) and L. molybdinus (Revue)],, L. ansorgii and L. lunatus 

were mostly resolved to be sister to L. molybdinus [PP > 98% for the Cyt b (Fig. 2.6), 

Rag1 (Fig. 2.8) and COI+Cyt b+Rag1 (Fig. 2.10) trees] and formed a monophyletic 

group. Disregarding potential hybrid [L. molybdinus (Revue)], L. molybdinus 

individuals from different river systems across its distribution were generally shown to 

share alleles (over all trees) and all individuals formed a monophyletic group [PP = 

100% in the Cyt b tree (Fig. 2.6)]. Where recovered, L. nunensis was generally resolved 

as sister to L. sengaensis [PP = 100 for the COI+Rag1 tree (Fig. 2.9)], which consistent 

with the finding of Lowenstein et al. (2011), and L. lukulae was resolved to be closely 

related to L. nunensis and L. sengaensis (PP = 100% for the COI tree). Labeo parvus 

(Baro) was resolved to be sister to L. cylindricus [PP > 98% in all trees (Figs. 2.7­

2.10)] except in the Cyt b tree (Fig. 2.6) (PP = 100) in which it was nested among the L. 

cylindricus alleles. Ignoring the potential hybrid [L. cylindricus 1 (Bua)], L. cylindricus 

individuals from different river systems across its distribution were generally shown to 

share alleles and all individuals formed a monophyletic group [PP = 97% in the COI 

tree (Fig. 2.7)].

Where included in the data set (Figs. 2.7-2.9), lineage C consisted of three species from 

the Congo Basin that Reid (1985) grouped into the LMG (L. barbatus, L. lividus and L.
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fulakariensis). Thus, the lineage was considered to represent the LMG. The genetic 

distance within this lineage was low (0.9-6.6%) compared with that of the LCG (0.4­

9.3%) (Table 2.8). Lineage C was resolved as sister to the LCG, but with poor support 

(PP < 95), in the COI+Rag tree (Fig. 2.9)], whereas in the COI tree (Fig. 2.7) it was the 

sister group to the LNG and in the Rag1 tree (Fig. 2.8) its relationship to other clades 

was unclear. Labeo barbatus was resolved as sister group to L. lividus in the COI tree 

(PP = 99%) (Fig. 2.7), but not in the Rag1 tree (Fig. 2.8). The relationship among the 

LMG was similar to that reported by Lowenstein et al. (2011). Lowenstein et al. (2011) 

retrieved L. greenii in this lineage (73% ML bootstrap support), but in the present study 

the placement of L. greenii in this group received poor support [PP < 95% in the 

COI+Rag tree (Fig. 2.9)] or was placed outside the group [PP < 95% in the COI (Fig.

2.7) and Rag1 (Fig. 2.10) trees].

Lineage D comprised three species considered by Reid (1985) to belong to the LCG (L. 

coubie, L. cyclorhynchus and L. longipinnis). Thus, this lineage was considered to 

represent the LCG. Labeo coubie was resolved to be sister to L. longipinnis where the 

two species were recovered [PP = 100% in all trees (overall)]. The latter species was 

resolved to be sister to L. cyclorhynchus where the three species were recovered (PP = 

100%) in all trees except for the Rag1 tree (Fig. 2.8), in which L. cyclorhynchus was not 

associated with the group, thus rendering the LCG polyphyletic.
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Fig. 2.10. Maximum likelihood phylogenetic tree derived from cytochrome c oxidase subunit I gene + 

cytochrome b + recombination activating gene 1 combined data set showing the relationships 

among southern African Labeo species. Values above the branches and next to a square 

parenthesis are significant Bayesian posterior probabilities > 0.95. Values next to a species names 

indicate the sample number; numerals followed by a lower-case letter indicate distinct alleles. 

Lineages are indicated by an upper-case letter in parentheses. Possible hybrids were not included.
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Fig. 2.11. Dated Bayesian tree of the Cyt b sequence data of Labeo species. The tree was produced with 

BEAST (Drummond et al., 2012) using the GTR parameters specified by jModelTest (Darriba et 

al., 2012). Values above the nodes represent the estimated mean divergence time (million years 

ago) and 95% highest posterior density ranges are presented in parentheses below each node. Bars 

represent the 95% confidence interval for the divergence estimates.

Lineage E comprised the four species (L. capensis, L. rubromaculatus, L. seeberi and L. 

umbratus) considered by Reid (1985) to form the southern African LUG. This lineage, 

together with lineage A, showed the lowest within-lineage genetic distance (0.6-3.1%) 

(Table 2.8). Labeo capensis was generally resolved to be sister to the two L. umbratus 

specimens from the Orange and southern-flowing river systems [PP = 100% in the 

combined-data trees (Figs. 2.9 and 2.10)]. This relationship is further assessed in 

Chapter 4. Labeo capensis and L. umbratus were resolved to be sister to L. 

rubromaculatus (PP = 100%) in the Cyt b (Fig. 2.6) and COI (Fig. 2.7) trees, but not
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the Rag1 tree (Fig. 2.8). Labeo seeberi was resolved to be the sister species to L. 

capensis and L. umbratus [PP = 100% in all trees (overall)].

Lineage F consisted of two species (L. ruddi and L. vulgaris). This lineage and lineage 

D showed the highest within-lineage genetic distance (1.2—8.5%) (Table 2.8), which is 

an indication that the two species are highly divergent from each other. The monophyly 

of the group was well supported [PP > 95% in all trees (Figs. 2.6, 2.7, 2.9 and 2.10)], 

except for the Rag1 tree (Fig. 2.8) in which lineage F was paraphyletic.

Divergence Time Estimates

Using Cyt b data, all of the six groups of Labeo spp. were estimated to have diverged 

during the Pliocene epoch (1.8—5.3 million years ago [mya]) (Fig. 2.11). The LFG 

(lineage B) diverged from the remainder of the African lineages around 4.35 mya (95% 

highest posterior density [HPD]: 3.29-5.58 mya), followed by the split between lineage 

F and the LCG (lineage D) and LNG (lineage A) + LUG (lineage E) + L. batesii around 

4.06 mya (HPD: 3.1-5.1). The split between the LNG and the LUG + L. batesii was 

estimated at 3.64 mya (HPD: 2.6-4.8), followed by a split between the LUG and L. 

batesii around 3.22 mya (HPD: 2.09-4.58). The split between the LCG and lineage F 

happened around 3.54 mya (HPD: 2.4-4.78). The split within the LFG between 

sublineages B1 and B2 + B3 was estimated at around 2.49 mya (HPD: 1.7-3.4 mya). 

The split between sublineages B2 and B3 was estimated at about 1.99 mya (HPD: 1.31­

2.78 mya), which also fell within the Pliocene epoch. The divergence between most 

species within lineages was estimated to have occurred during the Holocene period 

(0.01-1.8 mya).
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DISCUSSION

The current molecular-based analysis used new sequence data for southern African Labeo 

spp. together with sequences from Lowenstein et al. (2011) that could be confidently 

assigned to species and the Labeo sequence data from Yang et al. (2012). In concordance 

with Reid (1985), the resulting ML phylogenetic trees (Figs. 2.6-2.10) resolved six Labeo 

lineages plus a divergent species identified as L. batesii. Five of the lineages (A, B, C, D 

and E) represented the five African groups (LNG, LFG, LMG, LCG and LUG, 

respectively) proposed by Reid (1985). The deeper relationships between the different 

African Labeo groups were unresolved, which might be the result of gene saturation from 

which mtDNA suffers (Ho et al., 2005).

The present results also supported Tshibwabwa & Teugels (1995) and Lowenstein et al. 

(2011) in dividing the African Labeo spp. on the basis of the morphology of the inner 

surface of the lips (Fig. 2.12). The LFG and LCG have the papillate mouth form, whereas 

the LNG have a plicate mouth form (Tshibwabwa & Teugels, 1995; Lowenstein et al., 

2011). The results from the present study supported the latter finding on the LFG, but in 

addition LUG and lineage F possess plicate mouth forms. The conclusion by Lowenstein 

et al. (2011) that the plicate group is paraphyletic (the LCG clustered together with the 

papillate group) and the papillate group is polyphyletic was supported by the topology of 

the dated BI tree (Fig. 2.11). The BI tree showed that the LFG group diverged from the 

ancestor of the remaining African species groups around 4.35 mya. Lowenstein et al. 

(2011) provisionally found that African Labeo spp. were monophyletic (see Chapter 1). 

The results of all phylogenetic analyses presented in this chapter were concordant with 

the Lowenstein et al. (2001) study except for the Cyt b data (Fig. 2.6), which placed most 

of the Asian Labeo spp. sister to the LUG and L. batesii.
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This latter finding, however, also might be the result of mtDNA saturation because 

other phylogenetic reconstructions presented in this chapter and previous studies 

(Lowenstein et al., 2011; Yang et al., 2012) placed the Asian lineage as distinct from 

the African lineage. Cytochrome b is the most variable gene compared with COI and 

Rag1, yet the deeper branches were poorly supported.

Plicate lips

Papillate lips

Mouth forms byCurrent studv grouping
Tshibwabwa &
Teugels (1995)

L. molybdinusGrouping by Reid (1985)
L lunatus
L. ansorgii

L. cylindricusL. cylindricus 
L. molybdinus 

L. lunatus 
L. ansorgii

(B3)
> L. forskalii group

Angolan lineage (B1)

L. altivelis
L. ruddi L. ruddi (F )* L. niloticus group

altivelis
congoro * L. coubie group L. congoro

L. umbratus A. umbratus
L. capensis A. capensisL. umbratus groupL. rubromaculatus A. rubromaculatus
L. seeberi A. seeberi

Fig. 2.12. Correspondence of Labeo species groups proposed by Reid (1985) for southern African

species, species groups supported by molecular phylogenetic analyses in the current study, and 

groups based on the morphology of the inner surface of the lips by Tshibwabwa & Teugels 

(1995).

Within southern African Labeo species, four monophyletic lineages (A, B, E and F) 

were apparent (Fig. 2.12). These lineages did not fully represent the four Labeo spp.
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groups that were proposed by Reid (1985), the exception being that an LCG species (L. 

congoro) was placed in the LNG.

Phylogenetic Relationships of Southern African Lineages

Labeo niloticus group sensu lato (Lineage A) and Lineage F
All of the Labeo spp included in this chapter that were proposed to belong to the LNG

grouped together in the ML phylogenies (Figs. 2.6-2.10) with the exception of L. ruddi. 

Phylogenetic analyses showed that L. ruddi is not closely related to any of the species in 

the LNG as proposed by Reid (1985). Instead, the analyses showed L. ruddi to be 

closely related to L. vulgaris Heckel 1847 and that both species formed a separate clade 

(lineage F). This implied close relationship between the two species is surprising, as L. 

vulgaris occurs within the Nile River system located in North Africa (Yang et al.,

2012), approximately 3000 km distant from the Cunene River system where L. ruddi 

occurs, and the two species diverged about 2.48 mya (Fig. 2.11). Between the two river 

systems lies the East African Rift System and the sickle-shaped Congo basin, which 

were formed 3.1 and 2.5-1.5 mya, respectively (Goodier et al., 2011; Prufer et al., 

2012). The formation of the latter systems could have acted as a geographical barrier 

and led to the divergence of the most recent common ancestors of the two species. 

Inclusion of the L. ruddi population from the Limpopo River system in future studies is 

important to fully understand relationships within this newly discovered lineage F.

The present results indicate that L. lineatus is not closely related to L. weeksii, with 

which it co-occurs in the upper and lower Congo Basin as proposed by Reid (1985), but 

instead it is closely related to L. congoro, which was proposed to belong to the LCG 

sensu lato (Reid, 1985) (Figs. 2.6, 2.8-2.10). Currently, Labeo congoro is known to
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occur in Central Africa (Katanga and Lake Mweru) separated by the Congo Basin. The 

close phylogenetic relationship between L. lineatus and L. congoro might indicate that 

the ancestor of the two species occurred throughout their distributions. According to 

Goodier et al. (2011) a barrier in the form of a high-lying landscape (the Kundululungu 

Plateau 1000 m above sea level; Flugel et al., 2015) formed about 1.5 mya when Lake 

Tanganyika became isolated from the Congo River system and might have led to the 

split between L. lineatus and L. congoro. The plateau, located in the southern part of the 

Congo Basin, is part of the high landscape that separates the Congo Basin from the East 

African Rift System. The results of the dated BI analysis (Fig. 2.11) indicated that L. 

lineatus and L. congoro may have diverged after the formation of the latter barrier 

about 1.13 mya. Inclusion of L. rosae in the analysis would have allowed evaluation of 

its placement within the LNG and to test the validity of its hypothesised close 

(morphological) relationship with L. altivelis (Reid, 1985).

An unidentified specimen (Labeo sp. 1; SAIAB no. 77992) from Oubangui River, 

which forms part of the Congo Basin, was shown in all phylogenetic trees (Figs. 2.6­

2.10) to be closely related to L. weeksii. This specimen might represent an additional 

form of L. weeksii, as both forms occur in the same drainage system and are indicated to 

have diverged recently (Fig. 2.11). However, a morphological comparison between the 

forms is needed to clarify the identity of the unidentified specimen.
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Relationships within the Labeo forskalii Group 

Sublineage B1
The unidentified specimens [Labeo sp. 1 and 2 (SAIAB no. 85508), Labeo sp. 3 

(85336), Labeo sp. 4 (85157) and 5 (85189), Labeo sp. 6 and 7 (85101) and Labeo sp. 8 

(85370)] from the Kwanza River system in Angola were shown to be monophyletic and 

formed a clade with two taxonomically indeterminate individuals [L. cf. annectens 

(84710)] (see Table 2.1 and Fig. 2.11). Labeo annectens occurs in the Congo River 

Basin and in most basins of the lower Guinea region (Moelants, 2010), thus the L. cf. 

annectens individuals included in the present study may represent an unnamed species. 

Using the phylogenetic species concept (monophyly), two of the closely related 

unidentified forms [(d) and (e)] with the lowest sequence divergence (0.2%) (Fig. 2.11), 

were compared to two groups of closely related, recently diverged and morphologically 

distinct species [L. capensis and L. umbratus (sequence divergence of 0.15%); L. horie 

and L. senegalensis (0.14%)]. I then concluded that, the unidentified individuals form 

five monophyletic forms, which may warrant recognition as distinct species. The forms 

are: (a) Labeo sp. 1 and 2, (b) Labeo sp. 4 and 5, (c) Labeo sp. 6 and 7, (d) L. cf. 

annectens 1, (e) L. cf. annectens 2 and Labeo sp. (3 and 8). Thorough taxonomic 

investigation of these forms is needed.

Sublineage B3
Reid (1985) proposed that L. cylindricus closely resembles L. ansorgii. The present 

results show that L. cylindricus is closely related to L. parvus (Baro), whereas L. parvus 

(Congo) clustered with L. nasus, L. quadribarbis and L. simpsoni to form the 

monophyletic sublineage B2 (Figs. 2.7 and 2.9). Labeo parvus is widely distributed 

within the Congo River Basin, Chad, Senegal, Gambia, Volta and Niger basins as well

69



as in the Oueme and Mono rivers and other West African coastal basins (Leveque 

1990). The species is also present in Lake Tanganyika and the Malagarasi River Basin 

in East Africa (Hanssens et al., 2010). Contrary to the provenance of the L. parvus 

specimen stated by Yang et al. (2012), there seems to be no prior record of L. parvus in 

the Baro River (Leveque 1990). Yang et al. (2012) might have confused L. parvus with 

a newly discovered unnamed form or a divergent form of L. cylindricus. The L. parvus 

sample analysed by Lowenstein et al. (2011) may be correctly identified as it was 

collected within the Congo Basin. A morphological comparison of L. cylindricus and L. 

parvus (Yang et al., 2012) is needed to resolve the uncertainties between these species. 

Samples of Labeo cylindricus populations from different river systems were shown to 

share alleles (Figs. 2.6 and 2.7). A population genetics study across its entire 

distribution might reveal how this species managed to attain its wide distribution.

Reid (1985) also proposed that L. ansorgii closely resembles L. forskalii and L. 

cylindricus. The results from the current study showed L. forskalii to be the sister 

species to L. cylindricus and L. parvus sensu Yang et al. (2012) (Fig. 2.11). The finding 

is sensible as L. forskalii occurs in the Nile River system (Getahun & Twongo, 2010), 

which is where L. cylindricus occurs, and is close to Baro River where the L. parvus 

specimen of Yang et al. (2012) was collected. Labeo forskalii may have diverged from 

the common ancestor of L. cylindricus and L. parvus sensu Yang et al. (2012) within 

the Nile River system (possibly by sympatric speciation) about 1.47 mya as indicated 

by estimated divergence times (Fig. 2.11).

70



The present analyses showed Labeo ansorgii to be closely related to L. lunatus (Fig.

2.11). Labeo ansorgii occurs in the Cunene and Kwanza river systems that flow 

westward into the Atlantic Ocean (Reid, 1985), whereas L. lunatus occurs within the 

drainage basin of the upper Zambezi/Okavango rivers, which are in close proximity to 

the Kwanza and Cunene rivers but flow eastward into the Indian Ocean (Marshall & 

Tweddle, 2007). The two species were indicated to have diverged recently in the late 

Holocene period (Fig. 2.11). At this time a single, widespread ancestral population of 

the two species may have diverged into two populations, possibly because of isolation 

of the two river systems (i.e., geographic speciation) (Hammer et al., 2013).

The results from the current study indicated L. molybdinus to be a sister species to both 

L. lunatus and L. ansorgii (Fig. 2.11). This relationship is contrary to Reid’s proposal 

(1985) that L. lunatus is a form of L. molybdinus with a sail-like dorsal fin (Reid, 1985). 

Labeo molybdinus, as with L. lunatus, occurs within the Zambezi River system, but the 

distribution of the former starts from the middle Zambezi down to the lower Zambezi 

(Bills et al., 2007), whereas L. lunatus occurs in the upper Zambezi and Okavango 

rivers (Skelton, 2001; Marshall & Tweddle, 2007). The upper and middle Zambezi are 

separated by a barrier in the form of a waterfall (Victoria Falls). The upper and middle 

Zambezi were once separate river systems, according to Balon (1974), and the Victoria 

Falls were formed about 0.50 mya when the two parts of the Zambezi joined. The 

divergence time estimates (Fig. 2.11) indicate that L. molybdinus diverged from the 

recent common ancestor of L. lunatus and L. ansorgii about 0.97 mya, which was 

before the formation of the Victoria Falls. Thus, L. molydinus and L. lunatus may have 

speciated before formation of the Victoria Falls. Balon (1974) indicated that the two 

parts of the Zambezi harbour different species and proposed that the “pre-Upper
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Zambezi River” provided a variety of habitats, which promoted high fish species 

diversity.

Labeo umbratus group
As expected, the subpopulations of L. umbratus in the Orange River and two southern­

flowing river systems (Gamtoos and Gourits) were shown to be closely related (Figs. 

2.8-2.10). A phylogeographic analysis of these populations is presented in Chapter 3. 

Labeo capensis was shown to be more closely related to Orange River L. umbratus in 

the Cyt b tree (Fig. 2.6). The relationship between these two species is explained in 

detail in Chapter 4. Both L. umbratus and L. capensis were shown to be closely related 

to L. rubromaculatus, which occurs in the Tugela River system that flows south­

eastward into the Indian Ocean (Figs. 2.6 and 2.7) (Cambray, 2007). The Orange and 

Tugela river systems, in which the latter two Labeo species occur, are separated by the 

Drakensberg Mountains. The estimated divergence time of the recent common ancestor 

of L. umbratus and L. capensis from L. rubromaculatus was about 0.85 mya (Fig. 2.11). 

The ancestral population of L. rubromaculatus must have found a means of reaching the 

Tugela River system but the mountains acted as a barrier, blocking the species from 

colonising the Orange River until the development of the Tugela-Vaal inter-basin water 

transfer scheme. The phylogenetic analyses estimated the earliest split in the LUG to be 

between L. seeberi and the recent common ancestor of the other three species, rather 

than between L. rubromaculatus and the remaining species as Reid (1985) suggested. 

Labeo seeberi occurs in the Olifants River system (Lubbe et al., 2015) and, according 

to Dingle and Hendey (1984), the Orange and the Olifants river systems have been 

connected in the past due to river capture. The Orange River system has changed its exit 

points four times in the past (Dingle & Hendey, 1984). It was postulated that during the
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Late Cretaceous the Orange River used the 28°S exit point, which is where the Western 

Cape Olifants River system currently exits. During the Palaeogene period, it used the 

current 31 °S exit point. In late Miocene epoch, the Orange River switched back to the 

28° S exit point. Further alterations in the drainage patterns were postulated during the 

late Miocene-Pleistocene epoch. If the divergence time estimates obtained in the 

current study are accurate, the Orange River may have switched back to the current exit 

point about 1.94 mya and led to the divergence between L. seeberi and the recent 

common ancestor of the L. rubromaculatus, L. capensis and L. umbratus lineage around 

that time.

Smith (1841) originally described L. umbratus and L. capensis as Abrostomus umbratus 

and A. capensis. However, Smith’s original type specimens cannot be located (Reid, 

1985). Boulenger (1909) rediagnosed the species and described them as L. umbratus 

and L. capensis. According to Reid (1985), this was accepted by Gilchrist and 

Thompson (1913) and revised and clarified by Barnard (1943). The four species in the 

LUG resemble each other but differ in proportions, modal meristics and in colouration 

(Reid, 1985). These species differ from other African Labeo lineages in that they 

possess the highest scale count, lack tubercles on the snout, are restricted to the 

southern Africa (Reid, 1985; Skelton, 2001), and are genetically distinct (the current 

chapter). Because this group is morphologically, genetically and geographically distinct 

from other Labeo species groups, it is concluded that the group could be promoted to 

genus level with a new name. This would however require additional work on the 

taxonomy of the full Labeo group, which was beyond the scope of this thesis.
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Hybridisation potential

Evidence for possible hybridisation between L. rubromaculatus and L. capensis owing 

to the presence of L. capensis nuclear DNA within L. rubromaculatus (Fig. 2.8). 

Mitochondrial Cyt b (Fig. 2.6) and COI (Fig. 2.7) sequence data showed that L. 

rubromaculatus is a species distinct from L. capensis and L. umbratus, but the nuclear 

Rag1 tree (Fig. 2.8) resolved L. rubromaculatus to be closely related to L. capensis.

This incongruence could be due to incomplete lineage sorting/random lineage sorting or 

ancestral polymorphism. An additional potential scenario is ancient introgressive 

hybridisation because replacement of a L. rubromaculatus nDNA gene would be 

expected after several generations of hybridisation (Allendorf et al., 2001). Koblmuller 

et al. (2008), in a study of the endemic Lake Tanganyika cichlid tribe Tropheini using 

two mtDNA (ND2 and control region) and AFLP markers, found that the two types of 

markers lacked congruency and the authors attributed this to incomplete lineage 

sorting/random lineage sorting or ancestral polymorphism. The hypotheses that inter­

basin water transfer schemes that connect the Orange and Tugela rivers systems might 

lead to hybridisation (and possible backcrossing as suggested above) between L. 

rubromaculatus and L. capensis or L. umbratus is feasible (Chapter 1). Labeo capensis 

has also being found to hybridise with L. umbratus where either species was introduced 

(Ramoejane, 2010; Chapter 4).

Possible hybridisation between L. molybdinus from the Revue River in Mozambique 

and L. lunatus was also indicated because L. molybdinus individual’s mtDNA (Cyt b) 

was associated with L. lunatus (Fig. 2.8). Labeo cylindricus may also hybridise with L. 

lunatus because mtDNA of the latter species was detected in one L. cylindricus 

individual from the Bua River (Lake Malawi). These putative hybridisation instances
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also may be the result of incomplete lineage sorting/random lineage sorting or ancestral 

polymorphism (Koblmuller et al., 2008). Divergence time estimates indicated that the 

above-mentioned species may have diverged recently during the Pleistocene epoch 

(0.126-2.58 mya) (Lourens et al., 2004), during which most species within each lineage 

were estimated to have diverged (Fig. 2.11). Thus, reproductive isolation mechanisms 

may not have evolved completely between the extant species within the lineages, and 

any translocation or disturbance of the species’ natural habitats might lead to 

hybridisation.

Evidence for hybridisation between species from different species groups was also 

observed. An unidentified specimen (Labeo sp. 2; SAIAB no. 77595) from the 

Mbourou River (Congo Basin) was placed within the LFG in the COI tree (Fig. 2.7), 

within the LNG in the Rag1 tree (Fig. 2.8), and between the LFG and LNG in the 

COI+Rag1 tree (Fig. 2.9). In this instance, ancient hybridisation might have occurred 

because the individual mtDNA COI gene is divergent from that of other species within 

the LFG and the possible hybridisation event was between species groups that diverged 

from each other over 4.3 mya (Fig. 2.11). A hybridisation study including individuals 

from the LFG, LNG and additional morph types of the unidentified specimen is needed 

to test these hypotheses. The capability for hybridisation is interesting as some Labeo 

species from different species groups are naturally sympatric. Given the detection of 

possible hybridisation between two distantly related species groups, a larger set of 

samples from river systems in which different species co-occur might enable detection 

of hybrids between other species groups.
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Conclusion

While additional work is needed to resolve the taxonomic confusion in this group of 

fish, the results presented in this chapter clarify the monophyly of African Labeo groups 

as confirmed in the COI+Cyt b+Rag tree (Fig. 2.10). Five potential unnamed species 

and one species group were detected and require further taxonomic investigation. Labeo 

spp within different species groups are prone to hybridisation. Hybridisation is not only 

limited to within a species group but is possible between species groups. Of particular 

interest is the LUG, of which all members were analysed in the present study.
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CHAPTER THREE: PHYLOGEOGRAPHY OF THE SOUTHERN

LINEAGE OF L A B E O  U M B R A T U S

INTRODUCTION

Labeo umbratus (Smith 1841) (Fig. 3.1) is closely related to L. capensis (Smith 1841) 

(Reid, 1985; Chapters 2 and 4). Both species co-occur in the Orange River Basin, which 

drains the Drakensberg Mountains of Lesotho and flows west to Alexander Bay where 

it joins the Atlantic Ocean (Cambray et al., 1986; Fig. 3.2). Labeo umbratus from the 

Orange River is genetically distinct from individuals from two currently isolated 

southward-flowing river systems (Gourits and Gamtoos) (Chapter 2). This finding is 

interesting because L. umbratus is found not only in the Orange, Gourits and Gamtoos 

river systems, but also occurs in other currently isolated southward-flowing river 

systems, namely the Sundays, Bushmans, Great Fish, Keiskamma, Buffalo and Nahoon 

(Fig. 3.2) (Jubb, 1964; Cambray & Jubb, 1977; Cambray, 1990). It would be of interest 

to determine if similar genetic diversity is reflected in L. umbratus populations from 

other southward-flowing river systems.

Fig. 3.1. Labeo umbratus from Brak River (tributary of the Orange River). Photograph by N. Mazungula, 

SAIAB.
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Fig. 3.2. Primary drainage systems in which Labeo umbratus occurs. (1) Orange, (2) Gourits, (3) 

Gamtoos, (4) Sundays, (5) Bushmans and (6) Great Fish. Drainage (7) is shared by the 

Keiskamma, Buffalo and Nahoon river systems. Broken red lines represent the Great Escarpment.

The above-mentioned southward-flowing river systems are separated from the Orange 

River system by the ±1200 m Great Escarpment (Fig. 3.2). It is therefore not surprising 

that L. umbratus populations in southward-flowing river systems represent a lineage 

genetically distinct from the Orange River system (see Chapters 2 and 4). This finding 

is of relevance to recent research which has demonstrated that several other fishes in 

southern Africa’s temperate region previously thought to be single species are, in fact, 

species complexes (e.g., Swartz et al., 2007; Chakona et al., 2013a, 2013b). These 

species are Pseudobarbus burchelli Smith 1841 (Fig. 3.3a), Sandelia capensis (Cuvier 

1831) (Fig. 3.3b) and Galaxias zebratus Castelnau 1861 (Fig. 3.3c) (Chakona et al.,
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2013b). Pseudobarbus burchelli consisted of four very distinct (3.8-10.0% genetic 

distance) phylogroups, S. capensis contained two deeply divergent (5.5-5.9%) lineages 

and seven minor lineages with strong geographical congruence, and G. zebratus 

comprised nine highly divergent lineages (3.5-25.3%). Chakona et al. (2013a) 

attributed the dispersal of these primary freshwater fish species across isolated river 

systems to the influence of extrinsic factors and intrinsic adaptations.

Extrinsic factors such as lower sea levels (Swartz et al., 2007), whereby the sea level 

regressed in the past (c. 22,000-18,000 years ago) during the Last Glacial Maximum 

(LGM) to about 120 ± 5 m below present levels. This allowed adjacent river systems 

that shared the same paleo-river to connect, thus facilitating movement of fish between 

systems. Freshwater fishes, such as Galaxias sp. ‘nebula’ (Chakona et al., 2013a), used 

intrinsic adaptations (e.g., air breathing) to move between river systems that did not 

coalesce during periods of heavy flooding in the Pleistocene and Holocene epochs.

Understanding the genetic diversity of the southern lineage of L. umbratus in these 

systems is not only important for prioritising conservation management strategies for 

this fish, but may also help with understanding the historical connections between rivers 

and dispersal of the species lineages (Zardoya & Doadrio, 1999; Pusey et al., 2004; 

Unmack, 2013).
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Fig. 3.3. Distribution of (a) Pseudobarbus, (b) Galaxias and (c) Sandelia lineages in the south-western 

Cape Floristic Region indicated by different colours. Maps reproduced from Chakona et al. 

(2013a).

River Connections

Burridge et al. (2008) reviewed previously proposed mechanisms of dispersal of

primary freshwater fishes between isolated river systems and categorised these

mechanisms into two classes: vicariance and dispersal.
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Fig. 3.4. Six geomorphological processes by which freshwater-limited fish taxa could have become

distributed in catchments presently isolated from one another by marine and terrestrial barriers. (a) 

River capture, (b) marine transgression, (c) divide overtopping, (d) episodic tributary connection, (e) 

episodic lake divided and (f) episodic swamp connection (reproduced from Burridge et al., 2008).

Vicariance is the geographical division of a population, typically by a physical barrier, 

resulting in a loss of intervening freshwater environment. Vicariance mechanisms 

comprise (a) river capture, which happens when some parts of the headwater river 

tributaries are captured by adjacent drainage tributaries, and (b) marine transgression, 

where the rise in sea level after a glaciation period separates two adjacent systems that 

had a common confluence during periods of lower sea levels (Fig. 3.4). Glaciation events
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can also change the flow direction of streams by depositing huge boulders, rocks, 

unsorted sand, silts and clay as the glacial ice melts (Ray, 1974).

Dispersal is a chance movement between isolated habitats. Four mechanisms by which 

primary freshwater fishes disperse are recognised: (1) divide overtopping, where water 

from one or more river systems overflows, during flooding, into adjacent river systems; 

(2) episodic tributary connections, by which tributaries close to the drainage divide 

periodically exchange water with neighbouring river systems; and (3) episodic lake divide 

or (4) episodic swamp connection, by which a lake or a swamp located on the drainage 

divide may discharge water between adjacent systems at different times, or continuously 

flow to both adjacent river systems (Fig. 3.4). Freshwater fish species that live in the 

vicinity of the connections may use these mechanisms of dispersal (Unmack, 2013).

Dispersal-related behaviour of L. umbratus

Labeo umbratus is a primary freshwater fish that breeds in summer by migrating 

upstream or by undertaking lateral migrations from the river onto floodplains during 

flooding (Mulder, 1973; Tomasson et al., 1984; Cambray, 1990). Depending on their 

size, L. umbratus spawn by producing 36,500-210,000 small eggs (Potts et al., 2005), 

with eggs hatching within one to three days (Tomasson et al., 1984). Tomasson et al. 

(1984) suggested that L. umbratus were able to disperse during heavy flooding because 

of their occurrence in isolated pools of water within the vicinity of the river system. 

Hamman et al. (1982) stated that such migration was observed during heavy flooding in 

summer (1980/81) in the Gourits River system (Hamman et al., 1982, cited in 

Tomasson et al., 1984). According to Cambray (1990), migration is undertaken not only
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to breed, but also to seek suitable habitats for feeding, shelter and colonisation.

Cambray (1990) indicated that both adults and juveniles migrate, of which juveniles are 

considered to show a greater ability for dispersal (Tomasson et al., 1984). The ability to 

migrate was proposed to have evolved to optimise feeding, to avoid unfavourable 

conditions and possibly to promote colonisation (Cambray, 1990). Thus, L. umbratus 

could be considered to be a species able to use opportunistic connections between 

neighbouring drainage systems to disperse. in the southern drainage systems, potential 

drivers of this dispersal are geological processes, climate change, sea-level changes and 

human introductions.

Geological Processes

According to Cowling et al. (2009), the present landscape and drainage patterns in 

southern Africa are of relatively recent origin. Cowling et al. (2009) came to this 

conclusion because of the young (early Pliocene, 5.3 mya) geomorphic features in the 

region that support specialised vegetation types (e.g. renosterveld, succulent karroo, and 

limestone fynbos). Southern Africa has experienced two tectonic uplifts, which raised the 

interior and changed the drainage patterns (King, 1963, Partridge & Maud, 1987, 2000). 

The first uplift (250-300 m in height) was in the early Miocene (22 mya) and the most 

recent uplift (200-300 m in height), which was much more intense than the first uplift, 

occurred in the Pliocene (5.3-2.6 mya). This change in landscape rejuvenated the 

drainage systems in southern Africa (Dollar, 1998). The drainage changes and tectonic 

uplifts led to the capture of the Orange River by the lower Orange from the Olifants River 

system, the creation of the Augrabies Waterfalls that now act as a biogeographic barrier 

between the lower and upper Orange River, and the uplift of the Great Escarpment, 

which was already formed 180 mya and currently acts as a barrier between the Orange
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River and the southward-flowing drainage systems (Cambray et al., 1986). The Great 

Escarpment was moved inland to the present position over 20 mya by the upliftment of 

the central plateau (Truswell, 1977).

The confluence between the Orange and Olifants river systems is well documented 

(Dingle & Hendey, 1984; De Wit, 1993), but the links between the former and 

southward-flowing river systems of the Western and Eastern Cape provinces are not 

well understood. Jubb & Farquharson (1965) supported the hypothesis for the link 

between the Olifants and Orange River systems and also suggested links between the 

Orange River system and southward-flowing river systems, because of the presence of 

L. umbratus and Barbus anoplus Weber 1897, which are found in the Orange and 

southward-flowing river systems. This connection was hypothesised to have aided the 

migration of these fishes to the southward-flowing river systems (Jubb & Farquharson 

1965).

Climatic Changes

Climate change is perceived to be the major driving force responsible for changes in 

landforms and drainage re-orientations leading to the present landscape (Craw et al., 

2008). Southern Africa experienced a warm tropical climate that led to severe flooding 

during most of the Pliocene epoch (Maud & Partridge, 1987; Hattingh, 1996). Such 

flooding may have facilitated connections between isolated river systems by means of 

divide inundation or water exchange between tributaries close to drainage divides or on 

the flood plains. By the end of the Pliocene and beginning of the Pleistocene, southern 

Africa experienced cooler, drier and more acidic conditions (Harwood, 1985; Partridge,
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1993; Cowling et al., 2009). The cooling was due to alternating glacial and interglacial 

conditions (Hattingh, 1996) that led to sea-level changes. These cool conditions were 

responsible for the mass extinction of molluscs along the South African coast and 

elsewhere (Raffi et al., 1985; Stanley, 1986). During the Holocene (altithermal 6,000­

8,000 years ago), southern Africa experienced wet climatic conditions (high rainfall) in 

some areas (Partridge et al., 1999). Such conditions could have increased connections 

between isolated river systems.

In addition, all of the above-mentioned southward-flowing river systems share a 

continuous floodplain (Fig. 3.5). During very high rainfall that led to high flooding, the 

southern systems may have connected via these floodplains and facilitated dispersal of 

L. umbratus. However, the continuous floodplains do not imply that L. umbratus 

dispersal was continuous. The distance between the Gourits and Gamtoos river systems 

floodplain (302 km) is much greater than among other southward-flowing river 

systems, so the two systems were probably rarely connected in this manner.
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Fig. 3.5. Different altitudinal zone; Green = below 610 m (low-lying areas or floodplains where 

connection between drainage systems is possible).

Sea-level Changes

The southern African coastal systems experienced transgressions during the early 

Pliocene epoch (3.4-5.2 mya) (Butzer & Helgren, 1972) and regression during the 

LGM (18,000 ya) (Ruddock, 1947; Siesser & Dingle, 1981). The sea level regressed to 

about 120 ± 5 m below the current sea level (Tankard, 1976; Rogers, 1985; Ramsay & 

Cooper, 2002), which would have allowed several neighbouring river systems to 

connect through a common confluence and form palaeo-river systems (e.g., Swartz et 

al. 2007). A number of southern African primary freshwater fish species may have used 

this as a means of dispersal to other currently isolated systems (Swartz et al., 2007, 

2009; Chakona et al., 2013a) and it is possible that L. umbratus also made use of such
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opportunities as it is a primary freshwater species. The transgression phase that 

followed and currently prevails will have led to the separation of such river systems, 

thus inhibiting the dispersal of primary freshwater fish between adjacent river systems.

Human Introductions

Fishes can also be moved between systems due to human influence (Ellender & Weyl, 

2014). A number of vectors, such as recreational angling, conservation translocations, 

inter-basin water transfer schemes (IBWTs) and biocontrol, are drivers of recent 

human-mediated fish introductions in South Africa (Bruton & Van As, 1986). Labeo 

umbratus is thought to have been introduced into the Buffalo and Nahoon rivers, 

possibly by anglers as bait (Jubb, 1964), as these populations were recently discovered.

Aims and Objectives

The aim of the present study was to assess the genetic variation within the southern 

lineage of L. umbratus and to reconstruct its evolutionary history in relation to the 

drainage history of the region. Specific hypotheses that will be addressed in this chapter 

are that: 1) isolation of the southward-flowing river systems led to genetic divergence;

2) southward-flowing river systems were connected in the recent past due to geological, 

climatic or sea-level changes; and 3) the L. umbratus populations in the Buffalo and 

Nahoon rivers are naturally occurring and not introduced as suggested by Jubb (1964).
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MATERIALS AND METHODS

Sampling

A total of 172 samples of L. umbratus were collected from the Orange River and the 

southward-flowing river systems (Gourits, Gamtoos, Sundays, Bushmans, Great Fish, 

Keiskamma, Buffalo and Nahoon) and were used in this chapter (Fig. 3.2, Table 3.1). 

Specimen collection and preservation followed the same procedure outlined in Chapter 

2.

TABLE 3.1. Number of specimens of Labeo umbratus collected from each locality and 
geographic coordinates for phylogeographic analysis.

Locality River system No. of specimens Latitude Longitude

Gariep Dam Orange 29 30° 38’ 38.2"’ S 25 °33’ 50.9"’ E

Vaal Dam Orange 10 26° 51’ 58.9" S 28 °10’ 14.3" E

Brak Orange 10 31° 32’ 26.4" S 22 °20’ 35.0" E

Nahoon Dam Nahoon 18 32° 54’ 18.4" S 27 °48’ 32.2" E

Kwaklifu Buffalo 10 32° 56’ 03.5" S 27° 26’ 25.0" E

Need’s Camp Buffalo 10 32° 59’ 30.0" S 27° 38’ 25.2" E

Middledrift Keiskamma 10 32° 49’ 08.6" S 26° 59’ 39.7" E

Keiskammahoek Keiskamma 10 32° 41’ 12.7" S 27° 09’ 09.1" E

Kat River Dam Great Fish 16 32° 33’ 46.5" S 26 °46’ 43.0" E

Amakhala Game Reserve Bushmans 10 33° 31’ 02.5" S 26 °07’ 29.2" E

Slagboom Dam Sundays 10 33° 22’ 31.1" S 25 °40’ 45.4" E

Near Mont Pellier Gamtoos 7 33° 13’ 38.5" S 24 °09’ 15.0" E

Perdegat Pool near 
Steytlerville

Gamtoos 12 33° 18’ 41.8" S 24 °20’ 50.0" E

Stompdrift Gourits 5 33° 30’ 42.3" S 22 °36’ 14.2" E

Die Poort Gourits 5 33° 58’ 34.8" S 21 °39’ 19.0" E

Total 172
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DNA Extraction, PCR and Sequencing

The mitochondrial cytochrome b (Cyt b) and nuclear S7 ribosomal protein gene intron 1 

(S7) gene regions were amplified and sequenced from DNA extracted from the 172 

samples. The same procedures described in Chapter 2 were followed for DNA 

extraction and PCR amplification for Cyt b. PCR amplification of S7 (using the primers 

S7RPEX1F [forward] and S7RPEX2R or S7RPEX3R [reverse]) was performed in a 

final volume of 50 ql consisting of 6 ql DNA, 5 ql of 1* buffer, 5 ql of 2 mM MgCl2, 5 

ql of 0.2 mM dNTPs, 1 ql each 20 mM primer, 0.2 of 5 U/ql SuperTherm Taq DNA 

polymerase (Hoffman-La-Roche, US) and 26.8 ql double-distilled water. The PCR 

conditions were as follows: initial denaturation 92 °C for 2 min; followed by 35 cycles 

of denaturation at 92 °C for 60 s, annealing at 58 °C for 60 s and extension at 72 °C for 

60 s; and a final cycle of extension at 72 °C for 7 min. Fewer samples were analysed for 

S7 than for Cyt b because of amplification difficulties. The sequencing, alignment and 

editing of the sequences followed the procedure detailed in Chapter 2.

Sequence Variation and Diversity

DnaSP 5.10 (Rozas & Librado, 2009) was used to phase S7 sequences and to identify 

the unique haplotypes and alleles of Cyt b and S7. The number of variable, parsimony- 

informative sites within the ingroup was determined with the same software. Arlequin 

3.5 (Excoffier & Lischer, 2010) was used to infer population history from diversity 

indices [haplotype (h) and nucleotide (n) diversity] and their standard error (SE) for 

each river system. Values of h < 0.5 and n < 0.5% were considered to represent low 

diversity (Grant & Bowen, 1998; Lin et al., 2010).
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Palaeo-river Reconstruction

P a la e o -r iv e rs  o f  th e  so u th w a rd -f lo w in g  r iv e r  sy s te m s  w e re  a s se s se d  to  f in d  p o ss ib le  

lin k s  th a t  c o u ld  e x p la in  th e  e v o lu tio n a ry  h is to ry  o f  L a b e o  p o p u la tio n s . T h e  

re c o n s tru c tio n s  o f  th e  s o u th -w e s te rn  r iv e r  sy s te m s  b y  S w a rtz  e t  a l. (2 0 0 7 , 2 0 0 9 )  an d  

C h a k o n a  e t  a l. (2 0 1 3 a )  w e re  u sed .

Population Differentiation and Genetic Structure

M o d e ls  o f  n u c le o tid e  su b s titu tio n  th a t  b e s t  f i t te d  th e  C y t b  a n d  S7 d a ta  se ts  w e re

se le c te d  fro m  1624  m o d e ls  w ith  th e  A k a ik e  in fo rm a tio n  c r ite r io n  (A IC ; A k a ik e , 1 974) 

in  jM o d e lT e s t  2 .1 .7  (G u in d o n  &  G a sc u e l, 2 0 0 3 ; D a r r ib a  e t  a l., 2 0 1 2 ). A n  a n a ly s is  o f  

m o le c u la r  v a r ia n c e  (A M O V A ) w a s  u se d  to  e s tim a te  p o p u la tio n  d if fe re n tia tio n  

(E x c o ff ie r  e t  a l., 1992). A M O V A  c a lc u la te s  w h e re  th e  v a r ia t io n  is p e ti t io n e d  in  

s e q u e n c e s  u s in g  th e ir  a lle le  f re q u e n c ie s  a n d  th e  m u ta tio n s  b e tw e e n  th e  a lle le s . T h e  

o p tim a l m o d e l se le c te d  w ith  jM o d e lT e s t  w a s  u s e d  to  e s tim a te  g e n e tic  d is ta n c e s  a m o n g  

a lle le s . S ig n if ic a n c e  o f  th e  r e s u lts  w a s  d e te rm in e d  b y  1000  p e rm u ta tio n s . T h e se  

a n a ly se s  w e re  c o m p u te d  in  A r le q u in  3 .5  (E x c o ff ie r  &  L isc h e r , 2 0 1 0 )  o n  a  p r io r i  

d e f in e d  s tru c tu re s . T h e  s tru c tu re  th a t  m a x im is e d  th e  v a r ia tio n  a m o n g  th e  d e f in e d  g ro u p s  

( ^ ct) w a s  fa v o u re d . P o p u la tio n s  w e re  g ro u p e d  in to  th e  fo llo w in g  fo u r  s tru c tu re s  to  te s t  

th e  g e o g ra p h ic  p a r ti t io n in g  v a ria n c e :

1) O ra n g e  R iv e r  v s  s o u th e rn  r iv e r  sy s te m s  (G o u rits , G a m to o s , S u n d ay s , 

B u sh m a n s , G re a t  F ish , K e isk a m m a , B u ffa lo  a n d  N a h o o n );

2 )  O ra n g e  v s  s o u th -w e s te rn  (G o u r its  an d  G a m to o s )  v s  s o u th -e a s te rn  (S u n d a y s , 

B u sh m a n s , G re a t  F ish , K e isk a m m a , B u ffa lo  a n d  N a h o o n )  r iv e r  sy s tem s;

3 ) P o p u la tio n s  w e re  g ro u p e d  in to  c o n te m p o ra ry  r iv e r  sy s tem s;
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4) Populations were grouped into palaeo-river systems, with only the Buffalo 

and Nahoon river systems assumed to have had a common confluence when the 

sea level regressed to about 130 m below the current sea level.

Using Arlequin 3.5 (Excoffier & Lischer, 2010) pairwise ^ st values among populations 

were calculated to assess differentiation using the optimal model and significance 

determined as described above. The mean ^ st value of 0.222 was considered as a cut­

off for high values for freshwater fishes (Ward, 2000). The programme TCS 1.21 

(Clement et al., 2000), which determines parsimony networks based on 95% confidence 

of connections among alleles (Templeton et al., 1992), was used to determine 

genealogical relationships among the sequences. The network method was preferred 

because it takes into account the persistent ancestral nodes, multifurcations and 

reticulations in contrast to strictly bifurcating phylogenetic trees (Posada & Crandall, 

2001). The model selected was used to determine genetic distances among alleles and 

was used to construct a maximum likelihood (ML) tree with MEGA 6 (Tamura et al., 

2013). Labeo seeberi was used as an outgroup as it is a sister species to L. umbratus, L. 

capensis and L. rubromaculatus (Chapter 2).

Historical Demography

Three approaches were employed using Arlequin 3.5 (Excoffier & Lischer, 2010) to 

assess whether populations have undergone past expansion. Two of the approaches, 

Tajima’s (1989) D and Fu’s (1997) Fs neutrality tests were used to test the selective 

neutrality of random samples of DNA sequences. The two analyses were assumed to 

assess past population expansion. If the two tests are significantly negative, the null 

hypothesis of no expansion can be rejected. The third approach, mismatch distribution,
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is a graphic method of visualising population expansion based on the distribution of the 

number of pairwise differences between haplotypes. From these distributions, 

parameters of demographic population expansion can be estimated. Unimodal 

distributions are indications of population expansion, whereas multimodal distributions 

are an indication of a stationary population. Two parametric bootstrap statistics (Rogers 

& Harpending, 1992) were calculated: 1) the sum of square deviations (SSD) between 

the observed and the expected mismatch curve, and 2) the Harpending’s raggedness 

index (Rag) of the observed distribution, assuming a model population expansion. 

Significantly small values of the two statistics is an indication of demographic 

expansion.

Timing of Diversification

Time of divergence was calculated for populations that showed differentiation using the 

formula: divergence time (t) = net divergence estimate (net divergence x p) (Elmer et 

al., 2007), where p is the substitution rate (0.76% or 2.2% site-1 my-1). The two 

substitution rates are explained in Chapter 2.
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RESULTS

Mitochondrial Cytochrome b 

Sequence variation and diversity
Of the 729 bp fragment analysed for 172 Cyt b sequences, 20 sites were variable. Of 

these, 17 sites were parsimony informative within the ingroup. The TrN+I (Tamura & 

Nei, 1993) model was selected as the optimal model with jModelTest. The Cyt b 

sequences showed the following statistics: base frequencies, A = 0.303, C = 0.289, G = 

0.139, T = 0.27; proportion of invariable sites (I) = 0.765; and rate matrix: R(a) [A-C] = 

1.0000, R(b) [A-G] = 34.7040, R(c) [A-T] = 1.0000, R(d) [C-G] = 1.0000, R(e) [C-T] = 

14.8347, R(f) [G-T] = 1.0000.

Two divergent L. umbratus lineages, designated the Orange lineage (Orange River) and 

the southern lineage, were resolved in the ML phylogram (Fig. 3.6). Within the 

southern lineage, minor divergence between alleles was observed, with a minor south­

eastern lineage restricted to the Sundays, Bushmans, Great Fish, Keiskamma, Buffalo 

and Nahoon rivers resolved. The remaining alleles were restricted to the two south­

western river systems (Gourits and Gamtoos) (Figs. 3.6 and 3.7, Table 3.2).
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Fig. 3.6. Maximum likelihood phylogram derived from Labeo umbratus cytochrome b sequence data 

showing allele association with lineages. Labeo seeberi was used as the outgroup. Allele 9 was 

shared between the south-eastern and south-western lineages.
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Orange
Gourits
Gamtoos
Sundays
Bushmans
Great Fish
Keiskamma
Buffalo
Nahoon

Fig. 3.7. Labeo umbratus mitochondrial cytochrome b TCS parsimony network showing the relationship 

between haplotypes (1 to 16) and their associations with river systems and division into three 

clades. The frequency of the alleles is indicated by the size of the circle.

Differentiation among populations of L. umbratus across its distribution range was 

observed, with maximum sequence divergence of 1.2% between haplotypes in different 

populations (Table 3.3). Very little differentiation within the Orange River system was 

observed (Fig. 3.7). Lower differentiation within populations of L. umbratus in the 

southward-flowing river systems was observed. The differentiation was mostly between 

the south-western and south-eastern populations (maximum 0.80% sequence 

divergence). The Orange, Gourits and Gamtoos river systems showed low haplotype 

(0.081-0.298) and nucleotide diversity (0.01-0.1%). The remainder of the southward­

flowing drainage systems showed high haplotype diversity (0.568-0.726) and low 

nucleotide diversity (0.1-0.2%) (Table 3.3, Fig. 3.7).
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Some haplotypes were unique to localities, whereas others were private and the 

majority were shared between populations of L. umbratus in isolated river systems (Fig. 

3.7, Table 3.2). Haplotypes 1, 2 and 3 were present only in the L. umbratus population 

from the Orange River system. Haplotype 1 was present only within the Vaal 

population of L. umbratus (Table 3.2). Haplotype 2 was detected only in the population 

of L. umbratus from the Gariep impoundment (Table 3.2). Haplotype 3 was shared by 

all populations of L. umbratus from the Orange River system (Table 3.2).

The remaining haplotypes were detected only in the populations L. umbratus from the 

southward-flowing river systems (Fig. 3.7, Table 3.2). Haplotypes 4 and 5 were present 

only in the population of L. umbratus from the Gourits River system. Haplotypes 6, 7 

and 8 were only present in the population of L. umbratus from the Gamtoos River 

system. Haplotype 9 was shared between the populations of L. umbratus from the 

Gamtoos and Sundays river systems. This haplotype was ancestral to the alleles in the 

southward-flowing river systems and the reason for it being shared could be due to 

ancestral polymorphism. The remaining haplotypes were shared among the populations 

comprising the south-eastern lineage of L. umbratus. Haplotype 11 was shared by 

populations of L. umbratus from the Bushmans and Great Fish river systems. 

Haplotypes 10 and 13 were shared by populations of L. umbratus from the Keiskamma, 

Buffalo and Nahoon rivers. Haplotype 12 was shared by populations of L. umbratus 

from the Keiskamma and Buffalo river systems. Haplotype 14 was shared among 

population of L. umbratus from the Sundays, Bushmans, Keiskamma and Nahoon river 

systems. Haplotype 15 was shared between populations of L. umbratus from the
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S u n d a y s  a n d  G re a t  F is h  r iv e r  sy s te m s . H a p lo ty p e  16 w a s  sh a re d  b y  a lm o s t all 

p o p u la tio n s  o f  L . u m b r a tu s  f ro m  th e  s o u th -e a s te rn  r iv e r  sy s te m s  e x c e p t th e  N a h o o n  in  

th e  fa r  east. T h e  fre q u e n c y  o f  th e s e  a lle le s  in  e a c h  p o p u la t io n  o f  L . u m b r a tu s  is  sh o w n  

in  T a b le  3 .2 .

Genetic structure
T h e  p a irw is e  ^ st v a lu e s  w e re  h ig h  a n d  s ig n if ic a n t (p  <  0 .0 5 )  a m o n g  m o s t p o p u la tio n s  o f  

L . u m b r a tu s  (0 .2 6 6 -0 .9 8 6 )  (T a b le  3 .3 ). T h is  f in d in g  w a s  an  in d ic a tio n  o f  th e  

d if fe re n tia tio n  b e tw e e n  m o s t  p o p u la tio n s  o f  L . u m b r a tu s  a c ro ss  th e  s p e c ie s ’ 

d is tr ib u tio n . H o w e v e r , th e  p a irw ise  ^ st v a lu e s  w e re  lo w  b e tw e e n  th e  1) B u s h m a n s  an d  

S u n d a y s  (0 .1 8 8 ) , B u s h m a n s  a n d  K e is k a m m a  (0 .0 8 )  a n d  B u s h m a n s  a n d  N a h o o n  (0 .0 9 6 )  

r iv e r  sy s te m s , 2 )  K e is k a m m a  a n d  B u ffa lo  (0 .0 0 6 )  a n d  K e is k a m m a  a n d  N a h o o n  (0 .1 0 9 )  

r iv e r  sy s te m s , a n d  3 ) N a h o o n  an d  B u ffa lo  (0 .0 1 3 )  r iv e r  sy s tem s . T h e se  re s u lts  w e re  an  

in d ic a tio n  o f  th e  la c k  o f  d if fe re n tia tio n  b e tw e e n  th e  p o p u la tio n s  o f  L . u m b r a tu s  in  th e se  

r iv e r  sy s te m s  (T a b le  3 .3 ).

Palaeo-river Reconstruction
R e c o n s tru c tio n  o f  p a la e o -r iv e rs  r e v e a le d  th a t  o n ly  th e  B u ffa lo  a n d  N a h o o n  r iv e rs  

a m o n g  th e  la rg e  so u th w a rd -f lo w in g  r iv e r  sy s te m s , in  w h ic h  L . u m b r a tu s  w a s  co lle c te d , 

sh a re d  a  c o m m o n  c o n f lu e n c e  w h e n  th e  sea  le v e l w a s  130 m  lo w e r  th a n  th e  p re s e n t-d a y  

le v e l (F ig . 3 .8 a  a n d  b ).
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TABLE 3.2. Labeo umbratus cytochrome b allele frequencies and their distribution among sampled localities. Alleles highlighted in bold are 
unique to a single river system.

Allele Vaal
Gariep
Dam Brak Gourits Gourits2 Gamtoos Gamtoos2 Sundays Bushmans

Great
Fish Keiskamma Keiskamma2 Buffalo Buffalo2 Nahoon

10 49 10 5 5 7 11 10 10 16 10 10 10 10 18
1 1 -
2 - 1
3
4
5
6
7
8 
9

9 28 10
1
4

- - - - - - - - - - -

- - - 5
1

1

10

- - - - - - - -

- - - - - 1
6 3

- - - - - - -

10 - - - - - - - - - - 4 5 2 5 7
11 - - - - - - - - 4 1 - - - - -
12 - - - - - - - - - - - 1 1 - -
13 - - - - - - - - - - 1 - 4 1 10
14 - - - - - - - 5 2 - 1 2 - - 1
15 - - - - - - - 1 - 7 - - - - -
16 - - - - - - - 1 4 8 4 2 3 4 -
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TABLE 3.3. Labeo umbratus cytochrome b pairwise ^st (above diagonal) and range in percentage sequence divergence (below diagonal) from 
comparisons among river systems using the Tamura and Nei (TrN+I) distance method (Tamura & Nei, 1993), and molecular diversity indices 
[nucleotide diversity (n; %) and haplotype allele diversity (h)] for each population. The south-western river systems are indicated in bold and 
south-eastern river systems are underlined.

River system 1 2 3 4 5 6 7 8 9

Molecular diversity 
index

Nucleotide Haplotype 
diversity diversity 

n (%) h
1 Orange 0.986** 0.952** 0.957** 0.968** 0.966** 0.930** 0.931** 0.931** 0.01 0.081
2 Gourits 1.00- 1.20 0.786** 0.791** 0.853** 0.868** 0.756** 0.756** 0.756** 0.02 0.200

3 Gamtoos 0.70- 1.20 0.30-0.80 0.443** 0.603** 0.624** 0.556** 0.540** 0.576** 0.10 0.298
4 Sundays 0.70- 1.10 0.40-0.70 0.00-0.70 0.188* 0.309** 0.271** 0.288** 0.346** 0.20 0.711
5 Bushmans 0.80- 1.10 0.40-0.70 0.10-0.70 0.00-0.30 0.279** 0.080 0.096 0.212* 0.10 0.711
6 Great Fish 0.80- 1.10 0.40-0.70 0.10-0.70 0.00-0.30 0.000.30 0.310** 0.266** 0.369** 0.10 0.592
7 Keiskamma 0.80- 1.20 0.40-0.80 0.10-0.80 0.00-0.40 0.00-0.30 0.00-0.40 0.006 0.109* 0.20 0.568

8 Buffalo 0.80- 1.20 0.40-0.80 0.10-0.80 0.00-0.40 0.00-0.40 0.00-0.40 0.00-0.00 0.013 0.20 0.716

9 Nahoon 1.00- 1.20 0.60-0.80 0.30-0.80 0.00-0.40 0.00-0.30 0.10-0.40 0.00-0.00 0.00-0.10 0.20 0.726

Significant ^ st values are indicated with asterisks: * P  < 0.05; ** P  < 0.005
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O r a n g e

Buffalo

Sundays
Gourits Gamtoos

N a h o o n

Bushmans Keiskamma

Great Fish

Nahoon Palaeo-Rivcr

Great Fish River

Buffalo River

Keiskamma River

B u s h m a n s

Fig. 3.8. (a) Southward-flowing river system catchments and their confluence during -130 m sea level 

regression during the Last Glacial Maximum. (b) Magnified view of the confluence and the 

reconstructed palaeo-river between the Buffalo and Nahoon river systems.
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Analysis of molecular variance
The Cyt b AMOVA provided additional support for patterns of genetic structure among 

populations of L. umbratus. Of the four arrangements that were defined and tested, the 

arrangements according to palaeo-river systems and currently isolated river systems 

showed significant and similar ^ct values, which was an indication of the genetic

differentiation among the groups (^ct = 0.816 and 0.816, respectively) (Table 3.4). In

the Orange vs south-western vs south-eastern systems and the Orange vs southward­

flowing systems arrangement, less variation was attributed to the differences among the 

groups (^ct = 0.785 and 0.773, respectively) compared with the previously mentioned 

arrangements (Table 3.4).

Historical demography
The hypothesis of population expansion was not rejected only for the Orange River 

system population of L. umbratus. Significantly (p < 0.05) negative values for Tajima's 

D (-1.467), Fu's Fs (-3.005) (Table 3.5) and a unimodal mismatch distribution were 

observed (Fig. 3.9a). The Gamtoos population had a significantly negative Tajima's D 

(-1.559), but a non-significant negative Fu's Fs (-0.823) (Table 3.5) and a multimodal 

mismatch distribution (Fig. 3.9c). The Gourits River population had a non-significant 

Tajima's D (-1.112) and Fu's Fs (-0.339) (Table 3.5) and a unimodal mismatch 

distribution (Fig. 3.9b). The remainder of the southward-flowing populations showed 

no signs of expansion, but this may be due to low sample size. The SSD and Rag 

statistics for mismatch distribution were non-significant, thus did not support 

population expansion (Table 3.5).
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TABLE 3.4. AMOVA of Labeo umbratus cytochrome b sequence data with four a priori 
hierarchical arrangements among and within populations. The variance, ^-statistic and 
P-values are presented. The analysis employed the Tamura and Nei (TrN) model of 
substitution (Tamura & Nei, 1993).

Hierarchical arrangement Variance (%) ^-statistic P-value

Orange vs southward-flowing systems

Among systems catchments 77.33 ^ct = 0.773 0.002

Among localities within systems 11.38 ^ sc = 0.502 <0.001

Within all localities 11.28 ^ st = 0.887 <0.001

Orange vs south-western vs south-eastern-flowing systems

Among systems catchments 78.45 ^ct = 0.785 <0.001

Among localities within systems 7.19 ^ sc = 0.334 <0.001

Within all localities 14.36 ^ st = 0.856 <0.001

Currently isolated river systems

Among contemporary systems 81.55 ^ct = 0.816 <0.001

Among localities within systems -0.35 ^ sc = -0.019 0.410

Within all localities 18.80 ^ st = 0.812 <0.001

Palaeo-river systems

Among Palaeo-river systems 81.58 o H II p b
o

O
s < 0.001

Among localities within systems 0.05 <̂SC = 0.003 0.378

Within all localities 18.37 <̂ ST = 0.816 <0.001
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TABLE 3.5. Test statistics for neutrality (Tajima's D test and Fu's Fs test) and mismatch 
distribution statistics [sum of square deviations (SSD) and Harpending’s raggedness 
index (Rag)] from analysis of Labeo umbratus cytochrome b sequence data. Values of 
P < 0.05 and statistic values highlighted in bold are significant.

Population

Neutrality tests Mismatch distribution

Tajima's D Fu's F s sum of square 
deviations

Harpending’s
raggedness

index

D P-value F s P-value SSD P Rag P

Orange -1.467 0.032 -3.005 <0.001 <0.001 0.252 0.711 0.785

Gourits -1.112 0.191 -0.339 0.150 0.331 0.088 0.400 0.213

Gamtoos -1.559 0.043 -0.823 0.246 0.062 0.070 0.534 0.498

Sundays 0.549 0.706 -0.459 0.287 0.083 0.073 0.365 0.064

Bushmans 0.830 0.840 0.253 0.469 0.030 0.286 0.218 0.273

Great Fish 0.201 0.679 0.112 0.465 0.039 0.083 0.245 0.066

Keiskamma 0.220 0.631 -0.061 0.486 0.027 0.229 0.106 0.432

Buffalo 0.835 0.829 0.898 0.706 0.011 0.449 0.060 0.773

Nahoon 1.232 0.886 2.402 0.899 0.219 0.114 0.635 0.017

TABLE 3.6. Labeo umbratus cytochrome b estimated divergence times among lineages 
and populations based on net divergence under assumed 0.76% and 2.2% site-1 my-1 
substitution rates.

clades Net divergence (%) Divergence time (ya)

0.76% site-1 my-1 2.2% site-1 my-1

Orange vs southern 0.8 608 000 1,760,000

South-western vs eastern clades 0.2 152 000 440 000

Gourits vs Gamtoos 0.3 228 000 660 000

my = million years, ya = years ago
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Fig. 3.9. Labeo umbratus cytochrome b mismatch distribution graphs showing unimodal distributions 

(population expansion) in the (a) Orange and (b) Gourits river systems, and multimodal 

distributions (constant population) in the (c) Gamtoos, (d) Sundays, (e) Bushmans, (f) Great Fish, 

(g) Keiskamma, (h) Buffalo and (i) Nahoon river systems. The red dotted line represents the 

observed mismatch distribution and the green solid line represents the expected mismatch 

distribution under a model of population expansion.
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Fig. 3.9 (continued).

Divergence times
According to the net sequence divergence (Nd) among populations, the Orange and 

southward-flowing river system populations of L. umbratus diverged during the late 

Pleistocene epoch (range c. 608,000-1,760,000 ya) (Table 3.6). Subsequently, 

divergence between the Gourits and Gamtoos river system populations of L. umbratus 

followed (range c. 228,000-660,000 ya). Finally, divergence between the south-western 

and south-eastern river system populations of L. umbratus was indicated (range c. 

152,000-440,000 ya). Haplotype 9 was considered to belong to the Gamtoos 

population, because it is more common in that river system and is an ancestral 

haplotype and was present only at a low frequency in the Sundays River system.
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Nuclear S7 Ribosomal Protein Gene Intron 1

Sequence variation and diversity
A 609 bp fragment of S7 analysed from 102 individuals yielded 204 sequences 

(representing alleles from individuals when phased). Only five sites were variable and, 

of these, four were parsimony informative. Twenty-four sites showed alignment gaps. 

The HKY (Hasegawa, Kishino and Yano, 1985) model was selected as the optimal 

model with jModelTest. The S7 data set showed the following statistics: base 

frequencies A = 0.2957, C = 0.1634, G = 0.1993, T = 0.3415; proportion of invariable 

sites (I) = 0. Six alleles were detected (Fig. 3.10).

Genetic structure
Sequence divergence among all populations was extremely low (maximum 0.5% 

between alleles of different populations) (Table 3.7). Pairwise ^ st values were

significant (p < 0.05) and mostly low (0.001-0.391) among all populations of L. 

umbratus, which was indicative of low differentiation between populations, except 

between the Gourits and Gamtoos (0.999), and between the Great Fish and Nahoon 

(0.680) populations. These low divergence values may have been influenced by the 

small sample size and low variation of S7 intron 1.

The Orange and Keiskamma river system populations showed low nucleotide (0.021% 

and 0.032%, respectively) and allele diversity (0.128 and 0.190, respectively) (Table 

3.7). In comparison, the remainder of the southward-flowing river system populations 

showed high allele (0.233-0.506) and low nucleotide diversity (0.038-0.153%).
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Fig. 3.10. Labeo umbratus nuclear S7 ribosomal protein gene intron 1 TCS parsimony network showing 

alleles (A1 to A6) association with river systems. The frequency of the alleles is indicated by the 

size of the circle.

Allele 1 was shared across populations of L. umbratus from all river systems (Fig. 3.10, 

Table 3.8). Allele 1 is the most likely representative of ancestral alleles because of its 

central position in the network. Allele 2 was shared only by populations of L. umbratus 

from the Great Fish, Keiskamma, Buffalo and Nahoon river systems. These systems are 

at the far east of the southward-flowing river systems. Allele 3 was shared only between 

populations of L. umbratus from the Gourits and Gamtoos rivers, which are in the far 

west of the southward-flowing river systems. Allele 4 was detected only in the Sundays 

River system. Allele 5 was carried mostly by individuals from the Orange River system 

but also shared with Sundays, Bushmans, Great Fish and Nahoon river systems. Allele 

6 was detected in only one individual from the Orange River system.
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TABLE 3.7. Labeo umbratus S7 ribosomal protein gene intron 1 pairwise ^ st (above diagonal) and percentage sequence divergence (below 
diagonal) from comparisons among river systems using the Hasegawa-Kishino-Yano (HKY) distance method, and molecular diversity 
indices [nucleotide diversity (n; %) and allele diversity (h)] for each population. The south-western river systems are indicated in bold and 
the south-eastern river systems are underlined.

River system 1 2 3 4 5 6 7 8 9

Molecular diversity 
indices

Nucleotide Allele 
diversity diversity 

n (%) h
1 Orange 0.001** 0.001** 0.001** 0.001** 0.001** 0.001** 0.001** 0.001** 0.021 0.128
2 Gourits 0.0-0.5 0.999 0.032* 0.001** 0.003** 0.180 0.003** 0.001** 0.038 0.233
3 Gamtoos 0.0-0.5 0.0-0.2 0.003** 0.001** 0.001** 0.045* 0.001** 0.001** 0.048 0.290
4 Sundays 0.0-0.5 0.0-0.3 0.0-0.3 0.003** 0.008** 0.006** 0.001** 0.002** 0.092 0.508
5 Bushmans 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.008** 0.001** 0.001** 0.001** 0.083 0.505
6 Great Fish 0.0-0.5 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.120 0.210 0.680 0.153 0.700
7 Keiskamma 0.0-0.5 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.065 0.005* 0.032 0.190
8 Buffalo 0.0-0.5 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.2 0.391 0.087 0.505
9 Nahoon 0.0-0.5 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.0-0.3 0.145 0.667

Significant ^st values are indicated with asterisks: * P < 0.05; ** P < 0.005.

TABLE 3.8. Labeo umbratus S7 ribosomal protein gene intron 1 allele frequencies and their distribution among sampled populations.

Alleles
Gariep
Dam Brak Vaal Gourits Gamtoos Sundays Bushmans

Great
Fish Keiskamma Buffalo Nahoon

34 12 14 16 24 16 20 16 20 20 12
1 - - 3 14 20 11 8 6 18 12 4
2 - - - - - - - 6 2 8 6
3
4
5

- - - 2 4
3
2

- - - - -

33 12 11 - - 12 4 - - 2
6 1 - - - - - - - - - -
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Analysis of molecular variance
The S7 AMOVA showed that populations of L. umbratus were poorly structured in 

contrast to Cyt b. This was because the S7 nuclear gene evolves more slowly (Moore, 

1995). Of the four arrangements that were defined and tested, the AMOVA results 

supported the Orange vs southward-flowing river systems arrangement (Table 3.9).

This arrangement showed the highest differentiation among groups (^ct = 0.56),

followed closely by the palaeo-river and currently isolated systems structures (^ct = 

0.55 and ^ct = 0.54, respectively). The Orange vs south-western and south-eastern river 

systems arrangement showed the lowest among-group differentiation (^ct = 0.48) 

(Table 3.9).

Historical demography
The hypothesis of population expansion was not rejected only for the population of L. 

umbratus from Orange River system. This population had a significant Fu’s Fs (-2.066) 

and a non-significant (P > 0.05) negative Tajima’s D (-1.191) (Table 3.10), and a 

unimodal mismatch curve (Fig. 3.11a), which all supported population expansion. The 

Gourits, Sundays and Keiskamma river systems populations also had a non-significant 

negative Tajima’s D and non-significant Fu’s Fs. All other populations were shown to 

have a unimodal mismatch curve (Fig. 3.11b-f). The mismatch statistics were non­

significant, thus did not support a hypothesis of population expansion (Table 3.10). 

However, the low sample size may have reduced the power of the analysis to detect 

population expansion in the southward-flowing river systems.
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TABLE 3.9. AMOVA of Labeo umbratus S7 ribosomal protein gene intron 1 sequence 
data with four a priori hierarchical arrangements among and within populations. The 
variance, ^-statistic and P-values are presented. The Hasegawa-Kishino-Yano (HKY) 
model of substitution was employed.

Hierarchical arrangement Variance (%) ^-statistic P value

Orange vs southward-flowing systems

Among systems catchments 55.49 ^ct -  0.56 0.006

Among localities within systems 12.41 00<NOII <0.001

Within all localities 32.10 ii o 'o\ 00 <0.001

Orange vs south-western vs south-eastern-flowing systems

Among systems catchments 48.36 ^ct -  0.48 <0.001

Among localities within systems 12.86 <NOII <0.001

Within all localities 38.78 ii o 'o\ <0.001

Currently isolated river systems

Among contemporary systems 54.74 ^ct -  0.54 0.011

Among localities within systems 0.89 <NOoII 0.019

Within all localities 44.37 ^st -  0.56 <0.001

Palaeo-river systems

Among palaeo-river systems 54.89 ^ct -  0.55 0.002

Among localities within systems 1.06 <NOoII 0.142

Within all localities 44.05 ^st -  0.56 <0.001
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TABLE 3.10. Test statistics for neutrality (Tajima's D test and Fu's Fs test) and 
mismatch distribution [sum of square deviation (SSD) and Harpending’s raggedness 
index (Rag)] from analysis of Labeo umbratus S7 ribosomal protein gene intron 1 
sequence data. Values of P < 0.05 and statistic values highlighted in bold are 
significant.

Neutrality test Mismatch distribution 
Demographic expansion

Population Tajima's D 
test Fu's Fs test Sum of square 

deviation
Harpending’s 

raggedness index
D P-value Fs P-value SSD P Rag P

Orange -1.191 0.052 -2.066 0.010 <0.003 0.350 0.571 0.688

Gourits -0.448 0.277 0.083 0.286 0.295 0.125 0.339 0.199

Gamtoos 0.139 0.753 0.578 0.404 0.246 0.144 0.261 0.263

Sundays -0.189 0.398 0.176 0.317 0.017 0.234 0.170 0.345

Bushmans 1.430 0.952 1.409 0.682 0.231 0.070 0.255 0.089

Great Fish 1.262 0.888 13.584 1.000 0.171 0.096 0.190 0.345

Keiskamma -0.592 0.250 10.256 0.998 0.052 0.180 0.728 0.649

Buffalo 1.430 0.949 19.339 1.000 0.511 0.000 0.755 0.915

Nahoon 0.822 0.808 11.513 1.000 0.215 0.092 0.258 0.268
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Fig. 3.11. Labeo umbratus S7 ribosomal protein gene intron 1 mismatch distribution graphs, showing 

unimodal (population expansion) in the (a) Orange, (b) Gourits, (c) Gamtoos, (d) Sundays, (e) 

Bushmans, (f) Great Fish, (g) Keiskamma, (h) Buffalo and (i) Nahoon river systems. The red 

dotted line represents the observed mismatch curve and the green solid line represents the 

expected mismatch curve.
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Fig. 3.11 (continued).

DISCUSSION

The results presented in this chapter demonstrated that considerable genetic structuring 

was detectable among the populations of L. umbratus across its distribution. This was 

mostly reflected in the mtDNA Cyt b data set. Two major clades were revealed, namely 

the Orange River and southward-flowing river systems (consisting of south-western and 

south-eastern subclades).

Orange and Southern lineages

The differentiation of the Orange and southward-flowing river system populations of L. 

umbratus was not surprising as the two populations are separated by the >1000 m high 

Great Escarpment (Wellington, 1955). Thus the two populations have been isolated for
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a sufficiently long period to become genetically differentiated. The divergence between 

the two populations of L. umbratus was estimated to be in the Pleistocene epoch 

(608,000-1,760,000 ya) (Table 3.6), although the Great Escarpment is much older (180 

mya) (Truswell, 1977). The population of L. umbratus may have found a means (e.g., at 

the lowest portion of the Great Escarpment) of breaching this barrier to disperse into the 

southward-flowing river systems. This suggestion conforms with the southward Labeo 

species migration hypothesis by Jubb & Farquharson (1965).

The mtDNA Cyt b sequence data revealed high percentage divergence (0.8-1.2%)

(Table 3.3) and significantly high pairwise ^ st values (Table 3.3) between the L.

umbratus populations from the Orange River system and the southward-flowing river 

systems. The two populations were distinguished by five nucleotide differences in the 

Cyt b sequence and no haplotypes were shared (Fig. 3.7). These values are very low 

when compared with species-level differences for other cyprinids in southern Africa 

(Swartz et al., 2007, 2009). In addition, the differentiation based on the nDNA S7 gene 

was not as strong as that for Cyt b (Fig. 3.8). Analysis of the S7 data showed that the 

population of L. umbratus from the Orange River shared two common, widespread, 

potentially ancestral alleles with the populations from the southward-flowing river 

systems (Fig. 3.8, Table 3.8). A similar scenario, whereby nDNA data do not strongly 

support patterns suggested by mtDNA data, was reported by Koblmuller et al. (2008) in 

a study of the Lake Tanganyika-endemic cichlid tribe Tropheini using two mtDNA 

gene regions (ND2 and control region) and AFLP markers. Koblmuller et al. (2008) 

attributed the differences in results between the two types of markers to ancient 

incomplete lineage sorting. Furthermore, mtDNA and nDNA genes evolve differently
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(Moore, 1995; Morrison et al., 2006). Given that mtDNA evolves faster than nDNA, 

mtDNA is more effective in detecting genetic divergence and, because nDNA evolves 

more slowly, the ancestral alleles persist in a population longer and are reflected as 

shared alleles.

Investigation of the Orange River population of L. umbratus indicated that it had 

undergone expansion in the recent past (indicated by significantly negative Fu’s Fs and 

Tajima’s D values, and a high unimodal mismatch distribution) (Table 3.5, Fig. 3.7a).

The population probably experienced a bottleneck or founder event as indicated by the 

low haplotype and nucleotide diversities (Lin et al., 2010). During the Plio-Pleistocene 

epochs, southern Africa experienced wet and dry conditions (Partridge, 1993; Cowling et 

al., 2009) and the Orange River L. umbratus may have been restricted to refugia because 

of dry conditions, therefore enforcing a bottleneck or founder event on the surviving 

population. Subsequently, during wetter conditions (floods), the population may have 

expanded, occupying suitable habitat for feeding, shelter and colonisation, e.g. such as 

the Sak and Brak rivers (tributaries of the Orange River system), which are in close 

proximity to the Gamtoos River system. It was perhaps at this time that the ancestral 

southward-flowing river system population of L. umbratus dispersed to the southward­

flowing river systems as the two populations diverged around this time (608,000­

1,760,000 ya). Jubb (1964) also suggested that the Sak River may have played a role in 

linking the Orange River with the southward-flowing river systems. Jubb (1964) based 

his decision on the geological history of the region, with its numerous pans and low- 

graded rivers, such as the Sak River and the distribution of cyprinids. However, it is 

unclear in the present study how the southern river system invasion may have occurred.
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Differentiation within the Southern Lineage

The mtDNA Cyt b data showed structuring among the populations from southward­

flowing river systems. This is an indication of the duration of isolation among these river 

systems. This may be due to deeper incisions that are currently observed on the southern 

coastal systems (Cowling et al., 2009). The populations showed high allelic diversity and 

low nucleotide diversity. According to guidelines from Grant & Bowen (1998) based on 

allelic and nucleotide diversity, southward-flowing river populations of L. umbratus 

experienced a bottleneck followed by rapid population growth and accumulation of 

mutations. The structuring shown by mtDNA (Table 3.3) was not evident in nDNA, as 

populations of L. umbratus were shown to share alleles, but a degree of differentiation 

was observed between the Gourits and Gamtoos, and the Great Fish and Nahoon rivers 

(Table 3.7). This may be an indication of an ancient connection between these systems as 

nDNA is a slow-evolving gene, or the effect of ancestral polymorphism/alleles and 

incomplete lineage sorting. Evidence of connections between currently isolated 

southward-flowing systems has been observed previously. The Sundays and Swartkops 

rivers were indicated to have been connected in the past because of the close relationship 

between these populations of Pseudobarbus afer, as do the Gamtoos, Kabeljous and 

Swart river systems, and modelling of the paleo-rivers supported the existence of a past 

link (Swartz et al., 2007). As indicated by Craw et al. (2008), the connection between 

isolated river systems (such as the southward-flowing river systems) can be attributed to 

three processes.
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Firstly, palaeo-river connections during periods of lower sea levels may have played a 

role in the currently isolated river system. When the sea level regressed to -130 m below 

the current sea level, neighbouring systems that share the common confluence could have 

been connected. Among the southern-flowing river systems in this study, only the Buffalo 

and Nahoon appear to share the same palaeo-river system (Fig. 3.6b). The hypothesis of 

the palaeo-river as an explanation of the distribution of diversity and patterns of 

differentiation was also supported by AMOVA partitions for both mtDNA and nDNA 

markers (Tables 3.4 and 3.10). The connection between the Buffalo and Nahoon rivers 

may have assisted populations of L. umbratus to move between the river systems. Other 

species indicated to have used this form of dispersal between isolated river systems are 

Pseudobarbus afer (Swartz et al., 2007) and Galaxias sp. ‘nebula’ (Chakona et al.,

2013 a) in the Cape Floristic Region. These findings indicate the important role that this 

mechanism played in fish dispersal among the southern African southward-flowing 

systems.

Secondly, exchange of water between adjacent river systems during flooding may also 

have connected currently isolated river systems. Southern Africa experienced wetter 

conditions during the Holocene (8,000-6,000 ya) (Partridge et al., 1999). These 

conditions may have promoted flooding across the floodplains or low-lying areas 

connecting adjacent southward-flowing river systems and thus enabled dispersal of L. 

umbratus to other isolated river systems. This form of connection may have prevailed 

longer in the south-eastern river systems as they are indicated to show a close 

relationship (Fig. 3.7). Unmack (2013) suggested that only species within the vicinity of 

the connection between two river systems can utilise such a connection and the
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in d iv id u a ls  m u s t  a lso  h a v e  a  d r iv e  to  m o v e . L a b e o  u m b ra tu s  h a s  su ch  a  d riv e  as it 

m ig ra te s  d u rin g  f lo o d s  (M u ld e r, 1973; J a c k so n  &  C o e tzee , 1982; G a ig h e r, 1984, 

C am b ray , 1990) in  se a rc h  o f  su itab le  h a b ita t fo r  sp aw n in g , fo o d , sh e lte r  a n d  c o lo n isa tio n . 

C h a k o n a  e t  a l. (2013  a) in fe rre d  th a t G a la x ia s  sp ec ie s  m ig h t h a v e  u s e d  th is  fo rm  o f  

d isp e rsa l as w e ll, b u t  G a la x ia s  w e re  a id ed  b y  th e  fa c t th a t th e y  co u ld  b re a th e  air.

L as tly , d u rin g  r iv e r  cap tu re , r iv e r  tr ib u ta r ie s  a re  c a p tu re d  b y  a d ja c e n t d ra in ag es , th u s  

a llo w in g  m ig ra n ts  to  m o v e  fro m  th e  c a p tu re d  r iv e r  to  th e  o th e r r iv e r  (B u rr id g e  e t  a l., 

2 0 0 7 ). B u rr id g e  e t  al. (2 0 0 8 ), in  a  p h y lo g e o g ra p h ic  s tu d y  o f  G a la x ia s  in  so u th e rn  N e w  

Z e a la n d , sh o w e d  th a t  sp ec ie s  m a y  h av e  u s e d  th is  fo rm  o f  d isp e rsa l. H o w e v e r , th is  fo rm  o f  

d isp e rsa l is  n o t w e ll d o c u m e n te d  in  th e  so u th w a rd -f lo w in g  r iv e r  sy s tem s  an d  is le ss  lik e ly  

to  h av e  a id e d  L. u m b ra tu s  to  d isp e rse  as th is  sp ec ie s  is  n o t fo u n d  in  tr ib u ta r ie s  lo c a te d  a t 

h ig h e r  a ltitu d e  in  th e  m o u n ta in s  (Ju b b , 1964; S ke lto n , 2 0 0 1 )  w h e re  r iv e r  c a p tu re  is 

p o ssib le .

Gourits and Gamtoos populations of L. umbratus

T h e  G o u rits  r iv e r  sy s tem  p o p u la tio n  o f  L . u m b ra tu s  w a s  in d ic a te d  b y  m tD N A  to  b e  th e  

o n ly  p o p u la tio n  in  th e  so u th w a rd -f lo w in g  r iv e r  sy s tem  th a t d id  n o t sh a re  a lle les  w ith  th e  

o th e r p o p u la tio n s  in  so u th w a rd -f lo w in g  r iv e r  sy stem s. T h e  m tD N A  d a ta  se t sh o w e d  th e  

p o p u la tio n  o f  L . u m b ra tu s  f ro m  th is  sy s tem  to  h a v e  tw o  p riv a te  a lle les , w h ic h  is an  

in d ic a tio n  o f  a  lo n g  p e r io d  o f  iso la tio n  fro m  th e  o th e r  sy s tem s. T h is re su lt is  su p p o rte d  b y  

d iv e rg e n c e  tim e  e s tim a te s , w h ic h  e s tim a te  th e  G o u rits  p o p u la tio n  o f  L . u m b ra tu s  to  h av e  

d iv e rg e d  fro m  o th e r  so u th w a rd -f lo w in g  r iv e r  sy s tem s  a ro u n d  2 2 8 ,0 0 0 -6 6 0 ,0 0 0  y a  (T ab le  

3 .6 ). T h is  e v e n t p re c e d e d  th e  d iv e rg e n c e  b e tw e e n  th e  so u th -w e s te rn  an d  so u th -e a s te rn

118



lin e a g e s  ( ra n g e  c. 1 5 2 ,0 0 0 -4 4 0 ,0 0 0  ya). A n a ly s is  o f  n D N A , o n  th e  co n tra ry , sh o w e d  th a t 

th e  G o u rits  R iv e r  p o p u la tio n  o f  L . u m b ra tu s  sh a re d  o n e  a lle le  w ith  a  p o p u la tio n  fro m  th e  

G a m to o s  r iv e r  sy s tem  an d  a n o th e r  a lle le  w ith  a ll p o p u la tio n s  fro m  th e  so u th w a rd -f lo w in g  

r iv e r  sy stem s. T h e  d iffe re n tia tio n  b e tw e e n  th e  G o u rits  p o p u la tio n  o f  L . u m b ra tu s  an d  

o th e r p o p u la tio n s  fro m  so u th e rn  r iv e r  sy s tem s, as re f le c te d  in  m tD N A , m a y  b e  b e c a u se  o f  

th e  c u rre n tly  d e e p e r  in c is io n s  o f  th e  r iv e r  v a lle y s  (C o w lin g  e t  a l., 2 0 0 9 )  an d  th e  d is tan ce  

b e tw e e n  th e  G o u rits  an d  G a m to o s  r iv e r  sy s tem s  (F ig . 3 .5 )  o n  th e  flo o d p la in . T h e  

p o p u la tio n  o f  L . u m b ra tu s  in  th e  G o u rits  R iv e r  sy s tem  is in d ic a te d  to  h a v e  u n d e rg o n e  a 

re c e n t p o p u la tio n  b o ttle n e c k  o n  a c c o u n t o f  th e  lo w  a lle lic  an d  n u c le o tid e  d iv e rs ity  (G ra n t 

&  B o w e n , 1998). T h e  p o p u la tio n s  o f  L . u m b ra tu s  f ro m  th e  G o u rits  an d  G a m to o s  r iv e r  

sy s tem s  m ig h t h a v e  b e e n  c o n n e c te d  in  th e  p a s t  an d  e x c h a n g e d  m ig ran ts . T h e  c o n n e c tio n  

b e tw e e n  th e  la tte r  tw o  r iv e r  sy s te m s  w a s  d is ru p te d  an d  th e re a f te r  b e c a m e  iso la ted .

S u p p o rt fo r  th is  c o n c lu s io n  is  th a t th e  tw o  sy s tem s  fo rm  a  l in e a g e  an d  n o w  c o n ta in  u n iq u e  

h ap lo ty p es . T h e  id e n tif ic a tio n  o f  u n iq u e  lin e a g e s  o f  P s e u d o b a r b u s  a sp e r  an d  P. ten u is  

(B a rn a rd , 1938) w ith in  th e  G o u rits  R iv e r  sy s tem  su p p o rts  th is  h y p o th e s is  (S w a rtz  e t  a l., 

2 0 0 9 ).

T h e  p o p u la tio n  o f  L . u m b ra tu s  f ro m  th e  G a m to o s  R iv e r  sy s te m  d id  n o t sh a re  h a p lo ty p e s  

w ith  an y  o f  th e  p o p u la tio n s  fro m  so u th w a rd -f lo w in g  r iv e r  sy s tem s  e x c e p t th e  S u n d ay s  

R iv e r  sy s tem  p o p u la tio n  (F ig . 3 .6 ). T h e  p o p u la tio n  fro m  th e  tw o  r iv e r  sy s te m s  sh a red  a 

h a p lo ty p e  th a t se e m e d  to  b e  an ces tra l (sh a re d  an ces tra l p o ly m o rp h ism ) (S o u sa  &  H ey , 

2 0 1 3 )  to  th e  p o p u la tio n s  fro m  th e  so u th w a rd -f lo w in g  r iv e r  sy s tem s. T h e  p o p u la tio n  o f  L . 

u m b ra tu s  fro m  th e  G a m to o s  R iv e r  a lso  c o n ta in e d  th re e  s in g le to n  p riv a te  h a p lo ty p e s , 

w h ic h  is an  in d ic a tio n  o f  a  p ro lo n g e d  p e rio d  o f  iso la tio n  b e tw e e n  th e  G a m to o s  R iv e r
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p o p u la tio n  an d  th e  tw o  a d ja c e n t p o p u la tio n s  (fro m  th e  G o u rits  an d  S u n d ay s  r iv e r  

sy stem s). S w artz  e t  al. (2 0 0 7 ) a lso  d e te c te d  u n iq u e  lin e a g e s  o f  P s e u d o b a r b u s  b e tw e e n  th e  

tw o  riv e r  sy stem s. S im ila r  to  th e  G o u rits  R iv e r  ab o v e , th e  n D N A  d a ta  se t sh o w e d  th a t  th e  

p o p u la tio n  o f  L . u m b ra tu s  f ro m  th e  G a m to o s  r iv e r  sy s tem  sh a red  o n e  a lle le  w ith  th e  

G o u rits  p o p u la tio n  an d  a n o th e r  a lle le  w ith  all p o p u la tio n s  fro m  th e  so u th w a rd -f lo w in g  

r iv e r  sy stem s. T h is  fin d in g  w a s  an  in d ic a tio n  o f  th e  lim ite d  ab ility  o f  n D N A  to  d e te c t 

in tra sp e c if ic  v a r ia tio n  c o m p a re d  w ith  th a t  o f  m tD N A  (th is  s tu d y  an d  M o o re , 1995).

Alien populations of L. umbratus

O n ly  th re e  m tD N A  h a p lo ty p e s  (H 1 0 , H 1 2  an d  H 1 3 ) w e re  d e te c te d  in  p o p u la tio n s  o f  L. 

u m b ra tu s  fro m  th e  K e isk a m m a , B u ffa lo  an d  N a h o o n  r iv e rs , b u t  w e re  a b se n t in  th e  o th e r 

so u th -e a s te rn  r iv e r  sy s tem s  (F ig . 3 .7). T h e  sh a rin g  o f  a lle le s  am o n g  p o p u la tio n s  o f  L . 

u m b ra tu s  fro m  th e  K e isk a m m a , B u ffa lo  an d  N a h o o n  r iv e r  sy s te m s  m a y  b e  b e c a u se  th ey  

a re  fo u n d  in  lo w -ly in g  a re a s  an d  sh a re  th e  sa m e  p r im a ry  d ra in a g e  b as in , an d  a lso  b e c a u se  

o f  th e  p a la e o -r iv e r  th a t c o n n e c te d  th e  B u ffa lo  an d  N a h o o n  r iv e r  sy s tem s  (F ig . 3 .8 ). T h e  

^ st v a lu e s  in d ic a te  th a t  th e  K e isk a m m a , B u ffa lo  a n d  N a h o o n  p o p u la tio n s  h av e  e v o lv e d  

to g e th e r  fo r  a  su ffic ie n tly  lo n g  p e r io d  to  sh o w  d iffe re n tia tio n  fro m  th e  o th e r  so u th -e a s te rn  

p o p u la tio n s  o f  L . u m b ra tu s .

T h u s, i f  th e re  w a s  an y  tra n s lo c a tio n  to  th e  K e isk a m m a , B u ffa lo  an d  N a h o o n  r iv e r

sy s tem s, it w o u ld  n o t b e  fro m  an y  o f  th e  o th e r  so u th w a rd -f lo w in g  r iv e r  sy s te m s  (G o u rits ,

G a m to o s , S u n d ay s, B u sh m a n s  an d  G re a t F ish )  th a t  a re  d iffe re n tia ted  b u t  f ro m  th e

sy s tem s  w ith  w h ic h  th e y  sh a re  h ap lo ty p es . Ju b b  (1 9 6 4 )  in d ic a te d  th a t  L . u m b ra tu s  w a s

a lread y  k n o w n  to  o c c u r  in  th e  K e is k a m m a  R iv e r, th u s  th e  p o p u la tio n s  o f  L . u m b ra tu s
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fro m  th e  B u ffa lo  an d  N a h o o n  r iv e rs  co u ld  h a v e  b e e n  in tro d u c e d  fro m  th e  la tte r  r iv e r  

sy stem . A lte rn a tiv e ly , A M O V A  o f  th e  m tD N A  d a ta  se t (T ab le  3 .4 )  in d ic a te d  th a t th e  

p o p u la tio n  o f  L . u m b ra tu s  f ro m  th e  B u ffa lo  R iv e r  w a s  m o s t lik e ly  c o n n e c te d  w ith  th e  

N a h o o n  p o p u la tio n  v ia  a  p a la e o -r iv e r  d u rin g  th e  p e r io d  o f  lo w e r  se a  lev e ls  18 ,0 0 0  y a  (se e  

F ig . 3 .8). T h e re fo re , th is  f in d in g  in d ic a te s  th a t th e  p o p u la tio n s  o f  L . u m b ra tu s  fro m  th e  

B u ffa lo  an d  N a h o o n  r iv e r  sy s tem  m ig h t n o t h av e  b e e n  in tro d u c e d , as h y p o th e s ise d  b y  

Ju b b  (1 9 6 4 ).

Conservation implications

A c c o rd in g  to  W a p le s  (1 9 9 1 ), d is tin c t p o p u la tio n s  o f  sp e c ie s  n e e d  to  b e  p ro te c te d  in  o rd e r 

to  p re se rv e  th e ir  e v o lu tio n a ry  s ig n ifican ce . R y d e r  (1 9 8 6 ) su g g e s te d  th a t  su ch  p o p u la tio n s  

sh o u ld  b e  d e s ig n a te d  e v o lu tio n a ry  s ig n if ic a n t u n its  (E S U s). T h e  te rm  E S U  re c o g n ise s  a 

p o p u la tio n  th a t h a s  b e e n  h is to r ic a lly  iso la te d  an d  h a s  th e  p o ten tia l o f  b e in g  d is tin c t 

(M o ritz , 1994). T o  b e  c o n s id e re d  as an  E S U , a  p o p u la tio n  m u s t  m e e t tw o  c rite ria . T h e  

p o p u la tio n  h as  to  b e  re c ip ro c a lly  m o n o p h y le tic  fo r  m tD N A  a lle le s  an d  sh o w  sig n if ican t 

d iv e rg e n c e  o f  a lle le  f re q u e n c ie s  a t n u c le a r  loci (M o ritz , 1994). I f  a  p o p u la tio n  d o es  n o t 

m e e t th e se  c rite ria , it c a n  still b e  c o n s id e re d  fo r  c o n se rv a tio n  as a  m a n a g e m e n t u n it  (M U ). 

M a n a g e m e n t u n its  d iffe r f ro m  E S U s  in  th a t th e y  m a y  n o t b e  re c ip ro c a lly  m o n o p h y le tic  

fo r  m tD N A  b u t  still b e  d iv e rg e n t in  a lle le  freq u en cy .
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Fig. 3.12. Distribution of evolutionary significant units (nos. 1 and 2-5) and management units (nos. 2, 3, 4 

and 5) of Labeo umbratus from the southward-flowing river systems.

T h e  so u th e rn  l in e a g e  o f  L . u m b ra tu s  (F ig . 3 .1 2 , nos. 2 - 5 )  w a s  sh o w n  to  b e  re c ip ro c a lly

m o n o p h y le tic  (F ig s . 3 .6  an d  3 .7 ) an d  to  h a v e  b e e n  iso la te d  fo r  a  su ffic ie n tly  lo n g  p e rio d

(c. 6 0 8 ,0 0 0 -1 ,7 6 0 ,0 0 0 )  (T ab le  3 .6 )  to  h a v e  d iffe re n tia te d  fro m  th e  O ra n g e  R iv e r  l in e a g e

(F ig . 3 .1 2  no. 1), b u t  d id  n o t sh o w  s ig n if ic a n t d iv e rg e n c e  o f  a lle le s  f re q u e n c ie s  a t n u c le a r

loc i d u e  to  a n c e s tra l p o ly m o rp h ism . T h e re fo re , th e  tw o  p o p u la tio n s  co u ld  b e  id en tif ied  as

E S U s. T h e  so u th e rn  lin e a g e  c a n  b e  fu r th e r  d iv id e d  in to  tw o  d iv e rg e n t su b lin e a g e s  (F ig .

3 .1 2 , n o 2 + 3  an d  4 + 5 ) th a t  p o te n tia lly  m a y  b e  id e n tif ie d  as E S U s, b u t  are  n o t re c ip ro c a lly

m o n o p h y le tic  b e c a u s e  th e  tw o  lin eag es  sh a re  o n e  a n c e s tra l h ap lo ty p e  (H 9 ; an ces tra l

p o ly m o rp h ism ) (F ig . 3 .7). T h e  tw o  su b lin e a g e s  m a y  b e  fu r th e r  d iv id e d  in to  tw o  M U s

(G o u rits  an d  G a m to o s)(F ig . 3 .1 2 , n o  2  an d  3 re sp e c tiv e ly )  an d
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(S u n d a y s+ B u sh m a n s+ G re a t F ish  an d  K e isk a m m a + B u ffa lo + N a h o o n )  (F ig . 3 .1 2 , n o  4  an d  

5 re sp e c tiv e ly )  b a s e d  on  th e ir  h a p lo ty p e  fre q u e n c ie s  (T ab le  3 .2 ). T h e  g e n e tic  in te g rity  o f  

p o p u la tio n s  in  th e  S u n d ay s  an d  G re a t F is h  r iv e r  sy s te m s  is u n d e r  th re a t d u e  to  o n g o in g  

h y b rid isa tio n  in  th e se  sy s tem s  (se e  C h a p te r  4 ), th u s , tra n s lo c a tio n  fro m  th e se  sy s tem s 

sh o u ld  b e  p ro h ib ited .

Conclusion

T his s tu d y  c o n tr ib u te d  to  o n g o in g  re se a rc h  in to  u n ra v e llin g  th e  h is to ry  o f  th e  so u th w a rd ­

flo w in g  r iv e r  sy s te m s  in  S o u th  A fr ic a  in  in d ic a tin g  th e  ro le s  p la y e d  b y  th e  G re a t 

E s c a rp m e n t (g eo lo g ica l ch a n g e s) , w h ic h  a c ts  as a  p h y s ica l b a r r ie r  b e tw e e n  th e  O ra n g e  

an d  so u th w a rd -f lo w in g  r iv e r  sy s tem s, th e  p a la e o -r iv e r  c o n n e c tio n  o f  th e  B u ffa lo  an d  

N a h o o n  r iv e r  sy s te m s  (se a -le v e l c h a n g e s)  an d  f lo o d s  (c lim a tic  c h a n g e )  in  th e  lo w -ly in g  

a re a s  b e tw e e n  r iv e r  sy s tem s. T h e  re su lts  sh o w  th a t p h y lo g e o g ra p h ic  s tu d ie s  m a y  a id  

d e te c tio n  o f  u n iq u e  p o p u la tio n s  an d  c la rify  th e  p o s s ib le  p ro c e sse s  th a t  m a y  h a v e  a ss is te d  

th e  d isp e rsa l o f  sp e c ie s  to  a rea s  w h e re  th e y  w e re  p e rc e iv e d  n o t to  h a v e  o c c u rre d  d u e  to  

in a d e q u a te  sam p lin g . In  ad d itio n , a  u n iq u e  so u th e rn  lin e a g e  w a s  id en tif ied  th a t m a y  b e  

th re a te n e d  b y  h y b rid isa tio n  ( th e  to p ic  o f  C h a p te r  4).
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CHAPTER FOUR: HYBRIDISATION OF TWO SOUTH AFRICAN

ENDEMIC FISHES TRIGGERED BY ORANGE-FISH INTER­

BASIN WATER TRANSFER SCHEMES

INTRODUCTION

L a b e o  u m b r a tu s  (S m ith  1 8 4 1 ) o c c u rs  n a tu ra lly  in  th e  O ra n g e  R iv e r  a n d  in  th e  so u th e rn ­

f lo w in g  r iv e r  sy s te m s  (G o u rits , G a m to o s , S u n d ay s , B u sh m a n s , G re a t F is h  an d  

K e isk a m m a , B u f fa lo  a n d  N a h o o n ) . T h e  O ra n g e  R iv e r  p o p u la tio n  is g e n e tic a l ly  d is tin c t 

f ro m  th e  p o p u la tio n s  f ro m  s o u th e rn -f lo w in g  r iv e rs  sy s te m s  (se e  C h a p te rs  2  a n d  3), 

w h ic h  w e re  c o n s id e re d  to  re p re s e n t  fo u r  d is c re te  g e n e tic  M a n a g e m e n t U n its  (G o u rits , 

G a m to o s , S u n d a y s + B u s h m a n s + G re a t F is h  a n d  K e isk a m m a + B u ffa lo + N a h o o n )  (se e  

C h a p te r  3). In  th e  O ra n g e  R iv e r , L a b e o  u m b r a tu s  o c c u rs  to g e th e r  w ith  L a b e o  c a p e n s is  

(S m ith  1841). T h e  tw o  sp e c ie s  a re  c lo se ly  re la te d  (se e  C h a p te r  2 ), b u t  d if fe r  in  sev e ra l 

m o rp h o lo g ic a l c h a ra c te rs  (R e id , 1985). L a b e o  c a p e n s is  (F ig . 4 .1 a )  h a s  la rg e r  sc a le s  

( la te ra l lin e  sc a le s  =  4 2 - 5 0 ) ,  a  la rg e r  d o rsa l fin , a  sm a lle r  h e a d  an d  a  te rm in a l m o u th . 

L a b e o  u m b r a tu s  (F ig . 4 .1 b )  h a s  sm a lle r  sc a le s  ( la te ra l lin e  sc a le s  =  5 3 -6 8 ) ,  a  sm a lle r  

d o rsa l fin , a  b ig g e r  h e a d  a n d  a  su b te rm in a l m o u th  (R e id , 1985 ; S k e lto n , 2 0 0 1 ). W h e re  

th e y  c o -o c c u r  n a tu ra lly , th e  tw o  sp e c ie s  o c c u p y  d if fe re n t  e c o lo g ic a l n ic h e s  (Ju b b , 1964; 

R e id , 1985 ; C h a p te r  2 )  w ith  L . c a p e n s is  p re fe r r in g  fa s t- f lo w in g  w a te rs  a n d  L . u m b ra tu s  

p re fe r r in g  s ta n d in g  o r  g e n tly  f lo w in g  w a te r ; th e  e c o lo g ic a l s e p a ra tio n  m a y  re f le c t  th e  

d if fe re n c e s  in  m o u th  fo rm  a n d  p o s itio n  (G a ig h e r  &  B lo e m h o f , 1975). H o w e v e r , th e  tw o  

sp e c ie s  u ti l is e  s im ila r  b re e d in g  g ro u n d s  a n d  s p a w n  c o n c u rre n tly  u n d e r  s im ila r  

e n v iro n m e n ta l c o n d itio n s  (T o m a s s o n  e t  a l., 1984 ; T w e d d le  &  D a v ie s , 1997).
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Fig. 4.1. (a) Labeo capensis from Kanoneiland (middle Orange River) and (b) L. umbratus from Brak 

River (tributary of the Orange River). Photographs by N. Mazungula, SAIAB.

T h e  s im ila r ity  in  s p a w n in g  c o n d itio n s  c o u ld  re n d e r  th is  sp e c ie s  p a ir  su sc e p tib le  to  

h y b rid is a tio n , a n d  o th e r  L a b e o  sp e c ie s  h a v e  b e e n  sh o w n  to  h y b r id is e  u n d e r  n a tu ra l an d  

a q u a c u ltu re  c o n d itio n s  (S h a h  e t  a l., 2 0 1 1 ; A llu  e t  a l., 2 0 1 4 ). T h e  d is tr ib u tio n s  o f  th e  

O ra n g e  R iv e r  L . u m b r a tu s  an d  L . c a p e n s is  h a v e  b e e n  a lte re d  b y  th e  d e v e lo p m e n t o f  

in te r -b a s in  w a te r  tra n s fe rs  sc h e m e s  ( IB W T s) b e tw e e n  th e  O ra n g e  a n d  th e  G re a t F is h  

r iv e r  sy s te m s  ( IB W T  1 in  F ig . 4 .2 )  an d  b e tw e e n  th e  G re a t F is h  a n d  th e  S u n d a y s  r iv e r  

sy s te m s  (IB W T s  2  a n d  3 in  F ig . 4 .2 ) , w h ic h  fa c il i ta te d  th e  m o v e m e n t o f  L . c a p e n s is  an d  

th e  O ra n g e  R iv e r  lin e a g e  o f  L . u m b r a tu s  f ro m  th e  O ra n g e  R iv e r  to  th e  G re a t  F is h  an d  

th e  S u n d a y s  r iv e r  sy s te m s . In  th is  c h a p te r  th e  th re a t  o f  h y b r id is a tio n  p o s e d  b y  th e se
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t ra n s fe rs  to  th e  L . u m b r a tu s  in  th e  S u n d a y s + B u s h m a n s + G re a t F is h  M U  w a s  

in v e s tig a te d .
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Fig. 4.2. Map of South Africa showing the Orange River Basin (green) in relation to the Great Fish River 

(orange) and Sundays River (yellow) basins. Inter-basin water transfer schemes (IBWT) and the 

river systems involved are shown in the left hand panel. IBTW 1 = Orange-Fish tunnel, IBTW 2 

and 3 = Cookhouse tunnels. The dates in brackets represent the time the IBWTs became 

operational.

Inter-basin Water Transfer Schemes and their Impact on River Systems

In te r -b a s in  w a te r  tra n s fe r  sc h e m e s  a re  u s e d  g lo b a lly  as m e c h a n ism s  fo r  so lv in g  w a te r

su p p ly  p ro b le m s  in  a r id  a n d  se m i-a r id  e n v iro n m e n ts , as w e ll as in  a re a s  o f  w a te r  

d e m a n d  fo r  h u m a n  p o p u la tio n  g ro w th  a n d  n e e d s  (D a v ie s  e t  a l., 1993 ; S n a d d o n  e t  a l., 

1999 ; S h ao  &  W a n g , 2 0 0 3 ; G u p ta  &  v a n  d e r  Z a a g , 2 0 0 8 ) . P ro b le m a tic a lly , IB W T s  

b re a c h  h is to r ic a l b o u n d a r ie s  b e tw e e n  w a te rs h e d s  a n d  fa c il i ta te  th e  u n in te n tio n a l

126



m o v e m e n t o f  b io ta  a c ro ss  g e o lo g ic a l b a r r ie rs  (G ra n t e t  a l., 2 0 1 2 ). E x a m p le s  in c lu d e  th e  

in tro d u c tio n  o f  th e  se a  la m p re y  P e tr o m y z o n  m a r in u s  L in n a e u s  1758  in to  L a k e  E r ie  v ia  

th e  W e lla n d  C a n a l (b u ilt  fo r  sh ip p in g )  f ro m  L a k e  O n ta r io  in  N o r th  A m e r ic a  (S u lliv a n  e t  

a l., 2 0 0 3 ), a n d  th e  in tro d u c tio n  o f  G a la x ia s  sp e c ie s  a c ro ss  c a tc h m e n ts  in  A u s tra lia  

(L in te rm a n s , 2 0 0 4 ). A s  is th e  c a se  w ith  m o s t in tro d u c tio n s  o f  n o n -n a tiv e  sp e c ie s  (see  

E lle n d e r  &  W e y l, 2 0 1 4 ) , IB W T -m e d ia te d  f ish  in tro d u c tio n s  c a n  h a v e  se v e re  

c o n se q u e n c e s  fo r  th e  n a tiv e  o rg a n ism s , in c lu d in g  in c re a se d  c o m p e tit io n  w ith  an d  

p re d a tio n  o n  n a tiv e  b io ta  b y  n o n -n a tiv e  fish , th e  sp re a d  o f  d is e a se s , a n d  h o m o g e n is a tio n  

o f  f ish  fa u n a  (A lm e id a  e t  a l .,  2 0 1 3 ; K a d y e  &  B o o th , 2 0 1 3 ). In  a d d itio n , IB W T s  m a y  

a lso  fa c il i ta te  h y b r id is a tio n  b e c a u s e  th e y  b re a k  g e o g ra p h ic  d iv id e s  b e tw e e n  a llo p a tr ic  

spec ies .

Inter-basin Water Transfer Schemes in South Africa

S o u th  A fr ic a  e x p e r ie n c e s  w a te r  sh o rta g e s  b e c a u s e  i t  is s i tu a te d  in  th e  d ro u g h t b e l t  o f  th e  

S o u th e rn  H e m is p h e re  a n d  re c e iv e s  lo w  ra in fa ll  (a n  a n n u a l a v e ra g e  o f  4 4 5  m m ) (V a n  

R o b b ro e c k , 1979). A  n u m b e r  o f  d a m s  an d  IB W T s  h a v e  b e e n  c o n s tru c te d  to  a d d re s s  th is  

p ro b le m  (S n a d d o n  e t  a l., 1999). T h e  f irs t  d a m  b u i l t  w a s  th e  R a n d  W a te r  B o a rd  B a rra g e  

(1 9 0 3 ), fo llo w e d  b y  th e  V a a l a n d  B lo e m h o f  d a m s  su c c e s s iv e ly  in  th e  V a a l R iv e r  (V a n  

R o b b ro e c k , 1979). In  th e  la te  1 9 6 0 s, it w a s  e v id e n t th a t  th e  e x is tin g  sy s te m  o f  d am s 

w o u ld  n o t m e e t  w a te r  d e m a n d , p a r tic u la r ly  in  d ry  re g io n s  w h e re  n a tu ra l p re c ip ita tio n  

d id  n o t  m e e t w a te r  re q u ire m e n ts  fo r  h u m a n  c o n su m p tio n . A s  a  re su lt, se v e ra l IB W T s  

w e re  b u il t  to  tra n s fe r  w a te r  f ro m  th e  la rg e r  r iv e rs  to  d r ie r  a re a s  (G u p ta  &  V a n  d e r  Z a a g , 

2 0 0 8 ). T h e  lo n g e s t IB W T s  (O ra n g e -F is h )  w e re  c o m p le te d  in  1975 (C a m b ra y  &  Ju b b , 

1977 ; V a n  R o b b ro e c k , 1979). T h e se  IB W T s  c o n n e c t th e  w e s t- f lo w in g  O ra n g e  r iv e r
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sy s te m  w ith  th e  e a s t- f lo w in g  G re a t  F is h  R iv e r  a n d  S u n d a y s  R iv e r  d ra in a g e s  (C a m b ra y  

&  Ju b b , 1977), f ir s t  th ro u g h  th e  O ra n g e -F is h  tu n n e l (f ro m  th e  O ra n g e  R iv e r  to  th e  G re a t 

F is h  R iv e r , c o m p le te d  in  1 9 7 5 ) a n d  th e n  th e  C o o k h o u s e  tu n n e l (f ro m  th e  L itt le  F is h  

R iv e r  to  th e  S u n d a y s  R iv e r , c o m p le te d  in  1978). T h e se  IB W T s  fa c il i ta te d  th e  tr a n s fe r  o f  

f ish e s  a n d  in se c ts  n a tiv e  to  th e  w e s t- f lo w in g  O ra n g e  R iv e r  to  th e  e a s t- f lo w in g  G re a t 

F is h  an d  S u n d a y s  r iv e rs  (C a m b ra y  &  Ju b b , 1977 ; O ’K e e fe  &  D e  M o o r, 2 0 0 6 ;

W o o d fo rd  e t  a l., 2 0 1 3 ). F iv e  f ish e s  [A u s tro g la n is  s c la te r i  (B o u le n g e r  1 9 01), C la r ia s  

g a r ie p in u s  (B u rc h e ll 1 822), L a b e o b a r b u s  a e n e u s  (B u rc h e ll 1 822), L a b e o  c a p e n s is  an d  

L a b e o  u m b r a tu s )  u s e d  th is  IB W T  as a n  in tro d u c tio n  p a th w a y  (L a u re n s o n  &  H o c u tt, 

1985 ; W e y l e t  a l., 2 0 0 9 ; K a d y e  &  B o o th , 2 0 1 3 ; W o o d fo rd  e t  a l., 2 0 1 3 ). T h is  c h a p te r  

fo c u se s  o n  th e  g e n e tic  im p a c t  o f  th e  in tro d u c tio n  o f  L . c a p e n s is  an d  th e  O ra n g e  lin e a g e  

o f  L . u m b r a tu s  v ia  O ra n g e -F is h  IB W T s  o n  th e  s o u th e rn  lin e a g e  o f  L . u m b ra tu s .

Hybridisation

H y b r id is a tio n  is fa ir ly  c o m m o n  in  f re s h w a te r  f ish  sp e c ie s  (F re y h o f  e t  a l., 2 0 0 5 ;

B o ln ic k , 2 0 0 9 ). A c c o rd in g  to  re v ie w s  b y  A rg u e  a n d  D u n h a m  (1 9 9 9 )  o n  f ish  h y b rid  

fe r tility , in tro g re s s io n  a n d  b a c k c ro s s in g , a n d  S c r ib n e r  e t  a l. (2 0 0 1 )  o n  f re s h w a te r  f ish  

h y b rid is a tio n , th e  h ig h e s t p re v a le n c e  o f  h y b r id is in g  sp e c ie s  p a irs  is in  th e  fa m ily  

C y p rin id a e . H y b r id is a t io n  c a n  o c c u r  b e tw e e n  d if fe re n t sp e c ie s  ( in te rsp e c if ic  

h y b r id is a tio n )  o r  b e tw e e n  p o p u la tio n s  o f  th e  sa m e  sp e c ie s  ( in tra s p e c if ic  h y b rid isa tio n ) . 

N a tu ra l in te rsp e c if ic  h y b r id is a tio n  is c o m m o n  in  fish , h a s  in f lu e n c e d  th e  e v o lu tio n  o f  

m a n y  a n im a ls  a n d  p la n ts , a n d  is  a  p o te n tia l  so u rc e  o f  g e n e tic  v a r ia tio n  a n d  e v o lu tio n a ry  

n o v e lty  (A lle n d o r f  e t  a l., 2 0 0 1 ; A rn o ld  &  M a rtin , 2 0 1 0 ; A b b o tt  e t a l., 2 0 1 3 ). In te r ­

sp e c if ic  h y b r id is a tio n  c a n  a lso  b e  fa c il i ta te d  b y  a n th ro p o g e n ic  e v e n ts  a n d  c o u ld  h a v e
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se v e re  c o n se q u e n c e s  (e .g . e x tin c tio n ) , o r  th re a te n  o r  e n d a n g e r  n a tiv e  sp e c ie s  (A lle n d o r f  

e t  a l., 2 0 0 1 ). A c c o rd in g  to  A lle n d o r f  e t  al. (2 0 0 1 ) , it  is  d e b a ta b le  w h e th e r  th e re  sh o u ld  

b e  c o n c e rn  w ith  in tra -s p e c if ic  h y b rid is a tio n , as p o p u la tio n s  o f  th e  sa m e  sp e c ie s  sh a re  a 

s im ila r  g e n e tic  m a k e u p  w h ic h  c o u ld  in c re a se  th e  f i tn e s s  o f  p o p u la tio n s  b y  in tro d u c in g  

n e w  g e n e tic  v a r ia tio n , a n d  c o u ld  h a v e  a  p o s it iv e  e f fe c t  o n  th e  a d a p tiv e  p o te n tia l  o f  a 

p o p u la tio n . A lle n d o r f  e t  al. (2 0 0 1 ) , h o w e v e r , a lso  a rg u e d  th a t  b e c a u s e  so m e  p o p u la tio n s  

a d a p t to  th e ir  su rro u n d in g  e n v iro n m e n t, lo c a l a d a p ta tio n  o f  su c h  p o p u la tio n s  c o u ld  b e  

lo s t  i f  in tra -sp e c if ic  h y b r id is a tio n  o ccu rs . A n  e x a m p le  o f  su c h  a d a p ta tio n  is  th a t  o f  b u ll 

t ro u t  [S a lv e lin u s  c o n flu e n tu s  (S u c k le y  1 8 5 9 )], w h ic h  h as  m ix e d  m ig ra to ry  b e h a v io u rs  

th a t  h a v e  b e e n  sh o w n  to  b e  l in k e d  to  p e r io d ic  f ire  d is tu rb a n c e s  (R ie m a n  &  C la y to n , 

1997). T h e  b u ll t ro u t  m ig ra te  o u t o f  w ild f ire  a re a s  d u rin g  f ire s  a n d  m ig ra te  b a c k  

a f te rw a rd s  (R ie m a n  e t  a l., 1997). L o s s  o f  th is  a d a p ta tio n  c o u ld  re s u lt  in  d e c lin e  o r 

e x tin c tio n  o f  th is  sp ec ie s .

S p e c ie s  th a t  h y b r id is e  te n d  to  b e  c lo se ly  re la te d  (A lle n d o r f  e t a l., 2 0 0 1 ). T h e y  can  

h y b r id ise  n a tu ra lly  d u e  to  ra n g e  o v e rla p  (e .g ., B a r b u s  c a n is  x  B a r b u s  lo n g icep s;  

F is h e ls o n  e t  a l., 1 9 96), l im ite d  sp a w n in g  h a b ita t  (e .g ., P h o x in u s  e o s  x  P h o x in u s  

n e o g a e u s;  G o d d a rd  &  D a w le y , 1990), o r  b e c a u s e  o f  a n th ro p o g e n ic  p ro c e s s e s  su c h  as 

a q u a c u ltu re  (e .g ., H y p o p h th a lm ic h th y s  m o li tr ix  x  A r is t ic h th y s  n o b ilis ;  M ia  e t  a l., 2 0 0 5 ), 

sp e c ie s  tra n s lo c a tio n  o r in tro d u c tio n  (e .g ., O r e o c h r o m is  m o s s a m b ic u s  x  O re o c h ro m is  

n ilo tic u s;  F irm a t e t  a l., 2 0 1 3 ), a n d  lo ss  o r  a l te ra tio n  o f  h a b ita t  (G ila  c y p h a  x  G ila  

e leg a n s;  D o u g la s  e t  a l., 1998). A n th ro p o g e n ic  e v e n ts  a re  c o n s id e re d  to  b e  th e  m a in  

d riv e rs  o f  r e c e n t  h y b r id is a tio n  (A lle n d o r f  e t  a l., 2 0 0 1 ; M u h lfe ld  e t  a l., 2 0 0 9 ). A lle n d o r f  

e t  a l. (2 0 0 1 )  re c o g n is e d  th re e  f in a l s ta g e  “ h y b rid  ty p e s ” o f  h u m a n -m e d ia te d

129



h y b rid isa tio n : h y b r id is a tio n  w ith o u t in tro g re s s io n , w h ic h  h a p p e n s  b e c a u s e  F 1 h y b rid s  

a re  s te rile ; w id e s p re a d  in tro g re s s io n  (h y b r id s  in te rb re e d in g  w ith  e a c h  o th e r  o r  w ith  

p a re n ta l sp e c ie s ) , w h ic h  re su lts  in  a  h y b r id  sw a rm  w h e re  in d iv id u a ls  o f  th e  p a re n ta l 

sp e c ie s  p e rs is t  (e .g ., s o m e w h e re  in  th e  r iv e r  tr ib u ta r ie s ) ;  a n d  c o m p le te  a d m ix tu re , w h ic h  

re su lts  in  a  h y b r id  sw a rm  w h e re  fe w , i f  an y , p u re  p o p u la tio n s  s till ex is t.

Reports of Labeo Hybridisation

L a b e o  c a p e n s is  a n d  L . u m b r a tu s  h a v e  b e e n  re p o r te d  to  h y b r id is e  in  th e  H a rd a p  

im p o u n d m e n t in  N a m ib ia  (G a ig h e r  &  B lo e m h o f , 1975 ; V a n  V u u re n  e t  a l., 1989 , 1990). 

S e v e ra l m e th o d o lo g ic a l is su e s  w ith  th e s e  s tu d ie s , h o w e v e r , c a s t  so m e  d o u b t o n  th e  

c la im e d  a b ili ty  to  d is t in g u is h  b e tw e e n  th e  tw o  sp e c ie s  an d  th e ir  h y b rid s  b a s e d  o n  

m o rp h o lo g y  a n d  a llo z y m e s  in  th e s e  s tu d ie s . V a n  V u u re n  e t  al. (1 9 8 9 )  c o n c lu d e d  th a t 

h y b rid s  c o u ld  n o t b e  id e n tif ie d  b a s e d  o n  m o rp h o lo g y  a lo n e . T h is  f in d in g  w a s  su p p o rte d  

b y  a  re v ie w  o f  th e  d if fe re n t m e th o d s  o f  d e te c tio n  a n d  g e n e tic  in te rp re ta tio n s  o f  n a tu ra l 

h y b r id is a tio n  an d  in tro g re s s io n  in  f ish e s  (C a m p to n , 1 9 87). I t  is n o t  c lea r, h o w e v e r , h o w  

V a n  V u u re n  e t  al. (1 9 8 9 )  id e n tif ie d  p u re  v e rsu s  h y b rid  in d iv id u a ls  a  p r io r i , b e c a u s e  

th e y  d id  n o t sa m p le  lo c a lit ie s  th a t  h ad  o n ly  p u re  p o p u la tio n s  an d  b a s e d  th e ir  a s se s sm e n t 

so le ly  o n  sp e c im e n s  fro m  th e  H a rd a p  im p o u n d m e n t. G a ig h e r  &  B lo e m h o f  (1 9 7 5 )  a lso  

m e n tio n e d  th a t  h y b rid s  b e tw e e n  th e  tw o  sp e c ie s  w e re  n o t  c o n f in e d  to  H a rd a p  

im p o u n d m e n t, b e c a u s e  th e re  w e re  re p o r ts  o f  L . c a p e n s is  x L . u m b r a tu s  h y b rid s  f ro m  th e  

C a le d o n  R iv e r  (c itin g  a n  O ra n g e  F re e  S ta te  N a tu re  C o n s e rv a tio n  re p o r t  f ro m  1 9 7 2 /7 3 ) 

an d  f ro m  L a k e  G a rie p  (c it in g  a  p e rs o n a l c o m m u n ic a tio n  b y  D r  K a s  H a m m a n ) . T h e se  

c la im s  c o u ld  n o t b e  v e r if ie d , h o w e v e r , b e c a u s e  n o  v o u c h e r  sp e c im e n s  w e re  c ited . 

V o u c h e r  sp e c im e n s  a c t as p r o o f  o f  id e n tity  an d  a re  th e re fo re  a n  im p o r ta n t  to o l fo r  o th e r
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researchers to verify results (Funk, 2005). The shortcomings in these early works 

indicate that a more comprehensive study on the potential for hybridisation between 

these two species is needed.

The introduction of L . c a p e n s is  and Orange River L . u m b r a tu s  to the Great Fish and 

Sundays river systems via the Orange-Fish and Cookhouse tunnels has also raised 

concerns about the genetic integrity and introgressive hybridisation of unique genetic 

lineages of L . u m b r a tu s  (see Chapter 3) into the southern-flowing river systems 

(Cambray & Jubb, 1977; Laurenson & Hocutt, 1985; Laurenson e t  a l ., 1989). Given the 

reported hybridisation of Orange River L . c a p e n s is  and L . u m b r a tu s  in the Hardap 

impoundment (Gaigher & Bloemhof, 1975; Van Vuuren e t  a l ., 1989, 1990), it is 

reasonable to hypothesise that the species may interbreed in the Great Fish and Sundays 

river systems. To date, however, no study has presented definitive evidence for 

hybridisation and/or introgression between the two species.

Aims and Objectives

The current chapter assessed whether L . c a p e n s is  and the Orange River and southern 

lineages of L . u m b r a tu s  have hybridised in the Sundays and Orange river systems.

Three hypotheses were evaluated: (1) that genetically separable groups are also 

separable morphologically; (2) that hybrids carry introgressed genes of the more 

abundant species; and (3) that F 1 hybrids are morphologically intermediate to the 

parental species. Samples were sequenced for mitochondrial DNA (mtDNA) and 

nuclear DNA (nDNA) genes. The molecular results were compared with morphological 

characters analysed using linear morphometrics and meristics. First, the different
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m e th o d s  w e re  te s te d  fo r  th e ir  a b ility  to  id e n tify  in d iv id u a ls  as e ith e r  O ra n g e  L. 

c a p e n s is ,  O ra n g e  L . u m b r a tu s  o r  so u th e rn  sy s te m s  L . u m b r a tu s  in  p u ta tiv e  p u re  

p o p u la tio n s  in  o rd e r  to  d is t in g u is h  re fe re n c e  p u re  p o p u la tio n s . S eco n d , in d iv id u a ls  fro m  

p u ta tiv e  h y b r id  p o p u la tio n s  w e re  a n a ly se d  to  c la s s ify  th e m  as b e in g  o f  h y b r id  o r ig in  o r 

p o te n tia lly  p u re .
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MATERIALS AND METHODS

Sampling

A  to ta l  o f  2 1 8  g e n e tic  sa m p le s  an d  a s so c ia te d  v o u c h e r  sp e c im e n s  c o lle c te d  p re v io u s ly  

(R a m o e ja n e , 2 0 1 0 )  f ro m  r iv e r  sy s te m s  a s so c ia te d  w ith  th e  O ra n g e -F is h  IB W T s  a n d  tw o  

n e ig h b o u r in g  r iv e r  sy s te m s  (B u sh m a n s  a n d  K e is k a m m a )  w e re  u s e d  in  th is  s tu d y  (F ig . 

4 .3 , T a b le  4 .1 ) . P o p u la tio n s  w e re  c la s s if ie d  a  p r io r i  a s  p u ta tiv e ly  p u re  o r  p u ta tiv e ly  

h y b r id is e d  b a s e d  o n  th e  p re se n c e  o r  a b se n c e  o f  c o n f irm e d  p r io r  re c o rd s  o f  

h y b rid isa tio n .
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Fig. 4.3. Map of Southern Africa showing the provenance of samples collected in impoundments
(triangles) [1-Hardap (n = 45), 5-Gariep (n = 48), 7-Vaal (n = 10), 8-Darlington (n = 25), 9- 
Slagboom (n = 8) and 10-Kat River (n = 16)] and rivers (circles) [2-Onseepkans (n = 10) on the 
Orange, 3-Kanoneiland (n = 10) on the Orange, 4-Brak (n = 10), 6-Vaal (n = 10), 9-Bushmans (n 
= 10), 11-Keiskamma (n = 12)]. White symbols indicate potentially pure L. capensis, red symbols 
indicate L. umbratus and purple symbols indicate potential hybrid zones.
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TA B L E  4.1. List of collection localities showing the number of fish specimens (of both
study species and hybrid populations) analysed and the locality coordinates.

Locality River
system

Species Number o f
specimens
analysed

Coordinates

Latitude S Longitude E

Orange River population (putative pure)

Kanoneiland Middle
Orange

L.
capensis

10 28° 38' 05.7" 21° 05' 20.3"

Lake Gariep Upper
Orange

L.
capensis

26 30° 38' 38.2" 25° 33' 50.9"

Vaal River Orange-
Vaal

L.
capensis

10 26° 45' 57.6" 27° 40' 56.9"

Orange River population (putative pure)

Brak Middle
Orange

L.
umbratus

10 31° 32' 26.4" 22° 20' 35.0"

Lake Gariep Upper
Orange

L.
umbratus

26 30° 42' 84.5" 25° 43' 47.3"

Vaal
impoundment

Orange-
Vaal

L.
umbratus

10 26° 51' 58.9" 28° 10' 14.3"

Southern systems population (putative pure)

Kat River 
impoundment

Great Fish L.
umbratus

16 32° 33' 46.5" 26° 46' 43.0"

Slagboom
impoundment

Sundays L.
umbratus

8 33° 22' 31.1" 25° 40' 45.4"

Amakhala
Game
Reserve

Bushmans L.
umbratus

10 33° 31' 02.5" 26° 07' 29.2"

Keiskamma Keiskamma L.
umbratus

12 32° 41' 12.7" 27° 09' 09.08"

Potential hybrid populations

Onseepkans Lower
Orange

Potential
hybrids

10 28° 44' 14.5" 19° 18' 14.4"

Hardap
impoundment

Lower
Orange

Potential
hybrids

45 24° 28' 11.3" 17° 47' 51.9"

Darlington
impoundment

Sundays Potential
hybrids

25 33° 10' 82.2" 25° 07' 93.0"
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P u ta tiv e  p u re  p o p u la tio n s  o c c u rre d  in  r iv e rs  o r im p o u n d m e n ts  k n o w n  n o t  to  b e  a ffe c te d  

b y  IB W T s , su c h  as th e  K a t  R iv e r  im p o u n d m e n t (5 2  m  h ig h  D a m ) in  th e  G re a t F is h  

R iv e r  sy s te m  an d  th e  S la g b o o m  im p o u n d m e n t in  th e  S u n d a y s  R iv e r  sy s te m , w h ic h  a re  

u p s tre a m  o f  th e  e n try  p o in t  o f  th e  tu n n e ls  an d  w e re  b u i l t  b e fo re  c o n s tru c tio n  o f  IB W T s  

b e g a n  (1 9 6 9  a n d  1955 re sp e c tiv e ly ) . C o n v e rse ly , p u ta tiv e  h y b r id  p o p u la tio n s  in h a b ite d  

th e  H a rd a p  a n d  D a r l in g to n  im p o u n d m e n ts . T h e  H a rd a p  im p o u n d m e n t fo rm s  p a r t  o f  th e  

lo w e r  O ra n g e  R iv e r  ( f ro m  b e lo w  A u g ra b ie s  F a lls  to  th e  O ra n g e  R iv e r  e s tu a ry )  an d  

th e re fo re  th e  lo w e r  O ra n g e  R iv e r  is  a lso  a  p o te n tia l  h y b rid  zo n e .

DNA Extraction, Amplification and Sequencing

D N A  e x tra c tio n  fo llo w e d  th e  sa m e  p ro to c o l d e s c r ib e d  in  C h a p te r  2. T h e  c y to c h ro m e  b 

(C y t b ) (se e  C h a p te r  2 )  a n d  n u c le a r  S7 r ib o so m a l in tro n  1 (S 7 )  (se e  C h a p te r  3 ) re g io n s  

w e re  a m p lif ie d  in  p o ly m e ra s e  c h a in  re a c tio n s  (P C R s)  fo llo w in g  th e  p ro c e d u re s  

s tip u la te d  in  th e  re s p e c tiv e  c h a p te rs . O n ly  160 n u c le a r  S7 sa m p le s  w e re  a n a ly se d  o u t o f  

th e  to ta l  o f  2 1 8  sa m p le s  b e c a u s e  o f  d if f ic u ltie s  w ith  a m p lif ic a tio n .

Sequence Variation and Allele Distribution

D n a S P  5 .1 0  (R o z a s  &  L ib ra d o , 2 0 0 9 )  w a s  u s e d  to  p h a s e  S7 se q u e n c e s  an d  to  id e n tify  

th e  u n iq u e  h a p lo ty p e s  a n d  a lle le s  o f  C y t b  a n d  S7. In v a r ia b le  a n d  v a r ia b le  s ite s  w e re  

id e n tif ie d  w ith  th e  sa m e  so ftw a re . T h e  s o f tw a re  T C S  1.21 (C le m e n t e t  a l., 2 0 0 0 ) , w h ic h  

d e te rm in e s  p a rs im o n y  n e tw o rk s  b a s e d  o n  9 5 %  c o n f id e n c e  o f  c o n n e c tio n s  a m o n g  a lle le s  

(T e m p le to n  e t  a l., 1992), w a s  u s e d  to  d e te rm in e  g e n e a lo g ic a l r e la tio n s h ip s  a m o n g  th e  

seq u e n c e s .
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Phylogenetic Differentiation and Hybrid Identification

P r io r  to  p h y lo g e n e tic  re c o n s tru c tio n , m o d e ls  o f  n u c le o tid e  su b s titu tio n  th a t  b e s t  f i t  th e  

C y t b  an d  S7 d a ta  se ts  w e re  se le c te d  fro m  1624  m o d e ls  w ith  th e  A k a ik e  in fo rm a tio n  

c r ite r io n  (A IC ) (A k a ik e , 1 9 7 4 ) in  jM o d e lT e s t  2 .1 .7  (G u in d o n  &  G a sc u e l, 2 0 0 3 ; D a rr ib a  

e t  a l., 2 0 1 2 ). U s in g  th e  sa m e  so f tw a re , b a se  fre q u e n c ie s , T i:T v  ra tio  o r  su b s ti tu tio n  ra te  

m a trix , p ro p o r t io n  o f  in v a r ia b le  s ite s  (I)  a n d  th e  a  v a lu e  o f  th e  g a m m a  d is tr ib u tio n  (ra te  

v a r ia tio n  a m o n g  s ite s )  w e re  e s tim a te d . T h e se  p a ra m e te rs  w e re  u s e d  to  d e te rm in e  

g e n e tic  d is ta n c e s  a m o n g  a lle le s  u s in g  m a x im u m  lik e lih o o d  w ith  M E G A  6 (T a m u ra  e t  

a l., 2 0 1 3 ). G a p s  in  th e  S7 g e n e  w e re  tre a te d  as  m is s in g  d a ta .

M ito c h o n d r ia l  C y t b  an d  n u c le a r  S7 m a x im u m  lik e lih o o d  p h y lo g e n e tic  tre e s  w e re  

c o n s tru c te d  in  o rd e r  to  e x p lo re  s im ila r it ie s  a m o n g  th e  p o p u la tio n s  a n d  th e ir  a s so c ia tio n  

w ith  in d iv id u a ls  f ro m  p u ta t iv e  h y b r id  zo n e s . P o p u la tio n s  w e re  c o n s id e re d  d if fe re n t i f  

th e y  fo rm e d  re c ip ro c a lly  m o n o p h y le tic  c lad es . In  th e  S 7  d a ta , in d iv id u a ls  f ro m  p u re  

p o p u la tio n s  w o u ld  h a v e  f ix e d  d if fe re n c e s  a t e a c h  p o ly m o rp h ic  lo c u s , w h e re a s  p o te n tia l 

F 1  h y b rid  in d iv id u a ls  w o u ld  b e  h e te ro z y g o u s  a t e a c h  lo c u s  w h e re  th e  sp e c ie s  e x h ib it  

f ix e d  d iffe re n c e s , as th e y  w o u ld  in h e r i t  a lle le s  f ro m  b o th  p a re n ta l  sp e c ie s . T h e  F 2  

g e n e ra tio n  o r  b a c k c ro s s e s  w o u ld  p o te n tia lly  sh o w  d if fe re n t p a tte rn s  o f  h e te ro z y g o s ity  in  

d if fe re n t in d iv id u a ls .

Hybrid Identification from Genetic Data

T h e  in fo rm a tio n  c o lle c te d  f ro m  e a c h  g e n e  w a s  c o m p a re d  fo r  e a c h  in d iv id u a l to  id e n tify  

w h e th e r  th e y  w e re  p o s s ib le  h y b rid s . A s  m tD N A  d a ta  w e re  a v a ila b le  fo r  a  g re a te r  

n u m b e r  o f  in d iv id u a ls  c o m p a re d  w ith  th e  n D N A  d a ta , o n ly  in d iv id u a ls  th a t  w e re
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a n a ly se d  fo r  n D N A  w e re  u s e d  in  th e  c o m p a riso n . Id e n tif ic a tio n s  o f  in d iv id u a ls  o n  th e  

b a s is  o f  th e  n D N A  d a ta  w e re  c o m p a re d  w ith  id e n tif ic a tio n s  b a s e d  o n  th e  m tD N A  data . 

F 1  in d iv id u a ls  w e re  id e n tif ie d  as d e sc r ib e d  in  th e  p re c e d in g  sec tio n , w h e re a s  in d iv id u a ls  

id e n tif ie d  as p u re  f ro m  th e  n D N A  d a ta  a n d  p o s s e s s in g  th e  m tD N A  o f  th e  o th e r  sp e c ie s  

w e re  c o n s id e re d  to  b e  p o s s ib le  F 2 /b a c k c ro s s  h y b rid s .

Discrimination of Pure and Hybrid Individuals from Morphological 

Characters

A ll o f  th e  2 1 8  v o u c h e r  sp e c im e n s  w e re  m e a s u re d  to  th e  n e a re s t  0.1 m m  fo r  33 

m o rp h o lo g ic a l c h a ra c te rs  (T a b le  4 .2 , F ig . 4 .4 )  u s in g  d ia l c a llip e rs . T h e  m e a su re m e n ts  

w e re  s iz e -s ta n d a rd ise d  u s in g  B u rn a b y ’s A llo m e tr ic  m e th o d  im p le m e n te d  in  P A S T  2.11  

(H a m m e r  e t  a l., 2 0 0 1 ) , w h ic h  re m o v e s  a llo m e tr ic  s iz e -d e p e n d e n t sh a p e  v a r ia tio n  fro m  

th e  lo g - tra n s fo rm e d  d a ta  b y  p ro je c tin g  th e  d a ta  se t in to  sp a c e  o r th o g o n a l to  th e  f irs t  

p r in c ip a l c o m p o n e n t o f  th e  p o o le d  c o v a r ia n c e  m a tr ix  ( fo llo w in g  R e is t, 1985 ; E l l io t t  e t  

a l., 1995). F o u r  m e r is tic s  c h a ra c te rs  w e re  c o u n te d  (T a b le  4 .3 ).

T h e  s iz e -s ta n d a rd ise d  m o rp h o m e tr ic  d a ta  a n d  m e r is tic  d a ta  w e re  a n a ly se d  se p a ra te ly  

u s in g  a  c o v a r ia n c e  m a tr ix  a n d  c o rre la tio n  m a tr ix , re sp e c tiv e ly , b y  p r in c ip a l c o m p o n e n t 

a n a ly s is  (P C A ) w ith  P A S T  2 .11  (H a m m e r  e t  a l., 2 0 0 1 )  to  re d u c e  d im e n s io n a lity  an d  

v is u a lis e  th e  p a tte rn  o f  v a r ia tio n  a m o n g  in d iv id u a ls . C a n o n ic a l v a r ia te s  a n a ly s is  (C V A ) 

b a s e d  o n  m u ltiv a r ia te  a n a ly s is  o f  v a r ia n c e  (M A N O V A ) im p le m e n te d  in  P A S T  2.11  

w e re  u s e d  (fo r  m o rp h o m e tr ic s  a n d  m e r is tic s  a n a ly se s )  to  te s t  th e  d ia g n o s a b ili ty  an d  

s ta tis tic a l d is tin c tiv e n e s s  o f  th e  th re e  g ro u p s  o f  p u ta tiv e  p u re  in d iv id u a ls  re p re se n tin g  

O ra n g e  R iv e r  L . c a p e n s is ,  O ra n g e  R iv e r  L . u m b r a tu s  an d  L . u m b r a tu s  p o p u la tio n s  in  

th e  so u th e rn  sy s tem s.

137



TA B L E  4.2. Characters used in the morphometric analysis and their abbreviations

(co d es) .

No. Characters Codes
1 Standard length SL
2 Dorsal fin length DF
3 Dorsal fin base length DFB
4 Caudal peduncle depth CDP
5 Posterior dorsal fin to dorsal caudal fin PDF-DCF
6 Pectoral fin length P1F
7 Pelvic fin length P2F
8 Pectoral fin to pelvic fin P1F-P2F
9 Anal fin AF
10 Anal fin base length AFB
11 Pelvic fin to anterior anal fin P2F-AAF
12 Anterior dorsal fin to pectoral fin ADF-P1F
13 Posterior dorsal fin to pectoral fin PDF-P1F
14 Anterior dorsal fin to pelvic fin ADF-P2F
15 Posterior dorsal fin to pelvic fin PDF-P2F
16 Anterior dorsal fin to anterior anal fin ADF-AAF
17 Posterior dorsal fin to anterior anal fin PDF-AAF
18 Posterior dorsal fin to posterior anal fin PDF-PAF
19 Pectoral fin to ventral caudal fin P1F-VCB
20 Anterior anal fin to dorsal caudal fin AAF-DCF
21 Caudal peduncle length CPL
22 Posterior anal fin to dorsal caudal fin PAF-DCF
23 Operculum to pre-operculum O-PO
24 Operculum to eye O-E
25 Head length HL
26 Eye to snout E-SN
27 Eye diameter ED
28 Snout to pectoral fin SN-P1F
29 Snout to pelvic fin SN-P2F
30 Snout to posterior dorsal fin SN-PDF
31 Snout to anterior dorsal fin SN-ADF
32 Eye to posterior nares E-N
33 Left to right nares L-RN

Hybrid Identification from Morphological Characters

T h e  p o s it io n  o f  in d iv id u a ls  f ro m  th e  p u ta tiv e  h y b r id  z o n e  in  P C A  m o rp h o s p a c e  w a s

c o m p a re d  w ith  th e  9 5 %  c o n f id e n c e  e llip se s  o f  th e  p u ta t iv e  p u re  g ro u p s  to  d e te rm in e  

w ith  w h ic h  g ro u p  h y b rid s  w e re  m o s tly  a sso c ia te d . F 1  h y b rid s  w e re  p re d ic te d  to  b e  

in te rm e d ia te  to  th e  p u re  g ro u p s  (d u e  to  in h e r i ta n c e  o f  m o rp h o lo g ic a l fe a tu re s  f ro m  b o th  

p a re n ta l sp e c ie s )  an d  a d v a n c e d -g e n e ra tio n  h y b r id s  (F 2  h y b rid s  o r  b a c k c ro s s e s )  w e re  

p la c e d  c lo s e s t  to  th e  p a re n ta l  sp e c ie s  th a t  c o n tr ib u te d  m o s t to  th e  b re e d in g  h is to ry . 

Id e n tif ic a tio n s  b a s e d  o n  g e n e tic  a n d  m o rp h o lo g ic a l d a ta  w e re  c o m p a re d  to  a s se s s  th e  

u ti l i ty  o f  th e  tw o  d a ta  ty p e s  fo r  id e n tif ic a tio n  o f  in d iv id u a ls  w ith  h y b r id  o rig in .
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Fig. 4.4. The landmarks of the morphometric measurements of the Labeo fish. 1= standard length, 2= 

dorsal fin length, 3= dorsal fin base length, 4= caudal peduncle depth, 5= posterior dorsal fin to 

dorsal caudal fin, 6= pectoral fin length, 7= pelvic fin length, 8= pectoral fin to pelvic fin, 9= anal 

fin, 10= anal fin base length, 11= pelvic fin to anterior anal fin, 12= anterior dorsal fin to pectoral 

fin, 13= posterior dorsal fin to pectoral fin, 14= anterior dorsal fin to pelvic fin, 15= posterior 

dorsal fin to pelvic fin, 16= anterior dorsal fin to anterior anal fin, 17= posterior dorsal fin to 

anterior anal fin, 18= posterior dorsal fin to posterior anal fin, 19= pectoral fin to ventral caudal 

fin, 20= anterior anal fin to dorsal caudal fin, 21= caudal peduncle length, 22= posterior anal fin to 

dorsal caudal fin, 23= operculum to pre-operculum, 24= operculum to eye, 25= head length, 26= 

eye to snout, 27= eye diameter, 28= snout to pectoral fin, 29= snout to pelvic fin, 30= snout to 

posterior dorsal fin, 31= snout to anterior dorsal fin, 32= eye to nares, 33= left to right nares.

TABLE 4 .3 . C h a ra c te rs  u s e d  in  th e  m e r is tic  a n a ly s is  an d  th e ir  a b b re v ia tio n s  (co d es) .

Characters Codes
Lateral line scale count LL
Lateral line to the origin of the dorsal fin scale count LL-DF
Lateral line to pelvic fin scale count LL-P2F
Caudal peduncle scale count CP
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RESULTS

Phylogenetic Differentiation

A n  in itia l 160 S7 se q u e n c e s  w e re  p h a s e d  to  p ro d u c e  3 2 0  c o p ie s , w h ic h  w e re  

re p re se n te d  b y  18 u n iq u e  n u c le a r  a lle le s . T h e  m o d e l th a t  b e s t  f i t  th e  v a r ia tio n  a m o n g  

th e s e  a lle le s  w a s  H K Y + I  (H a se g a w a  e t  a l., 1985). O f  th e  6 0 8  b a s e  p a ir s  u se d , 553 s ite s  

w e re  in v a r ia b le  a n d  16 w e re  v a r ia b le . O f  th e  16 v a r ia b le  s ite s , 11 w e re  p a rs im o n y  

in fo rm a tiv e  a n d  f iv e  w e re  a u ta p o m o rp h ic . T w o  m o n o p h y le tic  g ro u p s  w e re  a p p a re n t in  

th e  p h y lo g e n e tic  a n a ly s is  p h y lo g ra m  (F ig . 4 .5 ) . A s  a lle le s  in  th e  se c o n d  g ro u p  w e re  

p re s e n t in  h o m o z y g o u s  g e n o ty p e s  a n d  w e re  f ro m  lo c a litie s  w h e re  m o s tly  L . u m b r a tu s  is 

fo u n d , th e  in d iv id u a ls  w e re  c la s s if ie d  as L . u m b ra tu s .  T h e  f irs t  g ro u p  w a s  a lso  

h o m o z y g o u s  a n d  w a s  a s so c ia te d  w ith  L . c a p e n s is . A lle le s  f ro m  h e te ro z y g o u s  

in d iv id u a ls  w e re  p re s e n t  in  b o th  sp e c ie s  g ro u p s  ( re p re s e n te d  b y  A 5 a n d  A 6  o c c u rr in g  in  

c o m b in a tio n  w ith  A 2 0  a n d  A 2 3  in  th e  H a rd a p , a n d  A 5  an d  A 2 5  in  th e  D a r l in g to n  

im p o u n d m e n ts ) , w h ic h  w a s  c o n s is te n t w ith  h y b r id is a tio n  b e tw e e n  th e  tw o  sp ec ie s .

T h e  2 1 4  m tD N A  se q u e n c e s  y ie ld e d  25  u n iq u e  h a p lo ty p e s . T h e  m o d e l th a t  b e s t  f its  th e  

v a r ia tio n  a m o n g  th e s e  a lle le  f ra g m e n ts  w a s  T rN + I  (T a m u ra  &  N e i, 1993). O f  th e  7 3 0  

b a s e  p a irs  u se d , 7 0 4  s ite s  w e re  in v a r ia b le  an d  2 6  w e re  v a r ia b le . O f  th e  2 6  v a r ia b le  sites, 

14 w e re  p a rs im o n y  in fo rm a tiv e  a n d  12 w e re  a u ta p o m o rp h ic . T w o  L . u m b r a tu s  c lad es  

w e re  re s o lv e d  a n d  th e  re m a in d e r  o f  th e  a lle le s  re p re s e n te d  L . c a p e n s is  (F ig . 4 .6 ). A ll o f  

th e  in d iv id u a ls  id e n tif ie d  as L . u m b r a tu s  an d  h y b r id s  b y  n D N A  p o s s e s s e d  m tD N A  o f  L. 

c a p e n s is ,  an d  th u s  w e re  id e n tif ie d  as h y b rid s .
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-----1 A l —L. capensis (Hardap)
-----  A2 —L. capensis (LowO)
__^ A3 —L. capensis (Darlington)

A4 - L .  capensis (Orange)

A5 - L .  capensis (Hardap. LowO. Orange. 
Darlington)

A6 - L .  capensis (Hardap. LowO . Orange)

■j L. seeberi

H
A7 - L .  capensis (LowO)

A8 —L. capensis (Hardap, LowO, Orange) 
A9 - L .  capensis (Hardap, Orange)
A10 - L .  capensis (Orange) 

i----- A l 1 -  L. capensis (Orange)
A12 -  L. capensis (Orange)

A13 —L. capensis (Orange)
A 1 4 -L . capensis (Orange, Darlington)

A15 - L .  capensis (Hardap)
A 1 6 - L .  capensis (Orange)

A l7 -  L. capensis (Orange)
A 1 8 -L . capensis (Orange) 

A 1 9 -Z . capensis (Orange)

A20 -  L. umbratus (Hardap)

■ A 2 1 — L. umbratus (Orange)

A 2 2 —L. umbratus (Orange)

Fig. 4.5. Maximum likelihood phylogram of nuclear S7 gene constructed using the HKY+I model,

showing the relationships between L. capensis (A1-19) and L. umbratus (A20-35). Alleles A5 

and A6 occurred in combination with A20 and A23 in the Hardap and A5 and A25 in the 

Darlington impoundments (highlighted in red), indicating the individuals were hybrids because 

they carried one allele each from the two putative parental species. Labeo seeberi was used as an 

outgroup. LowO = Lower Orange.
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Fig. 4.6. Maximum likelihood phylogram of mitochondrial Cyt b gene constructed using the TrN+I 

model, showing the close relationship of L. capensis alleles (H9-16 and H20-25) to the two 

distinct L. umbratus clades (Southern H 1-8 and Orange H17-19). Labeo seeberi was used as an 

outgroup. LowO = Lower Orange.

Detection and Geographic Distribution of Mitochondrial DNA Haplotypes

A  to ta l  o f  25  u n iq u e  m tD N A  se q u e n c e s  (h a p lo ty p e s )  w a s  fo u n d . T h re e  g ro u p s

( lin e a g e s )  o f  s im ila r  h a p lo ty p e s  w e re  d is tin g u ish e d , n a m e ly  O ra n g e  R iv e r  L . c a p e n s is  

an d  L . u m b r a tu s  r e p re s e n tin g  lin e a g e s  A  (a lle le s  4 - 1 7 )  an d  B  (a lle le s  1 -3 ) , 

re sp e c tiv e ly , a n d  p o p u la tio n s  fro m  s o u th e rn - f lo w in g  r iv e r  sy s te m s  [ lin e a g e  C  (a lle le s
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1 8 -2 5 )]  (F ig . 4 .7 ). L in e a g e  (C ) w a s  a s so c ia te d  w ith  L . u m b r a tu s  f ro m  s o u th e rn -f lo w in g  

r iv e rs , w h ic h  is  th e  o n ly  in d ig e n o u s  sp e c ie s  o f  L a b e o  in  th e s e  r iv e r  sy s tem s . O n ly  

O ra n g e  lin e a g e  (A ), a s so c ia te d  w ith  L . c a p e n s is , w a s  p re s e n t in  th e  m id d le  a n d  lo w e r  

O ra n g e  R iv e r , a n d  O ra n g e  lin e a g e  (B ) w a s  a s s o c ia te d  w ith  L . u m b ra tu s .  S u rp ris in g ly , L . 

c a p e n s is  a lle le s  w e re  in d ic a te d  to  b e  m o re  c lo se ly  re la te d  to  th e  tw o  L . u m b r a tu s  c lad es  

th a n  th e  tw o  L . u m b r a tu s  c la d e s  w e re  re la te d  to  e a c h  o th e r, b u t  th is  c o u ld  b e  th e  re s u lt  

o f  in c o m p le te  lin e a g e  so r tin g  (F ig . 4 .7 ).

M o s t  h a p lo ty p e s  d e te c te d  w e re  c o n f in e d  to  th e  O ra n g e  R iv e r  b a s in , w h ic h  re f le c te d  th e  

n a tu ra l o c c u rre n c e  o f  tw o  sp e c ie s  a n d  p ro b a b ly  a lso  th e  g re a te r  n u m b e r  o f  s a m p lin g  

lo c a tio n s . O n ly  e ig h t h a p lo ty p e s  (H 1 8 -H 2 5 )  w e re  d e te c te d  in  so u th e rn - f lo w in g  r iv e r  

sy s te m s  ( in c lu d in g  h y b r id  z o n e s ) , o f  w h ic h  m o s t  w e re  a s so c ia te d  w ith  L . u m b r a tu s  th a t  

o c c u rre d  n a tu ra lly  in  th e s e  r iv e r  sy s tem s . S o m e  o f  th e  h a p lo ty p e s  f ro m  th e  O ra n g e  

R iv e r  l in e a g e  (A ) (H 4  an d  H 1 2 )  a n d  lin e a g e  (B ) (H 2 )  w e re  a lso  d e te c te d  in  th e  

D a r lin g to n  im p o u n d m e n t, w h ic h  is p a r t  o f  th e  s o u th e rn - f lo w in g  r iv e r  sy s te m  (F ig . 4 .3 ). 

T h e  a b u n d a n t h a p lo ty p e s  d e te c te d  in  th e  D a r l in g to n  im p o u n d m e n t b e lo n g e d  to  l in e a g e  

(C ). In  th e  H a rd a p  im p o u n d m e n t, o n ly  O ra n g e  R iv e r  lin e a g e  (A ) h a p lo ty p e s , a s so c ia te d  

w ith  L . c a p e n s is ,  w e re  d e te c te d  (H 4 , H 1 6  a n d  H 1 7 ). L in e a g e  A  sh o w e d  th e  h ig h e s t 

h a p lo ty p e  d iv e rs ity , w h e re a s  th e  O ra n g e  R iv e r  lin e a g e  (B ) sh o w e d  th e  lo w est. T h e  

O ra n g e  R iv e r  lin e a g e  (B ), a s so c ia te d  w ith  L . c a p e n s is  (F ig . 4 .7 ; h ig h lig h te d  in  red ), 

d if fe re d  fro m  th e  O ra n g e  lin e a g e  (A ) a s so c ia te d  w ith  L . u m b r a tu s  (d a rk  g re e n )  b y  f iv e  

m u ta tio n s  (0 .6 %  d iv e rg e n c e ) , an d  d if fe re d  fro m  lin e a g e  C , a s so c ia te d  w ith  L . u m b ra tu s  

( l ig h t g re e n )  f ro m  so u th e rn -f lo w in g  r iv e r  sy s te m s , b y  o n ly  o n e  m u ta tio n  (F ig . 4 .7 ).
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Fig. 4.7. Mitochondrial cytochrome b TCS parsimony network showing the geographic distribution of 

Labeo umbratus and Labeo capensis haplotypes. Putative pure populations colour codes: dark 

green = Orange River system L. umbratus, red = Orange River system L. capensis, light green = 

southward-flowing systems L. umbratus. Potential hybrid populations colour codes: yellow = 

Hardap, orange = Darlington. Black dots represent missing alleles.
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Hybrid Identification from Genetic Data

B o th  C y t b  m tD N A  a n d  S7 n D N A  d a ta  d is tin g u is h e d  th e  p u re  sp e c ie s  s tra in s . N o  

h y b rid s  w e re  id e n tif ie d  in  th e  lo w e r  O ra n g e  R iv e r  (a lle le s  w e re  in  th e  h o m o z y g o u s  s ta te  

fo r  L . c a p e n s is )  a n d  L a k e  G a rie p  (a lle le s  w e re  h o m o z y g o u s  fo r  e ith e r  p u re  L . c a p e n s is  

o r  L . u m b ra tu s ) ,  w h e re  h y b r id is a tio n  h a s  b e e n  re p o r te d  p re v io u s ly . H y b r id s  w e re  o n ly  

id e n tif ie d  in  th e  H a rd a p  a n d  D a r l in g to n  im p o u n d m e n ts . C e r ta in  in d iv id u a ls  f ro m  th e  

H a rd a p  (M R 0 8 F 0 2 9 , 0 4 4 , 0 6 0 , 061 an d  0 7 4 )  a n d  D a r l in g to n  (D IF S  0 7 -1 3 3 )  

im p o u n d m e n ts  w e re  id e n tif ie d  as  F 1 h y b r id s  o n  th e  b a s is  o f  h e te ro z y g o s ity  o f  S7 a t e a c h  

lo c u s  w h e re  th e  p a re n ta l  sp e c ie s  e x h ib it  f ix e d  d iffe re n c e s . S ix  in d iv id u a ls  f ro m  H a rd a p  

th a t  w e re  h o m o z y g o u s  fo r  L . u m b r a tu s  a lle le s  (M R 0 8 F 0 7 1  re p re s e n te d  b y  A 2 0 ; 

M R 0 8 F 0 3 0 , 0 5 0 , 0 5 9  an d  0 6 2  re p re s e n te d  b y  A 2 3 ; a n d  M R 0 8 F 0 5 6  re p re s e n te d  b y  

A 2 5 ) in  th e  n D N A  p h y lo g e n y  (F ig . 4 .5 )  w e re  c la s s if ie d  as L . c a p e n s is  o n  th e  b a s is  o f  

m tD N A  d a ta ; th e s e  re su lts  w e re  in d ic a tiv e  o f  in tro g re s s io n , th e re fo re  th e  in d iv id u a ls  

w e re  c la s s if ie d  as p o s s ib le  b a c k c ro s s  h y b rid s .
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TABLE 4 .4 . P r in c ip a l c o m p o n e n t a n a ly s is  lo a d in g s  fo r  33 m o rp h o m e tr ic  c h a ra c te rs  o n  

fo u r  p r in c ip a l c o m p o n e n ts  (P C 1  to  P C 4 ) , e ig e n v a lu e s  an d  p e rc e n ta g e  v a r ia n c e  

e x p la in e d  fo r  th re e  p u ta tiv e  p u re  p o p u la tio n s  o f  O ra n g e  R iv e r  L . c a p e n s is , L . u m b r a tu s  

an d  s o u th e rn  L . u m b ra tu s .  N u m b e rs  h ig h lig h te d  in  b o ld  (v a lu e s  a b o v e  0 .2 5 )  in d ic a te  

lo a d in g s  th a t  a re  a b o v e  th e  c u t - o f f  ru le  (V  v e c to rs )  (C h a tf ie ld  &  C o llin s  1980).

Character PC 1 PC 2 PC 3 PC 4

Eigenvalue 0.032 0.014 0.006 0.003
Variance explained (%) 50 21.914 9.484 4.186

SL -0.025 -0.007 0.095 0.091
d f 0.257 0.179 -0.082 -0.007
d fb 0.414 0.130 -0.034 0.022
CPD 0.058 -0.297 0.177 -0.078
p d f -d c f -0.218 0.065 0.208 -0.093
P1F 0.129 0.107 -0.082 0.077
P2F 0.221 0.210 -0.104 0.041
P1F-P2F 0.101 -0.115 0.027 -0.051
a f 0.382 0.176 -0.135 -0.079
a fb 0.291 0.141 -0.043 -0.142
P2F-AAF -0.157 -0.060 0.215 0.035
ADF-P1F 0.036 -0.117 0.071 -0.054
PDF-P1F 0.136 -0.070 0.031 -0.013
ADF-P2F 0.092 -0.161 0.010 -0.105
PDF-P2F 0.056 -0.192 0.036 -0.082
a d f -a a f 0.023 -0.045 0.133 -0.018
p d f -a a f -0.152 -0.150 0.219 -0.064
p d f -p a f -0.155 -0.063 0.220 -0.018
P1F-VCF -0.001 -0.026 0.098 -0.073
a a f -d c f 0.046 0.099 0.110 -0.189
CPL -0.113 0.176 0.138 -0.315

p a f -d c f -0.052 0.083 0.155 -0.168
O-PO -0.351 0.539 -0.139 -0.021
O-E -0.303 0.252 -0.204 0.089
HL -0.094 0.062 -0.108 0.280

E-SN 0.008 - 0.255 -0.176 0.427

ED 0.050 0.016 0.152 0.522

SN-P1F -0.085 0.047 -0.004 0.329

SN-P2F 0.023 -0.039 0.021 0.108
sn -p d f 0.085 -0.027 0.030 0.084
sn -a d f -0.007 -0.072 0.062 0.089
E-N -0.192 -0.379 -0.677 -0.259

L-RN -0.068 0.015 -0.218 0.024
SL= Standard length, DF= D orsal fin length, DFB= D orsal fin base length, CPD= Caudal peduncle depth, PD F-D CF= Posterior dorsal fin to dorsal caudal fin,
P1F= Pectoral fin length, P2F= Pelvic fin  length, P1F-P2F= Pectoral fin to  pelvic fin, AF= A nal fin, AFB= A nal fin  base length, P2F-AA F= Pelvic fin to anterior 
anal fin, AD F-P1F= A nterior dorsal fin to pectoral fin, PD F-P1F= Posterior dorsal fin to pectoral fin, A D F-P2F= Anterior dorsal fin to pelvic fin, PD F-P2F= 
Posterior dorsal fin to pelvic fin, AD F-AA F= Anterior dorsal fin to anterior anal fin, PDF-A AF= Posterior dorsal fin to anterior anal fin, PD F-PAF= Posterior 
dorsal fin to posterior anal fin, P1F-V C F= Pectoral fin to ventral caudal fin, AA F-DCF= Anterior anal fin to dorsal caudal fin, CPL= Caudal peduncle length, 
PA F-DCF= Posterior anal fin to dorsal caudal fin, O-PO = Operculum  to  pre-operculum , O-E= Operculum  to  eye, HL= H ead length, E-SN = Eye to snout, ED= 
Eye diameter, SN-P1F= Snout to pectoral fin, SN -P2F= Snout to pelvic fin, SN-PDF= Snout to  posterior dorsal fin, SN-ADF= Snout to anterior dorsal fin, E-N = 
Eye to nares, L-RN = Left to right nares.
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Morphological Differentiation of Pure and Hybrid Individuals

F o u r  p r in c ip a l c o m p o n e n ts  (P C ) d e sc r ib e d  8 5 .6 %  o f  th e  m o rp h o m e tr ic  v a r ia tio n  a m o n g

in d iv id u a ls  in  th e  s iz e -s ta n d a rd is e d  p u re  p o p u la tio n s  d a ta  se t (T a b le  4 .4 ) . T h e  f irs t 

c o m p o n e n t e x p la in e d  5 0 %  o f  th e  v a r ia t io n  re m a in in g  a f te r  a llo m e tr ic  c o rre c tio n , an d  

w a s  p o s it iv e ly  lo a d e d  b y  h ig h  v a lu e s  fo r  D o rs a l- f in  le n g th  (D F ) (0 .2 5 7 ) , D o rs a l- f in  b a s e  

w id th  (D F B ) (0 .4 1 4 ) , A n a l- in  le n g th  (A F )  (0 .3 8 2 )  a n d  A n a l- f in  b a s e  w id th  (A F B ) 

(0 .2 9 1 ) , an d  n e g a tiv e ly  fo r  d is ta n c e  f ro m  o p e rc u lu m  to  p re -o p e rc u lu m  (O -O P )  ( - 0 .3 5 1 )  

an d  o p e rc u lu m  to  th e  ey e  (O -E )  ( - 0 .3 0 3 ) .  T h e  f irs t  c o m p o n e n t fu lly  s e p a ra te d  O ra n g e  

R iv e r  L . c a p e n s is  a n d  th e  tw o  L . u m b r a tu s  p o p u la tio n s  (F ig . 4 .8 a ) , a n d  in d ic a te d  th a t  

O ra n g e  R iv e r  L . c a p e n s is  d if fe re d  fro m  th e  tw o  L . u m b r a tu s  p o p u la tio n s  b y  p o s s e s s in g  

lo n g e r  d o rsa l an d  an a l f in s  a n d  s h o r te r  o p e rc le s .

T h e  se c o n d  p r in c ip a l c o m p o n e n t e x p la in e d  2 2 %  o f  th e  to ta l v a r ia n c e  a n d  w a s  p o s it iv e ly  

lo a d e d  b y  d is ta n c e s  b e tw e e n  th e  o p e rc u lu m  a n d  th e  p re -o p e rc u lu m  (O -P O ) (0 .5 3 9 )  an d  

th e  o p e rc u lu m  an d  e y e  (O -E )  (0 .2 5 2 ) , n e g a tiv e ly  b y  c a u d a l p e d u n c le  d e p th  (C P D ) 

( -0 .2 9 7 ) , d is ta n c e  fro m  th e  ey e  to  th e  sn o u t (E -S N ) ( -0 .2 5 5 )  a n d  d is ta n c e  fro m  th e  ey e  

to  th e  n o s tr il  (E -N ) (-0 .3 7 9 ) . T h e  se c o n d  c o m p o n e n t la rg e ly  s e p a ra te d  th e  tw o  L. 

u m b r a tu s  p o p u la tio n s , b u t  w ith  s lig h t o v e rla p  (F ig . 4 .8 a ) . T h is  re s u lt  in d ic a te d  th a t  th e  

O ra n g e  R iv e r  L . u m b r a tu s  h a v e , o n  a v e ra g e , la rg e r  h e a d s , s h o r te r  sn o u ts  a n d  s lim m e r  

c a u d a l p e d u n c le s  c o m p a re d  w ith  L . u m b r a tu s  p o p u la tio n s  in  so u th e rn -f lo w in g  r iv e r  

sy stem s.
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Fig. 4.8. (a) Principal component analysis scatterplot o f the first and second principal components for

specimens of Orange River L. capensis, and Orange River and southern L. umbratus derived from 

33 morphometric characters. Orange River L. capensis (□) is shown to be distinct from the other 

two populations, while Orange River L. umbratus (+) and southern river systems L. umbratus (A) 

are shown to overlap slightly. The ellipses represent 95% confidence intervals. (b) Canonical 

variate analysis scatterplot o f the specimens on the first and second discriminant functions.
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TABLE 4 .5 . M A N O V A /C V A  lo a d in g s  fo r  33 m o rp h o m e tr ic  c h a ra c te rs  o n  th e  f irs t  tw o  
c a n o n ic a l a x e s  (A x is  1 a n d  2 ), e ig e n v a lu e s  an d  p e rc e n ta g e  v a r ia n c e  e x p la in e d  fo r  th re e  
p u ta tiv e  p u re  p o p u la tio n s  (O ra n g e  R iv e r  L . c a p e n s is , O ra n g e  R iv e r  L . u m b r a tu s  an d  
so u th e rn  L . u m b ra tu s .

Character Axis 1 Axis 2

Eigenvalue 19.68 5.487
Variance explained (%) 78.2 21.8

SL 11.408 27.386
d f -4.706 7.053
d fb -3.357 -1.18
CPD 4.415 5.59
p d f -d c f 15.497 16.466
P1F -6.149 -19.186
P2F 17.121 24.941
P1F-P2F -1.85 -16.466
a f -14.438 6.370
a fb 0.901 13.003
P2F-AAF 5.451 -24.656
ADF-P1F 13.752 19.668
PDF-P1F -3.818 -13.652
ADF-P2F -28.754 -11.093
PDF-P2F 25.562 14.463
a d f -a a f -4.270 -6.220
p d f -a a f -15.658 -23.689
p d f -p a f 23.956 -7.889
P1F-VCF 15.464 79.149
a a f -d c f -8.677 -28.202
CPL -0.789 -7.406
p a f -d c f -3.714 -2.465
O-PO -2.136 -11.32
O-E 6.324 10.265
HL -0.066 0.523
E-SN -12.421 -19.506
ED -7.838 -1.807
SN-P1F 55.503 65.397
SN-P2F -33.275 -25.716
sn -p d f -52.488 -34.083
sn -a d f -0.763 -42.685
E-N -0.458 -1.723
L-RN 1.898 14.555

SL= Standard length, DF= Dorsal fin length, DFB= Dorsal fin base length, CPD= Caudal peduncle depth, PDF-DCF= Posterior dorsal fin to 
dorsal caudal fin, P1F= Pectoral fin length, P2F= Pelvic fin length, P1F-P2F= Pectoral fin to pelvic fin, AF= Anal fin, AFB= Anal fin base 
length, P2F-AAF= Pelvic fin to anterior anal fin, ADF-P1F= Anterior dorsal fin to pectoral fin, PDF-P1F= Posterior dorsal fin to pectoral 
fin, ADF-P2F= Anterior dorsal fin to pelvic fin, PDF-P2F= Posterior dorsal fin to pelvic fin, ADF-AAF= Anterior dorsal fin to anterior anal 
fin, PDF-AAF= Posterior dorsal fin to anterior anal fin, PDF-PAF= Posterior dorsal fin to posterior anal fin, P1F-VCF= Pectoral fin to 
ventral caudal fin, AAF-DCF= Anterior anal fin to dorsal caudal fin, CPL= Caudal peduncle length, PAF-DCF= Posterior anal fin to dorsal 
caudal fin, O-PO= Operculum to pre-operculum, O-E= Operculum to eye, HL= Head length, E-SN= Eye to snout, ED= Eye diameter, SN- 
P1F= Snout to pectoral fin, SN-P2F= Snout to pelvic fin, SN-PDF= Snout to posterior dorsal fin, SN-ADF= Snout to anterior dorsal fin, E- 
N= Eye to nares, L-RN= Left to right nares.
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T h e  M A N O V A /C V A  sh o w e d  a  s ig n if ic a n t o v e ra ll d if fe re n c e  b e tw e e n  g ro u p s  (W ilk 's  X 

=  0 .0 0 7 4 5 2 ; F  =  3 2 .7 1 , p  <  0 .0 5 ), su p p o r te d  b y  p o s t - h o c  a n a ly s is  o f  p a irw ise  

H o s te l l in g ’s T  sq u a re d  (B o n fe rro n i c o rre c te d )  (O ra n g e  L . c a p e n s is  v s  L . u m b ra tu s , p  <  

0 ,0 5 ; O ra n g e  L . c a p e n s is  v s  so u th e rn  L . u m b ra tu s , p  <  0 ,0 5 ; O ra n g e  L . u m b r a tu s  v s  

so u th e rn  L . u m b ra tu s , p  <  0 ,0 5 ). T h u s , th e  m o rp h o lo g ic a l e q u iv a le n c e  o f  th e  th re e  p u re  

g ro u p s  w a s  re je c te d . T h e  C V A  s c a tte rp lo t sh o w e d  1 0 0 %  d isc r im in a tio n  o f  th e  th re e  a  

p r io r i  g ro u p s  (F ig . 4 .8 b ). A x is  1 e x p la in e d  7 8 .2 %  o f  th e  to ta l  v a r ia tio n  a n d  A x is  2 

a c c o u n te d  fo r  2 1 .8 %  (T a b le  4 .5 ) . A ll v a r ia b le s  sh o w e d  a  s ig n if ic a n t c o rre la tio n  w ith  th e  

tw o  d is c r im in a n t fu n c tio n s .

In  th e  P C A  o f  m e r is t ic  d a ta , P C 1  d e sc r ib e d  th e  v a s t  m a jo r ity  o f  v a r ia tio n  (9 1 .6 % ) 

a m o n g  in d iv id u a ls  in  th e  p u re  p o p u la tio n s  d a ta  se t (T a b le  4 .6 ) . T h e  a x e s  w e re  p o s it iv e ly  

lo a d e d  b y  h ig h  v a lu e s  fo r  a ll fo u r  v a r ia b le s . T h is  r e s u lt  c o n f irm e d  th a t  L . u m b r a tu s  h as  

m o re  a n d  sm a lle r  sc a le s  th a n  L . c a p e n s is .  T h e  P C A  s c a tte rp lo t d e r iv e d  fro m  th e  

m e r is tic  d a ta  c le a r ly  d if fe re n tia te d  L . c a p e n s is  an d  L . u m b r a tu s  in d iv id u a ls , b u t  th e  tw o  

L . u m b r a tu s  p o p u la tio n s  w e re  n o t  d is tin c t (F ig . 4 .9 a ) . A n a ly s is  o f  d a ta  fo r  th e  tw o  L. 

u m b r a tu s  p o p u la tio n s  a lo n e  re v e a le d  s im ila r  r e s u lts  (d a ta  n o t p re se n te d ) . M A N O V A  

sh o w e d  a  s ig n if ic a n t o v e ra ll d if fe re n c e  b e tw e e n  g ro u p s  (W ilk 's  X =  0 .0 0 3 7 6 6 ; F  =

146 .4 , p  <  0 .0 5 ). T h is  f in d in g  w a s  su p p o r te d  b y  p o s t - h o c  a n a ly s is  o f  p a irw ise  

H o te ll in g 's  T  sq u a re d  (B o n fe rro n i c o rre c te d )  u s in g  a ll c o m p o n e n ts  (O ra n g e  L . c a p e n s is  

v s  L . u m b ra tu s , p  <  0 .0 5 ; O ra n g e  L . c a p e n s is  v s  s o u th e rn  L . u m b ra tu s , p  <  0 .0 5 ; O ra n g e  

L . u m b r a tu s  v s  so u th e rn  L . u m b ra tu s , p  <  0 .0 5 ). C V A  re v e a le d  1 0 0 %  c la s s if ic a tio n  

a m o n g  L . c a p e n s is  a n d  th e  tw o  L . u m b r a tu s  g ro u p s , an d  8 6 .8 6 %  c la s s if ic a tio n  o f  

in d iv id u a ls  b e tw e e n  th e  tw o  L . u m b r a tu s  g ro u p s  (F ig . 4 .9 b ). T h e  h y p o th e s is  th a t  th e

150



th re e  p o p u la tio n s  a re  n o t d is tin c t w a s  re je c te d  o n ly  w h e n  c o m p a r in g  L . c a p e n s is  a n d  th e  

tw o  L . u m b r a tu s  g ro u p s . A x is  1 e x p la in e d  9 8 .2 %  o f  th e  to ta l v a r ia tio n  a n d  A x is  2 

a c c o u n te d  fo r  1 .4 3 9 %  (T a b le  4 .6 ) . A ll v a r ia b le s  sh o w e d  a  s ig n if ic a n t c o rre la tio n  w ith  

th e  tw o  d is c r im in a n t fu n c tio n s .

TABLE 4 .6 . P r in c ip a l c o m p o n e n ts  a n a ly s is  lo a d in g s  fo r  th e  f irs t tw o  p r in c ip a l 

c o m p o n e n ts  (P C 1  a n d  2 ), a n d  M A N O V A /C V A  lo a d in g s  fo r  th e  f irs t  tw o  c a n o n ic a l ax es  

(A x is  1 a n d  2 ), fo r  fo u r  m e r is tic  v a r ia b le s  fo r  th re e  p u ta t iv e  p u re  p o p u la tio n s  (O ra n g e  

R iv e r  L . c a p e n s is ,  O ra n g e  R iv e r  L . u m b r a tu s  an d  s o u th e rn  L . u m b ra tu s .  N u m b e rs  

h ig h lig h te d  in  b o ld  (v a lu e s  a b o v e  0 .2 5 ) in d ic a te  P C A  lo a d in g s  th a t  a re  a b o v e  th e  c u t - o f f  

ru le  (V  v e c to rs )  (C h a tf ie ld  &  C o llin s  1980). E ig e n v a lu e s  a n d  p e rc e n ta g e  v a r ia n c e  

e x p la in e d  fo r  P C A  a n d  M A N O V A /C V A  a re  a lso  lis ted .

PC 1 PC 2 Axis 1 A xis 1

Eigenvalues 0.022 0.001 15.16 0.329

Variance explained (%) 91.605 3.934 97.88 2.125

LL 0.469 -0.018 34.574 38.62
l l -d f 0.541 0.083 19.641 -31.569

LL-P2V 0.452 0.792 -2.443 -18.268

CP 0.532 -0 .6 0 5 8.827 12.597
LL= Lateral line scale count, LL-DF= Lateral line to the origin of the dorsal fin scale count, LL-P2F= Lateral line to pelvic fin scale
count, CP= Caudal peduncle scale count
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Fig. 4.9. Principal components analysis scatterplot of the first and second principal components for 

specimens of Orange River L. capensis, and Orange River and southern L. umbratus derived from four 

meristic variables. Orange L. capensis (□) is shown to be distinct from the other two populations, while 

Orange River L. umbratus (+) and southern systems L. umbratus (A) show considerable overlap. The 

ellipses represent 95% confidence intervals. (b) Canonical variate analysis scatterplot showing 

discrimination of the specimens on the first and second discriminant functions.
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Hybrid Identification from Morphological Data

In d iv id u a ls  f ro m  th e  p u ta t iv e  in tro g re s se d  H a rd a p  p o p u la tio n  w e re  in c lu d e d  in  th e  

m o rp h o m e tr ic  a n d  m e r is tic  d a ta  se ts  to g e th e r  w ith  m e m b e rs  o f  th e  th re e  p u re  

p o p u la tio n s , a n d  th e  d a ta  w e re  su b je c te d  to  P C A . S o m e  H a rd a p  in d iv id u a ls  w e re  

g ro u p e d  w ith  L . c a p e n s is  p o p u la tio n , a  fe w  w ith  th e  L . u m b r a tu s  g ro u p , an d  th e  

re m a in d e r  w e re  p la c e d  in te rm e d ia te  b e tw e e n  th e  tw o  g ro u p s . T w o  in d iv id u a ls  c la s s if ie d  

as F 1 h y b rid s  f ro m  g e n e tic  d a ta  w e re  p la c e d  b e tw e e n  th e  tw o  sp e c ie s  g ro u p s  o u ts id e  th e  

re s p e c tiv e  9 5 %  c o n f id e n c e  e ll ip se s  in  th e  P C A  s c a tte rp lo t d e r iv e d  fro m  m o rp h o m e tr ic  

d a ta  (F ig . 4 .1 0 a ). T h e  o th e r  th re e  in d iv id u a ls  g e n e tic a lly  c la s s if ie d  as F 1 h y b r id s  w e re  

g ro u p e d  w ith  th e  p a re n ta l  sp e c ie s , tw o  w ith  L . u m b r a tu s  an d  o n e  w ith  L . c a p e n s is . E ig h t 

in d iv id u a ls  g e n e tic a l ly  c la s s if ie d  as F 2 h y b rid s  w e re  g ro u p e d  w ith  th e  tw o  p a re n ta l  

sp ec ie s , th re e  w ith  L . u m b r a tu s  an d  f iv e  w ith  L . c a p e n s is .  In  th e  P C A  o f  th e  m e r is tic  

d a ta , o n ly  o n e  in d iv id u a l g e n e tic a lly  c la s s if ie d  as a  F 1 h y b r id  w a s  g ro u p e d  w ith  L. 

u m b r a tu s ; th e  o th e r  fo u r  in d iv id u a ls  w e re  p la c e d  b e tw e e n  th e  tw o  p a re n ta l  sp e c ie s  (F ig . 

4 .1 0 b ). O f  th e  n in e  in d iv id u a ls  g e n e tic a lly  c la s s if ie d  as F 2 h y b rid s , th re e  w e re  g ro u p e d  

w ith  L . u m b r a tu s , tw o  w ith  L . c a p e n s is , th re e  w e re  in te rm e d ia te  b e tw e e n  th e  tw o  

g ro u p s  b u t  tw o  w e re  p la c e d  c lo se  to  L . c a p e n s is , a n d  o n e  w a s  p la c e d  c lo se  to  L. 

c a p e n s is  b u t  o u ts id e  th e  9 5 %  c o n f id e n c e  e llip se s . M o s t  o f  th e  p u ta tiv e  h y b r id s  h a d  sca le  

c o u n ts  in te rm e d ia te  b e tw e e n  th o s e  o f  th e  tw o  sp e c ie s  as in d ic a te d  b y  th e  m e r is t ic  d a ta  

(F ig . 4 .1 0 b , T a b le  4 .7 ).

153



TABLE 4 .7 . S c a le  c o u n t ra n g e s  fo r  p u re  O ra n g e  R iv e r  L . c a p e n s is , O ra n g e  R iv e r  L. 

u m b r a tu s  an d  s o u th e rn  sy s te m s  L . u m b r a tu s , an d  p u ta tiv e  h y b r id s  f ro m  th e  H a rd a p  an d  

D a r lin g to n  im p o u n d m e n ts .

Character

Orange River 

L. capensis

Orange River 

L. umbratus

Southern
systems

L. umbratus

Hardap hybrids 

F1 F2/backcrosses

Darlington 

. hybrids F1

LL 40-45 52-64 54-67 43-51 42-53 45

l l -d f 8-10 11 -  14 12-15 10-11 8-12 10

LL-P2V 6-8 8-10 8-12 7-8 6-9 9

CP 20-26 28-41 29-39 28-34 27-35 33

LL= Lateral line scale count, LL-DF= Lateral line to the origin of the dorsal fin scale count, LL-P2F= Lateral line to pelvic fin scale 
count, CP= Caudal peduncle scale count

W h e n  d a ta  fo r  in d iv id u a ls  o f  th e  D a r l in g to n  p o p u la t io n  w e re  a n a ly se d  w ith  th e  sa m e  

p a re n ta l p o p u la tio n s , m o s t D a r l in g to n  sp e c im e n s  w e re  g ro u p e d  w ith  th e  L . u m b ra tu s  

g ro u p , a  fe w  w ith  th e  L . c a p e n s is  g ro u p , an d  o n ly  o n e  in d iv id u a l, g e n e tic a l ly  c la s s if ie d  

as a  F 1 h y b rid , w a s  m o rp h o lo g ic a lly  in te rm e d ia te  b u t  c lo se r  to  th e  L . u m b r a tu s  g ro u p  

(F ig . 4 .1 0 c  a n d  d). T h e se  re su lts  in d ic a te d  th a t  p u re  L . c a p e n s is  an d  L . u m b r a tu s  w e re  

re p re se n te d  in  th e  D a r l in g to n  im p o u n d m e n t.
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Fig. 4.10. Principal component analysis scatterplots derived from morphometric and meristic data for the 

three reference pure populations (Orange River L. capensis (□), Orange River L. umbratus (+) and 

southern systems L. umbratus (A)) and individuals from putative hybrid zones (•). (a) Hardap 

morphometrics, (b) Hardap meristics, (c) Darlington morphometrics and (d) Darlington meristics. 

Putative first-generation (F1 ) hybrids are indicated by red squares and second-generation hybrids 

(F2/backcrosses) are indicated by red circles, as identified from genetic data.
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DISCUSSION

T h is  s tu d y  is  th e  f irs t  c o m p re h e n s iv e  a s s e s s m e n t o f  th e  g e n e tic  a n d  m o rp h o lo g ic a l 

c h a ra c te r is tic s  o f  p u re  a n d  p u ta tiv e  h y b rid  L . c a p e n s is  an d  L . u m b r a tu s  u s in g  re la tiv e ly  

la rg e  s a m p le  s iz e s  (2 1 8  in d iv id u a ls )  a c ro ss  th e ir  d is tr ib u tio n a l ran g e . N in e  

m o rp h o m e tr ic  c h a ra c te rs  (d o rs a l- f in  le n g th , d o rs a l- f in  b a se  le n g th , c a u d a l p e d u n c le  

d ep th , a n a l- f in  le n g th , a n a l- f in  b a s e  le n g th , o p e rc u lu m  to  p re -o p e rc u lu m , o p e rc u lu m  to  

th e  ey e  d is ta n c e , e y e  to  sn o u t, an d  e y e  to  n o s tr il) , fo u r  m e r is tic  c h a ra c te rs  (n u m b e r  o f  

sc a le s  a lo n g  th e  la te ra l lin e , b e tw e e n  th e  la te ra l lin e  an d  th e  o r ig in  o f  th e  d o rsa l fin , 

b e tw e e n  th e  la te ra l lin e  a n d  o rig in  o f  th e  p e lv ic  fin , a n d  a ro u n d  th e  c a u d a l p e d u n c le ) , 

fo u r  f ix e d  n u c le a r  D N A  m u ta tio n s  ( f irs t  in tro n  o f  th e  S7 r ib o so m a l p ro te in  c o d in g  g e n e )  

an d  f iv e  m tD N A  m u ta tio n s  (c y to c h ro m e  b ) d is tin g u is h e d  th e  th re e  L a b e o  p o p u la tio n s  

(L. c a p e n s is ,  O ra n g e  R iv e r  L . u m b r a tu s  an d  s o u th e rn  L . u m b ra tu s ) .  A c c o rd in g  to  V a n  

V u u re n  e t  a l. (1 9 8 9 , 1 9 90), w h o  s tu d ie d  p o p u la tio n s  o f  L . u m b r a tu s  an d  L . c a p e n s is  

f ro m  th e  H a rd a p  im p o u n d m e n t, th e  tw o  sp e c ie s  c a n  b e  d is tin g u ish e d  b y  th e  n u m b e r  o f  

d o rsa l- f in  sp in es . H o w e v e r , th e  p re s e n t  re su lts  in d ic a te  th a t  th is  is n o t  th e  c a se  b e c a u s e  

L . c a p e n s is  h a s  th re e  d o rs a l- f in  sp in e s  a n d  L . u m b r a tu s  h as  e ith e r  th re e  o r  fo u r  d o rsa l-  

f in  sp in es .

G ro u p s  th a t  w e re  h y p o th e s is e d  a  p r io r i  to  re p re s e n t  d is tin c t a n d  n o n - in tro g re s s e d

p o p u la tio n s  (m id d le  O ra n g e , B ra k , V aa l, B u s h m a n s , K e is k a m m a  a n d  G a rie p , a n d  K a t

r iv e rs  an d  th e  S la g b o o m  im p o u n d m e n t)  w e re  d is c r im in a te d  b y  g e n e tic  d a ta  (F ig s . 4 .5

an d  4 .6 )  an d  m o rp h o lo g y  (F ig s . 4 .8  a n d  4 .9 ) . In d iv id u a ls  o f  L . c a p e n s is  f ro m  th e  lo w e r

O ra n g e  R iv e r , in  w h ic h  h y b r id is a tio n  w a s  su sp e c te d  to  h a v e  o c c u rre d , w e re  c la s s if ie d

o n  th e  b a s is  o f  g e n e tic  an d  m o rp h o lo g ic a l d a ta  as p u re  L . c a p e n s is . T h e  c o m b in a tio n  o f

g e n e tic  a n d  m o rp h o lo g ic a l m e th o d s  e n a b le d  id e n tif ic a tio n  o f  p o s s ib le  F 1 h y b rid s  an d
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b a c k c ro s s e s  in  th e  H a rd a p  (F ig . 4 .1 0 a  a n d  b )  a n d  D a r l in g to n  (F ig . 4 .1 0 c  a n d  d) 

im p o u n d m e n ts . U n lik e  th e  s tu d y  b y  V a n  V u u re n  e t  a l. (1 9 8 9 ), it  w a s  a lso  p o s s ib le  to  

id e n tify  p u ta t iv e  F 1 h y b rid s  f ro m  m o rp h o lo g ic a l c h a ra c te rs  (F ig . 4 .1 0 , T a b le  4 .7 ). 

P u ta tiv e  F 1 h y b rid s  c o u ld  b e  id e n tif ie d  u s in g  n D N A  se q u e n c e  d a ta  as th e y  c a rry  an  

e q u a l m ix tu re  o f  g e n e s  fro m  b o th  p a re n ta l  g e n o m e s , b u t  m o rp h o lo g ic a l c h a ra c te rs  w e re  

le s s  in fo rm a tiv e  as  m o s t o f  th e  p u ta t iv e  F 1 h y b r id s  w e re  g ro u p e d  w ith  o r  c lo s e s t  to  o n e  

o f  th e  p u ta tiv e  p a re n ta l sp e c ie s , p ro b a b ly  b e c a u s e  o f  d o m in a n c e  o r  e p ig e n e tic  e ffe c ts  

(g e n e tic  e ffe c ts  n o t  e n c o d e d  in  th e  D N A  se q u e n c e  o f  an  o rg a n is m )  (C h e n , 2 0 0 7 ). 

B a c k c ro s s e s  a n d  F 2  h y b r id s  a re  m o re  d if f ic u lt  to  id e n tify  u s in g  o n ly  th e  tw o  d a ta  ty p e s  

as su ch  h y b rid s  sh o w  p h e n o ty p e s  o f  o n e  o f  th e  p a re n ta l sp e c ie s  w ith  g re a te r  f re q u e n c y  

(C a m p to n , 1987 ; P a c h e c o  e t  a l., 2 0 0 2 ). H y b r id is a t io n  in  th e  H a rd a p  a n d  D a r l in g to n  

im p o u n d m e n ts  w a s  in d ic a te d  to  b e  a t d if fe re n t s ta g e s , w h ic h  m a y  re f le c t  d if fe re n t 

p ro c e sse s . T h is  is  b e c a u s e  th e  tw o  im p o u n d m e n ts  w e re  in d ic a te d  to  sh o w  d if fe re n t 

p a tte rn s  o f  h y b r id  ty p e s  ( in d iv id u a l id e n tif ic a tio n  w ith  m e r is tic s , m o rp h o m e tr ic s , n D N A  

an d  m tD N A ) b e tw e e n  th e  tw o  im p o u n d m e n ts  (T a b le  4 .8 ) . In tro g re s s io n  in  th e  H a rd a p  

im p o u n d m e n t se e m s to  b e  d is tin c tly  o ld e r  a n d  m o re  e x te n s iv e  th a n  in  th e  D a r l in g to n  

im p o u n d m e n t, b e c a u s e  in  th e  fo rm e r  im p o u n d m e n t p u ta tiv e  h y b rid s  w e re  m o re  

f re q u e n tly  e n c o u n te re d  d u r in g  f ie ld  su rv e y s  a n d  m o s t  o f  th e  p u ta t iv e  h y b rid s  s a m p le d  

w e re  in d ic a te d  to  b e  F 2  h y b rid s  o r b a c k c ro s se s .

Hybridisation in the Hardap Impoundment

T h e  p e rs is te n c e  o f  o n ly  L . c a p e n s is  m tD N A  a lle le s  in  th e  H a rd a p  im p o u n d m e n t (F ig . 

4 .7 )  in d ic a te d  th a t  a ll o f  th e  s p e c im e n s  id e n tif ie d  as L . u m b r a tu s  (fro m  n D N A  

se q u e n c e s  a n d  m o rp h o lo g ic a l c h a ra c te rs )  h a v e  a  h is to ry  o f  r e c e n t o r  m o re  a n c ie n t 

h y b r id is a tio n  (se e  a lso  B e rn a tc h e z  e t  a l., 1995 ; W ils o n  &  B e rn a tc h e z , 1998 ; F r e y h o f  e t
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a l., 2 0 0 5 )  a n d  th a t  L . c a p e n s is  fe m a le s  w e re  m o s tly  in v o lv e d  in  h y b r id is a tio n  (W irtz , 

1999). H y b r id is a t io n  in  th e  H a rd a p  im p o u n d m e n t w a s  in d ic a te d  to  h a v e  le d  to  th e  

c o m p le te  f ix a tio n  o f  L . c a p e n s is  m tD N A  in  h y b r id  in d iv id u a ls  a n d  th a t  e ith e r  p u re  L. 

u m b r a tu s  n o  lo n g e r  p e rs is ts  o r fe w  p u re  in d iv id u a ls  re m a in  an d  w e re  n o t sam p led . 

S e v e ra l s tu d ie s  h a v e  re p o r te d  s im ila r  m tD N A  re p la c e m e n t (A u b e r t  &  S o lig n ac , 1990; 

W ils o n  &  B e rn a tc h e z , 1998 ; F re y h o f  e t  a l., 2 0 0 5 ).

F o r  e x a m p le , F re y h o f  e t  a l. (2 0 0 5 ) , w h o  e x a m in e d  e v id e n c e  fo r  in tro g re s s io n  o f  

m tD N A  in  D a lm a tia n  c y p r in id s  fo u n d  in  L a k e  B u s k o  (R ie in a  R iv e r) , re p o r te d  th a t  o n e  

p o p u la tio n  o f  S c a r d in iu s  d e rg le  H e c k e l &  K n e r  1857  g ro u p e d  w ith  th e  S c a r d in iu s  

g e n u s  o n  th e  b a s is  o f  m o rp h o lo g ic a l an d  g e n e tic  (n D N A ) d a ta  b u t  h a d  S q u a liu s  te n e llu s  

H e c k e l 1843 m tD N A . T h e se  a u th o rs  sp e c u la te d  th a t  in tro g re s s io n  m u s t h a v e  o c c u rre d  

fo llo w in g  c o n s tru c tio n  o f  a  d a m  in  1962 , p ro b a b ly  tra p p in g  th e  tw o  p a re n ta l  sp e c ie s  in  

th e  p its  b e lo w  th e  dam . T h is  is  s im ila r  to  th e  f in d in g s  o f  th e  c u r re n t s tu d y , e x c e p t th a t  in  

th e  c a se  o f  L . c a p e n s is  x L . u m b r a tu s  h y b rid s , h y b r id is a t io n  is  in d ic a te d  to  h a v e  le d  to  

m tD N A  re p la c e m e n t b e tw e e n  c o n g e n e r ic  sp ec ies .

T h e  p re s e n c e  o f  a  c o m b in a tio n  o f  p o s s ib le  h y b r id  ‘ty p e s ’ in  th e  H a rd a p  im p o u n d m e n t 

(T a b le  4 .8 )  is  su g g e s tiv e  o f  o n g o in g  in tro g re s s iv e  h y b r id is a tio n  (M ille r , 1963). T h is  

f in d in g  su g g e s ts  th a t  h y b r id s  o f  L . c a p e n s is  a n d  L . u m b r a tu s  a re  fe r tile , w h ic h  im p lie s  

th e re  is a  r is k  o f  w id e s p re a d  in tro g re s s io n  a n d  p o te n tia l  fo r  c o m p le te  a d m ix tu re  (H it t  e t  

a l., 2 0 0 3 ; B o y e r  e t  a l., 2 0 0 8 ). A c c o rd in g  to  th e  c r ite r ia  o f  A lle n d o r f  e t  a l. (2 0 0 1 ), 

h y b r id is a tio n  in  th e  H a rd a p  im p o u n d m e n t c a n  b e  c a te g o r is e d  as T y p e  5 h y b r id is a tio n  

(i.e ., w id e s p re a d  in tro g re ss io n ) .
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TABLE 4 .8 . S u m m a ry  o f  th e  c a te g o r ie s  o f  p u re  (L . c a p e n s is  =  C A P , L . u m b r a tu s  =  

U M B ) an d  h y b r id  sp e c im e n s  th a t  w e re  id e n tif ie d  u s in g  a  c o m b in a tio n  o f  d a ta  ty p e s  

(m o rp h o lo g y  an d  g e n e tic )  in  th e  p u ta tiv e  h y b rid s  a re a s  (H a rd a p  a n d  D a r lin g to n  

im p o u n d m e n ts ) .

M orphology Genetics

Mitochondrial
Types Morphometrics Meristics Nuclear DNA DNA Locality N

Pure categories

CAP CAP CAP CAP CAP Both dams 12

UMB UMB UMB UMB UMB Darlington 14

Possible F i hybrid categories

1 Hybrid Hybrid Hybrid CAP Hardap 5

2 Hybrid Hybrid Hybrid UMB Darlington 1

Possible backcross hybrid categories

3 UMB Hybrid CAP CAP Hardap 1

4 UMB Hybrid Hybrid CAP Hardap 2

5 UMB Hybrid UMB CAP Hardap 2

6 Hybrid CAP CAP CAP Hardap 7

7 Hybrid CAP Hybrid CAP Hardap 1

8 Hybrid CAP UMB CAP Hardap 1

9 Hybrid Hybrid UMB CAP Hardap 2

L a b e o  c a p e n s is  p h e n o ty p e s  w e re  m o re  a b u n d a n t th a n  L . u m b r a tu s  in  th e  H a rd a p  

im p o u n d m e n t (T a b le  4 .9 ). A t th is  lo c a lity  o n ly  14 o f  th e  81 sp e c im e n s  c o lle c te d  in  a 

tw o -d a y  g ill n e t  su rv e y  sh o w e d  L . u m b r a tu s  p h e n o ty p e s . G a ig h e r  &  B lo e m h o f  (1 9 7 5 )  

su g g e s te d  th a t  L . c a p e n s is  d o m in a te d  b e c a u s e  th e  im p o u n d m e n t is m o s tly  ro c k y  

b o tto m e d , w h ic h  is  h a b ita t  fa v o u re d  b y  L . c a p e n s is . H a m m a n  (1 9 8 0 )  n o te d  th a t  th e  tw o  

sp e c ie s  sh a re d  th e  sa m e  b re e d in g  s ite s  in  L a k e  G a rie p , an d  T w e d d le  &  D a v ie s  (1 9 9 7 ) 

n o te d  th a t, l ik e  L . u m b r a tu s  (T o m a sso n  e t  a l., 1 9 84), L . c a p e n s is  u n d e r to o k  la te ra l 

m ig ra tio n  in to  n e w ly  in u n d a te d  litto ra l  h a b ita ts  to  s p a w n  in  th e  K a ts e  im p o u n d m e n t.
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Fig. 4.11. Expanded view of the sampling localities in the Fish River, Namibia. The x symbol between 

Witputs and Kochas drift represents a waterfall.

i t  is  th e re fo re  p o s s ib le  th a t  L . c a p e n s is  o u t c o m p e te s  L . u m b r a tu s  in  d a m s  (W in k e r  e t  

a l., 2 0 1 2 ). W h e n  L . c a p e n s is  is  th e  d o m in a n t sp e c ie s , L . u m b r a tu s  m ig h t s tru g g le  to  fin d  

c o n sp e c if ic  m a te s  le a d in g  to  e x tirp a tio n  o f  g e n e tic a l ly  p u re  L . u m b r a tu s  f ro m  th e  

H a rd a p  im p o u n d m e n t w ith  o n ly  h y b rid s  e x p re s s in g  so m e  L . u m b r a tu s  p h e n o ty p e s  n o w  

re m a in in g  in  th e  p o p u la tio n .

A c c o rd in g  to  H a y  (1 9 9 1 ), w h o  s tu d ie d  th e  d is tr ib u tio n  o f  f ish  in  th e  F is h  R iv e r  tr ib u ta ry  

o f  th e  O ra n g e  R iv e r , p u ta tiv e  h y b rid s  an d  L . u m b r a tu s  w e re  o n ly  sa m p le d  f ro m  th e  

u p p e r  re a c h e s  o f  th e  r iv e r  a t K u b  a b o v e  th e  H a rd a p  D a m  to  b e lo w  th e  d a m  a t S u n n y s id e  

(F ig . 4 .1 1 ). N o  p u ta tiv e  h y b r id s  a n d  L . u m b r a tu s  w e re  fo u n d  b e lo w  th e  w a te r fa ll  to  th e  

lo w e r  O ra n g e  R iv e r. T h e  p re s e n t s tu d y  a ls o  id e n tif ie d  o n ly  p u re  L . c a p e n s is  in  th e  lo w e r

O ra n g e  R iv e r . T h is  f in d in g  m a y  b e  a  r e s u lt  o f  in a d e q u a te  s a m p lin g  o r  in d ic a te s  th a t  L.
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u m b r a tu s  an d  h y b rid s  w ith  L . c a p e n s is  h a v e  n o t sp re a d  to  th is  p a r t  o f  th e  r iv e r  sy s tem . 

T h e  re su lts , h o w e v e r , d o  n o t  im p ly  th a t  th e  g e n e tic  in te g r ity  o f  L . c a p e n s is  d o w n s tre a m  

o f  th e  H a rd a p  im p o u n d m e n t a n d  in  th e  lo w e r  O ra n g e  is n o t a t r isk .

P o p u la tio n s  o f  L . c a p e n s is  an d  L . u m b r a tu s  a b o v e  th e  A u g ra b ie s  F a lls  w e re  in d ic a te d  

n o t to  h y b r id is e  n a tu ra lly  a n d  th u s  a re  s e c u re  f ro m  d ire c t in v a s io n  o f  h y b rid s  b e c a u se  

th e  6 0 -m e tre -h ig h  A u g ra b ie s  F a lls  a c ts  as a  b a r r ie r  to  th e  p o te n tia l  sp re a d  o f  h y b rid s  

u p s tre a m . T h e  p o p u la tio n s  a re  n o t, h o w e v e r , s e c u re  f ro m  tra n s lo c a tio n s  (e .g ., b a i t  

b u c k e t  t ra n s fe rs  o f  ju v e n i le s )  th a t  m ig h t o r  m ig h t n o t  in tro d u c e  th e  r is k  o f  h y b rid isa tio n . 

L a b e o  u m b r a tu s  h a s  n e v e r  b e e n  re c o rd e d  f ro m  th e  lo w e r  O ra n g e  R iv e r  (S k e lto n , 1986; 

H ay , 1991 ; V a n  Z y l, 1 9 91), p o s s ib ly  b e c a u s e  th e  r iv e r  b e lo w  th e  A u g ra b ie s  F a lls  h as  

re d u c e d  h a b ita t  d iv e rs ity  (S k e lto n , 1 9 8 6 ) o r  th e  fa lls  a re  a  b a rr ie r . T h e  a b se n c e  o f  L. 

u m b r a tu s  co u ld  e x p la in  w h y  h y b r id is a tio n  h as  n o t  b e e n  d e te c te d  in  th is  a rea . I f  L. 

u m b r a tu s  c a n n o t a d a p t to  th e  lo w e r  O ra n g e  R iv e r , it  is  p o s s ib le  th a t  th e re  c o u ld  b e  

s e le c tio n  a g a in s t th e  e s ta b lis h m e n t o f  h y b r id s  w ith  L . u m b r a tu s  c h a ra c te r is tic s . T h e  

a b se n c e  o f  L . u m b r a tu s  f ro m  th e  lo w e r  O ra n g e  R iv e r  m a y  s u g g e s t th a t  L . u m b r a tu s  w a s  

in tro d u c e d  in to  th e  H a rd a p  im p o u n d m e n t. T h e re  a re  re c o rd s  o f  th e  tra n s lo c a tio n  o f  L. 

u m b r a tu s  e lse w h e re  in  S o u th  A fr ic a  (e .g ., D e  M o o r  &  B ru to n , 1 9 8 8 ) a n d  th e  p o s s ib il i ty  

th a t  th is  sp e c ie s  w a s  in tro d u c e d  in to  th e  H a rd a p  im p o u n d m e n t c a n n o t b e  e x c lu d ed .

S u ch  a n  in tro d u c tio n  o f  re la tiv e ly  fe w  f ish  c o u ld  h a v e  sp a rk e d  h y b r id is a tio n  w ith  L. 

c a p e n s is  d u e  to  th e  s c a rc ity  o f  c o n sp e c if ic  m a te s . D o w lin g  e t  al. (1 9 8 9 )  s ta te d  th a t  th e  

le s s  a b u n d a n t sp e c ie s  te n d s  to  p o s s e s s  m o re  in tro g re s s e d  a lle le s  th a n  th e  m o re  c o m m o n  

sp ec ie s , w h ic h  is c o n s is te n t w ith  th e  p a tte rn  o b se rv e d  in  th e  H a rd a p  im p o u n d m e n t.
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Hybridisation in the Darlington Impoundment

T h e  in tro d u c tio n  o f  L . c a p e n s is  f ro m  th e  O ra n g e  R iv e r  sy s te m  in to  th e  G re a t  F is h  an d  

S u n d a y s  r iv e r  sy s te m s  h a s  led  to  in te rsp e c if ic  h y b r id is a tio n  w ith  th e  in d ig e n o u s  L. 

u m b r a tu s  in  th e  D a r l in g to n  im p o u n d m e n t. R e la tiv e ly  re c e n t  o r l im ite d  h y b r id is a tio n  

w a s  in d ic a te d , w ith  o n ly  o n e  p o te n tia l  F 1 h y b r id  id e n tif ie d . T h is  f in d in g  su g g e s ts  th a t  

th e  p re s e n t  f re q u e n c y  o f  h y b r id is a tio n  in  th is  im p o u n d m e n t m a y  b e  lo w e r  c o m p a re d  

w ith  th a t  in  th e  H a rd a p  im p o u n d m e n t. D e s p ite  s a m p lin g  e ffo r ts  b e in g  b ia s e d  to w a rd s  

lo c a tio n  o f  p o te n tia l h y b rid s  ( lo o k in g  fo r  in d iv id u a ls  w ith  p h e n o ty p e s  th a t  d if fe re d  fro m  

p o te n tia lly  p u re  sp e c ie s )  an d  p o te n tia lly  p u re  L . c a p e n s is  sp e c im e n s  in  th e  D a r lin g to n  

im p o u n d m e n t, m tD N A  a n a ly s is  d e te c te d  L . c a p e n s is  a lle le s  in  o n ly  11 in d iv id u a ls  

(2 3 % ) c o m p a re d  w ith  in d ig e n o u s  so u th e rn  L . u m b r a tu s  a lle le s  o c c u rr in g  in  32  

in d iv id u a ls  (6 8 % ). S u rv e y  c a tc h  d a ta  f ro m  im p o u n d m e n ts  in  th e  E a s te rn  C a p e  a ls o  

su p p o rt th e  lo w  n u m b e r  o f  L . c a p e n s is  v s  L . u m b r a tu s  in d iv id u a ls  (T a b le  4 .9 , F ig . 4 .1 2 ). 

In  a d d itio n , O ra n g e  R iv e r  L . u m b r a tu s  a lle le s  w e re  d e te c te d  in  fo u r  in d iv id u a ls  (8 .5 % ), 

c o n firm in g  th a t  g e n e s  o f  b o th  O ra n g e  R iv e r  sp e c ie s  h ad  re a c h e d  th e  D a r l in g to n  

im p o u n d m e n t in  th e  S u n d a y s  R iv e r  sy s tem . T h e  re su lts  a lso  in d ic a te d  th a t  f ix a tio n  o f  

o n e  p a re n ta l  m tD N A  g e n o m e  h a d  n o t o c c u rre d  a t  th is  lo c a lity , as w a s  o b se rv e d  fo r  th e  

H a rd a p  im p o u n d m e n t.

P u ta tiv e  h y b r id  in  th e  D a r l in g to n  im p o u n d m e n t h a d  m tD N A  o f  th e  in d ig e n o u s  L. 

u m b r a tu s  lin e a g e , in d ic a tin g  th a t  fe m a le s  o f  th is  sp e c ie s  c a n  b re e d  w ith  L . c a p e n s is  

m a le s . T h is  m a y  b e  d u e  to  th e  lo w  n u m b e r  (3 8 ) o f  L . c a p e n s is  in d iv id u a ls  in  th e  

D a r lin g to n  D a m  (W e y l e t  a l., 2 0 0 9 )  (T a b le  4 .9 ) , w h ic h  m ig h t h a v e  m a d e  i t  d if f ic u lt  fo r  

L . c a p e n s is  m a le s  to  f in d  c o n sp e c if ic  fe m a le s  to  m a te  w ith . In  a d d itio n , c o n s tru c tio n  o f  

th e  IB W T  in to  th e  p re v io u s ly  se a so n a l m a in s tre a m  re g io n s  o f  th e  G re a t F is h  an d
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S u n d a y s  r iv e rs  h a s  tra n s fo rm e d  th e s e  sy s te m s  in to  p e rm a n e n tly  f lo w in g  sy s te m s  

(L a u re n s o n  &  H o c u tt , 1985). T h is  tra n s fo rm a tio n  m ig h t f a v o u r  L . c a p e n s is ,  a s  th is  

sp e c ie s  p re fe rs  fa s t- f lo w in g  w a te rs  o f  th e  m a in s tre a m  (S k e lto n , 1 9 86). T h e  IB W T  

p ro v id e s  a  c o n s ta n t so u rc e  o f  O ra n g e  R iv e r  p ro p a g u le s , so  it  is l ik e ly  th a t  L . c a p e n s is  

w ill e v e n tu a lly  e s ta b lis h  in  th e  G re a t F is h  a n d  S u n d a y s  r iv e r  sy s te m s  (se e  W o o d fo rd  e t  

a l., 2 0 1 3 )  a n d  h y b r id is a tio n  b e tw e e n  th e  tw o  sp e c ie s  m a y  b e c o m e  m o re  c o m m o n .

TABLE 4 .9 . C a tc h  d a ta  f ro m  im p o u n d m e n ts  fo r  L . c a p e n s is  an d  L . u m b ra tu s . T h e  

lo c a tio n s  o f  th e  S o u th  A fr ic a n  im p o u n d m e n ts  a re  sh o w n  in  F ig u re  4 .1 2 .

No. Impoundment Nearest town L. capensis

mass (kg)

L. umbratus

mass (kg)

L. capensis
no. of 

individuals

L. umbratus
no. of 

individuals
1 Gariep Gariep Town 662.955 21.135
2 Grassridge Hofmeyr Town 31.877 4.807 103 10
3 Darlington Jansenville 32.3 518.92 38 692
4 Glen Melville Grahamstown 12.218 21
5 Pikoli Grahamstown 247.747 459
6 Mangazana Grahamstown 47.444 34
7 Tyefu Ndlambe 17.829 52
8 Community Dam Fort Hare 34.5894 177
9 Lombard Fort Hare 29.918 84
9 Laing King William’s Town 341.792 798
10 Dimbaza King William’s Town 168.589 533
12 Hardap Mariental (Namibia) 52 14
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Fig. 4.12. Locations of impoundments in the Eastern Cape listed in Table 4.9. 1= Gariep, 2= Grassridge, 

3= Darlington, 4= Glen Melville, 5= Pikoli, 6= Mangazana, 7= Tyefu, 8= Community Dam, 9= 

Lombard, 10= Laing and 11= Dimbaza.

In tra s p e c if ic  h y b r id is a tio n  b e tw e e n  L . u m b r a tu s  f ro m  th e  O ra n g e  R iv e r  sy s te m  an d  

in d iv id u a ls  f ro m  p o p u la tio n s  o f  so u th e rn -f lo w in g  r iv e r  sy s te m s  w a s  n o t d e te c te d . 

H o w e v e r , th is  w a s  d u e  to  th e  la c k  o f  a  su ita b le  m e th o d  fo r  id e n tif ic a tio n  o f  in te rg ra d e s , 

as d if fe re n c e s  in  m o rp h o lo g y  a n d  n D N A  se q u e n c e s  b e tw e e n  p u re  p o p u la tio n s  o f  th e se  

tw o  a re a s  w e re  in a d e q u a te  fo r  d e te c tio n  o f  p o te n tia l  h y b rid s . T h e  o n ly  m e th o d  u s e d  th a t  

c o u ld  re lia b ly  d is c r im in a te  th e  tw o  lin e a g e s  o f  L . u m b r a tu s  w a s  m tD N A , w h ic h  is 

in c a p a b le  o f  d e te c tin g  in te rb re e d in g  b e tw e e n  d if fe re n t lin e a g e s , u n le s s  it is  c o m b in e d  

w ith  e v id e n c e  fro m  o th e r  d a ta  so u rc e s  (S c r ib n e r  e t  a l., 2 0 0 1 ). T h e  L a b e o  p o p u la tio n  in  

th e  D a r l in g to n  im p o u n d m e n t th e re fo re  is  in d ic a te d  to  b e  u n d e rg o in g  T y p e  4
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h y b r id is a tio n  (i.e ., h y b r id is a tio n  w ith o u t in tro g re s s io n )  o r  it  c o u ld  b e  T y p e  5 

h y b r id is a tio n  (i.e ., w id e s p re a d  in tro g re s s io n )  b u t  in s u f f ic ie n t sp e c im e n s  w e re  sa m p le d  

to  d e te c t a  h ig h e r  f re q u e n c y  o f  h y b rid s . A d d itio n a l d a ta  is n e e d e d  to  te s t  th is  h y p o th e s is , 

e sp e c ia lly  a d d itio n a l n D N A  se q u e n c e  data .

L o ss  o f  lo c a l a d a p ta tio n  d u e  to  in tra sp e c if ic  h y b r id is a tio n , as d is c u s se d  b y  A lle n d o r f  e t  

al. (2 0 0 1 ) , m a y b e  b e  a p p lic a b le  fo r  th e  L . u m b r a tu s  p o p u la tio n  in  s o u th e rn -f lo w in g  

r iv e r  sy s te m s . In  th e s e  r iv e r  sy s te m s  ( in c lu d in g  th e  G re a t F is h  a n d  S u n d a y s  r iv e r  

sy s te m s), L . u m b r a tu s  h a d  to  a d a p t to  th e  h a rsh  c o n d itio n s  o f  th e s e  r iv e rs , su c h  as 

e x tre m e  se a so n a l f lo w  re g im e s  (L a u re n s o n  &  H o c u tt , 1985 ; R o u x  e t  a l., 2 0 0 2 ). P o s s ib le  

in te rb re e d in g  b e tw e e n  L . u m b r a tu s  f ro m  th e  O ra n g e  R iv e r  a n d  L . u m b r a tu s  f ro m  th e  

G re a t F is h  a n d  S u n d a y s  r iv e r  sy s te m s  m a y  n e g a tiv e ly  im p a c t  o n  lo c a l a d a p ta tio n s  to  th e  

so u th e rn  h a b ita ts , b u t  c o u ld  a lso  in c re a se  g e n e tic  v a r ia tio n  (A lle n d o r f  e t  a l., 2 0 0 1 ). T h e  

G re a t F is h  a n d  S u n d a y s  r iv e r  sy s te m s  a re  c o m p o n e n ts  o f  th e  L . u m b r a tu s  

S u n d a y s + B u s h m a n s + G re a t F is h  m a n a g e m e n t u n i t  th a t  re q u ire s  p ro te c tio n  fro m  th e  

th re a t  o f  h y b rid is a tio n . A s c o n tro llin g  th e  f lo w  o f  p ro p a g u le s  v ia  th e  IB W T  is n o t a 

v ia b le  m a n a g e m e n t o p tio n  (W o o d fo rd  e t  a l., 2 0 1 3 ) , c o n se rv a tio n  a c tio n  sh o u ld  fo c u s  o n  

p re v e n tin g  th e  sp re a d  o f  f ish  fro m  th e  lo w e r  ‘in v a d e d ’ re a c h e s  to  a b o v e  d am s, w h ic h  

iso la te  th e  c u rre n tly  p u re  L . u m b r a tu s  in  so m e  tr ib u ta r ie s  o f  th e  G re a t  F is h  a n d  S u n d ay s  

r iv e r  sy s te m s . T h u s , n o  m o v e m e n t o f  th is  sp e c ie s  sh o u ld  b e  p e rm itte d  w ith in  o r 

b e tw e e n  c a tc h m e n ts .

166



Conclusion

E v id e n c e  p re s e n te d  in  th is  c h a p te r  su p p o r te d  th e  o n g o in g  h y b r id is a tio n  b e tw e e n  L. 

c a p e n s is  a n d  L . u m b r a tu s  in  th e  H a rd a p  im p o u n d m e n t o n  th e  O ra n g e  R iv e r , an d  

b e tw e e n  L . c a p e n s is  a n d  L . u m b r a tu s  in  th e  D a r l in g to n  im p o u n d m e n t in  th e  s o u th e rn ­

f lo w in g  r iv e r  sy s tem s . H y b r id s  p o s s e s s e d  th e  m tD N A  o f  th e  m o s t  a b u n d a n t sp e c ie s  an d  

m o s t p u ta t iv e  F 1 h y b r id s  w e re  m o rp h o lo g ic a lly  in te rm e d ia te  b e tw e e n  th e  p a re n ta l  

sp ec ie s , w h e re a s  fe w  p u ta tiv e  h y b r id s  w e re  g ro u p e d  c lo se  to  th e  a b u n d a n t p a re n ta l 

sp ec ies . T h e  g e n e tic  in te g r ity  o f  th e  L . u m b r a tu s  S u n d a y s + B u s h m a n s + G re a t F is h  

m a n a g e m e n t u n i t  is a t r is k  i f  th is  h y b r id is a tio n  is n o t c o n ta in e d  b y  p re c lu d in g  

tra n s lo c a tio n  o f  f ish  fro m  th e  G re a t F is h  an d  S u n d a y s  r iv e r  sy s te m s  to  th e  o th e r  

s o u th e rn -f lo w in g  r iv e r  sy s tem s .
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CHAPTER FIVE: GENERAL DISCUSSION AND

RECOMMENDATIONS

L a b e o  sp e c ie s  a re  im p o r ta n t  c o m p o n e n ts  o f  a q u a tic  e c o s y s te m s  a n d  a re  e x p lo ite d  fo r  

su b s is te n c e  a n d  re c re a tio n a l f ish e r ie s  a n d  fo r  a q u a c u ltu re  (R e id , 1985 ; S k e lto n , 2 0 0 1 ; 

B o o th  &  W e y l, 2 0 0 4 ). In  S o u th  A fr ic a  L a b e o  a re  a m o n g  th e  la rg e s t n a tiv e  f ish e s  in  th e  

r iv e rs  in  w h ic h  th e y  o c c u r  an d , as a  re s u lt  o f  th e ir  a lg iv o ro u s  an d  d e tr i t iv o ro u s  fe e d in g  

h a b its , fu lf il  a n  im p o r ta n t  ro le  in  c o n tro ll in g  a lg a e  a n d  c y c lin g  n u tr ie n ts  in  a q u a tic  

e c o sy s te m s  (S k e lto n , 2 0 0 1 ). H o w e v e r , m a n y  L a b e o  sp p . a re  su b je c t to  a  v a r ie ty  o f  

th re a ts , w h ic h  in c lu d e  w a te r  p o llu tio n , h a b ita t  d e g ra d a tio n  a n d  in te ra c tio n s  w ith  n o n ­

n a tiv e  sp e c ie s  ( IU C N , 2 0 1 2 ). A lth o u g h  L . u m b r a tu s  is  c u rre n tly  c la s s if ie d  as  L e a s t 

C o n c e rn  u n d e r  th e  IU C N  R e d  L is t  c r ite r ia , th is  sp e c ie s  is  u n d e r  th re a t  o f  h y b r id is a tio n  

w ith  in tro d u c e d  c o n g e n e r ic  sp ec ie s . A  b e t te r  u n d e rs ta n d in g  o f  th e  c o n se rv a tio n  

im p lic a tio n s  o f  th is  th re a t  is th e re fo re  re q u ire d . In  th is  re g a rd , th is  th e s is  c o n tr ib u te s  to  

an  im p ro v e d  u n d e rs ta n d in g  o f  L a b e o  u m b ra tu s ,  b y  c o n te x tu a lis in g  th e  p h y lo g e n e tic  

re la tio n sh ip s  o f  th is  sp e c ie s  a m o n g  o th e r  s o u th e rn  A fr ic a n  L a b e o  sp p ., a s se ss in g  

p h y lo g e o g ra p h ic  p a tte rn s  a m o n g  L . u m b r a tu s  l in e a g e s , an d  e v a lu a tin g  th e  p o te n tia l 

im p a c t  o f  in te rsp e c if ic  h y b r id is a tio n  re su ltin g  fro m  th e  tra n s lo c a tio n  o f  c o n g e n e r ic  

sp e c ie s  b e tw e e n  r iv e r  sy s te m s .
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P r io r  to  th e  p re s e n t  s tu d y , th e  g e n e tic  r e la tio n s h ip s  a m o n g  th e  so u th e rn  A fr ic a n  L a b e o

sp e c ie s  a n d  th e  sp e c ie s  g ro u p s  p ro p o s e d  b y  R e id  (1 9 8 5 )  o n  th e  b a s is  o f  m o rp h o lo g ic a l 

a s se s sm e n t [i.e. L a b e o  fo r s k a l i i  g ro u p  (L F G ), L a b e o  n ilo t ic u s  g ro u p  (L N G ), L a b e o  

c o u b ie  g ro u p  (L C G ) a n d  L a b e o  u m b r a tu s  g ro u p  (L U G )]  w e re  u n c e rta in . A s  a  re su lt, th e  

le v e l o f  th re a t  f ro m  h u m a n - in d u c e d  im p a c ts , su c h  as  th e  in tro d u c tio n  o f  n o n -n a tiv e  

L a b e o  spp . in to  r iv e r  sy s te m s  a n d  th e  su b se q u e n t r is k  o f  in te rsp e c if ic  h y b r id is a tio n , 

c o u ld  n o t b e  a s se sse d . T h is  th e s is  h as , h o w e v e r , h a s  m a d e  c o n s id e ra b le  c o n tr ib u tio n s  

to w a rd s  b e tte r  u n d e rs ta n d in g  o f  th e  e v o lu tio n a ry  re la t io n s h ip s  o f  A fr ic a n  L a b e o  spp . b y  

c la r ify in g  th e  p h y lo g e n e tic  a ff in it ie s  o f  th e  s o u th e rn  A fr ic a n  L a b e o  spp . in  r e la tio n  to  

o th e r  A fr ic a n  sp ec ies .

In  C h a p te r  2 , fo r  e x a m p le , f iv e  m o n o p h y le tic  l in e a g e s , w h ic h  c o r re s p o n d e d  to  th e  

p re v io u s ly  p ro p o s e d  L a b e o  n ilo tic u s , L a b e o  fo r s k a l i i ,  L a b e o  m a c r o s to m a , L a b e o  c o u b ie  

an d  L a b e o  u m b r a tu s  sp e c ie s  g ro u p s  (R e id , 1 9 85), as w e ll as tw o  a d d itio n a l g ro u p s  -  a 

L a b e o  ru d d i/L a b e o  v u lg a r is  g ro u p  a n d  a  d iv e rg e n t  L a b e o  b a te s ii  g ro u p  -  w e re  re so lv e d  

in  p h y lo g e n e tic  a n a ly se s  o f  m ito c h o n d r ia l  D N A  (m tD N A ) an d  n u c le a r  D N A  (n D N A ) 

se q u e n c e  d a ta . R e s o lu tio n  o f  th e  la tte r  tw o  a d d itio n a l g ro u p s  a lso  c o n tr ib u te s  to  

r e f in e m e n t o f  th e  c la s s if ic a tio n  o f  A fr ic a n  L a b e o  spp . an d  p ro v id e s  e v id e n c e  fo r  a 

p o te n tia l  in c re a se  to  th e  n u m b e r  o f  sp e c ie s  g ro u p s  fro m  six  to  e ig h t. R e id  (1 9 8 5 )  p la c e d  

L . c o n g o ro  in  th e  L C G  s e n s u  la to  b a s e d  o n  m o rp h o lo g ic a l s im ila r itie s , b u t  th e  p re se n t 

m o le c u la r  p h y lo g e n e tic  a n a ly s is  (s e e  C h a p te r  2 )  in d ic a te s  th a t  L . c o n g o r o  sh o w s  

g re a te s t  g e n e tic  a f f in ity  w ith  th e  L N G  s e n s u  la to . T h e  re su lts  a lso  s u g g e s t th a t, c o n tra ry  

to  p la c e m e n t o f  L . r u d d i  in  th e  L N G  b y  R e id  (1 9 8 5 ), L . r u d d i  an d  L . v u lg a r is  to g e th e r  

c o m p rise  a  d is t in c t  p h y lo g e n e tic  lin eag e .

Phylogenetic relationships among southern African Labeo species
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T h e  p h y lo g e n e tic  a s s e s s m e n t su p p o r te d  th e  sp e c ie s  g ro u p s  p ro p o s e d  b y  R e id  (1 9 8 5 )  fo r  

th e  re m a in d e r  o f  th e  s o u th e rn  A fr ic a n  sp ec ie s . O f  p a r t ic u la r  in te re s t  is  th e  L a b e o  

u m b r a tu s  g ro u p , fo r  w h ic h  th e  g e n u s  n a m e  A b r o s to m u s  S m ith  1841 is a v a ila b le , b a s e d  

o n  th e  d e s c r ip tio n  o f  A b r o s to m u s  u m b r a tu s  an d  A b r o s to m u s  c a p e n s is  b y  S m ith  (1 8 4 1 ).

T h is  sp e c ie s  g ro u p  m a y  w a rra n t  s e g re g a tio n  a t th e  g e n u s  le v e l b e c a u s e  (1 )  m e m b e rs  a re  

m o rp h o lo g ic a lly  d is t in c t  f ro m  o th e r  L a b e o  g ro u p s  (se e  R e id , 1985), (2 )  th e  m e m b e rs  o f  

th is  g ro u p  a re  g e n e tic a lly  d is t in c t  f ro m  o th e r  L a b e o  g ro u p s  (se e  C h a p te r  2 ), a n d  (3 )  th e  

g ro u p  is re s tr ic te d  to  th e  s o u th e rn  te m p e ra te  re g io n  o f  S o u th  A fr ic a , w h e re  it  is 

g e o g ra p h ic a lly  s e p a ra te d  f ro m  o th e r  sp e c ie s  g ro u p s  e x c e p t in  th e  T u g e la  R iv e r  sy s tem , 

w h e re  L . r u b r o m a c u la tu s  c o -o c c u rs  w ith  L . m o ly b d in u s  ( th e  la tte r  sp e c ie s  is  a  m e m b e r  

o f  th e  L a b e o  fo r s k a l i i  g ro u p ) .

L a b e o  u m b r a tu s  is  o f  p a r t ic u la r  in te re s t  a m o n g  th e  s o u th e rn  A fr ic a n  L a b e o  sp e c ie s  

b e c a u se , u n lik e  th e  o th e r  m e m b e rs  o f  th e  L U G  w h ic h  h a v e  re s tr ic te d  d is tr ib u tio n s  

(L a b e o  c a p e n s is  is  e n d e m ic  to  th e  O ra n g e  R iv e r , L . r u b r o m a c u la tu s  is  e n d e m ic  to  th e  

T u g e la  R iv e r  an d  L . s e e b e r i  is re s tr ic te d  to  th e  O lifa n ts  R iv e r  (D u  P le ss is , 1963 ; S w artz  

&  Im p so n , 2 0 0 7 ) , L . u m b r a tu s  h a s  a  r e la tiv e ly  w id e s p re a d  d is tr ib u tio n  th a t  in c lu d e s  th e  

O ra n g e  R iv e r  sy s te m  as w e ll  as th e  s o u th w a rd - f lo w in g  G o u rits , G a m to o s , S u n d ay s , 

B u sh m a n s , G re a t  F ish , K e isk a m m a , B u ffa lo  a n d  N a h o o n  r iv e rs  (S w a r tz  &  Im p so n , 

2 0 0 7 ; see  C h a p te r  3). U n d e rs ta n d in g  th e  p h y lo g e o g ra p h ic  r e la tio n s h ip s  an d  p o te n tia l 

g e n e tic  is o la tio n  o f  L . u m b r a tu s  l in e a g e s  is im p o r ta n t  fo r  th e  d e v e lo p m e n t o f  a  sp e c ie s  

c o n se rv a tio n  p la n  a n d  m a n a g e m e n t p la n s  fo r  c e r ta in  ( i f  n o t  a ll)  r iv e r  sy s te m s  w ith in  its  

d is tr ib u tio n .
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T h e  O ra n g e  R iv e r  a n d  th e  s o u th w a rd -f lo w in g  r iv e r  sy s te m s  in h a b ite d  b y  L . u m b r a tu s  

a re  c o n s id e re d  to  h a v e  e x p e r ie n c e d  p a s t  g e o lo g ic a l, c lim a tic  a n d  se a - le v e l c h a n g e s  th a t  

m ig h t h a v e  in f lu e n c e d  th e  d is tr ib u tio n  a n d  g e n e tic  s tru c tu re  o f  th is  sp e c ie s  (S w a r tz  e t  

al. 2 0 0 7 ; C o w lin g  e t  a l., 2 0 0 9 ). T h e  p h y lo g e o g ra p h ic  a n a ly s is  o f  p o p u la tio n s  o f  L. 

u m b r a tu s  in  th e  s o u th w a rd -f lo w in g  r iv e r  sy s te m s , p re s e n te d  in  C h a p te r  3, re v e a le d  

e v id e n c e  fo r  g e n e tic  s tru c tu r in g  w ith in  L . u m b r a tu s  an d  th a t  th e  sp e c ie s  e n c o m p a sse s  

tw o  g e n e tic a l ly  d is tin c t a n d  g e o g ra p h ic a lly  iso la te d  lin e a g e s , o n e  in  th e  w e s tw a rd ­

f lo w in g  O ra n g e  R iv e r  a n d  th e  se c o n d  ‘s o u th e rn  l in e a g e ’ in  th e  s o u th w a rd - f lo w in g  

r iv e rs  o f  S o u th  A fric a . A s  th e s e  tw o  lin e a g e s  w e re  r e c ip ro c a lly  m o n o p h y le tic , i t  w a s  

h y p o th e s is e d  th a t  th e y  re p re s e n te d  E v o lu tio n a r i ly  S ig n if ic a n t U n its  (E S U s). In  ad d itio n , 

th e  “ so u th e rn  lin e a g e ” c o u ld  b e  d iv id e d  fu r th e r  in to  tw o  su b lin e a g e s , n a m e ly  

so u th w e s te rn  (G o u r its  a n d  G a m to o s )  a n d  s o u th e a s te rn  (S u n d a y s , B u sh m a n s , G re a t F ish , 

K e isk a m m a , B u f fa lo  an d  N a h o o n )  lin e a g e s . T h e  tw o  su b lin e a g e s  c o u ld  a lso  b e  fu r th e r  

d iv id e d  in to  fo u r  M a n a g e m e n t U n its  (M U s)  [G o u rits  (2  u n iq u e  h a p lo ty p e s ) , G a m to o s  (3 

u n iq u e  h a p lo ty p e s ) , S u n d a y s + B u s h m a n s + G re a t F is h  (2  u n iq u e  h a p lo ty p e s )  an d  

K e isk a m m a + B u ffa lo + N a h o o n  (3 u n iq u e  h a p lo ty p e s )] , re f le c tin g  s ig n if ic a n t d if fe re n c e s  

in  h a p lo ty p e  f re q u e n c ie s , fo r  c o n s e rv a tio n  p u rp o se s . B a s e d  o n  th e  r e s u lts  o f  th e se  

g e n e tic  a n a ly se s  a n d  th o s e  o f  o th e r  s tu d ie s  o n  f ish  sp e c ie s  th a t  a re  w id e s p re a d  in  

iso la te d  r iv e r  sy s te m s  (S w a r tz  e t  a l., 2 0 0 7 ; C h a k o n a  e t  a l., 2 0 1 3 a ) , c o n tin u a tio n  o f  su c h  

s tu d ie s  is a d v isa b le  as  a d d itio n a l h id d e n  g e n e tic  d iv e rs ity  m a y  b e  u n c o v e re d .

T h e  p o p u la tio n s  o f  L . u m b r a tu s  th a t  o c c u r  in  th e  B u ffa lo  a n d  N a h o o n  r iv e rs  w e re  

p re v io u s ly  su sp e c te d  to  h a v e  b e e n  in tro d u c e d  b y  a n g le rs  as b a it  (Ju b b , 1964). C o n tra ry  

to  J u b b ’s (1 9 6 4 )  h y p o th e s is , p h y lo g e o g ra p h ic  a n a ly se s  in d ic a te d  th a t  th e  p re c u rs o rs  o f

Phylogeography of Labeo umbratus
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th e s e  p o p u la tio n s  m o s t  lik e ly  d isp e rse d  to  th e s e  r iv e r  sy s te m s  n a tu ra lly  v ia  f lo o d -p la in  

c o n n e c tio n s  d u r in g  f lo o d in g  e v e n ts  [~ 6 ,0 0 0 -8 ,0 0 0  y e a rs  a g o  (y a )] d u e  to  m e s ic  

c o n d itio n s  (P a r tr id g e  e t  a l., 1 9 9 9 ) a n d  v ia  a  p a le o - r iv e r  c o n n e c tio n  b e tw e e n  th e  B u ffa lo  

an d  N a h o o n  r iv e rs  d u rin g  th e  L a s t  G la c ia l M a x im u m  (1 8 ,0 0 0  y a) w h e n  th e  se a  lev e l 

w a s  c o n s id e ra b ly  lo w e r  th a n  p re s e n t  ( - 3 0 0  m ) (S ie s s e r  &  D in g le , 1981).

H a m m e r  e t  a l. (2 0 1 3 )  c o n s id e re d  g e o g ra p h ic  sp e c ia tio n  to  b e  o n e  o f  p r im a ry  

e v o lu tio n a ry  d r iv e rs  o f  sp e c ia tio n  in  f re sh w a te r  f ish e s . T h e se  a u th o rs  s ta te d  th a t  th is  

ty p e  o f  s p e c ia tio n  o c c u rs  w h e n  p o p u la tio n s  b e c o m e  se p a ra te d  f ro m  e a c h  o th e r  v ia  

f ra g m e n ta tio n  o f  th e  o r ig in a l ra n g e , o r  a f te r  d isp e rsa l. T h re e  m o d e s  o f  s p e c ia tio n  a re  

p o te n tia lly  re s p o n s ib le  fo r  g e o g ra p h ic  sp e c ia tio n : a llo p a tr ic  sp e c ia tio n  (w h e re  

p o p u la tio n s  a re  c o m p le te ly  is o la te d  fro m  e a c h  o th e r); p a ra p a tr ic  s p e c ia tio n  (w h e re  

p o p u la tio n s  a re  p a r tia lly  iso la te d  fro m  e a c h  o th e r); a n d  p e r ip a tr ic  s p e c ia tio n  (w h e re  

p o p u la tio n s  a re  iso la te d  a t  th e  p e r ip h e ry  o f  th e ir  ra n g e s ) . In  th e  p re s e n t p h y lo g e o g ra p h ic  

a n a ly s is  o f  L . u m b ra tu s ,  th e  p o p u la tio n s  f ro m  th e  O ra n g e , G o u rits  a n d  G a m to o s  r iv e rs  

w e re  in d ic a te d  to  h a v e  b e e n  c o m p le te ly  iso la te d  fo r  a  su ff ic ie n tly  lo n g  p e r io d  (1 5 2 ,0 0 0 ­

1 ,7 6 0 ,0 0 0  y a ) to  h a v e  u n d e rg o n e  g e n e tic  d if fe re n tia tio n  a n d  a re  c u rre n tly  s till iso la te d  

fro m  e a c h  o th e r, a n d  f ro m  th e  o th e r  so u th e a s te rn  r iv e r  sy s te m s  (S u n d a y s , B u sh m a n s , 

G re a t F ish , K e isk a m m a , B u ffa lo  a n d  N a h o o n ) . T h u s , a llo p a tr ic  s e p a ra tio n  w o u ld  b e  

re s p o n s ib le  fo r  th e ir  e v o lu tio n a ry  d iv e rg e n c e . T h e  s o u th e a s te rn  p o p u la tio n s  o f  L . 

u m b r a tu s  sh a re d  a lle le s . T h is  m a y  re f le c t  a n c e s tra l p o ly m o rp h is m  o r tra n s lo c a tio n  as 

th e  so u th w a rd -f lo w in g  r iv e r  sy s te m s  a re  c u rre n tly  iso la te d  a n d  m e s ic  c o n d itio n s  s im ila r  

to  th e  p a s t c lim a te  h a v e  n o t  b e e n  e x p e r ie n c e d  s in c e  th e  H o lo c e n e  (6 ,0 0 0 -8 ,0 0 0  y a ) 

(P a r tr id g e  e t  a l., 1 9 99), w h ic h  w o u ld  h a v e  led  to  h e a v y  f lo o d in g  a n d  th u s  c o n n e c tio n  o f  

a d ja c e n t d ra in a g e  sy s te m s  an d  fa c il i ta te d  g e n e  flo w . A n c e s tra l  p o ly m o rp h is m  is th e

172



p ro c e s s  w h e re b y  se p a ra te  p o p u la tio n s  re ta in  a lle le s  d e r iv e d  fro m  th e  c o m m o n  a n c e s to r . 

T h e  re su lts  p re s e n te d  in  C h a p te r  3 su p p o r te d  a n c e s tra l p o ly m o rp h is m  as th e  m o s t  lik e ly  

p ro c e s s  re s p o n s ib le  fo r  th e  sh a re d  a lle le s  a m o n g  s o u th e a s te rn  p o p u la tio n s  o f  L. 

u m b ra tu s .  T h e  re su lts  a lso  sh o w e d  th a t  g e n e tic  s tru c tu r in g  w ith in  L . u m b r a tu s  is 

p a r ti t io n e d  a c c o rd in g  to  c o n te m p o ra ry  r iv e r  sy s te m s . H u m a n -m e d ia te d  m o v e m e n t o f  

f ish  w o u ld  th e re fo re  b e  re q u ire d  to  e x p la in  th e  la tte r  re su lts .

T h e  s o u th w a rd -f lo w in g  r iv e r  sy s te m s  w e re  in d ic a te d  to  b e  c o n n e c te d  th ro u g h  in te r ­

d ra in a g e  c o n n e c tio n s  in  lo w -ly in g  a re a s  a n d  th ro u g h  o n e  p a le o - r iv e r  c o n n e c tio n  

b e tw e e n  th e  B u ffa lo  a n d  N a h o o n  r iv e rs , w h ic h  th u s  w o u ld  h a v e  fa c il i ta te d  th e  d isp e rsa l 

o f  so u th e rn  p o p u la tio n s  o f  L . u m b r a tu s  (se e  C h a p te r  3). T h is  f in d in g  su p p o rts  th e  

h y p o th e s is e d  ro le  p la y e d  b y  p a s t  c lim a tic  an d  g e o lo g ic a l c h a n g e s , e sp e c ia lly  in  so u th e rn  

A fr ic a , as in d ic a te d  b y  p re v io u s  s tu d ie s  o n  sm all b o d ie d  (7 -1 3  cm  S L ) P s e u d o b a r b u s ,  

G a la x ia s  a n d  S a n d e lia  spp . in  th e  s o u th w a rd - f lo w in g  r iv e rs  o f  S o u th  A fr ic a  (S w a r tz  e t  

a l., 2 0 0 7 ; C h a k o n a  e t  a l., 2 0 1 3 a ) . W h ile  th e s e  f ish e s  w e re  a lso  in d ic a te d  to  h a v e  

d isp e rse d  b e tw e e n  r iv e r  sy s te m s  v ia  p a le o - r iv e r  c o n n e c tio n  an d  v ia  in te r -d ra in a g e  

c o n n e c tio n s , th e ir  d is tr ib u tio n s  s tre tc h e d  to  h ig h e r -a lt i tu d e  s tre a m s  w h e re  th e  p o s s ib il i ty  

o f  r iv e r  c a p tu re  p ro v id e d  a n  a lte rn a tiv e  h y p o th e s is . D isp e rsa l o f  L . u m b ra tu s ,  h o w e v e r , 

is o n ly  l ik e ly  to  h a v e  o c c u rre d  v ia  in te r -d ra in a g e  a n d  p a le o - r iv e r  c o n n e c tio n s  b e c a u se  

th e  f ish  a re  la rg e r  (m a x im u m  S L  4 0 - 5 0  c m ) a n d  o c c u r  m o s tly  in  th e  m a in  c h a n n e ls  o f  

r iv e rs  o r  la rg e r  tr ib u ta r ie s . A  c o m p a ra tiv e  a n a ly s is  b e tw e e n  L . u m b r a tu s  an d  o th e r  

L a b e o  sp p ., su ch  as L . c y lin d r ic u s  an d  L . m o ly b d in u s ,  th a t  o c c u r  b o th  in  th e  m a in  

c h a n n e ls  a n d  th e  h e a d w a te rs  o f  c u rre n tly  iso la te d  e a s tw a rd - f lo w in g  r iv e r  sy s te m s  

(T u g e la , P o n g o la , In c o m a ti, L im p o p o , S av e , B u z i, P u n g w e  a n d  Z a m b e z i)  is th e re fo re  

w a rra n te d  b e c a u se , u n d e r  c o m p a ra b le  e n v iro n m e n ta l c o n d itio n s , L a b e o  spp . m ig ra te
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s im ila r ly  a n d  w o u ld  m o s t l ik e ly  b e  su b je c t to  s im ila r  d riv e rs  o f  d isp e rsa l (B e ll-C ro s s  &  

M in sh u ll, 1988 ; C a m b ra y , 1990 ; S k e lto n , 2 0 0 1 ).

Hybridisation of Labeo species

P r io r  to  th e  re s e a rc h  p re s e n te d  in  C h a p te r  4 , h y b r id is a tio n  a m o n g  A fr ic a n  L a b e o  spp . 

h a d  o n ly  b e e n  d o c u m e n te d  u s in g  m o rp h o lo g ic a l c h a ra c te rs  a n d  a llo z y m e s  to  

d is c r im in a te  in d iv id u a ls  o f  L . c a p e n s is , L . u m b r a tu s  an d  th e ir  h y b r id s  in  th e  H a rd a p  

im p o u n d m e n t (G a ig h e r  &  B lo e m h o f , 1975 ; V a n  V u u re n  e t  a l., 1989 , 1990). A  m a jo r  

c o n s tra in t o f  th e s e  s tu d ie s  w a s  th a t  th e y  d id  n o t u s e  p u re  re fe re n c e  p o p u la t io n s  fo r  

c o m p a r iso n  a n d  th e y  u se d  sa m p le s  f ro m  o n ly  o n e  lo c a lity  ( th e  H a rd a p  im p o u n d m e n t) . 

T h e  re s e a rc h  p re s e n te d  in  C h a p te r  4  is th e re fo re  th e  f irs t c o m p re h e n s iv e  a s s e s s m e n t to  

u se  m o rp h o lo g ic a l a n d  g e n e tic  d a ta  to  d is c r im in a te  p u re  L . c a p e n s is  a n d  L . u m b ra tu s  

an d  th e ir  p u ta t iv e  h y b rid s  w ith  a  re la tiv e ly  la rg e  sa m p le  s iz e  a c ro ss  th e ir  d is tr ib u tio n a l 

ran g e . In  a d d itio n , it  is  th e  f irs t  s tu d y  to  p ro v id e  e v id e n c e  th a t  g e n e s  fro m  b o th  L. 

c a p e n s is  a n d  L . u m b r a tu s  f ro m  th e  O ra n g e  R iv e r  sy s te m  h a v e  e n te re d  th e  d is tr ib u tio n a l 

ra n g e  o f  th e  ‘s o u th e rn  l in e a g e ’ in  th e  S u n d a y s  R iv e r  sy s te m  d u e  to  tra n s lo c a tio n  o f  f ish  

v ia  th e  in te r -b a s in  w a te r  t r a n s fe r  sc h e m e s  (O ra n g e -F is h  a n d  C o o k h o u se  tu n n e ls ) , an d  

th a t  L . c a p e n s is  a n d  s o u th e rn  L . u m b r a tu s  h a v e  h y b r id ise d  in  th e  D a r lin g to n  

im p o u n d m e n t (C h a p te r  4).

A s th e  g e n e tic  e v id e n c e  fo r  in te rsp e c if ic  h y b r id is a tio n  in  th e  D a r l in g to n  im p o u n d m e n t 

is c u rre n tly  b a s e d  o n  o n e  F 1 h y b rid  (C h a p te r  4 ), fu tu re  s a m p lin g  sh o u ld  b e  e x te n d e d  to  

in c lu d e  a lso  th e  m a in  c h a n n e ls  o f  th e  S u n d a y s  a n d  G re a t F is h  r iv e rs  b e c a u s e  h y b rid s  

m a y  th r iv e  in  c e r ta in  h a b ita ts  (B a r to n  &  H e w itt , 1985). In  a d d itio n , fu tu re  re s e a rc h  

sh o u ld  u s e  o th e r  ty p e s  o f  re lia b le  n u c le a r  m o le c u la r  m a k e rs  fo r  id e n tif ic a tio n  o f
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h y b rid s , su c h  as c o -d o m in a n t P C R  m a rk e rs  [m ic ro s a te ll i te s  a n d  s in g le -n u c le o tid e  

p o ly m o rp h ism s  (S N P )] o r  P C R -re s tr ic t io n  f ra g m e n t le n g th  p o ly m o rp h is m s  (R F L P ) 

(H a sh im o to  e t  a l., 2 0 1 2 ). C o -d o m in a n t m a rk e rs  a re  s u p e r io r  to  P C R -R F L P  an d  

m u lt ip le x -P C R  fo r  id e n tif ic a tio n  o f  h y b rid s  b u t  a re  t im e -c o n s u m in g  a n d  e x p e n s iv e  to  

d e v e lo p  (H a s h im o to  e t  a l., 2 0 1 2 ).

A lle n d o r f  e t  a l. (2 0 0 1 )  c a te g o r is e d  a n th ro p o g e n ic  h y b r id is a tio n  in to  th re e  ty p e s : 

h y b r id is a tio n  w ith o u t in tro g re s s io n ; w id e s p re a d  in tro g re ss io n ; a n d  c o m p le te  a d m ix tu re . 

T h e  f irs t  ty p e  h a p p e n s  i f  sp e c ie s  h y b r id is e  to  p ro d u c e  o n ly  F 1 h y b rid s . T h e  se c o n d  ty p e  

h a p p e n s  w h e n  h y b r id s  in te rb re e d  w ith  o th e r  h y b r id s  an d  b a c k c ro s s  w ith  th e  p a re n ta l 

sp ec ies . T h e  th ird  ty p e  h a p p e n s  w h e n  fe w  o r n o  in d iv id u a ls  o f  th e  p a re n ta l  p o p u la t io n s  

rem a in . T h e  a n a ly s is  o f  m o rp h o lo g ic a l a n d  g e n e tic  d a ta  p re s e n te d  in  C h a p te r  4  re v e a le d  

th a t  h y b r id is a tio n  th a t  is  o c c u rr in g  in  th e  H a rd a p  im p o u n d m e n t c a n  b e  c h a ra c te r is e d  as 

e ith e r  w id e s p re a d  in tro g re ss io n , as so m e  in d iv id u a ls  th a t  c a r ry  a  p a re n ta l  g e n o m e  

re m a in , o r  c o m p le te  a d m ix tu re . In  c o n tra s t, h y b r id is a tio n  in  th e  D a r lin g to n  

im p o u n d m e n t is  in d ic a te d  to  b e  a t a n  e a r ly  s ta g e  (h y b r id is a tio n  w ith o u t in tro g re s s io n )  

as o n ly  o n e  p o s s ib le  F 1 h y b r id  w a s  id e n tif ie d , a lth o u g h  h y b r id is a tio n  m a y  b e  m o re  

w id e s p re a d  in  th e  im p o u n d m e n t b u t  in s u ff ic ie n t sp e c im e n s  w e re  s a m p le d  to  d e te c t a 

h ig h e r  f re q u e n c y  o f  h y b rid s .

T h e  re su lts  p re s e n te d  in  th is  th e s is  d e m o n s tra te  th a t  m o rp h o lo g y  a n d  g e n e tic s  a re  u se fu l 

to o ls  in  c o m b in a tio n  to  id e n tify  p u ta tiv e  h y b rid s  b e tw e e n  L . c a p e n s is  a n d  L . u m b ra tu s . 

In  so m e  in s ta n c e s , g e n e tic  d a ta  a lo n e  w a s  a d e q u a te  to  id e n tify  p u ta tiv e  h y b rid s ; fo r  

e x a m p le , F 1 h y b r id s  in  th e  H a rd a p  a n d  D a r l in g to n  im p o u n d m e n ts  w e re  id e n tif ia b le  

f ro m  n u c le a r  S7 r ib o so m a l in tro n  1 se q u e n c e  d a ta  a lo n e , b e c a u s e  th e  f ish  w e re
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h e te ro z y g o u s  fo r  lo c i a t  w h ic h  th e  p a re n ta l  sp e c ie s  sh o w e d  f ix e d  g e n e tic  d iffe re n c e s . In  

o th e r  in s ta n c e s , sp e c im e n s  th a t  w e re  id e n tif ie d  as L . u m b r a tu s  f ro m  th e  n D N A  d a ta  

w e re  fo u n d  to  h a v e  L . c a p e n s is  m tD N A , w h ic h  w a s  e v id e n c e  o f  in tro g re s s iv e  

h y b rid is a tio n , b u t  th e  s ta g e  o f  a n th ro p o g e n ic  h y b r id is a t io n  re p re s e n te d  c a n n o t p re s e n tly  

b e  d e te rm in e d . S u c h  a  p a tte rn  w a s  a lso  d o c u m e n te d  in  th e  p h y lo g e n e tic  a n a ly s is  o f  

so u th e rn  A fr ic a n  L a b e o  spp . (C h a p te r  2). A  sp e c im e n  o f  L a b e o  r u b r o m a c u la tu s  as 

id e n tif ie d  b y  n D N A  w a s  fo u n d  to  h a v e  L . c a p e n s is  m tD N A , an d  sp e c im e n s  o f  L. 

c y lin d r ic u s  f ro m  th e  B u a  R iv e r  (M a la w i)  an d  L . m o ly b d in u s  f ro m  R e v u e  R iv e r  sy s te m  

(M o z a m b iq u e )  as id e n tif ie d  b y  n D N A  w e re  fo u n d  to  a lso  h a v e  L . lu n a tu s  m tD N A . A s 

p re v io u s ly  m e n tio n e d , fu tu re  s tu d ie s  sh o u ld  u s e  o th e r  n u c le a r  m a rk e rs  fo r  b e tte r  

d e te c tio n  o f  h y b rid s .

D iv e rg e n c e  e s tim a te s  re v e a le d  th a t  th e  so m e  o f  th e  h y b r id is in g  sp e c ie s  (e .g ., L. 

u m b r a tu s  an d  L . c a p e n s is ) a re  c lo se ly  re la te d  a n d  b e lo n g  to  th e  sa m e  e v o lu tio n a ry  

l in e a g e , w h e re a s  o th e rs  (e .g ., L . c y lin d r ic u s  a n d  L . lu n a tu s )  a re  d is ta n tly  re la te d  

b e tw e e n  lin e a g e s  o r  b e lo n g  to  d if fe re n t sp e c ie s  g ro u p s  th a t  h a v e  re c e n tly  d iv e rg e d  (e .g ., 

L a b e o  fo r s k a lii  g ro u p  an d  L a b e o  n ilo t ic u s  g ro u p ). T h u s , h y b r id is a tio n , o r  a t  le a s t  th e  

p o te n tia l  fo r  h y b rid is a tio n , m ig h t b e  re la tiv e ly  c o m m o n  a m o n g  L a b e o  spp . F u tu re  

re se a rc h  c o u ld  e x p lo re  th e  e x te n t a n d  c o n se q u e n c e s  o f  n a tu ra l an d  h u m a n  m e d ia te d  

h y b r id is a tio n  e v e n ts  b e tw e e n  o th e r  L a b e o  sp p ., w h ic h  m ig h t  b e tte r  c o n te x tu a lis e  th e  

c o n se rv a tio n  r is k  p o s e d  b y  in te rsp e c if ic  h y b rid isa tio n .

S c rib n e r  e t  a l. (2 0 0 1 )  in c lu d e d  f ish  in tro d u c tio n s  as o n e  o f  th e  c o n tr ib u tin g  fa c to rs  th a t  

c a n  fa c ilita te  h y b rid is a tio n . A s  L . u m b r a tu s  d o e s  n o t  o c c u r  n a tu ra lly  b e lo w  th e  

A u g ra b ie s  F a lls  o n  th e  O ra n g e  R iv e r , o n e  p o s s ib le  p a th w a y  fo r  its  in tro d u c tio n  in to  th e

176



H a rd a p  im p o u n d m e n t w a s  v ia  d ire c t s to c k in g  (S k e lto n , 2 0 0 1 ). A c c o rd in g  to  E lle n d e r  &  

W e y l (2 0 1 4 )  n a tiv e  f is h e s  w e re  tr a n s lo c a te d  a ll o v e r  S o u th  A fr ic a  fo r  c o n se rv a tio n  

re a so n s  in  th e  p e r io d  1 9 6 1 -1 9 8 0  an d  d u rin g  th is  p e r io d  th e  H a rd a p  im p o u n d m e n t w a s  

b u ilt. L a b e o  u m b r a tu s  c o u ld  h a v e  b e e n  in tro d u c e d  in to  th e  F is h  R iv e r  a t th e  H a rd a p  

im p o u n d m e n t ( lo w e r  O ra n g e  R iv e r )  fo r  s im ila r  re a so n s .

In  th e  D a r l in g to n  im p o u n d m e n t L . c a p e n s is  w e re  in tro d u c e d  v ia  a n  in te r -b a s in  w a te r  

tra n s fe r  s c h e m e  (IB T W ). T h is  IB W T  fa c ili ta te d  th e  in tro d u c tio n  o f  O ra n g e  R iv e r  fa u n a  

f irs tly  b e tw e e n  th e  O ra n g e  a n d  G re a t F is h  r iv e r  sy s te m s , an d  se c o n d ly  b e tw e e n  th e  

G re a t F is h  a n d  S u n d a y s  r iv e r  sy s te m s  (C a m b ra y  &  Ju b b , 1977). A s  th e re  is c u rre n tly  n o  

e v id e n c e  th a t  L . c a p e n s is  an d  L . u m b r a tu s  h y b r id is e  in  th e  m id d le  a n d  u p p e r  O ra n g e  

R iv e r  sy s tem , i t  is lik e ly  th a t  th e  re s u lta n t  m ix tu re  o f  th e  O ra n g e  R iv e r  L . c a p e n s is  w ith  

th e  so u th e rn  lin e a g e  o f  L . u m b r a tu s  led  to  th e  o b se rv e d  in te rsp e c if ic  (L. c a p e n s is  x  L . 

u m b r a tu s )  h y b rid is a tio n . S im ila rly , th e  T u g e la -O ra n g e  IB T W s c o u ld  ca u se  

h y b r id is a tio n  b e tw e e n  L . r u b r o m a c u la tu s  an d  L . c a p e n s is  in  th e  T u g e la  R iv e r  sy s te m s . 

T h e  e v id e n c e  o f  h y b r id is a tio n  b e tw e e n  th e  tw o  sp e c ie s  in  th e  T u g e la  R iv e r  sy s tem , 

h o w e v e r , w a s  c o n s is te n t w ith  h is to r ic a l h y b r id is a tio n  ra th e r  th a n  re c e n t, a n d  th u s  c o u ld  

n o t b e  d u e  to  T u g e la -O ra n g e  IB T W  as h y p o th e s is e d . F u tu re  s tu d ie s  sh o u ld  p ro p e rly  

a s se s s  th e  h y b r id is a tio n  in  T u g e la  R iv e r  sy s te m  a n d  th e  sp re a d  o f  h y b r id is a tio n  in  th e  

S u n d a y s  a n d  G re a t  F is h  r iv e r  sy s te m s  u s in g  th e  o th e r  re lia b le  m o le c u la r  m a rk e r  

m e th o d s  as m e n tio n e d  ab o v e .

Conservation concerns and recommendations

H y b r id is a tio n  is a  p o te n tia l  c a u se  o f  sp e c ie s  e x tin c tio n , e sp e c ia lly  o f  ra re  sp e c ie s  w h e n  

th e y  c o m e  in to  c o n ta c t w ith  a  m o re  a b u n d a n t sp e c ie s  (A lle n d o r f  e t  a l., 2 0 0 1 ). In

177



so u th e rn  A fr ic a  L . c a p e n s is  a n d  L . u m b r a tu s  h a v e  b e e n  s h o w n  to  h y b r id is e  in  

im p o u n d m e n ts  in  th e  O ra n g e  R iv e r  (H a rd a p  D a m )  a n d  in  th e  S u n d a y s  R iv e r  

(D a r lin g to n  D a m )  (se e  C h a p te r  4 ). S u c h  h y b r id is a tio n  m a y  p o s e  a  th re a t  to  th e  n a tiv e  

L a b e o  p o p u la tio n s  o f  th e  re s p e c tiv e  r iv e r  sy s tem s . T h e  o n g o in g  h y b r id is a tio n  in  th e  

H a rd a p  im p o u n d m e n t p o se s  a  lo w  r is k  fo r  c o n ta m in a tio n  o f  th e  m id d le  a n d  u p p e r  

O ra n g e  R iv e r  L . u m b r a tu s  p o p u la tio n s  as  L . u m b r a tu s  is n o t k n o w n  to  o c c u r  in  th e  

lo w e r  O ra n g e  R iv e r  (S k e lto n , 1986 ; H a y , 1991 ; V a n  Z y l, 1 9 9 1 ) an d  th e  6 0 -m -h ig h  

A u g ra b ie s  F a lls  a c ts  as  a  b a r r ie r  b e tw e e n  th e  lo w e r  re a c h e s  o f  th e  r iv e r  an d  th e  

re m a in d e r  o f  th e  O ra n g e  R iv e r  sy s tem . C o n v e rse ly , as  th e re  is  a  h ig h  lik e lih o o d  th a t  L. 

u m b r a tu s  w e re  in tro d u c e d  in to  H a rd a p  D a m , th e re  is  a  s ig n if ic a n t r is k  to  th e  L . c a p e n s is  

p o p u la tio n s  o f  th e  lo w e r  O ra n g e  R iv e r . T h u s , th e re  is  a  n e e d  to  d e te rm in e  th e  e x te n t o f  

th re a t  th a t  h y b r id is a tio n  p o se s  in  th is  sy stem .

T h e  re s e a rc h  p re s e n te d  in  C h a p te r  3 d e m o n s tra te s  th a t  L . u m b r a tu s  c o n s is ts  o f  tw o  

u n iq u e  lin e a g e s , w h ic h  I r e c o m m e n d  sh o u ld  b e  m a n a g e d  as  d is t in c t  E S U s  b e c a u se  th e y  

a re  re c ip ro c a lly  m o n o p h y le tic  a n d  h a v e  b e e n  h is to r ic a lly  iso la te d  fo r  b e tw e e n  6 0 8 ,0 0 0  

an d  1 ,7 6 0 ,0 0 0  y e a rs . L o s s  o f  e ith e r  E S U  w o u ld  le a d  to  a  s ig n if ic a n t lo ss  o f  o v e ra ll 

g e n e tic  d iv e rs ity  o f  th e  sp e c ie s , a n d  p o s s ib ly  o f  u n iq u e  e v o lu tio n a ry  p o te n tia l  fo r  fu tu re  

a d a p ta tio n . T h e  g e n e tic  in te g r ity  o f  th e  s o u th e rn  E S U  is  u n d e r  th re a t  d u e  to  

h y b r id is a tio n  w ith  L . c a p e n s is  (a t le a s t  in  D a r l in g to n  D a m ) a n d  v ia  in v a s io n  o f  th e  

O ra n g e  R iv e r  lin e a g e  o f  L . u m b r a tu s  in to  th e  G re a t F is h  a n d  S u n d a y s  r iv e r  sy s tem s. 

T w o  im p o u n d m e n ts , th e  K a t  R iv e r  D a m  o n  th e  G re a t F is h  R iv e r  a n d  S la g b o o m  D a m  o n  

th e  S u n d a y s  R iv e r  sy s te m s  s till h a rb o u r  p u re  L . u m b r a tu s  p o p u la tio n s  re p re s e n ta t iv e  o f  

th e  tw o  sy s tem s . T o  p ro te c t  th e s e  p o p u la tio n s  o f  L . u m b r a tu s  f ro m  c o m p le te
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in tro g re s s io n , tra n s lo c a tio n  o f  w a te r  o r  f ish  fro m  d o w n s tre a m  sh o u ld  b e  a v o id e d , b o th  

in to  a n d  u p s tre a m  o f  th e  K a t  R iv e r  an d  S la g b o o m  im p o u n d m e n ts .

Recommendations for further research into the biogeography of the 

southern African Labeo species

M o le c u la r  d a tin g  o f  th e  B a y e s ia n  in fe re n c e  p h y lo g e n y  e s tim a te d  th a t  a ll L a b e o  sp e c ie s  

g ro u p s  (L F G , L U G , L N G , L C G , L . b a te s ii  an d  L . ru d d i/L . v u lg a r is )  d iv e rg e d  a ro u n d  

2 .0 9 -5 .5 8  m ill io n  y e a rs  a g o  (m y a ) , d u rin g  a  p e r io d  a sso c ia te d  w ith  la n d s c a p e  ch a n g e s , 

w a rp in g  an d  r if t in g  o f  th e  E a s t  A fr ic a n  R if t  S y s te m  a n d  th e  s ic k le -s h a p e d  C o n g o  b as in . 

T h e  f irs t  sp e c ie s  g ro u p  to  d iv e rg e  w a s  L F G , w h ic h  w a s  fo llo w e d  b y  d iv e rg e n c e  

b e tw e e n  th e  c o m m o n  a n c e s to r  o f  L U G + L N G + L . b a te s ii  a n d  L C G + L . ru d d i/L . v u lg a r is  

l in e a g e s . T h is  re s u lt  c o n c u rs  w ith  e s tim a te s  in  p re v io u s  s tu d ie s  o n  o th e r  f ish  sp e c ie s  

in d ig e n t to  th is  re g io n : M a s ta c e m b e lu s  e e ls  ( 2 .5 - 6 .0  m y a )  (B ro w n  e t  a l., 2 0 1 0 ) ; A fr ic a n  

tig e r f is h  (H y d ro c y n u s ) ,  d iv e rg e n c e  (1 .3 -5 .3  m y a )  b e tw e e n  H . ta n za n ia e  a n d  th e  H . 

v itta tu s  c o m p le x  (O k a v a n g o , Z a m b e z i, B u z i, S av e , In c o m a ti  a n d  P o n g o la )  (G o o d ie r  e t  

a l., 2 0 1 1 ); S yn o d o n tis  ca tfishes (1 .9 -9 .6  m ya) (P in to n  e t a l., 2 013); an d  d iv e rg e n c e  o f  th e  

so u th e rn  a n d  e a s te rn  lin e a g e s  o f  P e tr o c e p h a lu s  a n d  a  d iv e rg e n c e  e v e n t a t 5.1 m y a  th a t  

se p a ra te d  M a r c u s e n iu s  liv in g s to n i, w h ic h  o c c u rs  in  p a r ts  o f  th e  M a la w i-S h ire  an d  

R u v u m a  r iv e r  sy s te m s , f ro m  all o th e r  M a r c u s e n iu s  sp p . (M a a k e , 2 0 1 4 ). D u r in g  th is  

p e r io d  ( th e  P lio c e n e  E p o c h )  th e  c o m m o n  a n c e s to rs  o f  th e  L a b e o  spp . g ro u p s  (e x c e p t 

L F G ) m a y  h a v e  f irs t  m ig ra te d  in to  th e  O ra n g e  R iv e r  b a s in  v ia  th e  so u th w a rd -f lo w in g  

O k a v a n g o  sy s te m  (Ju b b  &  F a rg u h a rso n , 1965). T h e  c o m m o n  a n c e s to r  o f  lin e a g e s  B 1 

(L. c y lin d r ic u s )  an d  B 2  (L. m o ly b d in u s , L . a n s o r g ii  an d  L . lu n a tu s )  o f  th e  L F G  w a s  

e s tim a te d  to  h a v e  d iv e rg e d  fro m  lin e a g e  B 3  (u n d e sc r ib e d  L a b e o  sp .)  f ro m  th e  K w a n z a  

R iv e r  sy s te m  d u rin g  th e  P le is to c e n e  ( 1 .7 - 2 .7 8  m y a). T h is  f in d in g  c o u ld  im p ly  th a t
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lin e a g e s  B 1 an d  B 2  fo rm e d  p a r t  o f  th e  s e c o n d  in v a s io n  in to  s o u th e rn  A fr ic a , as 

p ro p o se d  b y  Ju b b  &  F a rg u h a rs o n  (1 9 6 5 ), an d  m ig h t e x p la in  th e  o v e rla p  in  d is tr ib u tio n  

w ith  o th e r  s o u th e rn  A fr ic a n  L a b e o  spp . g ro u p s . A  c o m p re h e n s iv e  c o m p a ra tiv e  

b io g e o g ra p h ic  a n a ly s is  is  n e c e s sa ry  to  p ro p e r ly  u n d e rs ta n d  th e  p a tte rn s  o f  d is tr ib u tio n s  

o f  L a b e o  spp . in  r e la tio n  to  la n d sc a p e  c h a n g e s  in  s o u th e rn  a n d  e a s t  A frica .

Challenges and recommendations for future research

S e v e ra l c h a lle n g e s  w e re  e x p e r ie n c e d  w ith  th e  g e n e tic  a s s e s s m e n t o f  L a b e o  p re s e n te d  in

th is  th e s is . F o r  e x a m p le , th e  S7 r ib o so m a l p ro te in  in tro n  1 g e n e  w a s  d if f ic u lt  to  a m p lify  

as m o s t se q u e n c e  tra c e s  h a d  b a c k g ro u n d  n o ise  a n d  th u s  w e re  d if f ic u lt  to  re a d  o r w e re  

to o  sh o rt (< 4 0 0  b p )  to  b e  u s e d  to g e th e r  w ith  o th e r  s e q u e n c e s  fo r  th e  a n a ly s is . T h e  fe w  

sp e c im e n s  fo r  w h ic h  th e  S7 g e n e  w a s  a m p lif ie d  s u c c e s s fu lly  w e re  u s e d  in  C h a p te rs  3 

an d  4. A d d itio n a l n D N A  se q u e n c e  d a ta  th a t  c o rre sp o n d  w ith  a v a ila b le  m tD N A  d a ta  a re  

n e e d e d , b u t  d u e  to  f in a n c ia l c o n s tra in ts  a n d  tim e  lim ita tio n , o n ly  a v a ila b le  d a ta  w a s  

u sed . In  C h a p te r  3, a d d itio n a l n D N A  d a ta  w o u ld  h a v e  e n a b le d  b e tte r  u n d e rs ta n d in g  o f  

a lle lic  v a r ia t io n  a n d  th e  p h y lo g e o g ra p h ic  h is to ry  o f  p o p u la tio n s  in h a b itin g  s o u th e rn ­

f lo w in g  r iv e r  sy s tem s . In  C h a p te r  4 , a d d itio n a l n D N A  d a ta  m ig h t h a v e  e n a b le d  

d e te c tio n  o f  a d d itio n a l h y b rid  in d iv id u a ls  b e c a u s e  n D N A  se q u e n c e  d a ta  a re  b e tte r  

su ite d  fo r  d e te c tio n  o f  h y b rid s  d u e  to  b ip a re n ta l  g e n e  in h e rita n c e . In  C h a p te r  2 , th e  

p a u c ity  o f  S7 se q u e n c e s  a n d  lim ite d  ta x o n o m ic  c o v e ra g e  re s u lte d  in  e x c lu s io n  o f  th is  

g e n e  fro m  th e  a n a ly s is . I t  is p o s s ib le  th a t  in c lu s io n  o f  se q u e n c e  d a ta  fo r  th is  g e n e  m a y  

h a v e  led  to  a  d if fe re n c e  in  in te rp re ta tio n , as th e  S7 g e n e  e v o lv e s  fa s te r  th a n  th e  R ag 1  

g e n e  (B u fa lin o  &  M a y d e n , 2 0 1 0 ). A d d itio n a l p o ly m o rp h ic  n u c le a r  g e n e s  (e .g ., th o s e  

g e n e s  m e n tio n e d  a b o v e )  th a t  a re  re a d ily  a m p lif ie d  a re  n e e d e d  fo r  fu tu re  s tu d ies . 

A tte m p ts  to  e x tra c t D N A  fro m  c e r ta in  o ld  t is s u e  s a m p le s  (e .g ., L . r o s a e )  s to red  in  th e
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S A IA B  c o lle c tio n  fa c il i ty  w e re  u n su c c e s s fu l. T h is  w a s  p ro b a b ly  b e c a u s e  th e  D N A  in  

th e  tis s u e  w a s  d e g ra d e d . I t  is a d v isa b le  to  u se  fre sh  t is s u e  sa m p le s  fo r  su c c e s s fu l D N A  

e x tra c tio n . H o w e v e r , f in a n c ia l c o n s tra in ts  h a m p e re d  sa m p lin g  tr ip s  to  c o lle c t L . r u d d i  

an d  L . r o s a e  f ro m  th e  L im p o p o , In c o m a ti a n d  P o n g o la  r iv e r  sy s te m s . In  a d d itio n  to  

f in a n c ia l  c o n s tra in ts , L . r u d d i  c o u ld  n o t  b e  lo c a te d  a t th e  ty p e  lo c a lity  o r  n e ig h b o u r in g  

lo c a lit ie s  b y  re s e a rc h e rs  f ro m  th e  U n iv e rs i ty  o f  L im p o p o  an d  S A IA B  sa m p lin g  in  th e  

area.

Conclusion

T h is  th e s is  h as  c o n tr ib u te d  to  o n g o in g  re s o lu tio n  o f  p h y lo g e n e tic  r e la tio n s h ip s  o f  th e  

A fr ic a n  L a b e o  sp e c ie s  b y  p ro v id in g  d a ta  o n  th e  r e la tio n s h ip s  a n d  e v o lu tio n a ry  h is to ry  

o f  so u th e rn  A fr ic a n  L a b e o  sp e c ie s , w ith  p a r t ic u la r  fo c u s  o n  th e  L a b e o  u m b r a tu s  sp e c ie s  

g ro u p . L a b e o  u m b r a tu s  w a s  sh o w n  to  c o m p ris e  tw o  e v o lu tio n a ry  lin e a g e s  th a t  in h a b it  

th e  O ra n g e  a n d  th e  s o u th w a rd -f lo w in g  r iv e r  sy s te m s , re sp e c tiv e ly . F o r  th e  s o u th e rn  

lin e a g e s , c o n se rv a tio n  a c tio n  n e e d s  to  b e  d ire c te d  a t th e  g e n e tic  c o n s e rv a tio n  u n its  

(E S U s  o r M U s )  th a t w e re  id e n tif ie d  fo r  L . u m b ra tu s .  T h is  is p a r t ic u la r ly  p e r tin e n t 

b e c a u s e  o f  th e  d e m o n s tra te d  th re a t  o f  h y b r id is a t io n  b e tw e e n  L . c a p e n s is  a n d  L. 

u m b ra tu s .  I t  is  h o w e v e r  im p o r ta n t  th a t  fu tu re  re s e a rc h  in v e s tig a te s  th e  e x te n t o f  

h y b r id is a tio n  in  th e  e x tra lim m ita l a n d  n a tiv e  ra n g e s  o f  so u th e rn  A fr ic a n  L a b e o  spp ..
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