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Abstract

Running water is the most impacted ecosystem on the planet and is exploited heavily for water supply,
irrigation, electricity generation and waste disposal. Running or lotic water systems have very intimate
contact with their catchments and, as such, land use alterations affect the waters greatly and directly.
Catchment management becomes complicated by numerous links between different forms of
anthropogenic influences and toxicity pressure is constantly exerted on the aquatic fauna and flora of
the river catchments. Planning and implementation of conservation strategies can only be promoted
effectively if there is sufficient data on the fundamental knowledge of the biology, gene pools and

ecology in the water bodies.

Allozyme genetic variation data from literature was assembled and analysed statistically. The results
revealed that river catchments south of the Limpopo River exhibited higher heterozygosity values than
river catchments north of the Limpopo. Significant differences existed between the Orange-Vaal and
Zambezi and between the Orange-Vaal and the Limpopo River systems. The former pair was more
significant different (p=0.002) than the latter pair (p=0.023). This initial study was followed by a

population genetic study of Labeo cylindricus from southern African river systems.

The genus Labeo, is a group of fishes with sucker-like mouths adapted for bottom feeding and is
widely distributed in Asian and African river systems. Labeo cylindricus has a potential to be
commercially exploited for the ornamental aquarium trade. They are relatively small, attractive and
adapt very well in an aquarium and, as a result of their feeding behaviour, they are capable of
contributing to the hygiene and health of their habitat and are in great demand to keep aquaria algae-
free. Taking their ornamental potential into account, it has become a matter of priority to document the

genetic variation and differences between populations of this species.

XV
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In an attempt to assess the genetic structure, genetic differentiation and relationship between Labeo
cylindricus populations, samples from the Okavango, Zambezi, Olifants and Incomati River systems
were collected. Morphometrics and meristics were taken on site as means to facilitate identification,
while muscle, heart and liver tissue samples were collected and stored in liquid nitrogen (-196 °C) for
on-site storage and transportation purposes. In the laboratory they were transferred to a freezer (-

40°C) to await electrophoresis.

The following were assessed: allelic frequencies, average heterozygosity, percentage of polymorphic
loci, goodness of fit to Hardy-Weinberg equilibrium, heterozygosity deficits or excesses, the F-
statistics and the genetic distances between the populations and between the species. The results

revealed low levels of genetic variation in all the populations.

Of the 27 protein coding loci best resolved, polymorphism was displayed by the EST 2 and 3 loci, the
MDH-1 and the PEP-A-1 locus only. Genetic variability estimates exhibited low levels of
heterozygosity (0.014 to 0.042) and the percentage polymorphism ranged from (3.57% to 14. 29%)
and there were an average number of 1.07-1.18 alleles per locus. These values are much lower than
the average reported for southern African fish species. The results suggest that L. cylindricus from
South Africa may be differentially negatively affected by catchment disturbances. Fixation for
monomorphic loci for same alleles, in conjunction with genetic distance values obtained for the
populations (0.018-0.078), suggest conspecificity in these populations. The smaller genetic distances
of 0.018, between the Zambezi and the Olifants populations coupled by low Fst value of 0.245 and
moderate magnitude of gene flow (Nem=0.433) suggest a relatively recent divergence between the two

populations.

The project was conducted with the assistance of Mpumalanga Parks Board (Research Division) and

will assist them with their conservation management plans.

——
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CHAPTER1

CHAPTER 1. INTRODUCTION

1.1 Introduction

The voice cries out amidst the global environmental chaos: “What and why, the global pollution; what
and why global warming?” (Mathews and Zimmerman 1990). And the World Health Organization
(WHO) weeps bitterly: “What, why and how long, the impacts of global pollution and global warming on
human health? (WHO, 2002: Scally, 2011)” The entire biota groans with pain: “What, why and how

long, the fears; how long the tears?”

In all the spheres of life, fear infiltrates. Every sector of the population has fear of a unique focus;
unique to its own needs and niches. To the politician the fear revolves around power struggle, coups
and wars. To the World Health Organization (WHO), the fear is centred on human health, human
welfare and poverty alleviation. To the environmentalist; the fear is focussed on desertification, soil
erosion and land degradation. To the conservationist and population geneticists; fear rules as well. In
as much as we fear the extinction of species, so we fear the genetic contamination, genetic erosion,

and genetic loss in these resources.

For every change or adventure, fear of the unknown exists and spreads. Whether the change is within
the social or the physical realms, fear exists. It is worse when change occurs over which we, as
humans, have little or no control. People fear change, and the unknown change carries with it elements
of fear and of risks into the abstract world. So, there is justifiable reason for fear to some or to all. We
fear things in proportion to the predictable enlightment about them, and we fear the future in terms of

our ignorance about it.
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When every sector in the universe sweats and pants under individualistic niche fears, WHO suffers the

biggest of all fears, in a quest for human health and life (WHO, 2006 a, b).

For many of us, there is a distinction between human health and life, and environmental health. For the
World Health Organization (WHO) the unifying perspective is that good human health is dependent

entirely on the stability and operation of the entire biosphere.

“More than 80% of all global morbidities and more than 25% of all global mortalities are attributable to
environmental hazards and mismanagement” (WHO, 2006 b). Because of the complexity of
interdependence between human life and all fields of the biosphere, human life and health are
negatively impacted by the any hazard in any field. A loss to one is a loss to all; an injury to one is an

injury to all (WHO, 2006 b).

Man has always been experiencing profound problems of health from time indefinite. In the quest to
solve such problems, industrial development came into being. However, in the process, the
environment got impacted upon negatively to the extent of its own ill-health. Unfortunately the unhealthy

environment impacts more on human health and natural resources.

Accepting it or denying it, man is in authority to rule; and to rule the environment globally. Whether
compelled by urgent physiological needs to survive, or luxurious exploration and curiosity invention, it
boils down to one thing; the environment (air, water, land) suffers silently, with no one advocating its

course. Once bruised, however, the environment lashes out at human health.

——
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Pollution is a multi faceted disorder of nature and/or of human behaviour. It ranges from the mere drop
of a match stick in the soil to serious contamination of the environment which results in cancer deaths
and hereditary disorders, e.g. subatomic radiation pollution of the atmosphere (Freedman,1995).
Pollution or toxicity of any sort has become the greatest threat to the life of all biota. Whilst we
acknowledge that most of the toxicity on the planet has anthropogenic sources, natural sources cannot
be left blameless. Wild fires, floods and epidemics pollute the remaining pieces of the world to an extent

that life and health can no longer be sustained fully (Science Daily, 2006 a, b).

1.2 The environment

The environment consists of the entire physical space of external biotic and abiotic influences that act
on organisms, or populations of organisms, in mutual relationships consistent with the term ecosystem
(Freedman, 1995; Udo de Haes and Klijn, 1995). This complex is capable of changing the behaviour of
organisms and is also subject to being changed by the organisms it is supporting. The environment of
different organisms, man inclusive, is complex and very difficult to investigate and to assemble. This
complexity therefore requires fragmentation, classification and taxonomy, in order to utilize, manage,
protect, develop or change (Haber, 1995). Therefore a need emerges for sound environmental planning

to prevent environmental problems.

Environmental problems are also complex, and intensify reciprocally in complexity as humans develop
the environment for better living (health, food security, shelter, transport) and industrialization. The
human population increases, as our ability to solve natural problems like epidemics increases (Shugart,

1998). Southern Africa is still in its infancy of economic and industrial development, and has to take into
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consideration that the environmental crisis not only has social and economic sources, but ecological,

biological and evolutionary consequences and responses as well.

The environment in its complexity is a major water user (Mpande and Tawanda, 2004). Man is central
as a water user and man, as a cause of the majority of environmental problems, is expected to respond
accordingly to solve and alleviate these problems, because he can survey and foresee the
consequences of his actions (Udo de Haes and Kilijn, 1994), but his efforts are subject to other external
influences like poverty and desperation for use of natural resources for survival sake, among others.
The competition on the environmental resources, mismanagement or/and management of the
environment at an expense of addressing certain socio-economic fates like poverty and/or unfair land

distribution may be the cause of conflict (Moncel, 2004).

Conflict between riparian countries of shared river systems over water or hydropolitics of river
catchments, is not uncommon or new. Since after the cold war poverty, diseases, population explosion,
food insecurity and water shortage has been experienced as hot spot issues and the reasons for
conflict and stress in Third World countries. Water conflicts have emerged as prominent in the last few
decades (Meissner, 2004) and water has become the cause for concern, conflict and potential war
within and between states on the African continent (Country Reports, 2004; Meissner, 2004). For
example, in 1978, Anouar El-Sadat, then president of Egypt, uttered a life threatening statement to the
Ethiopians who were planning to build a dam on the Nile. He stated that, Egypt won't hold back going to

war, since the water issue is a question of life and death to them (Moncel, 2004).

Military activities, however, are harmful to the environment. Not only do they absorb a large share of the

country’s economy (through training, infrastructure destruction, logistic supplies, research and loss of
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human lives), but they also affect ecosystems badly (Freedman, 1995). During the three decades of
civil war in Angola thousands of refugees, who fled to neighbouring countries, exerted pressure on
environmental property of those countries through poor sanitation, unplanned refuse disposal and
utilization of ecological resources for shelter and for energy. Post war returning refugees then put more

pressure on their native land and river resources (TVE’s Earth Report, 2004).

Freedman (1995) claims that, despite the ecological damage that wars have caused so far, no scientific
inquest and dispensation of information on adverse ecological impacts of warfare had been
documented up to 1995. Some wildlife species have become almost extinct as a result of civil wars and
rebellion, political instability and laxity or inadequacy of environmental law enforcement, widespread
availability of automatic weapons and explosives to poachers and the use of buried explosives like

landmines (Freedman, 1995).

Some causes for water crisis are the fast growing human populations and the luxurious lifestyle of
some. The wealthy may waste water, because they can afford the cost, while the poor and the rural
economize on it until it is not safe for use any more. Moreover, water is inefficiently used in industry and
agriculture, while much of the water is being lost through leakages (Kirby, 2004). Inefficient water use
also causes environmental changes by intensifying land degradation, soil erosion and water pollution

(Country Reports, 2004).

1.3 Surface water

Water is a natural resource of significant value. It is an indispensable ingredient of life and of the

environment, determining the existence and sustainable development of the country (Zumdahl 1997,
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Singh et al., 2003; Mohammed, 2003). It occurs in either one of the three phases; gas (vapour), solid
(ice) and liquid. Water is a constituent of cells of living organisms, and of crystals and minerals. It has
many uses in science and industry as a catalyst, diluent, coolant, waste disposal and transport agent. It

distributes heat and it can be used to generate electricity (Zumdahl, 1997).

On the other hand, water, either naturally or through anthropogenic induction, may become catastrophic
to humans and to the environment (Singh et al., 2003; Kambole, 2004). As a result of anthropogenic
activities, rivers contain structures such as dams, hydroelectric power plants and irrigation canals which

affect the environment (Brismar, 2002).

Surface water comprises only the visible part of a continuous fresh water ecosystem, which includes
ground water, alluvial/floodplains and riparian systems (Hancock, 2002; Young, 2002). There exists an
area of exchange called the hyporheic zone, between the surface zones and underground zones of
water. It occurs in the sediments of gravel or sandbed streams. It is a porous ecotone between the
surface and ground water. It hosts diverse and unique invertebrate fauna called hyporheos and it is
often a site of intense biochemical activities. It contains surface and subsurface species, including fungi
and other microbes which transfer, release and stabilize some forms of nutrients. The capability of the
hyporheic zone to act as a physico-chemical filter should not be taken for granted or as a leeway for

complacency, as the filter may break down if excessively overused (Hancock, 2002).

Water quality management addresses the spatial and temporal heterogeneous nature of the
environment and in particular, its effect on water quality. Terrestrial processes have an enormous
influence on the state of the recipient body of water. Environmental variables affecting water quality are

not uniformly distributed across the landscape and may not change at the watershed. Variables such as
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physiogeography, soil characteristics and anthropogenic land use, are among the most critical when

determining water quality (Jenerete et al., 2002).

1.4 Rivers

A river is a large natural water passage running through the terrestrial land. It is a conveyer that
channels rainwater back to the sea/ocean or to large water bodies like lakes, in an almost closed cycle.
A large river system naturally comprises of water basins or river channels, banks, floodplains, streams,
inland and coastal deltas and estuaries and is associated with groundwater aquifers (Brismar, 2002;
Meissner, 2004). The main water flow is confined to the river channel, bordered by river banks and the
river bed at the bottom (Meissner, 2004). Streams flowing through urban areas receive substantial

amounts of effluents (industrial and domestic) and storm water (Hancock, 2002).

Rivers have several functional commitments and services to the welfare of the ecosystems. These

include:

1.4.1 Transportation and dilution of pollutants

The river has a limited native capacity to dilute polluted discharges and transport pollutants
downstream. This depends on the rate of flow and the suspended particles in the water to which

pollutants can adsorb (Brismar, 2002).
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1.4.2 Partial temporary innate water purification

Pollutants are diluted, suspended, adsorbed onto particles, assimilated into living organisms,
embedded into the sediments and/or decomposed by biochemical reactions to least toxic agents.
Sedimentation and assimilation into organisms remove pollutants from the water, while biochemical
decomposition transforms and possibly detoxifies pollutants (Brismar, 2002). This phenomenon occurs
even in wetlands and other aquatic ecosystems, thus leading to improved water quality (Twinch and

Grobler, 1986; Brismar, 2002). This is not an indefinite performance, however, and it has its limits.

1.4.3 River bank stabilization

The riparian vegetation has the ability to reduce bank erosion and to arrest silt (Brismar, 2002).
Riparian zones also serve as chemical, physical/mechanical and biological boundaries between the
rivers, streams and the watershed they drain. They regulate temperature and silt flux as a means to

ensure riparian zone protection (Carignan et al., Serveiss, 2002).

1.4.4 Soil wetting, fertilization of floodplains and deltas

A river can overflow onto floodplains as a means of reducing downstream flooding. The floodplains then
become a nutrition rich bed and breeding ground for some aquatic fauna, rich grazing land for cattle
and highly fertile agricultural land. The floodplains also constitute groundwater aquifer recharge areas

and buffer the downstream destructive flooding (Brismar, 2002), just as dams are purposed for.
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1.5 Dam construction

South Africa is renowned for aridness or semi-aridness. The low rainfall and the low mean annual runoff
have led to the construction of dams and the planning, designing and construction of inter-basin
transfer systems in the country (Allanson, 1995). In developing countries, the infrastructure around dam
construction as a means to protect the land against flooding and to achieve large scale agricultural
irrigation, industrialization, hydroelectricity generation and overall socioeconomic development has

been established (Brismar, 2002).

There is growing awareness however of the environmental risks associated with building of large dams.
Therefore, in the process, consideration must be given to potential eco-environmental adverse impacts

of dams during planning and decision making (Brismar, 2002; Meissner, 2004).

The guidelines of a comprehensive environmental impact assessment (EIA) must be followed. The EIA
is @ major tool for sound management practices in dam erection and any other socio-economic and
environmental development. Thus impoundment should be performed with due consideration of its
ecological impacts. EIA is a procedure to predict, assess, estimate and communicate consequences,
both profitable and detrimental, of any proposed development, and to ensure the consequences are

taken into consideration in planning, design, implementation and management (Brismar, 2002).

Water retained from rivers in the dam lower downstream water flow. This, more frequently, decreases
the volume of hyporheic zones by decreasing areas of sediment covered with water at a channel-

aquifer interface (Hancock, 2002).
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Dam related manipulations of natural water flow threaten the biodiversity of native aquatic faunal
populations in many ways and obstruct migratory spawning species (Brismar, 2002; Asinar.Net Global
Encyclopaedia, 2004; Meissner, 2004), degrading the quality and quantity of downstream floodplains
(Brismar, 2002). Dams have a localised beneficial effect on fish survival in drought, but impede
migration to a certain extent and therefore inhibit breeding. Migratory fish survival in dams may be
sustained by building large WEIRs (Kleynhans, 1980; Olivier, 1994). The water in the reservoir
undergoes changes in temperature, turbidity, oxygen content, silt and nutrients. As water gets released
from the reservoir, these changes get transmitted downstream, extensively affecting biological diversity

(Brismar, 2002).

1.6 Biodiversity and genetic consideration

Biology is a continuous entity and physiology is not in any sense a solitary component of the organism.
It is inseparable from morphology, behaviour, ecology (Bailey, 1984) and most of all, genetics and
evolution, which greatly constitute what we observe physiologically and morphologically (Calow and
Forbes, 1998). The genetic differences therefore constitute all the diversity we observe in life forms

(Spellerberg, 1996: Yokogawa, 1997; Yoshiyama and Sassaman, 1998)).

Biological diversity refers to the immense variability among individuals within species and with different
species (Andrews and Chilton, 1999; Cutter and Renwick, 1999; Spellerberg, 1996). It includes
variability in their abundance and habitats (Spellerberg, 1996; Swanson, 1997). To break it down to
comprehensible levels, it must be properly systematised. It is therefore arrayed into several levels, from
genetic levels to varieties of ecosystems (Spellerberg, 1996). Systematizing gets clearer when both
morphological and ecological data are validated by the molecular data to describe biological diversity

(Buth, 1984; Moritz and Hillis, 1990). This makes genetic diversity the central focus of all biological

——

10

'



CHAPTER1

diversity and evolutionary processes and also a necessity for all kinds of biological diversity

(Spellerberg, 1996).

There is a national and global awareness in the decline of biodiversity (Swanson, 1997). The
International Union for Conservation of Nature and Natural Resources (IUCN) has advanced the
creation of parks and protected areas, their use and management. The Convention on Migratory
Species (CMS) also called the Bonn Convention as part of IUCN was created for protection of migratory
species (Swanson, 1997) of which some of the species in this study and L. cylindricus form part

(Skelton, 1993).

Natural diversity among populations or species is not at all times ascertained in terms of size, shape,
morphology and colour of individuals (Spellerberg, 1996). There have been several arguments on the
relationship between morphological variation and heterozygosity (Mitton and Grant, 1984). Moritz and
Hillis (1990) settled the dispute by stating that there is no strict interdependence between the evolution
of morphological characteristics and molecular evolution. Different codes are being followed in each,

and manoeuvring by different evolutionary pressures is encountered by each (Moritz and Hillis, 1990).

In the light of the above mentioned statements, conservation managers require, therefore, loyal
estimates of the genetic structure of populations and the risk of genetic diversity erosion based on
ecological background and pollution endurance, in order to manage, conserve or protect natural
populations objectively (Heithaus and Laushman, 1997). Conservation of fish populations is also
important to the local people living around water bodies, both nutritionally and in splendour (Merron and

Bruton, 1993).
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Population genetic studies, describe the genetic variation within and between populations and species
and events producing or hampering such variation. Population genetic studies examine the genetic
behaviour of specified or model populations and even make empirical investigations of genetic
variability in and among the populations and species possible (Crozier, 1997). Furthermore, genetic
studies experiment and/or make attempts to understand the adaptive significance of genetic diversity
(Grant, 1993; Stuart and Gaugler, 1996). To address the above concerns, population genetics studies
incorporate conservation biology, ecological dynamics and systematics (Crowe, 1989; Crowe et al.,
1989; Jain, 1983; Grant, 1993). Population genetics and ecology are particularly valuable in studying
evolutionary processes, both in the short term and long term, and also for predicting the fate of

populations (Jain, 1983).

In as much as the environments are changing in form and size, so is the magnitude of genetic variation
(Spellerberg, 1996; Dobson et al, 1997). Genetic consideration is, therefore, very crucial for
management of both wild and captive populations and for their environments. Furthermore, low genetic

variation threatens small populations with their rapid extinction (Spellerberg, 1996; Dobson et al., 1997).

1.7 Morphology

Some species can be recognised at a glance because they are morphologically distinct, even if they
occupy the same geographical area. Others are alike but vary in that they occupy different climatic
zones, whilst others still are ecologically and morphologically similar (Clausen et al., 1947). Hubby and
Throckmorton (1967) maintained that it has been a long-term phenomenon that many different
genotypes can and do produce indistinguishable phenotypes. The authors further explained that a high

degree of morphological similarity that exists in sibling species is often a result of developmental
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homeostasis between them, but not significantly of genetic similarity. Therefore one cannot assert

similar morphologies as evidence of similar or dissimilar genotypes.

The morphology of the fish corresponds to their habitat preferences, e.g. small eyes, well developed
nasal tentacles and broad united gill membranes are designed for species which live in swiftly flowing
water (Reid, 1985). Living fish as a part of aquatic fauna and biological diversity are so diverse that they
are complex to define at a glance (Bone et al., 1995). Fish exhibit higher phenotypic variability than any
other vertebrates. Such phenotypic variations are environmentally related due to the plasticity that fish
have in relation to response to their environmental conditions (favourable or unfavourable). Genotypic
diversity is important in the maintenance of the phenotypic diversity among populations, because
phenotypic diversity has a genetic basis (Carvalho, 1993). Genetic structure within the populations of all
organisms determines their diversity as it is seen (Spellerberg, 1996). Genotypic variation determines
the organism’'s ability to migrate, tolerate pH variations and toxicants. It also determines

immunity/resistance to diseases and general stress tolerance (Carvalho, 1993).

Fish are the oldest, most numerous and most diverse group among the vertebrates. They exhibit
morphological, physiological and behavioural adaptations with which they occupy diverse water bodies
and habitats (Lowe-McConnell, 1988; Moyle and Cech, 2000). Fish face great difficulties in all attempts
of moving from one aquatic system to another. Often they stick to one habitat range; compelled to
adapt to changes right there, or die (Lévéque, 1997). As a result of this feature, fish are rated among
the most appropriate and significant indicators of environmental variables and ecological conditions and
subjects for studying trends in aquatic diversity generally. They are selective and sensitive to specific

habitat conditions e.g. pollution (Heithaus and Laushman, 1997; Lévéque, 1997; Scheimer, 2000). They
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have influence on the biodiversity and biodiversity distribution of other aquatic organisms through

predation, competition, mechanical impacts and being preyed upon (Lévéque, 1997).

In order to manage or protect natural populations successfully, conservation managers require reliable
estimates of the genetic structure of populations, as well as information on the risk of genetic variation
erosion based on ecological impact history and their pollution tolerance (Spellerberg, 1996; Heithaus
and Laushman, 1997). Genetic consideration is therefore crucial for management of wild, as well as
captive populations, since erosion of genetic variability of small populations threatens the species with
possible extinction (Spellerberg, 1996). It is therefore important that managers should plan river

resource development with careful consideration of onsite and downstream effects (Brismar, 2002).

1.8 Ecology

Ecology includes the integration of population dynamics, genetics, natural selection and evolution.
Ecology and life history are related to the level and the distribution of genetic variation in a population
(Lincoln et al., Smith, 1996). Ecological attributes have a direct effect on the genotypic frequencies and
therefore genetic variation of populations. Toxicity in the environment selects against certain
heterozygotes (Heithaus and Laushman, 1997) and reduced genetic variation is in itself a threat to
survival, growth rate (Mitton and Grant, 1988; Andrews and Chilton, 1999), reproductive success and
ability to adapt to stress or disturbances in environmental variables (Heithaus and Laushman, 1997).
Population genetics and ecological studies become valuable tools, among others, in studying
evolutionary processes (both short term and long term) and also in foreshadowing the fate of

populations (Jain, 1983).
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Species do not exist in pure isolation. Organisms have diversified to be complementary or symbiotic to
one another as parasites, prey species, predators, commensals or mutualists (Thompson, 1999).
Multitudes of biotic and abiotic attributes are so interconnected that any change in any part of the
ecosystem affects the whole to a larger or lesser extent. The stability of ecosystems is enhanced when
the diversity (genetically and at all levels of organization) of organisms is maintained (Cutter and

Renwick, 1999).

Jackson (1961) indicated that predation can have a profound effect on the evolution of the population.
The author demonstrated that predators can kill such large numbers of its prey that there are only a few
left for gene transmission to next generations. Inbreeding then becomes imperative and genotypic

frequencies become greatly changed. The same perspective is also echoed by Emlen (1977).

A parasite on the other hand is described by Smith (1980), as a miniature predator since it leaves its
host either dead or incapacitated. This view is also shared by Barber et al. (1995), and Barber and
Huntingford (1996). Thus parasitic infection mortalities have an influence on the genotypic frequencies
of the population. There are also empirical views that certain parasites can even cause cancer with very
high metastasis, thus increasing morbidity and mortality in populations through changes in the

composition, the structure and function of the DNA (Campbell, 1997).

Environments are forever changing (Emlen, 1977; Stuart and Gaugler, 1996; Smith, 1996; Spellerberg,
1996). With anthropogenic activities, the changes are more speeded up than they would occur naturally
(Gaigher and Pott, 1973; Gaigher et al., 1980; Spellerberg, 1996). Environmental factors affecting
populations relate directly to the gene-determined physiological responses (Nei, 1978; Stuart and

Gaugler, 1996; Calow and Forbes, 1998) and to gene diversity (dynamics of genes or alleles) (Nei,
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1978; Carvalho, 1993; Stuart and Gaugler, 1996; Calow and Forbes, 1998). Adaptation to changing
environments is imperative if survival is to be insured. Adaptation itself is a product of natural selection,
which results in changes of relative genotypic frequencies, in an attempt to suit the new environment

(Smith, 1980).

Environments should therefore not be ignored when formulating, interpreting and comparing studies of
organisms (Stuart and Gaugler, 1996). Factors such as poor nutrition, water pH, pollution and genetic
factors such as inbreeding depression, genetic drift, or founder effects have adverse genetic and
microevolutionary consequences in natural populations (Nei, 1978; Stuart and Gaugler, 1996). All these
factors have the potential to reduce the genetic variation in a population. Lack of genetic variation is in
itself a constraint violating the population’s adaptation capacity in changing environments (Stuart and

Gaugler, 1996).

1.9 Distribution

The distribution of organisms gives an account of major historical events or changes in the earth’s
surface which effected barriers of species distribution and/or migration (McKeown, 1984; Carvalho,

1993; Bone et al., 1995).

Geographical barriers play an important role in shaping patterns of ecological and genetic diversity
within and between species. River barriers act as significant impediments to gene flow among
populations of aquatic species and act as major drivers of aquatic fauna diversification. These barriers

achieve the development of geographical or physical isolation between populations (Carvalho, 1993).
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Geographical isolation is one of the major forces affecting differentiation of gene pools in populations
(Mayr, 1939; Ribbink and Eccles, 1988). It may be irreversible depending on the ultimate attainment of
reproductive or sexual isolation in populations (Dobzhansky, 1937; Mayr, 1959; Jameson, 1977; Smith,
1992; Andrews and Chilton, 1999). Sexual isolation is the product of gene divergence (Dobzhansky,
1937; Koopman, 1950; Selander and Johnson, 1973), and an essential feature of speciation (Wilson et
al., 1974). It is acquired during the course of building up of adaptive gene complexes in populations
(Dobzhansky, 1937; Koopman, 1950; Selander and Johnson, 1973). Once evolution of sexual isolation
has been attained, the gene pools become protected against contamination by other gene pools (Mayr,

1959).

All these mechanisms tend to prevent hybrids from occurring (Dobzhansky, 1937) and promote the

process of speciation without any disturbances from hybridization (Wright, 1940).

Different environmental variables, lack of gene flow, or gene exchange through only few migrants
substantially enhance population differentiation (Carvalho, 1993). Geographically isolated populations
of species collected in similar habitat types (or connected through migration and gene flow) often exhibit
greater phenotypic and genetic homogeneity than those collected from dissimilar environments within
the same geographical area (Carvalho, 1993; Kyle and Boulding, 1998). Such parallel ecophenotypic
characters have been described as resulting from parallel evolution, since such populations’ adaptive
characters are brought about by similar localized selective pressures (Lavin and McPhail, 1993; Kyle
and Boulding, 1998). Responses to environmental factors are governed by genotypic-environment

interactions (Carvalho, 1993).
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Distribution of organisms may also be brought about by a complex of eco-genotypic factors. These
factors include environmental variables such as food availability, diseases, parasites, predators, pH, Oo,
temperature, salinity, genetic drift and selective pressures. Furthermore levels of variability in
ecologically significant traits, population size, genetic drift, number of founders and historical events
causing barriers may also have influence on spatial dissimilarities among and within the species

(Carvalho, 1993).

1.10 Pollution

Droughts are very common in the SADC states and water scarcity can be very severe. Due to aridness,
more than 400 million Africans in the Sub-Saharan region are without access to pure water (Kirby,
2004; TVE’s Earth Report, 2004; Country Reports, 2004; Moncel, 2004; Mpande and Tawanda, 2004).
Compounding water scarcity is pollution, making the very scantily available water in most river systems
not suitable for use. Agriculture and demographic pressure increase tension or stress on the resource
(Country Reports, 2004; Moncel, 2004). While ground water may be used in times of severe surface
water shortage, depleting it is disastrous, since rivers, wetlands and lakes which depend on it for a refill
can dry out. Salty sea water may then flow in, to replace ground water and make the terrestrial and

freshwater zones more unfit for life (Kirby, 2004).

Human activities, through agriculture and urbanization have constituted very dramatic transformation of
the landscapes and ecosystems. These activities have resulted in habitat destruction, which adversely
affects species survival through various ways (Jain, 1983; Lafferty, 1997; Cutter and Renwick, 1999). It
has also been observed that through such interventions, many river systems have been intensely
affected by toxic pollutants and that such toxicity is directly correlated with reproductive problems of the

species (Cutter and Renwick, 1999; Weis et. al., 1999). Pollution is among the major anthropogenic
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influences on populations, leading to greater stress and increasing dispersal (translocations and
introductions). Dispersal ultimately results in greater intermixing of gene pools between
species/hybridization (Jain, 1983; Allendorf, 1991) and may even form new taxa (Jain, 1983).
Introductions are also harmful to the native fish and other organisms through predation, disease

introduction and competition (Allendorf, 1991).

Gaigher (1973) reported that hazards of river pollution due to agriculture, industry and drought,
compounded by extraction of water to dams and manmade lakes, pose a very serious threat to the fish
survival in east flowing rivers of the Transvaal (now Mpumalanga and Limpopo Provinces). Aquatic
pollutants incorporate nutrients, which contribute to eutrophication problems (Weis et al., 1999). Toxicity
influences the aquatic populations holistically. It handicaps genetic expression in populations (Heithaus
and Laushman, 1997) as well as all physiological, morphological, growth, reproductive and behavioural
activities (Weis et al., 1999). The most vulnerable of the species are those which depend on well

oxygenated water for existence (Gaigher 1973; Weis et al., 1999).

Pollution correlates directly with changes in genotypic frequencies (Jain, 1983; Heithaus and
Laushman, 1997). Prolonged exposure to pollution has an eroding effect on genetic variation at the
PGM, MDH, IDHP, GPI, and other related loci (Heithaus and Laushman, 1997). These authors stated
that acid and heavy metal poisoning are closely linked to lowered heterozygosity in most fish

populations, a perspective echoed by Henry et al., (1999).

Not only does pollution affect the organism’s chemical metabolism, but it also has profound effects on
the cultivation of certain pathogens (Lafferty, 1997) and on algal blooms, thus lowering the oxygen

tension in water (Weis et al., 1999). Pollution has differential life span effects on a variety of organisms.
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It may cause some to thrive while being fatal to others (Lafferty, 1997). Pollution can cause invertebrate
prey populations to decline thereby decreasing the protein supplement for the fish (Heithaus and
Laushman, 1997). It may also impair both prey capture in predatory species and predator escaping
mechanisms in the prey (Weis et al., 1999). Furthermore effects of pollution involve evolutionary
processes (both short term and long term) and population genetics and ecology are an effective
machinery to study such processes, providing valuable data for projecting the fate of populations (Jain,

1983).

1.11 Hybridization

Isolating mechanisms (mechanisms preventing the interbreeding of species complexes) responsible for
attainment of reproductive isolation and genetic integrity exist in nature in order to prevent disintegration
of gene patterns due to unlimited hybridization. Such mechanisms are necessary to allow uninterrupted

molecular evolution (Dobzhansky, 1937; Speith, 1949).

Fossil records suggest that hybridization has always occurred in natural populations (Smith, 1992;
Billington et al., 1996), and that it is a widespread occurrence among fresh water fishes (Smith, 1992;
Moyle and Cech, 1996). Hybridization is even more common among cyprinid species (Buth et al.,
1991). Intrageneric and interfamilial hybridization was also noted to be even possible between Claridae
and Cyprinidae. A typical example of such hybridization is interbreeding between Labeo rohita, Clarias

mrigala and Clarias catla which occurs naturally (Padhi et al., 1998).

Hybridization often brings about an unstable genetic situation in the population (Templeton, 1980). The

instability can lead to rapid speciation (Templeton, 1980; Moyle and Cech, 1996) through evolution of
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systems that conserve hybrid states and restrain hybrid breakdown (Templeton, 1980). The new
species formed can be, for example unisexual mollies or tetraploids in fish (Moyle and Cech, 1996; King

and Stanfield, 1997).

Interspecific hybridization is influenced primarily by the gene regulatory systems between parental
genomes (Wilson et al., 1974). The degree of similarity of gene pools of parental species plays a major

role in the successful development of an interspecific zygote (Wilson et al., 1974; Smith, 1992).

Various speculative ideas have been advanced for introgression and hybridization (Smith, 1992). There
are speculations that fertile hybrids and their backcrosses (hybrids and parental species) are a source
of genetic variation among evolving fish populations (Smith, 1992). Padhi et al. (1998) however
indicated that F1 hybrids that backcross with the parental species impose a threat of reduction of
genetic variation in these species through introgression. The authors investigated this through DNA,

Mbo Il satellites.

Hybridization, which sometimes occurs between similar African Labeo species confuses the taxonomy
within the genera (Reid, 1985) and because it is often very difficult to distinguishing hybrids from
parental species on morphological basis (Billington, 1996), molecular studies are a necessity for the

detection of hybrids (Buth et al., 1991; Billington, 1996).

There are various ways of characterizing hybrids between species. Smith (1992) and Billington (1996),
indicated that fixed diagnostic electromorphs in parental species and hybrids may be considered good
indicators of introgression. Wilson et al. (1974) stated that fibrinopeptides do not differ much within

hybridisable species pairs. The authors also discovered that in fish, glucose-6-phosphate
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dehydrogenase is encoded exclusively by the paternal alleles and that expression of the maternal
alleles is completely repressed. The allelic repression was more common in extreme hybrids and

directly correlated with greater taxonomic distance between parental species.

1.12 Genetic structure analysis

Electrophoresis has been the method of choice in most population genetics studies (May and Marsden,
1992; Grant, 1993; Ramshaw et al., 1996; Sabeh et al., 1996; Baillie et al., 1998). It is among the most
objective tools in identifying, comparing and discriminating between cryptic species (Selander and
Johnson, 1973; Smith, 1976; Grant et al., 1988; Menezes and Naiks, 1993; Oosthuizen et al.,1993), in
detecting hybrids (Moritz and Hillis (1990) and hybrid zones (Grant, 1993) and in quantifying gene flow
(Buth et al., 1991, Lewis et al., 2000). It can be highly valuable too in assigning proper taxonomic status
in populations (Scobie and Mackie, 1995). Variation in a large number of loci can be studied, even if
only a few individuals are available. This becomes of utmost importance when we consider the scarcity

of some of the populations in question (Gorman and Renzi, 1979).

Within the limitations of the technique, electrophoresis accompanied by staining techniques for specific
enzymes and other proteins allows for the determination of the genotype of each individual for a
selection of specific enzymes (Keenleyside, 1991). Data so obtained is useful for the investigation of
genetic variability within and among natural populations (Grant, 1984; Grant et al., 1988; May and
Marsden, 1992). It can be used for differentiating species and populations from a large variety of taxa
(Shaklee and Tamaru, 1981; May and Marsden, 1992) and in the description of genetic relationships
among closely related, geographically isolated species (Grant 1984; Grant et al., 1988). However the

success of its use depends on the proper interpretation of the results (Quicke, 1993). It is worth noting
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that not all allelic variation is detectable through electrophoresis (Selander and Johnson, 1973).
Nevertheless the results of a moderate number of enzyme loci can be extended to the entire genome of
the organism though, since loci studied may be assumed to represent a random sampling of the

genome in terms of allelic frequencies (Ayala et al., 1974).

Grant (1993) has indicated that there is limited allozyme data available for the animal populations in
southern Africa. With little more than representative genetic research done on the Cyprinids (Family
Cyprinidae) (Buth, 1984), and far less on the genus Labeo, it generates reason to investigate the
biodiversity of these resources at a genetic level. The fundamental question is: “what is the relative
contribution of genetic and environmental influences to morphological, ecological and behavioural

differences in species from this genus?”

Generally there exists very little genetic differentiation between local populations. Therefore, to quantify
genetic differentiation between populations, two statistical parameters have been used; the Nei's (1978)

genetic distance coefficients (D) and F-statistics (Fsr).

According to Nei (1978) the average genetic distance per locus is:
D=-log |
Where | represents the mean genetic similarity per locus between the given populations x and y, and
1= 1y /(1. 1))12
= means of 3xiyi, 3xi2 and 3 yi2

xi and y; being the frequencies of the ith allele in the populations x and y, respectively.
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At most loci (92%), populations in the same geographical area have essentially identical allelic
frequencies (I = 0.95-1.00). Only at few loci do they have considerably different genetic frequency

(Ayala et al., 1974).

The average genetic distance (D) represents a measure of the average number of codon substitutions
per locus (those that are electrophoretically detectable) which have accumulated since populations

have separated from the common ancestor (Ayala et al., 1974).

The degree of differentiation among populations is represented by the following equation:
FST =1/1 +4 Nem
Where Nem =n/(n -1)2, n is the number of populations analysed and Nem is the effective number of

individuals exchanged between populations each generation.
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CHAPTER 2: Review of genetic variation of fresh water fish from randomly selected water

bodies in the Southern African Development Community.

2.1 Introduction

The Southern African Development Community (SADC) was born from Southern African Development
Coordination Conference (SADCC) following the Lusaka declaration on economic liberation in 1980
and established by only nine states. The SADCC was replaced in 1992 by the SADC in a declaration
and a treaty signed at the summit in Namibia (SADC Facts, 2004). Currently the Southern African
Development Community comprises 14 countries; Angola, Botswana, Democratic Republic of Congo
(DRC), Lesotho, Malawi, Mauritius, Mozambique, Namibia, Seychelles, South Africa, Swaziland,
Tanzania, Zambia and Zimbabwe (SADC Countries database SADC/FSTAU & FAO/Giews, 2004;

SADC Facts, 2004; Shoko, 2004).

Each member state has the responsibility to coordinate one or more sectoral activities on behalf of
SADC; for example, Lesotho is responsible for environment, land and water management; Malawi,
inland fishery, forestry and wildlife; South Africa, finance and investments (SADC Sectoral
Responsibilities, 2004). According to the treaty signed, each member state is legally bound to
coordinate their respective policies and plans for sustainable development in all areas of human

activity (SADC facts. 2004).

Seven river basins, i.e. the Congo, Zambezi, Okavango, Limpopo, Orange-Vaal, Olifants, Ruvuma and
Cunene, with catchment areas of up to 6.76 million km2 maximally, are shared by at least two of the
twelve countries (Mauritius and Seychelles excluded). The Zambezi River is shared by Angola,
Botswana, Malawi, Mozambique, Namibia, Tanzania, Zambia and Zimbabwe and has therefore

become the focus of most attention over years (Mpande and Tawanda, 2004; Shoko, 2004).
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Environmental ailments affecting the catchments are deforestation, soil erosion and silting and air and
land pollution through agriculture and mining activities. The mining industry consists of coal,
chromium, asbestos, gold, copper, nickel, iron ore, vanadium, lithium, tin and platinum, producing
effluents which have highly detrimental effects on the environment, in particular rivers and water

bodies (Country Reports, 2004).

The discharge of high levels of metal waste over decades has resulted in siltation and destruction of
aquatic habitats in the tributaries of the Zambezi River. Pollution control measures in most mines are
either lacking or inadequately designed and consequently sulphates, heavy metals and pH
unstabilized mine sludge are discharged into the river basin. The by-products of hydroelectrification,

e.g. excessive heat energy, also get discharged into the river basin (Dixon et al., 2004).

Pollution in the Zambezi River is further generated actively by the rapidly increasing population growth,
intensive urbanisation and industrial and agricultural activities. Industry in particular is a source of
massive pollution with its effluents discharged into the water bodies, illegally dumped wastes washed
into the river and pollutants emitted into the air, affecting the quality of rain and of respired air. Many
industrial pollutants include pulp-and-paper mills, the steel industry and abattoirs, all producing
noxious chemical effluents. It must be borne in mind that these effluents affect even the groundwater
(SARDC-IMERCSA. 2004) Pollution leads to changes in the ecosystems. A changed ecosystem may
so become unstable or detrimental to the environment and to the populations sustained by the

environment (Klijn, 1995).

The Limpopo River catchment was affected by severe drought between the years 1980 and 1990 and
this situation was intensified by upstream water extraction (Mpande and Tawanda, 2004). The

Incomati and the Limpopo are in semi arid riparian regions of the SADC. The aridness is worsened by
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increasing population growth that has lead to the erection of a water reservoir infrastructure and

irrigation schemes in the catchments (BBC News, 2004).

South Africa and Mozambique embarked on an investigation into the pollution that affects the river
systems shared by these two states. This investigation was held because of the reported industrial
pollution into the Limpopo River catchment area that led to birth defects and killing of animals
(terrestrial and aquatic) inhabiting the catchment region. Humans suffered renal and gastrointestinal
ailments, stomatitis and other severe physical defects, while plants/crops and riparian vegetation died

as well (WildNet Africa News Archive, 2004).

The Okavango River system remains one of the few undeveloped systems to date. However this is for
the good of the world heritage site, the Okavango Delta (TVE’s Earth Report, 2004), which hosts some
of the highest biodiversity in the Sub-Saharan region. The biodiversity in this river basin is endangered
by the use of its inflowing water for unsustainable development purposes and by lack of adequate

management of tourism, local participation and sustainable use of the resource (Monna, 2004).

2.2 Inter-Catchment or Inter-Basin Water Transfers

Inter-basin water transfer (IBT) is generally defined as water transfer from one geographically distinct
river catchment or basin to another, or from one river reach to another even within the same river

system (Snaddon, et al., 1999).

In most arid environments, inter-basin water transfers (IBTs) are frequently perceived as the most
workable solution to problems associated with available aquatic resources in relation to human

population needs and demands. In most parts of the world, water transfer schemes have become the
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life blood, rescue and resuscitation of the developing and existing human settlements, for which no
alternative seems to exist (Snaddon, et al., 1999). In countries with very high rainfall the IBTs are
primarily used to augment the power generation potential of hydro-electric schemes, while in arid and

semi-arid countries, IBTs supply potable and irrigation water (Snaddon, et al., 1999).

There are several water transfer schemes in South Africa, e.g. the Tugela-Vaal, Caledon-Modder and
Mooi-Mgeni River schemes (Snaddon, et al., 1999), just to mention a few. Of much and more recent

interest to South Africans is the Lesotho Highlands Water Project IBT.

South Africa is renowned for its semi aridness and complete aridness in certain parts of the country
Lesotho on the other hand has water as a relatively abundant natural resource. The Republic of South
Africa has shown some interest in acquiring and utilizing the water from Lesotho Highlands to meet the
growing demand of industry and domestic life. A joint venture between Lesotho and South Africa led to
the building of networks and channels in the remote parts of Lesotho to channel rain water to South
Africa, for both industrial and domestic purposes. The dams trap water that normally runs through the
Orange River basin (which originates in Lesotho) and within its catchment and turn it north into the

Vaal River system towards Gauteng Province (International Rivers, 2005; TED Case studies, 2002).

The Lesotho Highlands Water Project (LHWP) has dual objectives: to turn Lesotho’s water into export
revenue and to generate enough hydro-electricity to supply Lesotho’s power needs and reduce its
dependence on South Africa for power supply. This development however noble and beneficial to both
Lesotho and South Africa as it appears was not without eco-environmental detriments. The project
carries with it cause for environmental damage, in terms of populations dislocation, grazing land

flooding and degradation of the site by tourists (TED Case studies, 2002).
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2.3 Impacts of Inter-Basin Water Transfers

Prior to deliberation on the impacts of any particular project, consideration must be given to the fact
that the project has both beneficial and adverse effects. It all depends on which one outweighs the

other. The outweighed project falls off if compliance with the EIA is maintained.

For development of proposed IBT pre-and post-transfer ecological assessment surveys have rarely
been undertaken to date (Snaddon, et al., 1999). Proposals for IBTs, world-wide, have been made
despite lack of knowledge of ecological and environmental effects of such schemes (Snaddon, et al.,

1999; Pottinger, 2003). The LHWP was no exception.

Impacts of IBTs include earthquakes or Reservoir-Induced Seismicity (McCully, 2003; International
Rivers, 2005), conflict over water transfers e.g., guerilla warfare occurred in Lesotho over selling
Lesotho’s water to South Africa (Pottinger, 2003) and the Zambezi's Cahora Bassa project, which led
to habitat destruction for humans, fauna and flora and became the source of FRELIMO guerilla
warfare (Bourgeois et al., 2003/4). In Lesotho the effects of IBTs also included effacement of species
from their native habitats e.g., the apparent disappearance of the umbraculate frog (Rana vertebralis)
which was an important indicator species for water quality from Lesotho waters (Pottinger, 2003). The
Maloti minnow (Pseudobarbus quathlambae), rock catfish (Austroglanis sclateri), the renowned rare
and endangered species of bearded vulture, (Gypaetus barbatus), also lost habitat to the project and
the threatened endemic spiral aloe (Aloe polyphylla) and various bird species which nest in the area

were affected by the project (Pottinger, 2003).

Changes in the water quality below the dam include alterations in sediments, oxygen levels, nutrients

and water temperature. In addition, the initiation of a transfer out of the donor catchment may result in
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a decrease or permanent loss of water in that catchment, to the detriment of its future development,
since water is a finite resource within any catchment. Substantial reductions and fluctuations of water
flow in donor catchments due to decreases in riparian vegetation, erosion and transport of sediment
down the river, may also occur. There may also be changes in the riverine flora and fauna (Snaddon,

et al., 1999).

The TED Case studies (2002) claims a small likelihood that Katse reservoir water may cause major
problems with transfer of water weeds or water borne disease vectors into the recipient system. With
the LHWP in particular, no major impacts on the ecology of the Vaal River were expected to result
from the transfer of water from the Sequ catchment of the Orange River system, since the waters of

both systems originate from the same geological base (TED Case studies, 2002).

The river systems in the SADC host a high diversity of flora and fauna. Among these are a variety of
fish species. Fish in the SADC are subject to different environments and habitats. Organisms almost
always respond genetically to changing environments (Hoffman and Parsons, 1997). Together with
extrinsic barriers, environmental variables have profound effects on the integrity of genetic structure
for each population (Templeton, 1980; Kirpichnikov, 1992). Among these organisms, fish represents
the oldest and most diversified of the vertebrates (Love and Calliet, 1979; Heithaus and Laushman,
1997) and it therefore becomes most relevant in studying evolutionary or genetic structures of
populations. Sensitivity of aquatic fauna’s genetic variation to pollution also augments the suitability of
genetic variation to most environmental research (Heithaus and Laushman, 1997). For conservation
purposes, genetic variation of a population must be preserved as far as possible, since it maximises
the population’s potential to adapt to, or withstand, unpredictable environmental changes and stresses

(Hoffman and Parsons, 1997).
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Genetic variation can be characterised by two measures:

1. Proportion of polymorphic loci.

2. Mean heterozygosity levels in a population.
It must be emphasised though, that even if it is true that high genetic variation is protective of the
population integrity for survival and reproduction, the high genetic variation strategies of a population
will have very little impact on the survival of the population if the entire ecosystem is severely
compromised by pollution. Extreme environmental change has an impact on the expression of
phenotypic and genotypic variation in a population. Environmental changes potentiate periods of
intensive natural selection and this selection may lead to characteristics which may or may not be
favoured by the environment. These characteristics, when interacting with the environmental variables
may influence the population size, resulting in maladaptation, speciation or extinction (Hoffman and

Parsons, 1997).

The changing environmental variables prompt for their impact on the fauna and flora depending on the
environment. This review attempts to disseminate the information on patterns of genetic structure of
fish across the riparian zones of major river basin catchments in the SADC regions. The genetic

structure used in this study consists of allozyme genetic variation.

2.4 Materials and methods

A variety of bibliographies and reference sections of retrieved articles for studies on genetic structure
of freshwater fishes from major river basins and their tributaries in southern Africa, were assembled

and tabulated.
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Consideration was given to populations for which information on allozyme genetic variation
(specifically average heterozygosity values) was available. From each study, information extracted
comprised of river systems, rivers and/or sampling localities, species, number of loci, number of

individuals per population, average heterozygosity values and source references.

The data was initially grouped for river systems, for their tributaries and for populations of species.
This data was analyzed using SPSS software for statistical analysis. SPSS (Statistical Package for
Social Sciences) contains a comprehensive range of statistical procedures and extensive facilities for

file manipulations and recoding transformation of data (Everitt, 1998).

The grouping was then done according to regions in which river systems form catchments. The
descriptive analysis of variance data was therefore processed from the mean heterozygosity values
using One Way Analysis of Variance (One Way Anova). Repeated measures of Anova to assess
significant relationship (differences or similarities) in genetic variation between the populations in river
systems were used. Where population sizes analyzed were not equal in number, the significant
differences in the mean heterozygosity values observed between populations necessitated more

statistical qualification.

The data was finally pooled according to river basin catchments. To compromise between having
sufficient number of studies (for comparison sake) and ensuring that several populations have been
considered, only studies providing information from at least ten (10) populations per river system were

considered and the rest were not considered.
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What remained significantly different from the variance of means was further qualified using the
Bonferroni correction test for pairwise intercatchment comparison. It allowed comparison between the

major river basin catchments.

ANOVA (analysis of variance) is a total variation displayed by a set of observations, as measured by
the sums of squares of deviation from the mean. It may in certain circumstances be separated into

components associated with defined sources of variation as criteria of classification for observation

(Marriott, 1991).
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Table 1. Genetic variability in different localities of Southern African fresh water fish from the SADC region. Fields include river systems, rivers
and/or sampling localities, species and sample size, number of loci, levels of heterozygosity and reference sources.

River system River & Sampling | Species Number He | Source

locality

Loci | Individuals

Breé Brandvleidam Barbus andrewi 31 50 0.05 | Mulder (1989)
Budzi Budzi Tilapia rendalli 38 13 0.00 | Feresu-Shonhiwa & Howard (1998)
Budzi Budzi Oreochromis mossambicus 38 15 0.04 | Feresu-Shonhiwa & Horward (1998)
Cowie Bloukrans Barbus anoplus 25 10 0.07 | Engelbrecht, G. D. (2001)
Cowie Cowie Barbus pallidus 29 40 0.05 | Engelbrecht, G. D. (2001)
Incomati Crocodile Barbus pallidus 25 30 0.02 | Engelbrecht, J. S. & Van der Bank (1996, a)
Incomati Incomati Barbus polylepis 31 23 0.04 | Mulder (1989)
Incomati Usuthu Barbus polylepis 31 50 0.11 | Mulder (1989)
Incomati Crocodile Barbus anoplus 25 31 0.04 | Engelbrecht, J. S. (1996)
Incomati Marite Barbus brevipinnis 25 30 0.01 | Engelbrecht, J. S. & Van der Bank (1996, b)
Incomati Sands Barbus brevipinnis 25 30 0.06 | Engelbrecht, J. S. & Van der Bank (1996, b)
Incomati Crocodile Barbus neefi 29 36 0.03 | Engelbrecht, G. D. (2001)
Incomati Crocodile Barbus brevipinnis 29 50 0.02 | Engelbrecht, G. D. (2001)
Incomati Crocodile Chiloglanus anoterus 32 27 0.11 | Engelbrecht, G. D. & Mulder (2001)
Limpopo Letaba Barbus viviparus 21 42 0.05 | Engelbrecht, G. D. (2001)
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Limpopo Letaba Labeo congoro 29 50 0.03 | Van Vuuren (1989)

Limpopo Crocodile Barbus mattozi 31 35 0.22 | Mulder (1989)

Limpopo Crocodile Tilapia sparmanii 40 34 0.03 | Van der Bank et al. (1989)

Limpopo Mogalakwena Labeo ruddi 29 50 0.01 | Van Vuuren (1989)

Limpopo Mogol Schilbe intermedius 10 50 0.00 | Engelbrecht, J. S., et al. (1994)
Limpopo Origstad Barbus motebensis 25 33 0.05 | Engelbrecht, J. S., & Van der Bank (1996, a)
Limpopo Origstad Barbus neefi 25 30 0.03 | Engelbrecht & Van der Bank (1996, b)
Limpopo Marico Barbus motebensis 25 30 0.04 | Engelbrecht & Van der Bank (1996, a)
Limpopo Selons Barbus neefi 29 36 0.00 | Engelbrecht, G. D. (2001)

Limpopo Dorps Barbus neefi 29 34 0.05 | Engelbrecht, G. D. (2001)

Limpopo Spekboom Barbus neefi 29 34 0.04 | Engelbrecht, G. D. (2001)

Limpopo Blyde Barbus neefi 29 50 0.07 | Engelbrecht, G. D. (2001)

Limpopo Makutswi Barbus neefi 29 46 0.06 | Engelbrecht, G. D. 2001)

Limpopo Mutamba Barbus neefi 29 50 0.04 | Engelbrecht, G. D. (2001)

Limpopo Mogalakwena Barbus brevipinnis 25 21 0.04 | Engelbrecht, G. D. (2001)

Limpopo Palala Barbus brevipinnis 29 46 0.03 | Engelbrecht, G. D. (2001)

Limpopo Palala Barbus brevipinnis 25 50 0.03 | Engelbrecht, G. D. (2001)

Limpopo Palala Barbus bifrenatus 29 46 0.00 | Engelbrecht, G. D. (2001)

Limpopo Grootspruit Barbus brevipinnis 25 21 0.03 | Engelbrecht, G. D. (2001)
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Limpopo Pienaars Clarius gariepinus 18 27 0.05 | Van der Bank et al. (1992)

Limpopo Pienaars Chetia flaviventris 40 64 0.02 | Van der Bank et al. (1989)

Limpopo Pienaars Oreochromis mossambicus 40 91 0.02 | Van der Bank et al. (1989)

Limpopo Mwenezi Oreochromis mossambicus 38 23 0.05 | Feresu-Shohiwa & Horward (1998)
Limpopo Limpopo Oreochromis mossambicus 38 24 0.03 | Feresu-Shonhiwa & Horward (1998)
Limpopo Limpopo Chiloglanus paratus 32 50 0.02 | Engelbrecht, G. D., & Mulder (2000)
Limpopo Limpopo Tilapia rendalli 38 19 0.00 | Feresu-Shonhiwa & Howard (1998)
Limpopo Limpopo Tilapia rendalli 10 26 0.07 | Lizemore et al. (1989)

Limpopo Olifants Mesobola brevianalis 27 60 0.01 | Engelbrecht, G. D., & Mulder (1999, b)
Limpopo Olifants Labeo rosae 29 50 0.08 | Van Vuuren (1989)

Limpopo Olifants Labeo cylindricus 29 50 0.10 | Van Vuuren (1989)

Limpopo Olifants Labeo molybdinus 29 42 0.11 | Van Vuuren (1989)

Limpopo Olifants Glossogobius callidus 30 57 0.01 | Engelbrecht, G. D., & Mulder (1999, a)
Limpopo Olifants Hydrocynus vittatus 25 40 0.05 | Kotze etal. (1998)

Limpopo Spekboom Barbus polylepis 31 20 0.09 | Mulder (1989)

Limpopo Olifants Barbus mattozi 31 15 0.22 | Mulder (1989)

Limpopo Olifants Barbus marequensis 31 50 0.11 | Mulder (1989)

Limpopo Origstad Barbus neefi 25 30 0.03 | Engelbrecht, J. S. (1996)

Limpopo Politsi Barbus lineomaculatus 29 34 0.02 | Engelbrecht, G. D. (2001)

Limpopo Olifants Chiloglanis paratus 32 48 0.03 | Engelbrecht, G. D., & Mulder (2000)
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Limpopo Olifants Chiloglanis pretoria 32 46 0.02 | Engelbrecht, G. D., & Mulder (2000)
Mbashe Xuka Barbus amatolicus 25 10 0.11 | Engelbrecht, J.S., & Van der Bank (1996, a)
Mgeni river Msinduzi Barbus gurneyi 25 10 0.02 | Engelbrecht, G. D. (2001)

Mzimvubu Inxu Barbus anoplus 25 10 0.04 | Engelbrecht, J.S. (1996)

Nata Gwavazabuya Oreochromis mossambicus 38 20 0.07 | Feresu-Shonhiwa & Horward (1998)

Nata Amanzamnyama Oreochromis mossambicus 38 27 0.04 | Feresu-Shonhiwa & Horward (1998)
Nhlabane Nhlabane Glossogobius callidus 30 49 0.07 | Engelbrecht J. S. & Van der Bank (1996, b)
Nhlabane Nhlabane Glossogobius callidus 30 49 0.03 | Engelbrecht & Mulder (1999, b)

Olifants (Cape) | Koebee Barbus serra 31 40 0.11 | Mulder (1989)

Olifants (Cape) | Koebee Barbus capensis 31 42 0.14 | Mulder (1989)

Olifants (Cape) | Koebee Labeo seeberi 29 50 0.02 | Van Vuuren (1989)

Orange-Vaal Mooi Barbus pallidus 29 33 0.11 | Engelbrecht, G. D. (2001)

Orange-Vaal Bleskopspruit Barbus anoplus 25 25 0.08 | Engelbrecht, J. S. (1996)

Orange-Vaal Bleskopspruit Barbus pallidus 29 60 0.10 | Engelbrecht, G. D. (2001)

Orange-Vaal Vaal Barbus aeneus 31 50 0.13 | Mulder (1989)

Orange-Vaal Vaal Barbus kimberleyensis 31 40 0.12 | Mulder (1989)

Orange-Vaal Vaal Labeo capensis 29 50 0.08 | Van Vuuren (1989)

Orange-Vaal Vaal Labeo umbratus 29 50 0.03 | Van Vuuren (1989)

Orange-Vaal Sands Barbus pallidus 29 36 0.07 | Engelbrecht, G. D. (2001)

Otjikoto Guinas, sink hole Tilapia guinasana 26 50 0.07 | Oosthuizen et al. (1993)
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Otjikoto Guinas, sink hole Tilapia guinasana 30 50 0.07 | Oosthuizen (1992)

Pongola Pongola Barbus polylepis 31 20 0.07 | Mulder (1989)

Pongola Usuthu Barbus polylepis 31 50 0.11 | Mulder (1989)

Pongola Manzaan Barbus pallidus 25 10 0.03 | Engelbrecht (1996)

Save Tokwe Tilapia rendalli 38 21 0.18 | Feresu-Shonhiwa & Horward (1998)
Save Tokwe Oreochromis mossambicus 38 27 0.04 | Feresu-Shonhiwa & Horward (1998)
Save Runde Tilapia rendalli 38 13 0.02 | Feresu-Shonhiwa & Horward (1998)
Save Runde Oreochromis mossambicus 38 12 0.05 | Feresu-Shonhiwa & Horward (1998)
Save Runde Oreochromis placidus 38 23 0.04 | Feresu-Shonhiwa & Horward (1998)
Save Ruti Oreochromis mossambicus 38 25 0.09 | Feresu-Shonhiwa & Horward (1998)
Save Runde Oreochromis mossambicus 38 24 0.03 | Feresu-Shonhiwa & Horward (1998)
Swartkops Swartkops Barbus pallidus 29 40 0.07 | Engelbrecht, G. D. (2001)

Tugela Spectaclesspruit Barbus pallidus 29 42 0.09 | Engelbrecht, G. D. (2001)

Tugela Buffels Barbus anoplus 25 10 0.03 | Engelbrecht, G. D. (1996)

Tugela Bloukrans Barbus anoplus 25 10 0.07 | Engelbrecht G. D. et al., (1997)
Tugela Buffels Barbus pallidus 25 10 0.06 | Engelbrecht, J. S., & Van der Bank (1996, b)
Tugela Buffels Labeo rubromaculatus 29 50 0.06 | Van Vuuren (1989)

Tugela Buffels Barbus natalensis 31 50 0.14 | Mulder (1989)

Zambezi Upper Zambezi Marcosenius marcolepidotus 52 50 0.09 | Van der Bank & Van der Bank (1995)
Zambezi Upper Zambezi Hydrocynus vittatus 25 35 0.02 | Kotze et al. (1998)
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Zambezi Upper Zambezi Schilbe intermedius 60 60 0.03 | Engelbrecht, J. S. et al. (1994, 1997)
Zambezi Upper Zambezi Tilapia rendalli 10 52 0.06 | Lizemore et al. (1989)

Zambezi Upper Zambezi Hemichromus elongatus 40 106 0.02 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Oreochromis andersonii 40 75 0.02 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Oreochromis andersonii 38 10 0.06 | Feresu-Shonhiwa & Horward (1998)
Zambezi Upper Zambezi Oreochromis andersonii 38 17 0.03 | Feresu-Shonhiwa & Horward (1998)
Zambezi Upper Zambezi Oreochromis macrochir 40 103 0.03 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Oreochromis macrochir 38 9 0.07 | Feresu-Shonhiwa & Horward (1998)
Zambezi Upper Zambezi Oreochromis macrochir 38 34 0.06 | Feresu-Shonhiwa & Horward (1998)
Zambezi Upper Zambezi Pharyngochromis darlingi 40 5 0.02 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Serranochromis carlottae 40 34 0.03 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Serranochromis codringtonii 40 24 0.04 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Serranochromis angusticeps 40 92 0.01 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Serranochromis giardi 40 24 0.01 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Serranochromis macrocephalus 40 80 0.02 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Serranochromis robustus jallae 40 15 0.02 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Serranochromis thunbergi 40 5 0.02 | Van der Bank et al. (1989)

Zambezi Upper Zambezi Synodontis leopardinus 51 35 0.09 | Van der Bank (1993)

Zambezi Upper Zambezi Tilapia sparmanii 38 11 0.04 | Feresu-Shonhiwa & Horward (1998)
Zambezi Mazoe Oreochromis mossambicus 38 14 0.03 | Feresu-Shonhiwa & Horward (1998)
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Zambezi Sinamatella Oreochromis mortimeri 38 15 0.02 | Feresu-Shonhiwa & Horward (1998)
Zambezi Gwai Oreochromis mortimeri 38 30 0.06 | Feresu-Shonhiwa & Horward (1998)
Zambezi Mlibizi Oreochromis mortimeri 38 10 0.06 | Feresu-Shonhiwa & Horward (1998)
Zambezi Mwenda Oreochromis mortimeri 38 6 0.06 | Feresu-Shonhiwa & Horward (1998)
Zambezi Lake Kariba Oreochromis mortimeri 38 14 0.03 | Feresu-Shonhiwa & Horward (1998)
Zambezi Deka Oreochromis mortimeri 38 23 0.03 | Feresu-Shonhiwa & Horward (1998)
Zambezi Hippo Tilapia rendalli 38 15 0.02 | Feresu-Shonhiwa & Horward (1998)
Zambezi Deka Tilapia rendalli 38 17 0.01 | Feresu-Shonhiwa & Horward (1998)
Zambezi Middle Zambezi Tilapia rendalli 38 13 0.04 | Feresu-Shonhiwa & Horward (1998)
Zambezi Middle Zambezi Oreochromis mortimeri 38 15 0.04 | Feresu-Shonhiwa & Horward (1998)
Zambezi Middle Zambezi Oreochromis mortimeri 38 24 0.03 | Feresu-Shonhiwa & Horward (1998)
Zambezi Middle Zambezi Oreochromis mortimeri 38 20 0.03 | Feresu-Shonhiwa & Horward (1998)
Zambezi Middle Zambezi Tilapia sparmanii 38 19 0.05 | Feresu-Shonhiwa & Horward (1998)
Zambezi Lower Zambezi Oreochromis macrochir 38 40 0.06 | Feresu-Shonhiwa & Horward (1998)
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2.5 Results

The total heterozygosity values obtained for this study amounted to 128 records (Table 1). Upon
computation of heterozygosity data using SPSS software for statistical analysis, analysis of variance
(ANOVA) revealed some significant differences between some populations. Where there was no sign
of significant difference between the populations, the data was excluded from further analysis. The
results are illustrated in Tables 2 and 3. Heterozygosity was considered significantly different when

p<0.05.

The river catchments north of the Orange-Vaal River systems exhibit lower genetic variation than the
river catchments southwards. South of the Limpopo River basin, the western and south-western
flowing rivers showed very high heterozygosity values. In the Orange-Vaal River systems, the
heterozygosity value (Hg) was 0.089 (SD=0.028; SE=0.008). Genetic variation below the Vaal Barrage
ridge was averaged to 0.053. In the Vaal Dam He= 0.125, and in the tributaries flowing into the Vaal
River channel far below the barrage ridge, the heterozygosity values were 0.096. Tributaries upstream

of the Vaal Dam had He = 0.104 and an He = 0.118 when the dam is included.

River catchments north of the Orange-Vaal i.e. the Zambezi, Limpopo, and Incomati River catchments
host a heterozygosity range between 0.041and 0.047. The Limpopo catchment has a He of 0.047
(SD=0.047; SE=0.007), the Incomati He=0.046 (SD=0.036; SE=0.012), the Zambezi He=0.041

(SD=0.027; SE=0.039).

For the Western Cape river catchments, He=0.091 (SD=0.0505; SE=0.0223). In the Eastern Cape river
catchments, Heg=0.069 (SD=0.069; SE=0.0119) and in the KwaZulu-Natal, He=0.064 (SD=0.036;

SE=0.010).
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Although the Western and the Eastern Cape river catchments have very high heterozygosity values,
i.e. He=0.091 and He=0.069, respectively, their sample sizes were too small N=5 (Table 2). To qualify
the results statistically using the Bonferonni test, these populations were excluded and only those with

at least 10 individuals per population were further analyzed.

Inter-catchment multiple pairwise comparisons from Bonferroni correction tests exhibited major
differences between the Orange-Vaal and the Zambezi River catchments (p<0.05; p=0.020) and
between the Orange-Vaal and the Limpopo River catchments (p<0.05; p=0.023). This data is illustrated

in Table 3.

The p-value describes the significance level of the observations in a study. It is the risk that the
researcher is willing to take in rejecting a particular hypothesis. The outcome of a study is not
consistent with the null hypothesis, i.e. (there are no genetic variation differences among the
populations) whenever the probability of observing certain discrepancy between the observed and the
expected values is 5% or less (p< 0.05), owing to chance alone. If p< 0.05, the difference is significant,

and it is not chance alone that brought about the discrepancy and thus other factors are involved.

Populations in the Orange-Vaal River basin exhibited higher levels of genetic variability relative to
populations from Limpopo and other river systems. One way analysis of variance (ANOVA) confirmed
strong and significant impacts of variables of the catchment (p=0.001) on the level of genetic variation

in the Zambezi River compared to other river catchments.

The Bonferroni test displayed significant differences between the Orange-Vaal and the Zambezi

catchments and between the Orange-Vaal and the Limpopo catchments (Table 3).
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Table 2. Average expected heterozygosity values of freshwater fish from southern Africa, for all population sizes, grouped according to catchments/river systems.

River systems Number individuals Mean heterozygosity Std. deviation Std. error
analysed per population
Zambezi 52 0.041 0.028 0.039
Limpopo 46 0.047 0.046 0.007
Orange-Vaal 12 0.089 0.028 0.008
Incomati 10 0.046 0.036 0.012
Western Cape S 0.091 0.051 0.023
Eastern Cape S 0.069 0.027 0.012
Kwa-Zulu Natal 12 0.064 0.036 0.010
Total 142 0.052 0.041 0.004
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Average expected heterozygosity values of freshwater fish
from southern Africariver catchments for population sizes
(in parantheses) of 10 and more
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Fig.1. Average expected heterozygosity values of freshwater fish from southern Africa, grouped according to

catchments/river systems for population size of 10 or more.

The Bonferroni test displayed significant differences between the Orange-Vaal and the Zambezi catchments

and between the Orange-Vaal and the Limpopo catchments (Table 3).
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Table 3. Inter-catchments, Bonferroni correction tests for mean differences between the Orange-Vaal-

Zambezi and Orange-Vaal-Limpopo catchments areas.

Inter-catchment Mean Differences p-value
Orange-Vaal-Zambezi 0.048 0.020
Orange-Vaal-Limpopo 0.040 0.023
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2.6 Discussion

Environments have very profound impacts on the diversity of organisms (Templeton, 1980;
Kirpichnikov, 1992; Stuart and Gaugler, 1996). The response or adaptation of organisms to
environmental disturbances (e.g. climate change, habitat alterations, competition with exotics)
depends critically on the genetic structure of the populations. Genetic structures are influenced by
environmental variables, and a relationship exists between gene determined physiological
responses and the dynamics of that particular gene in a population (Calow and Forbes, 1998).
Therefore environments warrant consideration when interpreting any study on organisms

(Templeton, 1980; Kirpichnikov, 1992; Stuart and Gaugler, 1996).

The populations in this study were different in terms of the magnitude of genetic variability. This
was expected, since diversity in the level of genetic variation is always likely to occur when
populations are separated by extrinsic geographical barriers (Templeton, 1980; Stuart and

Gaugler, 1996).

The results in this study suggest that genetic variation in the catchment north of the Orange-Vaal

was lower than it is in the Orange-Vaal River system and river systems to the south.

A survey of fish data by Gyllensten (1985), estimated the average total heterozygosity in
freshwater species to be 0.043, while Kirpichnikov (1992), estimated more than 0.05 for fish
populations with the lower margin of the range to be 0.02. Selander and Johnson (1973)
estimated 0.05-0.06 for tetrapods. Buth et al. (1991) estimated an average heterozygosity of

0.052 in most cyprinid fish populations.
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The Zambezi, the Limpopo and the Incomati River catchments conform in terms of heterozygosity
levels to what was estimated by the above mentioned authors for fish. The Eastern Cape and the
KwaZulu-Natal catchments rated slightly higher. The Orange-Vaal River catchment and the

Western Cape catchments rated very high.

One possible explanation for low heterozygosity in the Zambezi River could be mining, industrial
activities, landfill and sewage mismanagement along the catchment. Aquatic organisms, due to
their sensitivity to changing environments, become highly vulnerable to pollution and habitat
change. Since genetic variation within a population is indicative of effective population size and
their ability to adapt to change (Spellerberg, 1996), severe reduction in genetic variation threatens
the population with ultimate extinction should any major catastrophic incidence (natural or human

induced) occur.

Considering droughts, salt intrusion, aquatic weed proliferation, pollution and dam constructions,
flood plains and wetlands were subjected to reduced flow (Bourgeois et al., 2003/4). As a result
floodplain spawners such as Labeo are reduced to minute population sizes. In the Zambezi River,
drought interchanges with flooding which leads to soil degradation. Soil degradation itself
worsens the drought conditions of the environment (Harden and Mathews, 2002; Bourgeois et al.,

2003/4).

The Zambezi River is under pressure from a cocktail of pollutants such as mining, sewage,
chemical, fertilizer and textile industrial effluents (Bourgeois et al., 2003/4). Mining is considered a
major point source polluter (BBC news, 2004; Bourgeois et al., 2003/4, Earth Crash, Earth Spirit,

2004). It discharges highly toxic metals like arsenic, gold, mercury, copper, cadmium, cobalt and
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lead. Mine waste landfills are inadequately designed and consequently mine waste poses a threat
to the ecosystem by causing lots of water acidification. Of the non-point pollution sources,
agriculture and forestry and the non decaying DDT used to control tsetse flies for the last three
decades, threatens the river and the riparian ecosystems. Most aquatic populations have had

their populations drastically reduced by DDT toxicity (Bourgeois et al., 2003/4).

Poverty and unemployment make management of this environment to range from difficult, to
impossible (Bourgeois et al, 2003/4). Taking over-fishing into consideration, population
bottlenecks arise, while agriculture demands more and more water for irrigation. Negative
pressures also emanate from mining and industry, with consequences of deterioration and
degradation of very sensitive areas, like wetlands in the catchment (Earth Crash, Earth Spirit,

2004).

The SADC has had several civil wars in different countries of the Zambezi River catchment area.
Any form of war has detrimental and devastating effects on the aqua infrastructure of the country
as a whole. The impacts include destruction of agricultural beds, hydroelectricity and river
pollution, to name a few (BBC News, 2004). The fact that most of the waste in the Zambezi River
catchment riparian countries is disposed of on land poses a threat to the river basin since the
river becomes the recipient of the storm runoff. Land fill leachate and inadequate sewage effluent
management led to eutrophication and massive fish kill in the Zambezi (Chenje, 2004. SARDC-

IMERCSA, 2004.)

Transport is another polluter through fuel gas emission and fuel spillages. Of the most difficult to

control, is the storm water runoff pollution since it originates from multiple non-point sources. The
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complexity of this type of pollution emanates from it being a blend of non-organic, organic and

biotic waste contaminants (SARDC-IMERCSA, 2004).

Aquatic life is the most vulnerable to pollutants since pollution affects adversely their
photosynthesis, respiration, growth, reproduction, strength, entire physiology, behaviour (Gaigher,
1973; Weis et al., 1999; SARDC-IMERCSA, 2004) and genetic expression (Heithaus and

Laushman, 1997).

Besides being used as a waste depot by industry, the Zambezi River is over fished to maintain
food security. Furthermore the correlation that exists between higher growth rate and high genetic
variation in a population predisposes the highly variable genetically populations to fishing

pressure and angling (Mitton and Grant, 1984; Beacham, 1991).

For most rivers in mine escarpments a by-product of acid mine drainage (AMD), which is
renowned for low pH and high levels of some metals, is released into the environment. It results
from oxidation reactions of sulphide containing rocks. The oxidation is activated by the bacteria
Ferrobacillus ferrooxidants. The product of this oxidation is sulphuric acid which dissolves metal
sulphides from the rocks, through the catchment into the river channels. AMD is a serious hazard
to the aquatic ecosystems. Among the dissolved metals, copper is renowned for reaching
extremely high toxicity levels at very low concentration of 1-10 ug/l. Fish juveniles are particularly
sensitive to copper toxicity. Other effects of copper toxicity include reduced immunity, decreased

growth rate, impaired swimming ability and decreased stress resistance (Barry et al., 2000).
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Other industrial activity by-products include pulp and paper mill effluents. Pulp and paper mill
effluents proved to be fatal to aquatic fauna including fish through O depletion, excessive
chlorination and turbidity (Kleynhans et al., 1992; Sharples and Evans, 1998). Turbidity itself is
notorious for habitat reduction, obscuring migration routes, reducing growth rate and feeding

ability of aquatic flora and fauna (Sharples and Evans, 1998).

The Orange-Vaal River catchment seems to be hosting a relatively high genetic variation,
He=0.089 (SD=0.028; SE=0.008). Variation of heterozygosity below the Vaal Barrage ridge was
averaged to 0.053. In the Vaal Dam, He was 0.125 and in the tributaries which have their
insertion points on the main river channel far beyond the barrage ridge, 0.096. The upstream dam

tributaries hosted a He of 0.104 and with the dam inclusive the He was 0.118.

The tributaries forming the Orange-Vaal catchment seem to be responsible for isolation of highly
variable gene pools and for maintaining the gene integrity in their populations. The high genetic
variation seems to stem from the fact that most of the population samples were collected from the
less polluted areas of southern Gauteng. Beyond the Vaal barrage ridge, sampling localities were

not on the main channel but on tributaries which form the catchment of the basin.

The Orange-Vaal River system is shared by Botswana, Lesotho, Namibia and South Africa. The
largest portion of the river basin is in South Africa and the river basin is intensely developed.
Twenty-four dams have been constructed along its length for various purposes, the major of
which is irrigation (Assessment Sample, 2004). It is also the source of the LHWP waters. The
Vaal River at its waterhead receives on average 1800 mm of rainfall per annum, which gets

reduced to £25 mm per annum at its estuary. Evaporation is low in Lesotho and high in the west.
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Due to high impoundment on the system, there is a diminished flow regime with salt intrusion on
the lower parts of the river system (Pottinger, 2003). It may be that the relatively high genetic
variability recorded for the Orange-Vaal river system was a result of the lack of sampling in the

parts closer to the estuary, but further studies would be needed to determine this.

It is striking that while industrial activities are relatively high in the KwaZulu-Natal, KwaZulu-Natal
still exhibited high heterozygosity (0.064) in its river systems. Populations which were analyzed
were collected from river tributaries of the Tugela and the Pongola which are demarcated along
major routes into and out of the province and where accidental oils spillages are often

problematic.

The Western Cape and the Eastern Cape catchments exhibited high heterozygosity and the He
was 0.091 and 0.069 respectively. The two catchments are constituted by smaller tributaries with
mostly isolated gene pools. In this manner the genetic integrity of each population is maintained.
These two catchments were excluded during further statistical analysis due to the fact that they

had only small sample population numbers.

Since genetic variability within a population is an indication of population effective size and the
evolutionary potential to adapt to rapid environmental change (Spellerberg, 1996), it may be that

most of the species in the Zambezi and the Limpopo River are being threatened with elimination.

Low genetic variation in natural (non-captive) populations is often incidental to severe reduction in
population size due to founder effects, historical population bottlenecks and nonsustainable

exploitation of natural resources to a point beyond recovery of effective population size. Low
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genetic variation is common in breeding centres and captivity areas and it is also spatio-

temporally related (Smith et al., 1991).
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2.7 Conclusion and recommendations

A tributary is part of the river basin and should receive the same status of reverence and
development management as the main river channel. The mishap that occurs is that, more often
than not, it is treated as not being part of the main basin. The international river basins (IRBs) that
a country shares with other countries are of crucial importance in terms of water supply, hydro-

politics and management (BBC news, 2004).

There should be joint comprehensive catchment management and development by SADC
countries, both spatially (including tributaries in other countries) and temporally. Mining,
agricultural, interbasin transfer, domestic infrastructure and industrial activities should be strictly
regulated so as to comply with and adhere to the International and National Laws on
environmental safety and human health and safety. All riparian countries of shared catchments
should be treated coherently. Each riparian country should execute constitutional directives to
regulate, monitor, enforce and implement appropriate environmental management practices in all
its industrial sectors. There should also be the involvement of all stake holders (educators,
legislature, sociologists, health teams, engineers, researchers and communities), in order to

create sound environmentally protective technologies and practices.

Every stakeholder in the catchment utilization programmes should have their communities
developed to a point of environmental awareness and sustainable development and sustainable
exploitation. Prevention of environmental mishaps should be made a priority, while active
responses to mishaps and incidences and consequence management should be first on the

priority list of the contingency environmental plans according to the ‘polluter pays principle’.
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These measures ensure that the environment is not degraded to a point of having to close the
industry down. This is important because economic dwarfism leads to poverty across the nation
where the particular industry was established. Poverty in a nation leads to activities which
compound the problems of an already degraded and even non-viable environment. Poverty
dictates and disregards the evidence that some species have endangered or vulnerable status

attached to their survival.

2.8 Summary

There exists a relationship between natural resource management and economic development
within human society. With development, there is a trend in human population growth, energy
consumption, global warming, ozone depletion, cropland scarcity, freshwater scarcity, fisheries
decline, rural environment degradation and loss of biodiversity (Mathews and Zimmerman, 1990).
Environmental degradation this far, has crossed the threshold level of reversibility in most parts of
developing countries in Africa. The irreversible ecological damage from anthropogenic
degradation may be so permanent as to cause conflict even after the socio-politico-economic

factors which caused tension then are alleviated or stabilized (Haber, 1995).

The scarcity of renewable environmental resources, and hence inequities of resource distribution
contributes to tension, development of ethnic violence and guerrilla revolutions within countries.
Inequities of natural resource distribution also lead to mass displacements/migration of the poor
into productive areas but most often into sensitive ecosystems, e.g., overcrowding in informal
settlements close to big cities in South Africa frequently occurs around wetlands. The effects of

concentration or overcrowding of any species on any part of the landscape are over exploitation
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and pollution of natural resources. Water resource is the most vulnerable of natural resources
and most vulnerable are the organisms which depend on water for habitat, survival, breathing,

reproduction and thriving.

Conservation of biodiversity cannot be addressed politically alone and several approaches are
necessary. These include poverty eradication, economic incentives, research, education, ex situ
and in situ remediation of the environment and establishment of protected areas. The in situ
protection, remediation and rehabilitation become important because aquatic systems for a
particular population cannot be easily duplicated elsewhere without adversely influencing the
latter environment. To be successful in the in situ treatment the integrity of ecosystems and
ecological services must be maintained (Lévéque, 1997). Natural resource scarcity interacts with
the politico-economic utilization of the scarce resource and can precipitate social violence, civil

strife or ethnic conflicts.
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CHAPTER 3. An investigation into the allozyme genetic structure of four populations of Labeo
cylindricus Peters, 1852 (Pisces: Cyprinidae) from the Okavango, the Upper Zambezi, the

Olifants (Mpumalanga Province), and the Incomati River systems.

3.1 Introduction

Labeo is a genus of carp-like primarily freshwater fish in the family Cyprinidae (Reid, 1985
Tshibwabwa et al., 2006). It is one of the most plentiful and widely distributed among African
freshwater fishes (Skelton, 1988; Skelton, 1993; Montchowui et al., 2009). Together with Barbus,
they form the two major genera of the family on the African continent (Soulsby, 1960; Skelton, 1988,

Skelton, 1993).

The genus comprises a group of fish with ventrally located sucker-like mouths and fleshy lips
bearing sharp, horny edges to facilitate their feeding mechanism i.e., that of scraping-suctioning food
substances from the surfaces. The bucco-pharyngeal cavities bear pharyngeal teeth and the fish
possesses a very long, coiled intestine. The snout is also fleshy and often bears tubercles (Reid,
1985). Balon, (1977) stated that snout size and body width varies geographically. The author
observed different snout sizes in populations of the same species from the same river system, but

are separated by certain physical barriers.

Reid (1985) reflects that not only the snout, but even tuberculations, lips and dorsal fins are
territorially variable, the fin highly curved at the caudal end for very rapid flowing water habitats.
Active tuberculations on the snout seem to be associated with hydrodynamic benefits, like reducing
the drag caused by the current velocity and pressure (Skelton, 1993). Tuberculations are more

pronounced on forms living in fast flowing water and rapids (Reid, 1985).
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The genus has a feeding mode which allows it to scrape the algae off the substrata in its habitat
(Pienaar, 1978; Minshull, 1985). It thus cleans both the biotic and abiotic substrata off algae, fungi,
invertebrates, microorganisms and detritus (Corbet, 1961; Pienaar, 1978; Reid, 1985; Minshull,
1985; National Parks Board of Trustees of South Africa, 1994). Labeos are also commercially very
important as forming very marketable fish in most African fisheries (Tomasson et al., 1984; Weyl and

Booth, 1999; Montchowui et al., 2009).

Despite the distinct diagnostic features of the genus Labeo, there has been great uncertainty and
confusion about the taxonomic status and interspecific relationships in the African Labeo species
based on morphological characters (Bell-Cross and Kaoma, 1971; Reid, 1985; Tshibwabwa and
Teugels, 1995). Several revisions of the genus have been advanced so far (Jackson, 1961; Bell-
Cross and Kaoma, 1971; Reid, 1985; Robert, 1986; Tshibwabwa and Teugels, 1995), but more
disagreements than consensus emerged with each revision. Robert (1986) describes Labeo as
inadequately understood and very problematic to systematize and questions the validity of some
species in the genus. Paugy et al. (1990), utilized morphometrics, parasite specificity and genetics in

an attempt to characterize some of the Labeo species.

Reid (1985) organized the species into groups based on common features they share. The species
in this study belong to the group Forskalli. Much of the failure to achieve proper identification in this
group seems to be centred on L. cylindricus (Soulsby, 1960). Bell-Cross and Kaoma (1971), in trying
to clear the confusion on the similarity between some species, stated that in the Zambian Labeo, all
species previously identified as Labeo annectens prior to 1971 should read L. cylindricus and those
that were identified as L. cylindricus read L. molybdinus. They further suggested that L. annectens is

a synonym to L. cylindricus. Balon (1977), in his findings, insisted that L. annectens and L.
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cylindricus are genotypically isolated. However, this opinion is subject to criticism since the author
made this inference without substantiating genetic studies on the species specified. Du Plessis
(1963) resorted to stating that L. parvulus is synonymous to L. cylindricus. Reid (1985) and Skelton
(1993) reported closer ecophenotypic characteristics between L. molybdinus and L. cylindricus, while

Balon (1977) described them as sympatric siblings.

The high degree of ecophenotypical similarity among most of the Labeo species (Reid, 1985;
Skelton, 1993) prompts for studies into their systematic status. Labeo molybdinus and L. cylindricus
differ in habitat preferences and also have ecophenotypic variations. However, there exists some
degree of overlap in these features (Reid, 1985, Gaigher, 1973). In the field, identification of these
species is often confusing since they are closely similar. The red eye colour of L. cylindricus is not a
reliable indicator in identifying the species, because it may be absent in certain individuals and the
orange annulet around the pupils of L. molybdinus (Reid, 1985) may be doubtful. Furthermore it was
observed (during on site sampling visit) that morphological separation has shown not to be a very
reliable to distinguishing between L. cylindricus and L. molybdinus in the Sabie River (the Crocodile
River system). In the light of the above, therefore, it becomes necessary to investigate the taxanomic
status of these species (L. molybdinus and L. cylindricus) at genetic level in order to validate

morphological characteristics (Buth, 1984).

Labeo cylindricus (Peters 1852)

Type locality: Mumbu, Zimbabwe. Nyuridzi, Sabi-Lundi Rivers.

Synonyms: Labeo parvulus (L. parvulus) Du Plessis (1963).
Labeo darlingi (L. darlingi) Jackson (1961).

Labeo annectens (L. annectens) Bell-Cross and Kaoma (1971).
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Reid (1985) reported that L. cylindricus has uncertain taxonomic status and as such there are
several synonyms for it. These include L. darlingi (Jackson (1961), L. parvulus Du Plessis (1963) and
L. annectens (Bell-Cross and Kaoma, 1971). Several authors have identified L. cylindricus and L.
annectens as different species but Bell-Cross and Kaoma (1971) identified them as one species,

therefore suggesting that L. annectens should be synonymous to L. cylindricus.

Labeo cylindricus is commonly known as the red eyed Labeo. As an adaptation for fast currents, L.
cylindricus has a streamlined body (Barlow, 1961; Reid, 1985; Skelton, 1993) and a characteristic
cylindrical shape (Soulsby, 1960; Jubb, 1961), but its growth is geographically variable. Fowler
(1936) reported that the Kenyan fully mature specimens of L. cylindricus have a length of 4.1- 8.8
cm, but Skelton (1993) observed growths of up to 23 cm in standard length (SL). There are,
however, larger specimens and in Lake Malawi, it was noted to reach 1kg and 40 cm (SL), twice the

size elsewhere in its distribution range (Skelton et al. 1991; Tweddle, 1996).

From the data gathered by Hecht and Mashego (1981), L. cylindricus adult fish collected during
summer in the tributaries of the Olifants River (Mpumalanga) are of a larger size than those collected
in the same localities in winter. Furthermore the cylindrical body can not be used reliably in
classification or identification, since in large specimens, the belly becomes distended and the

cylindrical shape is lost (Jubb, 1961).

Colouration in live specimens is seasonal, geographical (Balon, 1977) and seasonally variable. The
older the fish gets, the darker it becomes (Pienaar 1978; Reid, 1985) and it is also variable
depending on the river substratum, water clarity and locality (Jubb, 1961). The iris (eye) is often

distinctly red (Reid, 1985; Skelton, 1993), and this is used in species identification (Reid, 1985).

——
| —

59



CHAPTER 3

However several species of Labeo have red or almost red eye colouration i.e., L. rosae, L. altivelis
(Skelton, 1993) and L. molybdinus (orange annulet around the pupil) (Reid, 1985), which reduces the
reliability of this feature for identification. Furthermore Fowler (1936) reported a greyish iris, and dark
grey inconspicuous axial lateral line in the Kenyan populations of L.cylindricus. Furthermore the
sympatric occurrence of L. molybdinus and L. cylindricus (Reid, 1985; Balon, 1977) and their
overlapping ecophenetic characters (Pienaar, 1978; Reid, 1985) add to the difficulties in identification

and separation on morphological and ecological basis (Pienaar, 1978).

3.2 Relationship between Labeo and other organisms

Algae are a basic food source for the genus Labeo (Jackson, 1961; Whitton, 1975; Pienaar, 1978;
Reid, 1985). However Labeo not only cleans substrata of algae, but also off fungi, invertebrates,
microorganisms and detritus from other living organisms such as plants, bodies of hippopotami and
fish (Corbet, 1961; Pienaar, 1978; Reid, 1985; Minshull, 1985; National Parks Board of Trustees of

South Africa, 1994).

Labeo is prey to a number of predators, such as Tigerfish (Hydrocyon vittatus) (Jackson, 1961;
National Parks Board of Trustees of South Africa, 1994), Silver Catfish (Schilbe intermedius) (Bell-
Cross, 1973; Groenewald, 1964; Hecht and Mashego, 1981), Largemouth Bass (Micropterus
salmoides) (Weyl and Booth, 1999), birds (Coulin, 1993), reptiles and amphibians (Pienaar, 1978).
They are also subjected to over fishing by humans in some countries in southern Africa (Jackson,
1961; Pienaar, 1978; Jackson et al., 1988; Tweddle, 1996,; Lowe-McConnell, 1997). The species
has developed several predator-avoidance and predator-escape mechanisms (Emlen, 1977;

Gamberale and Tullberg, 1996) to protect itself and its progeny from predation (Jackson, 1961; Reid,
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1985; Bowen, 1988; Skelton, 1993). These mechanisms include being able to cling strongly to
cracks on rocks and onto submerged vegetation and having adaptive camouflaging colours (Reid,

1985).

Labeo as a genus and a member of the family cyprinidae is infected by a host of pathogens (Table
4). The pathogens have strict specificity or narrow range specificity to their hosts and pathogens
which infect parental species infect the hybrid offsprings as well (Paugy et al., 1990). The presence
of particular pathogens on organisms may thus be used as identification markers of hybridization
(Smith, 1966; Paugy et al., 1990). Some of the parasites are just opportunistic pathogens on the fish;
causing disease only when the organism succumbs to stress (Stewart, 1991). For the genus Labeo
intestinal pathogens are contracted easily due to their feeding mode, that of scraping the substrata

off algae (Jackson, 1961; Pienaar, 1978; Reid, 1985; Oosthuizen and Davies, 1994).

Toxic environments can compromise the fish’s immune response, causing the fish to become more
predisposed to infections by Trichodinids which thrive very well in polluted water (Lafferty, 1997).
Besides the parasitic infestations mentioned above, L. cylindricus is also infected by a host of
parasites of the genus Trichodina (Basson et al., 1983; Van As and Basson, 1992). Furthermore
Tripartiela lechridius is a new species that is specific to the gills (Van As and Basson, 1992; Lafferty,

1997) of the Limpopo and Olifants Rivers’ L. cylindricus (Van As and Basson, 1992).
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Table 4. Some pathogens infecting Labeo and other freshwater fish.

Pathogen Host Specified Effect/impact Authors
organ
Cestode, Ligula | Cyprinidae Intestine Bleeding and Viljoen, 1986;
intestinalis malabsorption of Lauzanne, 1988;
nutrients Barber et al., 1995;
Barber and
Huntingford, 1996).
Dactylogyrus spp. Labeo Gills Erosion of gill epithelium | Schmidt and
(strict host specificity) and blood loss. Roberts, (1989);
Predisposition to Paugy et al., (1990);
secondary infection by | Gibson et al.,
fungi and bacteria. (1996); Timofeeva
An increase mucus etal., (1997).
production which
suffocates the fish.
genera Dactylogyrus | Labeo Gills Blood loss, impairment | Paugy et al., (1990).
and Dogielius roseopunctus, of respiration.
(very  strict  host | Labeo
specificity) senegalensis
and L. coubie
(strict host
specificity)
Dogielius dublicornis | Labeo Gills Blood loss and (Guégan et al,
cylindricus secondary infection by | 1989).
other pathogens.
The genus Labeo Fins and Skin infection, fluid Van As, (1992);
Chonopeltis cylindricus and | the body imbalance and cell lysis, | Avenant-Oldewage
(Crustaceans) most freshwater | surface death etal., (1994);
Chonopeltis  koki n. | fish Viljoen, (1986).
sp Luus-Powell and
Chonopeltis victori Avenant-Oldewage,
Chonopeltis australis 1996
Chonopeltis australis | Labeo Fins and Skin infection, fluid Avenant-Oldewage
Lernaea barnimiana | umbratus and | the body imbalance and cell lysis, | et al., (1994).
(Crustaceae: Labeo capensis | surface death Viljoen, (1986).
Copepoda).
The trematode Genus Labeo | The eye Inflammation of the (Schmidt and
Nematobothrium sockets tissues of the eye ball Roberts, 1989).
labeonis
a genus-specific
parasite
genus Trichodina Labeo Gills Respiratory membrane | Basson et  al,
cylindricus inflammation (1983); Van As and
Basson, (1992).
Tripartiela lechridius | Labeo Gills Respiratory membrane | Van As and Basson,
cylindricus inflammation (1992);
Lafferty, (1997).
( ]
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Camallanus species | Labeo Intestinal Impairment of nutrient | Viljoen, (1986);
(Nematoda: molybdinus Tract absorption Lauzanne, (1988),
Camallanidae) Barbus species Schmidt and
(narrow specificity) Roberts, (1989);
Boomker, (1994).
The leech, Labeo Intestinal Blood loss Oosthuizen and
Placobdelloides cylindricus tract Davies, (1994)
jaegerskioedi
Clonorchis sinensis | Cyprinids Skin bleeding Schmidt and
(Chinese liver fluke) Roberts, (1989).
cestode Ligula | Cyprinids Intestine Bleeding and Viljoen, 1986;
intestinalis malabsorption of Lauzanne, 1988;
nutrients Barber ef al., 1995;
Barber and
Huntingford, 1996).
Dactylogyrus spp. Labeo Gills Erosion of gill epithelium | Schmidt and
(strict host specificity) and blood loss. Roberts, (1989).
Predispose to Paugy et al., (1990);
secondary infection by | Gibson et al., (1996)
fungi and bacteria. Paugy et al., (1990);
Increase in mucus Timofeeva et al.,
production which (1997).
suffocates the fish.
genera Dactylogyrus | Labeo Gills Blood loss, impairment | Paugy et al., (1990).
and Dogielius roseopunctus, of respiration.
(very strict host L. senegalensis
specificity) and L. coubie
(strict host
specificity)
East Africa and South | Labeo Gills Blood loss and (Guégan et al,
East Africa, Dogielius | cylindricus secondary infection by | 1989).
dublicornis other pathogens
The genus Labeo Fins  and | Skin infection, fluid Van As, (1992);
Chonopeltis cylindricus and | the  body | imbalance and cell lysis, | Avenant-Oldewage
(Crustaceans) most freshwater | surface death etal., (1994);
Chonopeltis  koki n. | fish Viljoen, (1986).
sp
Chonopeltis victori
Chonopeltis australis
Chonopeltis australis | Labeo Fins  and | Skin infection, fluid Avenant-Oldewage
Lernaea barnimiana | umbratus and | the  body | imbalance and cell lysis, | et al,  (1994).
(Crustaceae: L. capensis surface death Viljoen, (1986).
Copepoda).
The trematode genus Labeo | The eye Inflammation  of the | (Schmidt and
Nematobothrium sockets tissues of the eye ball Roberts, 1989).
labeonis
a genus-specific
parasite
genus Trichodina Labeo Gills Respiratory membrane | Basson et  al,
cylindricus inflammation (1983); Van As and
Basson, (1992).
( ]
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Tripartiela lechridius | Labeo Gills Respiratory membrane | Van As and Basson,
cylindricus inflammation (1992);
Lafferty, (1997).
Camallanus species | Labeo Intestinal Impairment of nutrient Viljoen, (1986);
(Nematoda: molybdinus tract absorption Lauzanne, (1988),
Camallanidae) Barbus species Schmidt and
(narrow specificity) Roberts, (1989);
Boomker, (1994).
The leech, Labeo Intestinal Blood loss Oosthuizen and
Placobdelloides cylindricus tract Davies, (1994)
jaegerskioedi
Clonorchis sinensis | Cyprinids Skin bleeding Schmidt and
(Chinese liver fluke) Roberts, (1989).

Once individuals in a population are infected they can easily infect one another. The risk of cross
infection with parasites and other microorganisms among individuals of the school/shoal is higher
during migration (Barber et al., 1995). Some of the parasites are just opportunistic pathogens on

the fish; causing disease only when the organism succumbs to stress (Stewart, 1991).

3.3 Distribution

The genus Labeo has a wide but interrupted distribution on the African continent and South East
Asia (Reid, 1985, Skelton, 1993; Tshibwabwa and Teugels, 1995). This pattern of distribution is
the result of geographical, ecological and geomorphological discontinuities (Skelton et al., 1995),
such as large waterfalls, different water temperatures and pH, rift valleys and ridges. Such factors
influence taxonomic differences and isolation can result in specific divergence over time (Bowen,

1988).

In Africa Labeo species occur in rivers and lakes (Gaigher and Pott, 1973; Walsh, 1996). In
southern Africa the distribution stretches from Afrotropical Africa to the Olifants River in the

Western Cape (Allanson, 1979; Gaigher et al., 1980; Skelton et al.1995). Central tropical Africa,
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particularly the Congo River, is assumed to be the origin of most freshwater fishes in southern
Africa (Allanson, 1979). Dispersal of fish to other river systems results from flooding of fish from

one water body into another during heavy rain falls (Allanson, 1979; Skelton et al.1995).

Primary and secondary freshwater fish species appear predominantly in the Zambezi River
systems. South Africa may have received primary fresh water fish species through connections
between Okavango, Upper and Lower Zambezi River basins (Gaigher and Pott, 1973). This may
have resulted in the three river systems which cross the southern Mozambique plain (Pongola,
Limpopo and Incomati) having such diverse fish populations (Allanson, 1979). Although Allanson
(1979), claimed primary freshwater fish species extend no further south than the Pongola River,

Skelton (1993) located Labeo molybdinus as far south as the Tugela River.

Labeo cylindricus is widely distributed in the rivers of southern Africa, being more abundant in
warmer latitudes (Skelton et al., 1991). In South Africa, L. cylindricus occurs in the Limpopo River
system. Included in this river system are the Olifants River and its tributaries (Groenewald, 1964;
Kleynhans, 1980; Hecht and Mashego, 1981; Skelton, 1989; Merron et al., 1993; Engelbrecht et
al., 1994). The species is also found in the Incomati and Pongola River systems (Jubb, 1961; Du
Plessis, 1963; Bell-Cross, 1988; Hyslop, 1991). L. cylindricus forms a very small percentage
(1.5%) of all fish populations in the Piet Gouws Dam in the Olifants River in the Western Cape
(Schoonbee et al., 1995). It appears to be absent from the cold highveld streams (Barnard, 1943;
Bell-Cross, 1973; Gaigher 1973). Apart from the effects of water temperature, numbers can vary
due to factors such as poor oxygenation of the water, lack of submerged vegetation and the

presence of predators such as Schilbe intermedius (Jackson, 1961; Groenewald, 1964).
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Outside the borders of South Africa, L. cylindricus is also found in the Zambezi River system
(Jubb, 1961; Du Plessis, 1963; Bell-Cross, 1988; Tweddle and Skelton, 1993, Gaigher and Pott,
1973) and northwards through the Cunene and Okavango to the Congo River system in Central
Africa (Du Plessis, 1963; Bell-Cross, 1988). Hyslop (1991) reported the presence of L. cylindricus

in the Mlawula River, Swaziland.

3.4 Habitat

Labeo occupy depths ranging from 0 to 305 metres (Jackson, 1961; Jubb, 1961; Gaigher, 1973).
Juveniles prefer shallow water environments to escape predation by larger predators (Jackson,
1961). The species thrives well in the presence of vegetation (Sanyanga et al., 1995). As for
temperature preferences, Carey (1967), Pienaar (1978), Bowen (1988), and Schoonbee et al.
(1995), reported survival of Labeo in temperatures between 17°C and 32.5°C. Silt deposition and
mineralization from farming and chemical industries result in changes in water temperatures,
depth, pH and salinity, thus posing difficulties for fish to occupy their preferred habitats (Gaigher
et al., 1980). The Labeo species do not seem to prefer confined waters. In the man-made lakes of
Tanzania, Labeo species formed 5% of the total fish population in 1974 and was not found in
1994 (Bailey, 1996). Merron and Bruton (1993) reported that only twenty L. cylindricus were
caught the whole year of 1986 in the Pongola Dam, indicating that the dam confinement is not a

suitable habitat for the species (Merron and Bruton, 1993).

Although L. cylindricus occurs predominantly in fast flowing water (Soulsby, 1960; Jubb, 1961;
Gaigher, 1973; Reid, 1985) and is the most abundant Labeo of almost every tributary of the

Zambezi and Limpopo River systems, some lacustrine populations are also found (Balon, 1977;
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Tweddle, 1996). In these lacustrine populations, the majority of the fish gets restricted to the
stream entries into the lake but survive there only in less abundant numbers (Carey, 1967; Balon,
1977). Around Lake Malawi, there are both permanent riverine and lacustrine populations (Balon,
1977; Tweddle, 1996). Labeo cylindricus also prefers sheltered and shallow water environments

of lagoons, which are unfavourable conditions for large predators (Carey, 1967).

The species inhabits fast flowing rocky rapids in many perennial streams, though they may also
be found in pools of both perennial and annual streams (Gaigher, 1973; Reid, 1985; Bell-Cross,
1988; Tweddle, 1996). Labeo cylindricus may also occur in sluggishly flowing waters and lakes,
generally when the water flows over rocks, tree trunks or other hard substrata (Bell-Cross and
Kaoma, 1971; Reid, 1985). Labeo cylindricus was reported by Hecht and Mashego (1981) to be
able to survive in all water types, whether pools or rapids. Gaigher (1973) supported this
perspective by indicating that they seem to prefer rapids for feeding, but not fundamentally for
existence. Rapids have certain feeding advantages for Labeo species. Rapid currents clean
debris and deposits, and remove metabolic wastes from the surface of the algal mat upon which

the fish feed (Whitton, 1975; National Parks Board of Trustees of South Africa, 1994).

Labeo cylindricus is found in all limnological levels (Jubb, 1961). Gaigher (1973) indicated the
preference for limnological altitudes of 0 to 305 m. The largest specimens of L. cylindricus (in the
Zambezi, the Bua and Shire rivers of Malawi's game reserves) were found in streams of 3-4 m
wide and 2 m deep with rather slow flow, overhanging plants, near dead trees with rock and

gravel (Tweddle and Willoughby, 1976; Kleynhans, 1980; Mattson and Mutale, 1992).
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Carey (1967) reported water temperature preferences of 20° to 28°C for L. cylindricus. The
species was also found in water temperature of 17°C and pH range of 8.3-8.4 (Schoonbee et al.,

1995).

3.5 Pollution

There have been reports, that in some river systems of Mpumalanga Province, agricultural
activities have increased the concentration of nitrates and phosphates in rivers (Hyslop, 1991).
This opinion is also shared by Walsh (1996) with regards to pesticides and herbicides. The
Sabie, the Crocodile and the Olifants Rivers, among others, are subjected to pollution from land
use changes, irrigation, mining and industrial toxin mismanagement (Du Preez and Steyn,
1992). Hyslop (1991), however, indicated that Labeo molybdinus was abundant in these

sampling locations despite all those potential hazards.

The effluent (chlorine based bleaches and other toxins) spillage from the wood, pulp and paper
production industry like the Ngodwana in 1989 and minor spillages in the years before caused
very high mortality rates of fish in the Incomati River system (Kleynhans et al., 1992). For two
years after the spillage most fish species, with L. cylindricus inclusive, were not found from
several localities in this system (Kleynhans et al., 1992). Lafferty (1997) indicated that
pathogens like Trichodinids and a host of others thrive in large numbers in water contaminated
by oil, industrial, thermal and pulp mill effluents, adding morbidity and immune-suppression to
toxicity (Lafferty, 1997). On populations that are to contaminated environments, pollution poses
higher mortality threats compared to populations which are accustomed to the contamination

(Heithaus and Laushman, 1997).

——

68

'



CHAPTER 3

3.6 Feeding ecology

The object of feeding is to acquire proteins and energy for survival and reproduction (Bone,
1995). The genus Labeo is notable as specialized epilithic, epiphytic and epizoic algae feeders
(Corbet, 1961; Reid, 1985; Skelton et al., 1991). They also feed on the aquatic invertebrates that
dwell in the algal mat (aufwuchs) to augment their protein requirements (Bowen, 1980; Reid,
1985; Jackson et al., 1988; Skelton, 1993; Bone, 1995; Montchowui et al., 2009). Algae substrata
include the submerged bodies of organisms like the hippopotami (Corbet, 1961; Pienaar, 1978;
National Parks Board of Trustees of South Africa, 1994), submerged vegetation, rocks, gravel
and sand (Reid, 1985; Jackson et al., 1988; Skelton, 1993; National Parks Board of Trustees of

South Africa, 1994; Engelbrecht et al., 1994).

Upon feeding from the substratum, Labeo leave characteristic vermiform post scraping paths on
the hard substrata which usually becomes clearly visible when the substratum is dry (Pienaar,
1978; Skelton, 1989; 1993). Feeding preferences include detritus (decaying organisms and the
decomposing bacteria in them) (Lauzanne, 1988), fungi growing on other fish (Corbet, 1961;
Pienaar, 1978; Minshull, 1985), rotifers (Corbet, 1961; Reid, 1985; Lauzanne, 1988) and
microcrusteceans e.g. copepods (Lauzanne, 1988). Labeo are therefore generalized feeders

(Hyslop, 1991), with algae being the main food source.

The gut of algivorous fishes is faced with breaking down the cell wall. The processes used are
mechanical grinding, acid lysis, generalized digestion and digestion by cellulase enzymes derived

from microflora in the gut (Power, 1983). Labeo have pharyngeal teeth for grinding up the algae
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on which they feed (Reid, 1985; Bowen, 1988; Skelton, 1993), thereby increasing the surface

area of algae, and the accessibility of digestive enzymes to them (Bowen, 1988).

No stomach has been identified in the genus Labeo. Its role seems to have been partly taken by
the pharyngeal teeth. The intestine is long and coiled. This suggests that the diet may be quite
resistant to enzymatic digestion demanding a longer transit period and a greater surface area for
digestion and for absorption (Bowen, 1988; Bone et al., 1995). The most resistant components of
the diet are said to be detrital amino acids (Bowen, 1988). Fungi and bacteria act on the external
material of the detritus, breaking it up to release and increase nitrogen bio-availability in the food

(Yossa and Aranjo-Lima, 1998).

When found living in the same habitat, Tilapia rendalli and L. cylindricus live symbiotically. Both
feed on algae (Hyslop, 1991; Bailey, 1996). Juveniles of L. cylindricus were observed feeding on
the fungi that grow on the bodies of T. rendalli (Minshull, 1985; Skelton, 1993). Tilapia rendalli

signals for the procedure by displaying a head down position (Minshull, 1985).

Labeo cylindricus, by inhabiting fast rapids, gains certain advantages from this environment
(National Parks Board of Trustees of South Africa, 1994). Fast currents wash loosely attached
species and debris from algae and leave only firmly attached algae on rocks. The currents also
prevent the coat of depleted water and silt on the surface of algal mats, thus replacing algal waste
with fresh material (Whitton, 1975). Consequently, exposed food becomes optimal for the fish
(National Parks Board of Trustees of South Africa, 1994), and the grazing behaviour of Labeo
and other organisms contribute to the growth of some algae species (Whitton, 1975). For fast

current habitat exploitation, L. cylindricus have streamlined bodies, are fast strong swimmers and
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they have suctorial mouths and pectoral fins for clinging purposes (Du Plessis, 1963; Reid, 1985;

Bell-Cross, 1988; National Parks Board of Trustees of South Africa, 1994).

3.7 Reproductive ecology

Labeo are seasonal rhythmic breeders. Spawning time is under the influence of light versus dark
cycles (Emlen, 1977; Jackson and Coetzee 1982). Increasing ratios of light to dark intervals in
spring enhance faster gonadal development, while temperature increments induce gonadal
maturation in fish (Imai and Tanaka, 1997). Labeo, like all cyprinids respond sexually to rain. Rain
induces sexual behaviour and spawning migration, while floods induce spawning. Cold weather,

hunger, hypoxia and low water levels inhibit sexual activity (Emlen, 1977).

Spawning in this genus is polyandrous. Species of this genus undergo long spawning migrations
to flooded areas in big groups (shoals or schools). Migration is upstream and laterally into flood
plains (Jackson and Coetzee, 1982; Bowen, 1988). Seasonal development of tubercles aid in the
migration and have also been used as organs of contact in reproduction in the fish (Bone et al.,
1995; Reid, 1985). Synchronized grouping or schooling movements have antipredatory benefits
(Pitcher and Parish, 1993; Barber and Huntingford, 1996). These benefits are gained through
numerous behavioural responses, including dilution of the risk of capture because, usually, the
predator is only able to ingest single isolated individuals during attacks. The dividends of
schooling are amplified by maximum coordination and similarities in external morphology (Barber
and Huntingford, 1996). The ability to school effectively with optimal coordination depends on the
optimal functioning of the sensory system and of the visual system (Barber and Huntingford,

1996). A school is also more effective in locating scattered food than single foraging individuals
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(Barber et al., 1995). Weyl and Booth (1999), however, observed that Labeo cylindricus do not

feed just prior and during spawning.

Labeo cylindricus are migratory, flood-dependent and obligatory total spawners, breeding at flood
times and spawning on flooded banks or floodplains (Carey, 1967; Jackson, 1984; Tomasson et
al., 1984; Reid, 1985; Bowen, 1988). Labeo like most fish have very high fecundity (Jackson,
1984; Tomasson et al., 1984; Reid, 1985; Bowen, 1988), the average number of eggs per gonad
reported ranges from 11 500 to 82 400 eggs per gonad (Carey, 1967; Tomasson et al., 1984;
Skelton et al., 1991). The eggs are small with diameter ranges of 0.76 mm to 1.78 mm (Jackson
and Coetzee, 1982; Tomasson et al., 1984; Skelton et al., 1991) and the mass from 127 000
eggs/kg and 450 000 eggs/kg per fish (Bowen, 1988). The eggs are laid among rocks (Tomasson
et al., 1984; Skelton et al., 1991) for refuge of the fry (Tomasson et al., 1984; Skelton et al.,
1991). Reid (1985) reported that the eggs adhere to inundated vegetation, Tomasson et al.
(1984), however argues that the eggs are not adhesive but only buoyant after fertilization. The
Eggs develop and hatch quickly (Tomasson et al., 1984; Skelton et al., 1991) then larvae swim in

large numbers to the river water column and then sink down (Tomasson et al., 1984).

Floodplains offer security from large aquatic predators like the tiger fish (Hydrocyon vittatus) and
the Silver Catfish (Schilbe intermedius) and high nutritional value to the fry, since the shallow
water detritus is rich in protein (Bowen, 1988; Merron and Bruton, 1989; Skelton et al., 1991).
Apart from the said benefits, floods connect water bodies on lower regions to the river channel
making migration and exchange of some nutrients between the river channel and the floodplains

easier (Merron and Bruton, 1989; Smith, 1996).

——

72

'



CHAPTER 3

It is worth noting that not all Labeo species have single total spawning. Jackson (1973), observed
Labeo capensis in the Gariep Dam, Orange River, to have two spawning stages occurring three
months from each other. The first spawning cycle is triggered by an increase in the water
temperature, while the second is stimulated by flooding. Tomasson et al. (1984) reported that

there can be more than one spawning in a population due to differential gonadal development.

There is upstream migration of the fish for spawning (Van Someren, 1961; Daget et al., 1988,;
Olivier, 1994). Migration starts at the peak of flooding or shortly thereafter. The apparent breeding
season for L. cylindricus is between December and April, the peak period being in January
(Carey, 1967; Olivier, 1994). Weyl and Booth (1999) reported spawning as early as November in
L. cylindricus of Mozambique. In November the fish gets golden brown dorsally, golden yellow
ventrally and the fins get pinkish-purple. The colouration pattern is geographically dependent
(Balon, 1977). The species is dependent on flood onset for spawning (Sanyanga et al., 1995).
Despite the fact that floods induce spawning in flood-dependent spawners, food availability and
warmer temperatures also play a contributory role (Jackson, 1973; Merron and Bruton, 1993;

Olivier, 1994).

Downstream migration at a peak of, or shortly after flood times, occurs in spent adults, which
have migrated upstream during early flood (Van Someren, 1961). If juveniles are found
downstream at flood times, they have just accidentally been swept down, being the progeny of
the previous spawning cycle (Van Someren, 1961; Jackson et al., 1988). Juveniles only move
downstream during rain using pectoral fins for climbing weirs and their sucker-like mouths for

clinging (Bell-Cross, 1988).
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Fish survival in dams is sustained by building large weirs. While this has beneficial effects on fish
survival in drought, it impedes migration to a certain extent and therefore inhibits breeding
(Kleynhans, 1980; Olivier, 1994). L. cylindricus, however, have been seen climbing weirs of up to
2.m high, clinging to the surface with their mouths, pressing and holding with the paired fins, thus

all the way up (Du Plessis, 1963).

Variations in the values of gonado-somatic index (GSI) can be used to determine the onset and
the termination of ovarian development and thus even the breeding seasons (Van der Merwe,
1987). Experiments performed by Tomasson et al. (1984) and Hyslop (1989), indicated that
reproductively matured females have a GSI which increases from 3 to 11 during gonodal
maturation, whereas it declines during spawning and post spawning periods (Van der Merwe,

1987; Rosenblum et al., 1991).

3.8 Objectives of the study

It is recognised that knowledge of the population genetic structure of a species is a basic
requirement for its rational and sustainable exploitation and management, and also for the correct
interpretation of ecological investigations. Taking into consideration the heterozygosity status of
the assemblage of fish populations, previously studied from river systems and tributaries of the
SADC countries (Chapter 2), the allozyme genetic structure of Labeo cylindricus from four chosen
river systems in southern Africa was investigated. The objectives of this study were: to adess and
verify the hypothesis that since rive systems network to a larger extent, there may be very little
difference in the genetic structure of fish in the sub-Saharan river basins (1) To explore the

pattern and the amount of variation in the genetic structures between geographically isolated
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populations of L. cylindricus. This information could provide a routine and objective basis for
discrimination between L. cylindricus populations and populations of other species in the genus
even in the case of severe cryptisism. (2) To determine their phylogenetic relationship; (3) To
investigate the extent of genetic differentiation between the populations of L. cylindricus; (4) To

enhance improved conservation management of these populations in South Africa, and in other

regions of their distribution.

75

——
| —



CHAPTER 3

3.9 Materials and methods

Specimens of L. cylindricus were collected in rapids at locations indicated in Table 5.

Table 5. Sampling localities from which the fish was collected

River system Sampling Location

Okavango 18°6.5'S, 21°35.6'E
Upper Zambezi 17°29.7' S, 24°16' E
Olifants 25°25.5'S,29 °22'E
Incomati 25°40'S, 31°46'E

Sampling was undertaken with hand held electrofishing apparatus powered by a 220V AC, portable
generator at locations indicated by Table 5 above. Morphometric measurements and meristic counts
were determined only as a means to facilitate identification (Blackith and Reyment, 1971). Meristics
and morphometrics were taken on the left side of the fish, except for the circumpeduncle meristic
counts. After species identification on morphological basis (morphology, morphometrics and
meristics), each fish specimen was dissected and tissue samples of the liver, heart and skeletal
muscles excised. The tissues samples were placed into respective sample vials and stored in liquid
nitrogen (-196°C) temporarily, for onsite storage and transportation purposes. In the laboratory they

were transferred to a freezer (-40 °C) until electrophorized.

The equipment used was as outlined in Ferreira (1984). Horizontal starch gel electrophoresis based
on the methods of Harris and Hopkinson (1976), was performed. Gel preparation was done ahead of
electrophoresis, and it involved pouring heated and degassed (Sigma S-4501) 13% hydrolyzed potato
starch (in Tris Citric acid at pH 6.9,Tris Boric acid EDTA at pH 8.6 and Tris Citric acid at pH 8.7 gel
buffer solutions) into a gel mold (20 x 18 x 1 cm?3) to make slabs of starch gels. The starch slabs were

chilled in the refrigerator for a period between 1.5 to 10 hours before use.
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The gel slabs were then placed on a chilled stage, the two ends of the gel slabs made to be in contact
with the electrode buffers (of a continuous Tris, citric acid (pH 6.9) buffer system (Whitt, 1970), a
continuous Tris, boric acid, EDTA buffer system as described by Markert and Faulhaber (1965), a
discontinuous Tris, citric acid (gel pH 8.7), Lithium hydroxide, boric acid (electrolyte pH 8.0) buffer

system (Ridgway et al., 1970), respectively.

Samples of liver, heart and muscle tissues were homogenized in an equal volume of distilled water
and the homogenates centrifuged at 1000 rph for 30 seconds at 2.0 °C. The supernatants were

soaked onto 5x15 mm? filter paper strips (wicks) and loaded onto the prepared starch gel slabs.

An electrode sponge-cloth was placed on top of the gel (with the ends dipping into the electrode wells)
to insure good flow of current across the gel.The samples were subjected to a constant current of 50

mA.

Proteins which gave the best results appear in Table 6. The proteins were left to migrate for 4-5 hours
at a constant temperature of 2.7°C before staining was commenced (Jung et al., 1993). Staining
procedures followed Harris and Hopkinson (1976), except for peptidases (Glycine-Leucine) GL which
were according to Hillis and Moritz (1990). Terminology and notations for gene loci were based on the
recommendations by Shaklee et al. (1990). Arabic numerical suffixes for multiple loci (1, 2, 3...) were
in order of decreasing anodal mobility. Alleles were identified by their electrophoretic mobilities,
relative to the most common allele. The most common allele was designated 100% of the mobility.
Being mindful that the success of this technique depends wholly on the reliable and proper
identification of zymographs (Quicke, 1993), the interpretation of patterns of enzyme activity followed

the guidelines set out by Ferreira (1984).

——

77

'



CHAPTER 3

Ten (10), 9, and 9 enzymes were screened for, in the liver, heart and skeletal muscle tissue samples,
respectively. Although many authors (Selander and Johnson, 1973; Gorman and Renzi, 1979; Creech,
1991) maintain that a small number of individuals is not a problem for estimation of heterozygosity if
only the number of loci is large enough, Nei (1978) argues that small samples may lead to sampling
errors on average heterozygosity and may also affect the gene frequency badly. Nei (1987) advocated

for many loci and at least 50 individuals if gene frequency distributions are to be considered.

Statistical analysis of all allozyme data was done using a BIOSYS-2 computer programme for analysis
of genetic data by Swofford et al., (1997). Genetic variability was assessed by calculating average
heterozygosity (He) per locus and percentage polymorphic loci (Po.gs). The polymorphic genotypes
were tested by chi-square (X2) analysis for fit of allelic frequencies into Hardy-Weinberg proportions.
Nei's (1978) genetic distance coefficients and Wright's F-Statistics (Fst) were also calculated to
determine the extent of genetic differentiation among the populations (Weir and Cockerham, 1984). F-
Statistics (Fst) was based on the methods of Wright's (1978) and represents differentiation among
populations (Lewis et al., 2000). A measure of allelic fixation index, Fsr, in populations was also used
to estimate the effective number of individuals exchanged between populations of each generation.

Fst =1/1+4 Nem” Where o =n/ (n-1)?, and n is the number of populations analysed
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Table 6. Proteins, Locus Abbreviations and Enzyme Commission (EC) Numbers used in the genetic

analysis of Labeo cylindricus populations.

ENZYME LOCUS EC. BUFFER | TISSUES

NUMBER
Adenylate kinase AK-1 2743 A Muscle, Heart
Creatine kinase CK-1, 2 21732 B Muscle
Esterases EST-1*, 2%, 3* | 3.1.1.- B Muscle, Hear,t Liver
Glyceraldehyde-3-phosphate GAPDH-1, 2 1.2.1.12 B Muscle, Heart
dehydrogenase
Glucose-3-phosphate dehydrogenase G3PDH4 1.1.1.8 B Muscle, Heart, Liver
Glucose-6-phosphate isomerase GPI-1, 2,3 5.3.1.9 C Muscle, Heart
Hexokinase HK-1 2.7.1.1 C Liver
Isocitrate dehydrogenase IDH-1, 2 1.1.1.42 C Muscle, Liver
Lactate dehydrogenase LDH-1*, 2, 3 1.1.1.27 C Muscle, Heart, Liver
Malate dehydrogenase MDH-1* 1.1.1.37 B Muscle, Heart
Malic enzyme ME-1, 2 1.1.1.38 B Muscle
Mannose-6-phosphate isomerase MPI-1 53.1.8 A Heart
Peptidases: (Glycine-Leucine) PEP-A-1%, 2 34.-- B Muscle
Phosphogluconate dehydrogenase PGDH-1 1.1.1.44 B Liver
Phosphoglucomutase PGM-1 5422 C Muscle
Superoxide dismutase SOD 1.15.1.1 B Muscle, Heart, Liver

A: a continuous Tris, citric acid (pH 6.9) buffer system (Whitt, 1970).

B: a continuous Tris, boric acid, EDTA buffer as described by Markert and Faulhaber (1965).

C: a discontinuous Tris citric acid (gel pH 8.7), lithium hydroxide, boric acid (electrolyte pH 8.0) buffer system

Ridgway et al., 1970).

*Polymorphic loci (Po.gs)
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3.10 Results

The enzymes systems which were best resolved and their respective buffer systems together with
tissues which exhibited best resolution are presented in Table 5. Gene products of thirty two (32) loci
were analyzed but only twenty eight (27) enzyme loci had interpretable resolutions. Populations were
monomorphic and identical at 23 (82%) of the loci, viz. AK; CK-1, 2; GAP-1, 2; GPD-1; GPI-1, 2, 3;
HK-1; IDH-1, 2; LDH-2, 3; ME-1, 2; MPI-1; PEP-2; PGD-1; PGM-1 and SOD. The third locus of
creatine kinase (CK- 3), though resolved in L. cylindricus of the Incomati and the Olifants River
populations, was not consistent in other populations; this locus only appeared in the other populations
during repeats with NAD added in the cathode of the electrode buffer. This extra locus appears at
almost the same migration level as the AK-1 locus. The GAP-1, 2 loci were uninterpretable initially and
only resolved well in the samples that were homogenized overnight and centrifuged. The GPI-3 locus
migrated cathodally. The populations were fixed for the same alleles at all monomorphic loci. Enzyme
loci which exhibited differences in terms of mobility and/or allele frequencies are represented in Table

6.

Initially the MDH-1 locus would not stain. It only appeared in repeats with NAD added in the cathode
electrode buffer. At the MDH-1 locus, Okavango, Zambezi and the Incomati River populations were
monomorphic for the same allele. The Olifants River population exhibited some polymorphism but

deviated significantly from Hardy-Weinberg proportions.
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Table 7. Polymorphic loci, relative mobility (Rw) of alleles, mean number of alleles per locus (Na) percentage of
polymorphic loci using 0.95 criterion (Pogs), average expected heterozygosities (He) with standard error (S. E.)
and X2 values for the loci which deviated significantly (p<0.05), from expected Hardy-Weinberg proportions, for
four populations of Labeo cylindricus. OKAV: Okavango, ZAMB: Zambezi, OLIF: Olifants: INCOM: Incomati
River system, respectively.

Allelic frequencies of different populations
Locus Ru OKAV (50) ZAMB (50) OLIF (37) INCOM(28)
EST-1 105 0.48 1.00 1.00 0.02
100 0.52 0.00 0.00 0.98
X2 (DF) 50.00 (1) 0.01(1)
P value 0.00 0.92
EST-2 105 0.02 0.27 1.00 1.00
100 0.92 0.45 0.00 0.00
95 0.06 0.28 0.00 0.00
X2 (DF) 0.38 (3) 56.09 (3)
P value 0.95 0.000
EST-3 105 0.12 0.14 0.00 0.00
100 0.88 0.65 0.96 1.00
95 0.00 0.210 0.04 0.00
X2 (DF) 50.00 (1) 6.89 (3) 0.07 (1)
P value 0.00 0.08 0.79
LDH-1 105 0.12 1.00 1.00 1.00
100 0.88 0.00 0.00 0.00
X2 (DF) 50.00 (1)
P value 0.00
MDH-1 105 1.00 1.00 0.82 1
100 0.00 0.00 0.10 0
95 0.00 0.00 0.08 0
X2 (DF) 37.49 (3)
P value 0.00
PEP-GL-1 105 1.00 1.00 1.00 0.60
100 0.00 0.00 0.00 0.40
X2 (DF) 5.00 (1)
P value 0.025
Na 1.18 1.14 1.1 1.07
Poss 14.29 7.14 3.57 3.57
He (S.E) 0.039 (0.021) 0.042 (0.029) 0.014 (0.01) 0.020 (0.019)
(&)
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Three loci were resolved for esterases. They showed complex banding patterns in some loci. The
heterozygotes at the EST loci showed double banding, consistent with the monomeric subunit
structure of the proteins and the EST-1 locus showed two variants of alleles which presented
simple monomeric appearances of the banding zones. EST-2 and EST-3 showed three variants

of alleles.

According to Gorman and Renzi (1979), esterases are frequently variable in fishes. Contrary to
homozygosity obtained by Van Vuuren (1989) at all EST loci, the Okavango River population was
polymorphic at all EST loci, while the Zambezi River population was polymorphic at EST-2 and
EST-3 loci. The Olifants River system population was polymorphic at the EST-3 locus and the
Incomati River system population polymorphic at EST-2, confirming the observations made by
Gorman and Renzi, (1979). All populations displayed heterozygosity deficits of 50% and more at
the EST loci in relation to Hardy-Weinberg proportions. At EST-1 locus the Zambezi and the

Olifants River populations were monomorphic and fixed for the same allele.

At the LDH-1 locus, except for the Okavango River, all populations were monomorphic, with
fixation for the same allele. In the Okavango population, the allelic frequencies for the LDH-1(100)
were lower, and those for the LDH-1(95), higher than was obtained by Van Vuuren (1989). The
lack of heterozygosity at the LDH locus for the Zambezi and the Olifants River populations was
congruent with what was observed by Van Vuuren (1989) for L. cylindricus from the Olifants
River. Variability for this cold resistant enzyme could not be expected to occur in this study, since
the samples were not collected from colder localities (Bell-Cross, 1973; Gaigher, 1973;

Kirpichnikov, 1992).
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The four populations shared the most common allele on three loci: EST-3, MDH-1 and PEP-A-1.
This confirms similarity between the populations. For the EST-1 locus, the Zambezi and the
Olifants River populations were fixed for the same allele and for the EST-2 locus the most
common allele was shared between the Olifants and the Incomati River populations. On the LDH-
1 locus, the Zambezi, the Olifants and the Incomati River populations shared the same allele.
This indicates a close relationship between allele frequency distribution and these adjacent river

systems.

After allozyme analysis, EST, MDH and GPI were found to be polymorphic with considerable
differences in the allozyme patterns. GGPDH, GAP, and G3PDH were polymorphic but difficult to
detect, while SOD were all monomorphic and fixed in all populations and unsuitable therefore for
use in distinguishing between the between genetic difference. EST, MDH, GPI, renowned for their
polymorphic nature, stability and ease of detection in most organisms (Baillie et al., 1998) were
polymorphic in most populations sampled. The EST was highly polymorphic possessing five

different electrophoretic alleles across all population (Table 7).

In this study, significant heterogeneity in allelic frequencies was found. Statistical significant
(p<0.05) deviation of genotypes at polymorphic loci from Hardy-Weinberg proportions was
observed at EST-1, 3 and LDH-1 loci in the Okavango, at EST- 2 locus in the Zambezi, at MDH-1
locus in the Olifants and at PEP-A-1 in the Incomati River populations respectively. At all of these

loci there were deficiencies in the heterozygotes (Table 7).
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Average expected heterozygosity values (Hg) for four
populations of Labeo cylindricus

0.045
0.04
0.035 0.039 0.042
0.03
0.025

0.02

Heterozygosity values

0.015
0.01
0.005

River system populations

= OKAV (50) “ZAMB(50)  OLIF(50) ®INCOM (28)

Fig. 2. Average expected heterozygosity values (Hg) for four populations of Labeo cylindricus.
OKAV: Okavango, ZAMB: Zambezi, OLIF: Olifants: INCOM: Incomati River systems, respectively

with their sample numbers in the brackets.

With regards to the degree of divergence between the populations as signified by the genetic
distance coefficients between the pairs of populations it was found that the genetic distance
coefficients ranged from 0.018 to 0.078. The genetic distance coefficient was the least between
the Zambezi and the Olifants River system populations i.e. 0.018. Between the Zambezi and the

Okavango River system populations, the genetic distance coefficient was 0.048.
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Table 8. Genetic distance coefficients (D) for various taxanomic levels as defined by literature.
Nei's theoretical genetic distance of D=1 is equivalent to five (5) million years of divergence
(Grant et al., 1988).

RELATIONSHIP | GENETIC DISTANCES (D) AS DEFINED BY DIFFERENT AUTHORS

Grantetal., 1988 | Selander and Johnson, 1973 | Nei, 1978 a Avise & Smith 1977
Semispecific 0.03 <0.1
Conspecific >0.05 0.13-0.20 <0.1
Congeneric +0.40 0.16<D<1.39
Confamilial +1.0

The divergence as determined by the genetic distance coefficient between the Zambezi and the

Incomati River system populations was 0.060. The largest distance existed between the

Okavango and the Incomati River system populations (0.078) Fig. 2 and Table 9.

o
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Genetic ditances coefficients (D)

Genetic distance coefficients (D) between pairs of populations of L.
cylindricus from four river systems
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u ZAMB/OLIF ZAMB/INCOM m OLIF/INCOM

Fig. 3.. Genetic distance coefficients (D) between pairs of populations of L. cylindricus from four

river systems, according to the methods of Nei (1978). River systems represented are those of

the Okavango (OKAV), Zambezi (ZAMB), Oifants (OLIF) and Incomati (INCOM).
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Genetic pool differentiation as indicated by the matrix of pair wise allelic fixation index values,
Fst, ranged from 0.245 to 0.735 (Table 8). This showed the gene pools of the populations of the
Incomati and the Olifants River systems to be highly differentiated. Differentiation was also
exhibited between the Incomati and the Zambezi River systems (Fst=0.613) and between the
Incomati and the Okavango River systems (Fst=0.670). While the effective number of individuals
exchanged between other river system populations or gene flow (Nem) ranged from 0.103 to

0.433, it was the lowest between the Olifants and the Incomati River systems, (0.051), (Table 9).

Table 9. Matrix of pairwise allelic fixation index values (Fst) (above the diagonal) and effective
number of individuals exchanged between populations (Nem) (below the diagonal) Values for four

L. cylindricus populations on the basis of polymorphic loci.

Population 1. OKAVANGO  |2. ZAMBEZI 3. OLIFANTS 4. INCOMATI
1. OKAVANGO i 0.361 0.577 0.670

2. ZAMBEZ| 0.249 b 0.245 0.613

3. OLIFANTS 0.103 0.433 b 0.735

4. INCOMATI 0.069 0.089 0.051 i

This showed the gene pools of the Olifants River systems to be highly differentiated.
Differentiation was also exhibited between the Incomati and the Zambezi River systems
(Fst=0.613) and between the Incomati and the Okavango River systems (Fst=0.670). While the
effective number of individuals exchanged between populations in different river systems or gene
flow (Nem) ranged from 0.103 to 0.433, (Table 9) it was the lowest between the Olifants and the

Incomati River systems (Nem =0.051).
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3.11 Discussion

Environments have profound effects on the biodiversity of organisms (Templeton, 1980;
Kirpichnikov, 1992) and therefore warrant consideration when interpreting any study of the
organisms (Stuart and Gaugler, 1996). Geographical isolation over wide distribution ranges and
population sizes are advantageous for the alteration of genetic integrity and for accumulation and
preservation of genetic variability in populations (Templeton, 1980; Mork and Gigever, 1995). The
above factors lead to the accumulation of adaptive genetic divergence in populations (Templeton,
1980). Populations in this study were sampled from localities divided by extensive extrinsic
barriers. The magnitude of allelic frequencies at polymorphic loci differed in every population,

confirming the above statement.

The populations under study were monomorphic at most of the loci examined. This is in
accordance with the monomorphic nature of skeletal muscle structural proteins in most fish
species (Kirpichnikov, 1973). Interesting though, is that even the liver and heart tissues displayed

high levels of monomorphism.

Percentage polymorphic loci and degree of heterozygosity are the most common tools for
expressing variability in the genetic structure of populations. Levels of genetic variation differ
among organisms (Nei, 1987), and lower than expected observed heterozygosity are common in
natural populations (Kirpichnikov, 1992). Selander and Johnson (1973) estimated the degree of
heterozygosity to be consistently 0.05-0.06 in tetrapods. Nevo (1978) recorded heterozygosity of
0.051 for the bonefish species and Avise and Aquadro (1982) estimated the average
heterozygosity to be 0.054 for fish in general. According to Kirpichnikov (1992) the percentage

polymorphic loci may range from 8-20%, with heterozygosity levels between 0.02 and just more
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than 0.05 in fish populations. Buth et al. (1991) estimated the average heterozygosity to be 0.052

in most cyprinids.

The expected heterozygosity for the Olifants River population (0.014) deviated remarkably from
the predictions for panmictic fish populations. The values for the Okavango, Zambezi and the
Incomati populations however, almost match the above mentioned predictions for panmictic fish
populations and compare favourably with the observations of Van Vuuren (1989) for certain
species of Labeo species and with the lower margins of heterozygosity (0.02-0.03) referred to by

Kirpichnikov (1992).

The genetic variation in the Olifants and Incomati River populations (P=3.57%, He = 0.014-0.020)
was lower compared to the lower margins of all of the above mentioned estimates. The levels of
genetic variation in all the populations under study were even lower than values obtained for the
Olifants River populations of L. cylindricus (He =0.098) by Van Vuuren (1989). The heterozygosity
results obtained for the Olifants and Incomati River populations (0.014-0.020 respectively) almost
compares with the He value Van Vuuren (1989) obtained for L. ruddi (0.011) from the Limpopo
River system. The gene diversity values obtained in this study for all populations (He 0.014-0.042)
fall within the range obtained for different Labeo species (He range 0.011-0.108) reported for

South Africa (Van Vuuren, 1989).

Variation in the degree of polymorphism between the populations ranging from 3.57% to 14.9% is
consistent with values reported by Buth (1984) and Selander and Johnson (1973) who observed
that the genetic variability genetic variability of 4.2% to 16.7% was the norm for geographically

and reproductively isolated populations of vertebrates.
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The low levels of genetic variability are attributable to deficits in heterozygotes displayed by all
populations in the study. Selective agents might have acted against heterozygotes at each
geographical locality, each set of selective agents acting against the loci of its choice in each
population. Apart from this, selection against heterozygosity is a common occurrence in fish
populations (Engelbrecht and Van der Bank, 1997). Heterozygosity values are also strongly
influenced by the loci chosen for electrophoresis (Gorman and Renzi, 1979) and selection of

staining materials (Grant et al., 1988).

While the present estimates of Po.gs and He for the Okavango and the Zambezi River populations
are not low compared to the lower margins in Kirpichnikov’s (1992) estimation for fish species, it
is worth noting that they are considerably lower than the corresponding values for L. cylindricus
from the Olifants River system, based on estimates of (He = 0.098) by Van Vuuren (1989). The
gene diversity distribution obtained for all populations (He 0.014-0.042) in this study fall in
between the variability range noted for other Labeo species (He range 0.011-0.108) studied in

South Africa by Van Vuuren, (1989).

The heterozygosity value for the Olifants population (He=0.014) is very similar to the L. ruddi
(He=0.011) from the Mogalakwena tributary of the Limpopo River system, suggesting almost
similar genetic and aquatic conditions in the two river systems. The heterozygosity found in the
Incomati River system compares favourably with the L. seberi from the Olifants river system. The
Okavango (He=0.039) and the Zambezi River (He=0.042) populations’ heterozygosity values fall
in a range between L. umbrutas (He=0.033) from the Vaal River (Gauteng) and L. rubromaculatus

(He=0.058) from Buffels River (KwaZulu-Natal).
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Van der Bank (1995) studied 35 loci in freshwater mussels from the same locality in the Zambezi
River and obtained the average heterozygosity of 0.075. Van der Bank and Van der Bank (1995),
estimated Hg=0.082 over 51 loci in the momyrids (fish species). Engelbrecht et al. (1994),
observed an Hg=0.029 for Schilbe over 60 loci. The value obtained in this study (He=0.042) falls
between the lowest heterozygosity value (He=0.029) and the highest value (He=0.081) obtained
for this locality. From the Olifants River system, Van Vuuren (1989) determined He=0.098 for L.
cylindricus and He=0.108 for L. molybdinus. Engelbrecht and Mulder (1999), studied 30 loci for
the River Goby and obtained Hg=0.025. The results of this study show that the Olifants River
population has a value far lower than those from the Okavango and the Zambezi River systems
(Fig. 2), suggesting very critical genetic erosion in this population. The Olifants River is crossing
through areas of diverse farming and industrial activities like coal mines and low genetic

variability suggests possible pollution from industrial effluents.

The genetic variation results reported in this study, for the Okavango and the Zambezi River
systems populations, however low, suggest that the level of genetic variability can still sustain the

populations if no major detrimental disturbances occur in those environments.

Apart from the heterozygosity and percentage polymorphic loci, the Hardy-Weinberg equilibrium
can also be used to assess alignment of polymorphic loci in a population. It is worth noting,
however, that although important as a yardstick and quick reference point in identifying
discrepancies in populations, fit to the Hardy-Weinberg proportions is not an absolute criterion for
inferring the genetic nature of a population (Althukov, 1981; Grant et al., 1988). Significant
departures may occur as a result of natural selection, gene flow, founder effects, genetic drift,
small effective population size, assortive mating, sampling error, population bottlenecks, genetic

drift, the Wahlund effect and even various anthropogenic activities (Ferreira, 1984; Grant, 1993).
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In this study departure from the Hardy-Weinberg proportions was represented by deficits in
heterozygotes at 75% of polymorphic loci in the Okavango and at 50% of the polymorphic loci in
the Zambezi, Olifants and Incomati River populations. Parasitic infestation reported in the former
two river systems (Okavango and Zambezi) is among factors which may be responsible for the
discrepancy since parasites may either reduce the population size through death or reduction in

reproductive potential (Smith, 1980).

Pollution and low population density coupled by reduced gene flow between the populations of a
species are highly correlated with lowered genetic variation (Heithaus and Laushman, 1997;
Yokota and Watanabe, 1997). Spillage of paper mill effluent, led to a massive fish kil in the
Incomati River system in 1989 (Kleynhans et al., 1992). This devastation also affected L.
cylindricus and possibly caused severe population bottleneck, since for more than a year after the
1989 paper mill pollution incident, the river was devoid of L. cylindricus, among other fish fauna,
at several localities monitored during different temporal surveys (Kleynhans et al., 1992). The
paper mill effluents carry the risk of morbidity and mortality for fish, from egg stages to adult
stages due to toxic stress. Paper mill toxicity also causes chronic damage to the sex organs and
massive kill of larvae (Karas et al., 1991). Apart from the paper mill effluent pollution, acid mine
drainage from coal mines in the catchment areas of the river system results in metallic acidity,

which is known to increase fish mortality (Henry et al.1999).

Exposure to toxicity or pollution is well known for eroding variation at certain loci and thereby
changes genotypic frequencies over time in several fish fauna (Heithaus and Laushman, 1997).
Loci whose genetic variability is more susceptible to erosion due to toxicity include MDH, GPI,
IDH and PGM (Heithaus and Laushman, 1997). Heithaus and Laushman (1997) identified the

PGM-2 locus to be a suitable and useful tool in monitoring water quality, and that monomorphism
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at this locus suggests poor quality or pollution in water. Even though PGM was previously found
to be highly variable in most fish species, (Selander and Johnson 1973), it has been
monomorphic in populations of this study, indicative of poor water quality, lack of resistance, and
susceptibility to agricultural pesticides and herbicides and industrial toxins (Heithaus and
Laushman, 1997). Over several years of further industrial development and considering the
population growth rate, this situation could worsen, unless pollution control measures can run

ahead of pollution creation.

Direct effects of pollution and the smaller population size of L. cylindricus in the Incomati River
system have probably led to the reduction in the genetic variation within the system. Severe
genetic drift might have consequently occurred. This situation is likely to last for many more years
since bottleneck effects are retained for thousands of years in the genetic structure, even after
the recovery of the population size (Frankel and Soule, 1981; Doyle et al., Waples, 1991; O'Brien,
1994) Developmental instability and reduced growth rate is also expected (Nei, 1978). In contrast
the populations from relatively less polluted water bodies (the Okavango and the Zambezi Rivers)

had slightly higher genetic variation.

For LDH, variation may be decreased due to higher temperatures in the sampling localities (more
tropical environments). Lack of variation at this locus suggests constraints imposed upon alleles
to adaptation to extremely elevated water temperatures (Yoshiyama and Sassaman, 1983; Buth,
1984). The monomorphic nature of this locus in this population does not seem life threatening
though. While agriculture may be disturbing the ecosystems in terms of insecticide and herbicide
pollution in rivers and water bodies, esterase variants are resistant to these influences particularly

to the organophosphates (Owusu et al., 1996; Grafton-Cardwell et al., 1998).
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Lack of genetic variation is itself a constraint that violates the population’s potential of survival,
procreation, disease resistance, growth and adaptation to any change in the environmental

conditions (Heithaus and Laushman, 1997).

Distribution ranges of populations correspond with the amount and the distribution of genetic
variation (Nevo et al., 1984; Selander and Johnson, 1973; Carvalho, 1993). Genetic variability
may also differ between populations if the populations occupy contrasting habitats even within the
same water body. Where distribution is interrupted, even dispersal of genetic variation is
correspondingly different (Carvalho, 1993). The river barriers act as impediments to migration and
gene flow among populations of aquatic species and act as major drivers of diversification
(Carvalho, 1993). The difference in allelic frequencies in these populations seems likely to have
resulted from lack of gene flow and genetic drift resulting from bottlenecks and founder

influences.

Differences in allelic frequencies at polymorphic loci contribute to genetic divergence between
conspecific populations (Oosthuizen et al., 1993). One of the methods of quantifying the amount
of genetic differentiation within and among populations is through the F-statistics by Wright
(1978). Fst values range from 0-1. The values are zero when allelic frequency within the species
is the same in all populations. The values approach one when there are fixed differences of all
allelic frequencies among the populations. Fst values become larger when populations are

constrained by geographical barriers.

The Fst range of 0.670-0.735 between the Incomati River system population and other
populations has evolutionary significance. It signifies genetic divergence beyond subspecies level

of differentiation (0.20-0.30) according to Templeton, (1999). It also suggests that dispersal,
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migration and gene flow between the tributaries of the river systems in the study are completely
handicapped. Taking into consideration the geographical barriers dividing freshwater bodies,

such differentiation is expected (Carvalho, 1993).

The Fst values ranging from 0.245 to 0.735 could be generated by the Nem ranges of 0.051-
0.433. An Nem value of greater than one (1) suggests sufficient gene flow to counteract the effects
of differentiation between the populations. In the present study the levels of gene flow is low since
Nem is less than one (1). Migration of the populations is prevented by physical-geographical
barriers. Such lack of gene flow may result into fixation of the population to particular
monomorphic alleles and increased differentiation among the populations of the L. cylindricus in

the river systems.

An alternative method to Fsr for quantifying genetic differentiation among populations is through
genetic distances. There are several models of the genetic distance concept and a number of
different indices for genetic distances are being used (Ayala, 1982). In this study Nei's (1978)
genetic distances were used. Genetic distances defining conspecific species according to Grant

et al., (1988) occur at values between 0.05 and 0.40 (Table 8).

Fixation of most monomorphic loci for the same alleles in this study (Oosthuizen et al., 1993), in
conjunction with genetic distances values obtained for Nei (1978) (0.018-0.078), suggest that
these populations are conspecific. Different authors assign different categories of genetic
distances between pairs of organisms. Apart from this factor, the demarcation between the
categories is not a sharp or a solid one (Ferreira et al., 1984; Grant et al, 1988). This

phenomenon prompts for incorporation of other comparative statistical mechanisms like the F-sr.
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Genetic distances (Nei, 1978) Fig. 3, together with the F- st results (Wright, 1978) (Table 9), in
this study exhibited closer relationships between the Zambezi and the Olifants River systems
populations than between the Okavango and the Olifants River systems. There exists a shorter
genetic distance between the Zambezi and the Olifants River systems populations. The
Okavango river system population stands out as quite distinct from the former two populations.
This phenomenon can be ascribed to the distribution patterns of the L. cylindricus and is
supported by the fact that the primary freshwater fishes were distributed to South Africa through
connections between the Okavango-Zambezi River basins (Gaigher and Pott, 1973). It also
suggests a more recent divergence or recent isolation of gene pools between the Zambezi and

the Olifants River systems populations.

The shorter genetic distance between the Zambezi and the Incomati River populations coupled to
the low Fsr value (0.245) and moderate magnitude of gene flow (Nem=0.433), suggest a recent

divergence between these two populations.

For populations to maintain integrity at a molecular level while undergoing divergence, gene flow
between them needs to be eliminated (Selander and Johnson, 1973). With the integrity of gene
pools maintained, the unique protein complement per population is sustained. With such
uniqueness in protein complement, identification and systematization of the population or species

can be achieved (Selander and Johnson, 1973; Paugy et al., 1990).
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3.12 Conclusion and recommendations

The populations in this study are fixed for allele A on all the monomorphic loci tested and the
results suggest a less diverse environment and lack of gene flow between L. cylindricus
populations. Furthermore, the results in this study also suggest more variable and healthy
environmental conditions for the Zambezi and the Okavango River system populations than for
the Olifants and the Incomati River systems. It is more likely that the Olifants River system and its
populations has been affected by pollution and droughts reported in South Africa over recent

years (Du Preez and Steyn, 1992).

The replacement of some of the alleles A by alleles B at monomorphic loci could occur through
mating of an intermediate AB with the said population or by monozygotes BB. The new allele can
be introduced into the population through migration or translocation. Any population thought of for
translocation purposes must first be thoroughly surveyed for pathologies and compatibility of the
genetic structure with the local population. If breeding becomes successful then the populations
can be polymorphic until selection or genetic drift causes a loss or fixation of the new allele or the

old allele again (Mabee and Humphries, 1993).

Any situation causing stress in habitat or biota should be avoided or minimised. Toxicity levels of
every river should also be evaluated from time to time but at least quarterly. Interpopulational
gene flow in the same river system should be maintained or established where possible. There
should be strict public educational campaigns to intensify environmental awareness and to
enforce compliance with the regulations of the DWA & F (1997), which stipulates that the quality,
quantity and reliability of water be reserved for aquatic and associated ecosystems, for both the

social and economic benefit of the society.
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