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ABSTRACT

The satellite lakes of Lake Victoria region have been noted as potential refugia of
haplochromine cichlids that have gone extinct in Lake Victoria. These lakes include lakes
Kanyaboli, Sare and Namboyo in Kenya, Nawampasa, Nabugabo, Mburo, Kachera,
Bunyoni and Mulehe in Uganda and Lake Ziwa la Wanawake in Tanzania. Some of these
lakes harbour relict populations of haplochromine cichlids that have gone extinct in the main
lake and could therefore play an important role in their conservation. This thesis presents a
detailed analysis of local adaptations, trophic ecology, molecular phylogenetics and
population genetic structure of haplochromine cichlids of Lake Kanyaboli, one of the small
lakes in the Yala swamp wetland of Lake Victoria basin and provides an insight into its
evolutionary, ecological and conservation importance.

Morphometric and meristic measurements were analysed in six common extant
haplochromine cichlids of Lake Kanyaboli. Lake Kanyaboli is characterized by low alpha
species diversity. The six haplochromine cichlids found are morphologically generalized
and are characterized by high body depth - standard length ratio and jaw length - head
length ratio. Only the dentition and trophic apparatus show specialization related to diet. The
morphometric, meristic and dentition characters show a departure from the cladistically
determined plesiomorphic character states of the Lake Victoria haplochromines. The
observed low species diversity can be attributed to the small size of the lake that limits space
for ecological speciation and also the homogeneity of the habitats especially lack of rocky
and sandy habitats that may restrict gene flow between populations.

The trophic relationships in the six haplochromines were examined and related to the teeth
and jaws structure. Gut content analysis revealed that 8 different food items are consumed.
The contribution of each food type to the diet of the fishes, as determined by the percentage
frequency of occurrence were as follows: Algae 34.8%, chironomidiChaoborus larvae
64.3%, other insects 33.9%, mollusks 15.2%, fish embryos 16.1%, fish eggs 6.25%, plant
remains 43.8% and detritus 37.5%. No single species feed exclusively on a single food item.
Diet overlap was measured by co-efficient of similarity and was found to be common,
probably due to the high food abundance in the lake. However, for each species certain food
items contribute higher proportions of the fish diet and their dentition structure are best
adapted to exploit the particular food types. Astatotilapia nubila can be classified as an
insectivore, Astatotilapia 'big eye' as an algivore, Lipochromis maxillaris as a paedophage,
Xystichromis phytophagus as a plant feeder, Astatoreochromis alluaudi as a molluscivore
and Pseudocranilabrus multicolor victoriae as an algivore. Trophic resource partitioning
therefore exists in this haplochromine community, despite being morphologically
generalized. Feeding represents the most explicit axis of niche differentiation among the
haplochromines and promotes their co-existence. All the six species were restricted to the
fringing papyrus during the day while L. maxillaris, A. alluaudi and Xphytophagus move
inshore during the night.

The phylogenetic status of six extanct haplochromine species and their phylogenetic
relationships was established by directly sequencing the first 369bp of the mitochondrial
DNA Control Region via PCR amplification. The population genetic structure and genetic
variability of the endangered Xystichromis phytophagus was inferred from the mtDNA
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sequences and also by directly sequencing six polymorphic microsatellite DNA loci in three
populations, Gangu, Kadenge and Yala.

350 mitochondrial DNA sequences were generated from the six species representing 42
different mtDNA haplotypes. The largest sequence divergence was found between
Pseudocranilabrus multicolour victoriae and Astatoreochromis alluaudi and the other taxa
ranging from 16.53% to 20.86% and 11.38% to 16.53% respectively while the other taxa
exhibited very low sequence divergences averaging 0.63%. mtDNA polymorphism was
observed betwe en species. These observations point to incomplete lineage sorting and
retention of ancestral polymorphism thus illustrating that the radiation is a young one and
that retrogressive introgression has taken place. Introgression may also be attributed to the
observed high water turbidity. Lake Kanyaboli shares many haplotypes with the main Lake
Victoria and thus Lake Kanyaboli flock essentially belongs to the Victoria species group
mitochondrially. The presence of haplotypes unique to this lake indicate that some in situ
genetic differentiation has taken place, or that the lake is a preserve of genetic variation that
have gone extinct from Lake Victroria. The high number of haplotypes found in this small
water body supports the hypothesis that such peripheral water bodies acted as refugia when
Lake Victoria dried out during the Late Pleistocene.

Both mtDNA and microsatellite markers revealed high genetic variability in the
Xystichromis phytophagus. Mitochondrial DNA sequences revealed 11 distinct haplotypes
in 205 individuals. Estimates of variability at the six loci reveal that the three populations
were polymorphic at all the six loci and exhibited high levels of genetic diversity as
measured by expected heterozygosity (0.89±0.00025), low levels of allele frequency « 0.3)
and high levels of allelic diversity (19 .2±9.46). One hundred and fifty two alleles were
observed in 191 X phytophagus individuals and the total number of alleles over the three
populations ranged from 10 to 40 per locus. Population differentiation test based on fixation
indices (FST) for the haplotypes were not significantly different for all pairwise comparisons.
Similar tests for the alleles were low but significantly different from zero (P < 0.05) between
the Yala and the Kadenge and Gangu populations. Microsatellites thus reveal subtle
population sub - structuring. Such fine scale population sub-structuring may have
contributed to speciation of the haplochromines by restricting gene flow between
populations. The high genetic variability in this endangered species may be a reflection of a
historically large effective population size, absence of past population bottlenecks as well as
existing or recent gene exchange with Lake Victoria or the other Yala swamp lakes.

The results reveal that Lake Kanyaboli is an important refugia for the Lake Victoria
haplochromines and that in general, is an important Evolutionary Significant Unit (ESU) for
this region's haplochromine species. Lake Kanyaboli and similar satellite lakes provide an
opportunity for conservation of trophic and genetic diversity threatened by introduction of
exotics in the Lake Victoria basin.
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CHAPTER ONE

INTRODUCTION.

The East African region is well known for its high aquatic and terrestrial biodiversity and

has been recognized as a global biodiversity hotspot (Ricklefs and Schulter, 1993, Freyer,

1996). Understanding the mechanisms of evolution of the high species diversity and the

processes that maintain and modify it, are essential for the management and conservation of

these resources (Lubchneco, 1998).

The Great Lakes of East Africa support fisheries of great socio-economic importance for the

rapidly expanding human populations. The increased pressure for more fish for food

presents fisheries managers with the task of reconciling conflicting demands of exploitation

and conservation. Unfortunately the trend in Africa has been a decrease in fish production

(Sumaila et al., 2000).

Upto 1980, Lake Victoria harboured over 500 haplochromine cichlid species, of which

about 99% were endemic (Ogutu - Ohwayo, 1990a). Witte et al., (1992) have shown that

the haplochromines further constituted about 80% of the Lake Victoria biomass prior to

1980s. This situation changed dramatically in the late 1970's and early 1980's. By 1990, the

haplochromine cichlids comprised less than 2% of the biomass and half of the endemic

species had either vanished or were threatened with extinction (Ogutu-Ohwayo, 1990a;

Witte et al., 1992). This was largely attributed to Nile perch (Lates niloticus) predation and

anthropogenic causes (Kaufman, 1992; Goldschmidt et al, 1993) among other factors.
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However, recent studies by Seehausen et a!., (1998) uncovered over 100 previously

unknown strictly lithophilic (rock dwelling) haplochromine species.

According to Lowe- McConnell (1993) the largest East African Great Lakes, Tanganyika,

Malawi and Victoria have the richest lacustrine fish faunas of any of the world's lakes. Each

of the East African Great Lakes contain as many or more fish species than all the rivers and

lakes of Europe combined. Lowe- McConnell, (2002) observed that the spectacular and

complex endemic cichlid faunas of the Great Lakes and the importance of their fisheries

have stimulated an immense amount of research on evolutionary mechanisms, community

ecology and fish behaviour.

About 90% of the fish species in the three East African Great lakes belong to the family

cichlidae (Teleostei, Perciformes) (Fryer and Illes, 1972). Lake Victoria is exceptional in

many respects. With about 69,000 km2 Lake Victoria is the largest tropical freshwater lake

in the world. However, the shallow lake basin is at most only 80 meters deep, which is in

clear contrast to the other two larger but deeper East African lakes, the Rift Valley lakes

Malawi and Tanganyika. Since its scientific discovery in 1858, when John Hanning Speke

identified Lake Victoria as the long quested source of the Nile, the lake has attracted intense

interest. The reason for the scientific endeavors is the fastest known large-scale adaptive

radiation producing the lake's species flock of about 500 species of cichlid fishes (Fryer &

Iles, 1972; Stiassny & Meyer, 1999; Komfield & Smith 2000, Seehausen, 2002). With an

estimated age of the species flock a mere 12 400 years according to Johnson et a!., (1996,

2000) or 100 000 years according to (Verheyen et al., 2003) the Lake Victoria

haplochromine cichlids hold the unchallenged world record in explosive speciation.
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The East African Great lakes, therefore, offer excellent model systems for the study of

species divergence, reiterative adaptive radiation and speciation (Kocher, 2004, Salzburger

and Meyer, 2004). The evolutionary mechanisms that have produced such a diverse

assemblage are yet to be fully understood. The detailed nature of the evolutionary

relationships among the hundreds of recently divergent species, as well as the evolutionary

position of the group with respect to other species of cichlids is an active area of

investigation (Booton et al., 1999). The development and application of molecular

techniques to phylogenetic studies have greatly aided and elicited further interest in

evolutionary studies of the East African cichlids.

The massive decline of the haplochromine fish species in Lake Victoria was a major setback

in attempts to unravel their evolutionary history. However some of these fish species

formerly abundant in Lake Victoria still exist in satellite lakes of Victoria basin. The Lake

Victoria satellite lakes are the small lakes isolated from Lake Victoria by sand spits or

papyrus swamps found within the lake basin. These lakes have been recognized to have a

special significance in the conservation and future survival of these cichlids as they act as

refugia (Kaufman and Ochumba, 1993, Mwanja et al., 1999). The satellite lakes therefore

present us with an opportunity to derive more information about the haplochromine fishes.

Their ichthyofaunal composition may represent the situation in Lake Victoria before the

decline (Kaufman and Ochumba, 1993; Maithya, 1998; Mwanja et a!. 1999, Aloo, 2003).

Several species formerly abundant in Lake Victoria have been found only in satellite lakes.

The satellite lakes around Victoria include lakes Nabugabo, Manywa, Kayugi and Kayanja,

Kachira, Mburo, Nawampasa and Bunyoni and others in Uganda (Mwanja et al., 1999,

Mbabazi et al., 2004), lakes Kanyaboli, Sare and Namboyo in Kenya and Lake Ziwa La
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Wanawake in Tanzania. These lakes therefore playa critical role in the conservation of

indigenous fauna. The most renowned example in the Lake Victoria region is probably Lake

Nabugabo. With a size of about 24Km2, an average depth of 4.5M and an age of 4000 years

(Greenwood, 1965), five out of its eight haplochromine species are endemic and seem to

have evolved within the confines of the lake.

Lake Kanyaboli is the largest satellite lake found in the Kenya's Lake Victoria basin. The

lake has a special significance in the conservation of the ecology of the Lake Victoria basin

as the Nile perch has not as yet reached it (Sibylle, 1994). Though the cichlid fish resources

are not very rich (Odhiambo, 2002), the composition of the fish communities in Lake

Kanyaboli reflects the composition recorded from Lake Victoria before the introduction of

Nile perch in the late 1950's. Of prime importance is the existence of the tilapia

Oreochromis esculentus (Graham, 1929) that has virtually disappeared from Lake Victoria

and even in other satellite lakes that have been invaded by the Nile perch. Other

haplochromines that have been reported in Lake Kanyaboli are Xystichromis phytophagus,

Lipochromis maxillaris, Astatotilapia nubila, Astatoreochromis alluaudi,

Pseudocranilabrus multicolor victoriae as well as a dwarf big eyed Astatotilapia. The

Intematinal Union for Conservation of Natural Resources (IUCN) (2002) lists L. Maxillaris,

X phytophagus and the dwarf big eyed Astatotilapia as critically endangered species in

Lake Kanyaboli. Xystichromis phytophagus is believed to be extinct from lake Victoria

(IUCN, 2002).

Lake Kanyaboli is often referred to as a living museum for fishes that populated Lake

Victoria before 1960's (Sibylle, 1994, Aloo, 2003). Their conservation is therefore of
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profound importance (Mwanja et al.,1999, Maithya, 1998,). However, little research has

been done on the ecology of the Lake Kanyaboli haplochromines and none specifically on

quantifying the trophic ecology, niche differentiation, local adaptations and phylogeny and

population genetic structure. Because it has never been invaded by the Nile perch, Lake

Kanyaboli today harbours a number of Tilapiine and haplochromine cichlids which have

disappeared from Lake Victoria and other satellite lakes. Such tilapias include Oreochromis

esculentus and Oreochromis variabilis, both native Lake Victoria cichlids. The absence of

the Nile perch in Lake Kanyaboli has been attributed to the fact that there has never been a

stocking attempt, and the presence of papyrus swamps which prevent it from entering the

lake (Sibylle, 1994).

The conservation of such vulnerable species requires an in-depth knowledge of the ecology

and biology of the species. A requirement to understand the evolutionary significance of

satellite lake populations is to understand their evolutionary history. To understand these this

study investigated phylogenetic relationships among Lake Kanyaboli species and between

these and the Lake Victoria species flock. Knowledge of food and feeding habits of the

cichlid species is essential in understanding how the different species interrelate and hence

the habitat and resource utilization of these species. By elucidating food and feeding habits

we will be in a position to know how the different species exploit and partition the available

food resources. Comparative studies of trophic relationships among the Lake Kanyaboli

haplochr~mines has not been undertaken. In the present study, the evaluation of trophic

relationships, local adaptations, phylogenetic and population genetic status of the Lake

Kanyaboli haplochromines has been taken with an aim of obtaining insights into the ecology
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and evolutionary history of this species flock. This study takes both molecular and

morphological approach.

1.1 General Objectives.

The general objective of the present study was to:

1. Undertake a detailed analysis of molecular phylogenetics and population genetic

structure, comparative trophic ecology and local adaptation of the haplochromine cichlid

community of Lake Kanyaboli and provide insights of their evolutionary, ecological and

conservation status.

1.2 Specific objectives.

The specific objectives of the study were to:

1. Study the local adaptations of the haplochromine cichlids of Lake Kanyaboli using

comparative morphological studies.

2. Investigate the trophic relationships among the extanct haplochromines 111 Lake

Kanyaboli by comparative studies of food and feeding habits.

3. Determine the phylogenetic relationships of the haplochromine cichlids of Lake

Kanyaboli using neutral molecular markers and relate this to the Lake Victoria species

flock.

4. Elucidate the population genetic structure of the endangered Xystichromis phytophagus

using neutral molecular markers.
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CHAPTER TWO

LITERATURE REVIEW.

2.1. Cichlid fishes: Classification and distribution.

The cichlids are a group of fishes belonging to the class teleostei, order perciformes and

family cichlidae. They are highly evolved, perch-like fishes that together with the

Embiotocidae, the Pomacentridae and the Labridae comprise the suborder Labroidae

(Kaufman and Liem, 1982). The cichlids are found in the lakes and rivers of Africa, South

America, Central America and parts of Asia and North America. According to Turner et al.,

(2001) over 1000 cichlid species exist in Africa's lakes and rivers. Their most amazing

characteristic is their tendency to form flocks of extremely specialized species in large

African lakes, the Great Lakes (Lakes Malawi, Victoria and Tanganyika) (Fig. 1) The bigger,

deeper and older lakes contain a higher number of species as well as higher endemism. Poll

(1986) and Salzburger et al., (2002) group the cichlids into the following twelve tribes:

Bathibatini, Perissodini, Tylochromini, Tropheini, Eretmodini, Lamprologini., Ectodini,

Cyprichromini, Limnochromini, Trematocarini, Tilapini and Haplochromini. The latter two

constitute the cichlids of lakes Malawi and Victoria and its satellite lakes and are considered

to be younger and to have been derived from the other older lineages that dominate in Lake

Tanganyika. The first ten tribes are older and more genetically distinct cichlids and

dominate Lake Tanganyika and Lake Malawi. They have been designated 'basal' lineages.

The haplochromines are evolutionarily much younger and are characterized by a much

smaller genetic distance between species. They are often reffered to as the 'modem'

haplochromines (Verheyen et al., 2003).
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FJgUre 1. The Eastern Afiican region showing the location of the Great Lakes
and other"associated aquatic systems. The red arrow indicates
approximate position ofLaire KanyaboIi (Soeree; Ftye£ and Illes,
1972).
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Cichlids are characterized by the following synapormophies or derived shared characters: i)

one nostril on each side of the snout ii) a continuous dorsal fin comprising of a spinous, a

soft rayed part and an interrupted lateral line (Fig. 2). Other characteristics are iii) possession

of three or more spines on the anal fin iv), the pelvic fins are inserted far forwards,

originating ventrally and only slightly posterior to the pectoral fins v) the lower pharyngeal

elements are fused to one lower pharyngeal jaw. The haplochromines are further

distinguished from other cichlids by the following autoapormophies (unique derived

characters): i) ctenoid scales on the flank (as opposed to cycloid in tilapiines) and caudal

peduncle, ii) brightly coloured egg dummies on the anal fin of adult males and iii) the lack

of'tilapia mark' at the base of the dorsal fin which characterizes the juveniles of the tilapiine

cichlids (Witte and van Oijen, 1990).

Tilapiines can be divided into the orders Oreochromis, Tilapia and Sarotherodon (Trewavas,

1983). The haplochromines were originally grouped into one genus, the genus

Haplochromis. Greenwood (1980), however, revised this classification and reduced the

number of species included within the haplochromis to five Haplochromis species and

assigned the remaining species to 16 or so new or resurrected genera. Seehausen et al.,

(1998) described three new genera of rock dwelling (lithotrophic) haplochromines from

Southern Lake Victoria and rediscribed the genus Neochromis. (See Appendix 1). The

classification of hundreds of species in one poorly defined catch-all genus has been found

unsatisfactory particularly from a view point of trying to unravel the evolutionary history of

the species flock. Each of the Lake Kanyaboli haplochromines belong to different genera.
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2a
CICHLIOAE TAXONOMIC FEATURES:

A: only one nostril on each side -
B: dorsal fin:splnous & soft-rayed parts continuous
C: lateral line interrupted

HAPlOCHROMIS "sulcola,
..1£In.

2b

Juvenile

//' TlLAPIA FEATURES
* scales:cycloid Tilapia mark.--- .

J
/

HAPlOCHROMINE FEATURE -,
:: scales: ctenoid

~

tlAPlOCHROMIS squamlplnnls

l!!!!l!

Figure 2. Generalized structure of Tilapia and Haplochromine cicblids. (a) The Haplochroroines are
distinguished from the Tilapias by having brightly coloured egg dummies on the anal :fin and the lack: of a
'Tilapia mark' at the base of the dorsal :fin in juveniles. (b) Haplochromis are characterized by ctenoid scales as
opposed to cycloid scales in tilapias (Source Barel et al., 1977.)
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2.2 Phylogeny of the East African cichlids from morphology and molecular

markers.

The radiations of the cichlid fishes are the most species rich and the most diverse

morphologically, ecologically and behaviourally among the teleosts. Current knowledge

about cichlid radiations, ecology and phylogeny have therefore, been obtained from studies

done on lakes Tanganyika, Malawi and Victoria. Lake Tanganyika contains over 200

species belonging to some 49 genera while lakes Malawi and Victoria contain over 500

cichlid species each. This is the highest radiation recorded for any vertebrate class and

elucidating the detailed nature of the evolutionary relationship among species, as well as

their evolutionary position is a subject of interest for evolutionary biologists, ecologists and

population geneticists (Booton et al., 1999). While the less explored smaller lakes like

Kanyaboli and other satellite lakes are poorly known, the phylogenetic status of the bigger

and older lakes have relatively been well studied.

Past information about the evolution and phylogeny of cichlid species assemblage was

derived principally from morphological and morphometric studies (Greenwood, 1980;

Lippitisch, 1993; Eccles and Trewavas, 1989). The central problem in cichlid phylogeny

has been to distinguish the components of biological similarity due to homology (inferring

common descent) from that due to analogy (inferring convergence). Any evolutionary

classification should of course reflect homology. Molecular based techniques are currently

being employed to support the morphological data and to derive more information. Both

molecular and morphological data should provide congruent estimates of phylogenetic

relationships among species since each organism's phenotype and underlying genotype have
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experienced the same evolutionary history (Paterson, 1987). Use of molecular DNA - based

data sets, together with improved knowledge of the paleo - hydrological history of the lake

basins and the region as a whole have provided new insights into the phylogenetic and

biogeographic history of the cichlids, especially of the haplochromines of the Great lakes

(Johnson et al., 1996, 2000, Booton et aI., 1999, Meyer et al. 1990, Nagl et. al., 2000,

Nishida, 1991, Salzburger et. al., 2002, Odada and Olago, 2002). Thus, the basis of using

molecular data is that relationships among mtDNA haplotypes are for example used as

proxy for the phylogenetic relationships among species.

Molecular methods that have been used in the past were electrophoresis based. Principally

this involved either analysis of allozymes (enzymes differing in electrophoretic mobility as

a result of allelic differences) (Pouyaud and Agnese (1995)) or analysis of fragments of

DNA produced by restriction analysis. Restriction enzymes cleave duplex DNA at particular

oligonucleotide sequences. Such DNA are then analysed via Amplified Fragment Length

Polymorphism (AFLP), Restriction Fragment Length Polymorphism (RFLP) or Randomly

Amplified Polymorphic DNA's (RAPDS) ( Mwanja and Kaufman, 1995). Currently, direct

DNA sequencing via PCR amplification of a short DNA fragment is widely employed

(Verheyen et al., 2003).

2.3 The use of mitochondrial DNA in phylogenetic studies.

According to Avise (2000) mitochondrial DNA (mtDNA), especially the control region (D-

Loop) has become the choice molecular marker for understanding population structures and

phylogenie relationships of animals species. This stems from its major advantages compared

to the nuclear DNA. First the mtDNA has a very simple structure (Fig 3). It lacks

complicating features like introns (sequences of DNA that interrupt a gene but do not code
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for any amino acid) and transposable elements (genes which produce copies of themselves,

often by reverse transcription, that are inserted into the genome, where they frequently cause

gene mutations, (Russel, 1998)). The mitochondrial genome of vertebrates is a single, small,

double stranded circular DNA molecule of some 16,000 base pairs (1.6kb) contained in the

mitochondria. Upto several thousand copies of the DNA are found per cell compared to only

two copies in most nuclear DNA (Brown, 1981). The mitochondrial DNA of vertebrates

contain 13 genes coding for proteins, two genes coding for ribosomal RNAs (small 12S and

large 16S rRNA) , 22 genes coding for transfer RNAs (tRNAs) and one major non-coding

control region region (the D-Loop) (Brown, 1981). The D-Loop is a 1200 base pair region

that contains the initiation sites for mtDNA replication and RNA transcription. Based on the

distribution of the variable nucleotide positions and differential nucleotide frequencies in

different parts of the control region, it can be divided into three domains. Domains I and III

are more variable while domain II is more conserved. The protein coding genes are seven

sub-units of NADH dehydrogenase (ND 1, 2, 3, 4, 4L, 5 and 6), cytochrome b, three sub-

units of cytochrome c oxidase (CO, I, II, III) and two sub-units of ATP synthetase (ATPase

6 and 8). Secondly, mtDNA occur in abundant numbers, 500 - 1000 copies per cell as one

linkage group compared to only two copies of nuclear DNA. Thirdly, the mtDNA is

maternally inherited. All mtDNA is inherited clonally from the mother. Mitochondria are

located in the cytoplasm and only the egg contributes cytoplasm to the zygote. Such

maternally derived molecules do not recombine genetically in progeny. Therefore, unlike

nuclear DNA which gets reconstituted in each generation during meiosis, the only

alterations to mtDNA is an accidental change caused by mutations, copying errors or other

accidents.
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Piscine
mitochondria!

gene order Q

\

\ ,
/
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1••------ control region------~

domain I
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variable

dorn ain II
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tRNA[]J]L:.....-'---'----.j~ J;
TAS F E DCB CSBs

Fig. 3. Structure of piscine mitochondrial DNA. The mitochondrial DNA molecule
consists of genes coding for proteins, ribosomal RNA transfer RNA and a
major non coding control region that has extensively been used as a molecular
marker to infer evolutionary relationships among taxonomic groups.
(Source: Meyer, A. 1993).
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The mtDNA thus preserves information about ancestry. Fourthly, mtDNA especially the D-

Loop have a high rate of evolutionary change i.e it is highly evolving. This is due to the

high synonymous substitution rate of the control region.

The rate of evolution of the control region is two to five times higher than those of most

mitochondrial protein coding genes (Aquadro and Greenberg, 1983) and five to ten times

greater than the average rate of sequence evolution in nuclear genes (Futuyma, 1998). This

is probably because the DNA polymerase that replicates mtDNA lacks the proof reading

ability of the polymerase that replicates the nuclear genome, so that mtDNA has a higher net

mutation rate. Another possible reason for the higher rate of evolution in animal mtDNA is

that the selection pressure that normally eliminates many mutations in nuclear genes is

relaxed in the mitochondria (Russel, 1998). As sequencing techniques developed it has

become clear that the basis for the higher rate of mtDNA evolution is due to transitional

differences (Brown 1981).

In closely related cichlids substitutions outnumber deletions and additions (indels)

(Sturmbauer and Meyer, 1992). Because mutations accumulate fastest here, the control

region is the molecule of choice for the study of population level phenomena and the study

of phylogenetic relationships among closely related species like cichlids (Meyer et al.,

1990). Its application, therefore, makes it possible to place the results of this study into a

broader phylogenetic context. Other fast evolving genes that have been used to study the

phylogeny of East African haplochromines include the Ribosomal RNA Transcribed Spacer

One (ITS-I) gene (Booton et al., 1999) and cyt b (Meyer et al., 1990). The ITS - 1 gene is

located between the 18S and 5.8S ribosomal RNA gene. Seehausen et al., (2003) however,
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have succesfully employed nuclear D A to infer phylogeny and population structure of the

Lake Victoria haplochromines.

2.4 Microsatellites

Microsatellites are another widely used genetic marker in studies of evolutionary

relationships of closely related species. Microsatellites are segments of DNA with very

Short Tandem Repeats Polymorphisms (STRPs) composed of runs of repeat units 2 - 5 bp in

length usually of CA dinucleotides (Page and Holmes, 1998) that evolve through the gain or

loss of repeat units rather than sequence substitutions. They occur randomly throughout the

genome. Microsatellites are highly variable and are able to detect high levels of genetic

polymorphism in several species. This is because of their high mutation rates between 10-2

and 10-5 per gamete generation (Page and Holmes, 1998). Each locus contains more than a

dozen alleles. Other positive attributes that make microsatellites good molecular markers

include high abundance but random distribution in eukaryotic genomes. They also exhibit

different ranges of variability in natural populations. Microsatellites have showed high

levels of genetic polymorphism in several species where conventional genetic markers like

allozymes have shown very little variation. Due to their small total size of assay, usually less

than 300bp, they are easy to genotype via PCR with accurate sizzing of alleles (Rassman et

al., 1991) The sequences flanking the repeat mortifs are generally conserved among closely

related species. Some microsatellites developed from one fish species can therefore be used

to amplify the homologous genomic DNA sequences from other fish ( Wu et al. 1999).

Studies of genetic variation and population genetic structure of Lake Victoria cichlids have

been hampered by lack of suitable highly variable genetic markers (Rico et al., 2003).
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Employment of microsatellite markers in this study should therefore help overcome this

problem.

The use of both phenetic (morphological) and molecular techniques should produce

congruent phylogenetic information. Molecular data, however, have other advantages

compared to morphological data. DNA sequences tend to diverge with some regularity over

time. An estimate of initial rate of sequence divergence is 20 x 10-9 per year per evolutionary

line. This is 2% sequence divergence per million years between pairs of lineages that is

about ten times faster than the highest rates in nuclear DNA. They thus exhibit a 'molecular

clock'. Accurate calibration of such clocks can be used to estimate the time of divergence

between two lineages and hence their ages. The cichlid mtDNA has been estimated to

diverge at a rate of 5.6% per site per million years (Nagl, et al., 2000). Morphological data

may sometimes be rendered inaccurate by homoplasies resulting from convergent or parallel

evolution. For example, cichlids :often develop similar morphological and ecological

specializations and characters to enable them overcome similar ecological problems. Thus

two unrelated cichlid species in two different lakes may develop similar structures e.g.

trophic apparatus. For example the Lake Victoria Macropleurodus bicolor and Chilotilapia

rhoadesi of Lake Malawi have developed similar feeding habits hence similar dental and

jaw structures to exploit a particular kind of food. Such morphological similarities arise

more than once independently and therefore do not indicate monophyly. Molecular

phylogenetic techniques thus avoid the potential pitfalls of morphological homoplasy due to

convergence or parallelism in constructing evolutionary relationships.
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2.5 Patterns of evolution and phylogeny of the East African Great Lakes cichlids.

In each of the three East African Great Lakes (Tanganyika, Malawi and Victoria), climatic

changes during the Late Pleistocene (ca. 15,000 years ago) caused major changes in

hydrographic regimes causing major lake level fluctuations. These changes have been

important in shaping the adaptive radiations and speciations in each lacustrine system

(Verheyen, et al., 1996). Periods of aridity led to drastic lake - level changes of upto 600m

in lakes Malawi and Tanganyika. This led to the split of the lakes into two basins in the case

of Lake Malawi and into three basins in the case of Lake Tanganyika. These lake level

changes 'separated populations that once exchanged genes and thus influenced the

distribution of genetic variation and speciation (Verheyen, et al., 1996). Studies on mtDNA

distribution of Tropheus species complex from Lake Tanganyika show that their genetic

distances and geographic patterns of genetic variation mirror the topology of the three

ancient basins (Sturmbauer and Meyer, 1992). This is a strong indication ofthe influence of

the past hydrographic regimes on speciation. The evolutionary history of the Eretrnodini

genus is strongly related to the geological history of Lake Tanganyika. The geography of

genetic variation within four species of this tribe closely matches the three proto-lake basins

(Verheyen et al., 1996; Ruber et al., 2001). Water level fluctuations (splitting of basins into

smaller water bodies) are therefore important modulations of speciation processes in tropical

lakes as they form or break down barriers to gene flow among adjacent populations. Lake

Kanyaboli can be regarded as a split portion of Lake Victoria.

Lake Tanganyika is estimated to be 7 - 12 million years old (Coulter, 1991, Cohen, et al.,

1993). This makes it the oldest of the three East African Great lakes and the second oldest
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lake in the world after Lake Baikal. A meandaric river gave rise to at least three shallow

swampy proto-lakes. These lakes progressively deepened and finally fused into a single

deep lake 5 - 6 million years ago (Tiercelin and Mondeguer, 1991) and riverine cichlids

rapidly filled the available new niches. Approximately 200,000 years ago periods of aridity

persisting for several thousand years caused drops upto 600metres in water level in Lake

Tanganyika splitting the lake into three separate lakes (Tiercelin and Mondeguer, 1991;

Scholz and Rosendahl, 1988). Expectedly, Lake Tanganyika harbours the most

morphologically and behaviourally diverse cichlid fauna consisting of about 170 species.

The morphological and genetic differences in this lake tend to be more pronounced than in

lakes Malawi and Victoria. The Tanganyikan lineages can be traced back to at least seven

distinct ancestral lineages (Poll, 1986; Nishida, 1991) and unlike Victoria and Malawi

cichlids, mtDNA data are in very close agreement with the morphological classification

probably due to the long divergence time of the lineage (Sturmbauer, et al., 1994,

Salzburger et al., 2002). However, cases of incongruence between mtDNA and morphology

based studies have been cited in some genera. Verheyen et. al. (1996) surveyed the mtDNA

phylogeography of four species of the philopatric rock-dwelling mouth brooding

Eretmodine genus. Their study revealed that within this genus trophically and

morphologically similar taxa which have been classified as belonging to one genera differ

substantially in mtDNA, and should therefore be split into different genera based on DNA.

Ages of Tanganyika cichlids lineages have been estimated to be twice the entire cichlid

flock from Lake Malawi and six times the entire flock of endemic haplochromines from

Lake Victoria (Sturmbauer and Meyer, 1993). The occurrence of some basal members of

lineages outside the lake may indicate polyphly of the Tanganyika cichlids while the higher

sequence divergence (14%) between species in Lake Tanganyika indicates that the flock is
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an old one (Stiassny and Meyer, 1999). The Tanganyika flock has therefore been viewed as

a reservoir of old phylogenetic lineages that gave rise to the ancestors of the Malawi and

Victoria fish flocks.

The age of Lake Malawi has been estimated to be 5 million years (Fryer and Iles, 1972).

The Malawi rift basin started to develop 8.6 million years ago but deep water rift started to

develop about 4.5 milllion years ago (Scholz and Rosendahl, 1988). Lake Malawi also

experienced major and minor lake level fluctuations during its geological history (Johnson et

al., 1996). A large drop in lake level occurred 100 000 to 250 000 years ago. This created

several basins within the lake and the cichlids underwent allopatric differentiation in each of

the basins (Reinthal and Meyer, 1997). The Malawi and Victoria cichlids belong principally

to the genus Haplochromis. In the phylogeny of the East African cichlids, the 11 Lake

Tanganyikan tribes consitute the oldest hence 'basal' lineages. In this phylogeny, the

'modem' haplochromine cichlids of lakes Malawi and Victoria were derived from

Astatoreochromis alluaudi (Salzburger et al., 2002) (Figure 4). Astatoreochromis alluaudi, a

wide spread East African haplochromine is a common haplochromine in Lake Kanyaboli.

Lake Malawi species flock belongs to two genetically and ecologically distinct groups: the

rock dwelling 'mbuna' and the sand dwelling 'utaka' each consisting of over 200 species

(Eccles and Trewavas, 1989). Six independent lineages have been identified as the ancestral

founding species (Moran and Komfield, 1993, Moran, et al., 1994). A three stage

phylogenetic history in which each stage was dominated by either adaptive radiation, trophic

diversification or sexual selection driven speciation has been proposed for the Lake Malawi

cichlids (Danley and Kocher, 2001) (Fig.5). In the first stage habitat diversity seemed to be
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the main selective force leading to ecological divergence. This led to the divergence of the

cichlids into the sand and rock clades adapted to each of the habitat types. Within each

lineage competition for food resources led to diversification and speciation. Cladogenesis

was driven by specialization to utilize different food resources. This gave rise to the 12

trophically defined genera. Finally, within each trophic based genus sexual selection based

on female choice of male nuptial colouration has been the major selective force leading to

explosive speciation of the haplochromine cichlids. Such taxa are very similar

morphologically and genetically. This type of phylogenetic history, which is punctuated by

multiple diversification events, seems to be a common pattern of radiation in all African

cichlids. A calibration of the molecular clock of the control region indicates that the two

Malawi lineages, Utaka (sand dwellers) and Mbuna (Rock dwellers) diverged 570 000 to

one million years ago (Sturmbauer et al., 2001), from a riverine generalist closely allied with

Lake Tanganyikan haplochromine (Danley and Kocher, 2001). Rhamphochromis,

Astatotilapia calliptera and Astatoreochromis alluaudi form the basal groups, their ancestral

lineages being the Tropheus and Haplochromini genera of Lake Tanganyika. Since the age

estimate of the flock is younger than the lake, this indicates that the species have evolved

within the lake and therefore the flock is monophyletic.

Because of close morphological affinity between some Victoria and Malawi cichlids (e.g.

Macropleurodus - Chilotilapia species pair), Greenwood (1980) suggested that the taxa in

the two lakes are polyphyletic and thus the two were sister species. However, mtDNA

sequence analysis show that species between each of the two lakes differ by at least 54

substitutions in the 830bp compared to two mitochondrial genes from each other. The taxa

In each lake therefore evolved within the confines of each lacustrine system. Any
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morphological and behavioral similarities that may appear to link particular species between

the two lakes are therefore due to homoplasy (parallelism or convergent evolution). These

phenomena also explain the close morphological similarities between several Lake Malawi

and Tanganyika species (Stiassny and Meyer, 1999). These species have evolved similar

phenotypic characters since they occupy similar ecological niches in either of the two lakes

but are genetically very different. Instead each of the species in each lake are more

genetically closer to each other than to their morphological counterparts in the other lake.

Similar anatomical features in cichlids of the three lakes therefore evolved independently

and repeatedly and therefore are not accurate indicators of phylogenetic affinity.
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FIgUre 4. A genernIized phylogeny of the cicbIids of the East Afiican
Great Lakes. The Lake Malawi and VICtoria cicblids
principally belong to the genus Haplocbromine.
AstatoreocIIIVIIlis alJHadi funns the basal species of this
genus. Sotm;e: ( Stiassny and Meyer~ 1999)
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Figure 5. Genercdized three stage process of adaptive radiation of
cicbIids in the East Afiican Great Lakes. Stage I is dominated
by adaptive radiation based 00 habitat, stage n is dominated
by trophic diversification and stage m is dominated by sexual
selectioIL Sexual selection causes rapid split of1ineages leading
to <explosivespeciation'. (Somce: Danley and Kochel-, 2(01).

24



At an estimated age of 250 000 - 750 000 years old, Lake Victoria is the youngest of the

three East African Great lakes ((Fryer and Iles, 1972). It originated from two westward

flowing rivers, the proto- Kagera and proto-Katonga (Meyer, 1993). The drainage of the two

rivers was blocked in the pleistocene due to the uplifting of the western margin of the

Victoria basin. Consequently Lake Victoria is much shallower than lakes Tanganyika and

Malawi. During this time a connection existed between the nascent Lake Victoria and other

lakes to the west for example lakes Edward, George and Kivu. Greenwood, (1974, 1980)

coined the term 'Lake Victoria species flock' to include the flocks of these other lakes too.

The cichlid fauna of these lakes should therefore exhibit close phylogenetic relationship.

Lake Victoria has experienced a very turbulent geological past. The lake has undergone

several periods of complete or near complete desiccation about 200 000 years ago and as

recently as 12 400 years ago (Johnson et al., 1996, 2000, Odada and Olago, 2002) after

which the lake refilled.

The endemic haplochromine cichlids of Lake Victoria had been assigned to the single genus

Haplochromis (Greenwood, 1974). Greenwood (1974) revised this classifcation and split the

genus into 20 trophic status based genera. Seehausen et al., (1998) further described 100

rock dwelling (lithophilic) haplochromines from Southern Lake Victoria which he assigned

to three genera: Mbipia, Pundamilia and Neochromis. Greenwood (1980), based on

morphological studies, concluded that the Victoria haplochromines assembly was

polyphyletic.

Meyer et al., (1990) were the first to employ molecular techniques to study the phylogeny of

the Lake Victoria species flock. They proposed a monophyletic origin of the Lake Victoria
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species flock based on mtDNA sequences (D-Loop and cyt. b) and showed that despite wide

diversity in size, colour pattern and morphology the genetic variablity between Lake

Victoria haplochromines is very small. They sequenced 803 base pairs of the mtDNA from

14Lake Victroria haplochromines. Only 15 sites out of the 803 base pairs (1.86%) surveyed

showed base - substitutional differences. The endemic Victoria haplochromines differ from

each other by an average of only 3 substitutions but differ from those of Lake Malawi by 54

to 55 substitutions (Meyer et al., 1990). This indicates the extremely young age of the

Victoria species flock. Despite the very small variations in the mtDNA segments examined,

no sharing of mtDNA was observed among the 14 haplochromine species, thus supporting

their division into biological species. Transitions were observed to out number

transversions. This has since been observed to be common in closely related cichlids with

the transition to transversion ratios generally decreasing with increased time since

divergence (Bowers et a!., 1994, Verheyen et a!., 1996, Booton et al., 1999). Booton et a!.,

(1999) examined 553 base pairs of the Internal Transcribed Spacer One - 1 gene (ITS - 1)

located between the 18S and 5.8S ribosomal RNA genes of 11 closely related Lake Victoria

region (LVR) endemic haplochromine cichlids including Xystichromis phytophagus from

Lake Kanyaboli. The ITS - 1 sequences exhibited similarities in Xystichromis phytophagus,

Ptyochromis magnathus, Harpagochromis 'Kachira deep' and a Gaurochromis sp. from

Lake Edward. This attests to the closeness of the species and their recent divergence. The

ITS - 1 'molecular clock' suggests a 0.053% sequence divergence per 1000 years (Pleyte et

al., 1992). Comparing the average sequence divergence of Astatoreochromis alluaudi and

the Lake Victoria Region taxa (1.45%), the time of divergence between these groups was

calculated to be 30 000 years. This is precisely within the time frame obtained by Veryehen

et al., (2003) by calibrating the molecular clock of the cichlid control region.
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Pseudocranilabrus multicolor had the highest nucletiode divergence from the other taxa

(4.97 - 6.96%) followed by Astatoreochromis alluaudi (1.45%) suggesting that these two

represent. older more genetically distinct lineages. A neighbour joining gene tree further

suggests that the Lake Victoria Region haplochromines is monophyletic with the riverine

Astatoilapia burtoni and Astatoreochromis alluaudi being sister taxa. Although

monophyletic, the study by Booton et al., (1999) suggests that the modem assemblage must

have been derived from re-invasion by the products of earlier cladogenesis events and

therefore the haplochromines of Lake Victoria did not evolve in situ from a single ancestor

per se. This means that the origin of the Lake Victoria flock lies outside the lake itself.

A widely held hypothesis is that some lineages survived the desiccation in the deeper lakes

Edward (117Mdeep) and Kivu (485M deep) or in the Malagarasi river system, and

recolonized the lake afterwards. However, riverine colonization has been criticized since

such shallow rivers must have also dried out when the 80m deep Lake Victoria completely

dried out (Seehausen, 2000). A connection to the Malagarasi river and the Lake Tanganyika

basin might have existed if Lake Victoria had a second, south overflow during the high

levels in the Holocene (Stager et al., 1986). Explosive adaptive radiation then took place in

the filled up lake to give rise to the present highly diverse cichlids (Seehausen, 2000, 2002).

This extremely rapid radiation was possible because most of the mutations necessary for the

morphological and behavioural adaptations to these niches were already present in the large

founding populations (Nagl et al., 2000). The central theme of this hypothesis is that

speciation of present fauna took place within the lake after the last desiccation (in the last 12

400 years). The last dessication is postulated to have produced water bodies like Lake

Kanyaboli (Odada and Olago, 2002). The haplochromine cichlids in these water bodies may
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then have undergone genetic differentiation, as a result of drift, to produce genetically

distinct populations and even species.

A recent study by Verheyen et al., (2003) provide comprehensive molecular data on the

possible origin of the Lake Victoria species flock. They analysed 861 mtDNA sequences

(845bp) from haplochromine cichlids of the Lake Victoria Region lakes (Victoria, Edward,

George, Albert, Kivu), rivers as well as Ugandan satellite lakes. Their results indicate that

the Lake Victoria, Edward, George and Albert flocks are monophyletic. An unrooted

network suggests that all extanct haplochromines that belong to the superflock evolved from

a Kivu endemic. Lake Kivu thus holds a pivotal point in the evolutionary history ofthe Lake

Victoria region cichlids. The following three reasons are advanced to explain this

hypothesis.

First, all the haplotypes found in the other lakes connect through the Lake Kivu haplotypes.

Secondly, the Lake Kivu haplotypes are the most genetically diverse compared to the other

Lake Victoria Region lakes and, finally, the Lake Kivu haplochromines have the highest

amount of mtDNA sequence divergence, suggesting that they are the oldest. These coupled

with the evidence of a recent connection between Lake Victoria and Kivu, strongly points to

Lake Kivu as the probable source of Lake Victoria haplochromine cichlids. Lake Kivu was

connected to Lake Victoria via the Kagera river. The abundance of fishes differing by only a
- 1 mutations in Lake Kivu supports the hypothesis of a recent origin and this is the

radiation that probably took place after the desiccation event of 12 400 years ago (Johnson

et al., 1996). Lake Kanyaboli was probably at one time connected to Lake Victoria. The

complete phylogenetic relationships between the haplochromine fauna of Lake Kanyaboli

and the main Lake Victoria have however not been carried out.
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Meyer et al., (1991) and Futyuma (1998) have noted that the construction of Lake Victoria

haplochromine phylogeny has been daunting. Due to their very young age, lineage sorting

has been incomplete and most lineages therefore retain ancestral polymorphisms. This may

lead to grouping two distantly related species together depending on the gene genealogy

analysed (Futuyma, 1998).

2.6 Mechanisms of Lake Victoria speciation.

Although Lake Victoria is several orders of magnitude younger than lakes Malawi and

Tanganyika it harbours a very diverse haplochromine fauna. Most of the lake's diversity

must have therefore evolved after the last complete desiccation, about 12 400 years ago.

Why and how such rapid speciation has occurred in the lake is still being debated. Perhaps

the haplochromines of Lake Victoria undergo unique modes of speciation that promote rapid

diversification and speciation. It is therefore important to understand the proposed

hypothesis to explain this preponderence of Lake Victoria haplochromines.

2.6.1. Lake Victoria satellite lakes and inter and intra-lacustrine allopatric speciation

of haplochromines.

Geological evidence indicate that Lake Victoria has experienced periods of almost complete

desiccation in the past and that in its current existence, filled up only 13,200 - 12,400 years

ago (Beuning et al., 1997; Johnson et al., 1996). During the periods of desiccation, the lake

could have separated into basins and numerous small lakes. Such lakes abound around the

lake and include Kanyaboli, Sare and Namboyo in Kenya, Nawampasa, Bunyoni,

Nabugabo, Kayugi, Kayanja, Kachira and Manywa in Uganda and Ziwa la Wanawake in

Tanzania. These lakes are thought to have been created from the main lake during periods of
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lake level fluctuations. During such periods of separation barriers to gene flow were created

between previously interbreeding populations. Such populations became reproductively

isolated and inter-lacustrine allopatric speciation took place in these 'islands' (Meyer, 1993,

Mwanja et al., 1999). If the periods of separation existed long enough then gene flow

between populations would be reduced and genetic differences between populations would

arise by drift resulting into formation of species (Futuyrna, 1998). These species were then

re-introduced into the main lake during periods of flooding. Several such events could have

produced part of the diverse haplochromine species. Further support for this theory stems

from the observation that Lake Nabugabo, separated from Lake Victoria by a long sand bar

only 4000 years ago harbours about five endemic species (Greenwood, 1965).

Some speciescould also have arisen due to intra-lacustrine micro-allopatric speciation. The

newly introduced species that arrived as explained above, found several vacant niches and

each colonized these niches and proceeded to undergo adaptive radiation (Greenwood,

1984). These involved mainly modifications of body parts for example modification of food

acquiring apparatus to fit the new species' new mode of life without much genetic

alterations. Schliewen et al., (1994) have shown that niche diversification play an important

role in speciation of cichlid fishes. This is consistent with the ecological release theory

where a founder species radiates based on ecological differentiation (Mayr, 1963). Since it

has remained largely isolated from the main Lake Victoria for many years, hypothetically

the haplochromines of Lake Kanyaboli could have undergone allopatric diversification to

produce new forms or even species.
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Behavioural characteristics of the haplochromines make them particularly prone to

intralacustrine speciation. Most of the haplochromines are poor dispersers, they are

stenotopic and philopatric (exhibit high site fidelity), they show homing and males tend to

defend the breeding territories for several years (Hert, 1992). These characteristics play an

effective role in restricting gene flow between populations.

The diversity of haplochromines in Lake Victoria is however too high to be adequately

explained by inter-lacustrine and intra - lacustrine micro-allopatric speciation alone

particularly in the time scale that speciation of these species is known to have happened.

Complementary hypotheses are therefore necessary.

2.6.2 Sympatric speciation of Lake Victoria haplochromines by disruptive sexual

selection.

Charles Darwin in his theory of evolution by natural selection, recognized that sexual

selection, the choice of a mate based on some traits, is one of the major factors driving

diversification of species and speciation in animals. Its basic tenet is that any trait that

provides an advantage in mating would be favoured. Sympatric speciation may be driven by

mate choice and thus by sexual selection on male display signals. In this way preference for

a particular trait will become linked to the alleles encoding it. The two will be inherited

together. Such genetical coupling leads to self-accelerated selection, the so called 'runaway

selection' (Fisher, 1930, Radwan, 2002). Sexually selected traits under go rapid

diversification than traits under natural selection and might thus facilitate rapid speciation.

Sexually selected traits e.g colour act as a reproductive barrier without causing

morphological changes. Since it is non adaptive, sexual selection based speciation can cause
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accelerated species divergence and speciation. However, some evolutionary biologists

maintain that sexual selection is a sub-set of natural selection (Barlow, 2000).

Sexual selection through mate choice has long been recognized as an important factor that

could drive haplochromine cichlid speciation (Fryer and Illes, 1972; Lande, 1981). Initial

opposition and reluctance to accept that species could arise in sympatry was tied to the

biological species concept where species were recognized based on complete reproductive

isolation (Alphen and Sehausen, 2001), lack of experimental evidence and also the inability

of the hypothesis to overcome some theoretical difficulties. For example for an organism to

speciate in sympatry, disruptive selection would either need to be very intense, assortative

mating nearly perfect (Felsentein, 1981) and the homogenizing effects of recombination

would have to be overcome. Recombination produce genotypes with intermediate

phenotypes and therefore constitute a 'bridge' for the flow of genes between the two

extreme genotypes.

Certain biological and behavioural characteristics of the Lake Victoria haplochromines

make them particularly prone to sexual selection. Almost all Lake Victoria haplochromines

are polygynous female mouth brooders (Seehausen, 2000). The strongly asymmetric

investment into parental care in polygynous species (females invest more) is conducive to

sexual selection upon male characters. As predicted under theories of sexual selection by

female choice, many polygynous haplochromines have strongly dimorphic breeding

colouration where males are brightly coloured and females cryptically coloured.

In the Lake Victoria haplochromine cichlids field observations and laboratory experiments

by Seehausen et al., (1999) and Seehausen (2000) have shown that sympatric speciation

takes place by disruptive sexual selection on polymorphic colouration. Colour
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polymorphism has been suggested to be a step preceding sympatric speciation when it

confers a selective advantage to the organism and when it results into assortative mating.

The diversification of traits that facilitate reproductive isolation among the haplochromine

cichlids has been demonstrated to be based on the colour of the male. Male colouration in

haplochromines is responsible for sexual selection by direct mate choice. Closely related

species usually differ distinctly in colouration but not necessarily in ecology or morphology.

Females choose males based on colour. Females exhibit species- assortative mate choice

when colour differences are visible. This mate preference restricts gene flow and exerts

disruptive sexual selection between species. Strong assortative mating quickly leads to

sexual isolation of colour morphs. The evolution of differential mate choice for nuptial

colours, possibly triggered by a sex changing gene (Seehausen et al., 1999) results in

premating isolation between incipient species. Such colour morphs are usually

reproductively isolated. And as long as the colour differences can be perceived disruptive

selection is intense and assortative mating nearly perfect. Strong mate selection of the

polymorphs overcomes the homogenizing effects of recombination. Among the Lake

Kanyaboli haplochromines sexual dimorphism IS most striking in Xystichromis

phytophagus. Bright colouration IS also found in Astatoreochromis alluaudi,

Pseudocranilabrus multicolor victoriae and to some extent in the Lipochromis maxillaris. It

is therefore highly probable that these mechanisms of haplochromine speciation also operate

among the haplochromine flock of Lake Kanyaboli.

Seehausen et al., (1997) demonstrated that in turbid water, there is breakdown of

preferences for conspecific mates among the haplochromines and a relaxation of sexual

selection occurs leading to loss of male colouration and hence the main reproductive barrier.
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Mating becomes random and hybridization takes place leading to loss of species as a result

of amalgamation of gene pools. That light is a critical factor in mate choice and hence

initiating sympatric speciation and maintaining species diversity in haplochromines has been

demonstr~ted by a study carried out in two habitats differing in environmental conditions in

Southern Lake Victoria in Tanzania (Seehausen, 2000). In this study, the occurrence of

colour morphs of Haplochromis nyererei complex along rocky shore habitats of Marumbi

and Makobe islands were studied. The complex occurs as six colour morphs. Marumbi

Island, Mwanza gulf, characterized by low visibility due to turbidity was characterized by

the presence of a very high percentage (90%) of intermediate phenotypes in the 'red' vs

'zebra' populations. In the clear waters of Makobe island, very low percentage of

intermediate phenotypes were found. The 'species' exist as pure 'red' or 'zebra' morphs.

Further experiments revealed that the Marumbi island populations interbreed and therefore

no reproductive isolation exists between them while the Makobe island populations are

reproductively isolated. Hence the status of colour morphs as phenotypes of one species or

as two biological species is a function of environmental conditions (water transparency).

It is now believed that most of the speciation events of haplochromines can be explained by

sympatric speciation (Seehausen, 1997, Seehausen and van Alphen, 1998, Seehausen, et al.,

1999, Seehausen, 2000). Sympatric speciation does not require extrinsic barriers and

populations can be split several times leading to an accelerated rate of speciation. Variation

in an ecological trait (such as differences in resource use) is necessary for disruptive

selection against intermediates to take place (Losos, 2000). Assortative mating drives this

disruptive selection and leads to divergence of sub-populations along separate evolutionary

pathways' resulting in speciation in as few as 300 generations (Tregenza and Budin, 1999;
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Dieckmann and Doebeli, 1999; Kondrashov and Kondrashov, 1999). This may most likely

explain the rapid speciation of Lake Victoria haplochromine cichlids.

That disruptive sexual selection is responsible for explosive speciation is revealed when

we compare the speciose cichlid lineages with the ones that have a low tendency to

speciate. The non speciose lineages tend to be the monogamous ones (as opposed to the

polygynus speciose lineages) and show little sexual dimorphism (as opposed to the

strongly sexually dimorphic species lineages). Such species tend to undergo the slower

disruptive natural selection as opposed to the faster sexual selection in the later. Species

richness have also been shown in birds in which sexual selection appears to be intense

and diverse (Gill, 1995).

2.6.3. Cichlid Architecture, Physiology and Behaviour.

Intrinsic biological properties of cichlids, not shared by other African freshwater fish,

have also been invoked to explain why this one family has formed large species flocks in

each of the three Great lakes of East Africa (Fryer, 1996), Physiologically, euryhalinity of

cichlids 'and their closed physoclist swimbladder have been suggested as two

physiological properties that enable cichlids to cope with physiological conditions in

large lakes, and to occupy wide depth ranges (Poll, 1980). Behaviourally, the intensive

parental care exhibited by cichlids frees them from constraints to intralacustrine

reproduction that many other fish experience due to insufficient oxygen supply for eggs

and larvae. This allows cichlids to permanently inhibit lakes (Lowe-McConnell, 1987) as

opposed to the potamodromous cyprinids and clarrids that have to migrate upstream to

spawn. The mouth brooding behaviour of some haplochromine cichlid lineages (all Lake
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Victoria cichlids are mouth brooders) further makes them independent of the spawning

substrate (Fryer and Illes, 1972). These properties enable cichlids to successfully inhabit

large lakes with muddy bottoms lacking suitable substrates. Mouth brooding cichlids

usually occur in small populations. Any useful replacement mutations in such small

populations are likely to spread faster and to lead to differentiation of a species as a result

of drift. Therefore the limited population sizes favoured by mouthbrooders may have

contributed to the diversification of the haplochromine cichlids in Lake Victoria region.

Cichlid design, especially the versatility of the jaws has been cited as a key evolutionary

innovation that has contributed to the ability of cichlids to undergo diversification

(Kaufman and Liem, 1982.) The ability of the cichlids especially the haplochromines to

specialize is the result of the unique and complex structure of the pharyngeal jaw which

permits efficient grinding and chewing of food (Galis and Drucker, 1996). The versatility

of the jaw has been seen as a major evolutionary innovation. The cichlid pharyngeal jaw

apparatus have independent elements that can easily be modified leading to

morphological and behavioural changes thus conferring specialization.

The cichlids have a labroid type bone anatomy. In the labroid type, the lower and upper

pharyngeal bones are fused and bonded respectively and function as a second pair of jaws.

This is opposed to most fishes where each of these forms a pair of bones (Liem, 1973;

Kaufman and Liem, 1982) (Fig 6). Coupling severely limits independent movement of the

pharyngeal jaws as opposed to the free movement in cichlids. The functional flexibility of

the labroid pharyngeal jaws are enhanced by a series of changes that occured before their
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fusion. One major change was that two decouplings occurred allowing movement of the

upper and lower jaws independently.

The first decoupling, and one which has played a key role in the structural versatility of the

cichlids was the decoupling of epibranchials 4 muscles from the upper pharyngeal jaws. The

4th epibranchial lies against the dorsolateral surface of the upper pharyngeal jaws and the

two are capable of independent movements. This led to a cascade of changes each leading to

improved biting effectiveness and increased mobility and mechanical flexibility of

pharyngeal jaws.

The second decoupling involves 4th ceratobranchials and the lower pharyngeal jaws. In the

primitive form, the lower pharyngeal jaws are firmly connected to the 4th ceratobranchials

thus limiting the movement of the ceratobranchial and the lower jaws. In the cichlids

however, 'this coupling is replaced by a more flexible connection thus pem1itting movement

of lower jaw with respect to ceratobranchials. The lower jaws are fused into a single bone.

Fusion of the bones doubles the force that can be applied onto these jaws.

The pharyngeal jaws therefore increase in versatility and frees the oral jaws from the

requirements of food processing and make them available entirely for food collection and

manipulation (Liem, 1973; Stiassny and Jensen, 1987). This phenotypic plasticity enables

cichlids to respond effectively to changing ecological and selection pressures (Witte et al.,

1997). They can therefore be easily adapted to different habitat requirements hence

facilitating ecological diversification and sometimes ecological speciation. In terms of

resource exploitation, cichlids can become highly specialized on particular types of prey and

thus have a competitive advantage over other fish that lack such modified jaws. Some of
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these specializations are paralleled in cichlid species endemic to different lakes. These

changesmay eventually be genetically assimilated (Galis and Metz, 1998).

Intergrating the role of sexual selection and anatomical versatility of cichlids provides a

plausible explanation to the mechanisms of cichlids speciation and may explain the

preponderance of these species. Each of these alone may not adequately explain sympatric

speciation since ecological diversification as a result of anatomical radiation does not

necessarily lead to speciation and the three should always be viewed as different processes

that sometimes occur independently.

Sexual selection for coloured males seems to be the main driving force behind initiation

and maintenance of reproductive isolation of colour morphs and the incipient species

(Seehausen et al., 1997). Sexual selection has the effect of splitting populations. The

versatility of feeding apparatus promotes trophic specializations of the incipient species

and the resulting niche shifts promote their co - existence (Witte et al., 1997). The three

mechanisms may probably have contributed to the haplochromine diversification,

speciation and radiation of haplochromines in Lake Victoria and the associated satellite

lakes.
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Figure 6. A drawing of generalized view of the bones of pharyngeal jaw apparatus of a
primitive form of (A) and the more advanced cichlid form (B). In A there is coupling of
epibranchial 4 and the upper pharyngeal jaw and a firm connection of the lower fharyngeal
jaw to the 4th ceratobranchial. These restrict movement of the jaws. In B the 4t branchial
and the upper pharyngeal jaws are capable of independent movements. Simalarly flexible
connection allows for movement of lower pharyngeal jaw with respect to ceratobranchials.
Source (Kaufman and Liem, 1973).
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2.7. Trophic ecology of haplochromines and its role in niche differentiation and

local adaptation in Lake Victoria.

Cichlids, especially the haplochromines, which breed in still waters, thrive in new lakes and

in these lakes they have undergone spectacular trophic radiations. These involve small

morphological changes centered on feeding mechanisms enabling them to utilize most of the

varied food resources in the lakes. The importance of trophic specializations in the adaptive

radiation of the Haplochromis species has long been recognized. Outline of these different

radiations have been published for Lake Victoria (Greenwood, 1959), Lake George

(Greenwood, 1973), Lake Malawi (Fryer, 1959), Lake Albert (Trewavas, 1938) and Lake

Nabugabo and its adjoining lakes (Ogutu-Ohwayo, 1993). Detailed ecological studies

including trophic relationships among different haplochromine cichlids of Lake Victoria

have been published by the Haplochromis Ecology Survey Team (HEST) of Leiden

University (Witte and Densen, 1995).

Greenwood (1974) described the adaptive trends, feeding types and general ecology of the

numerous endemic Haplochromis of Lake Victoria. The Haplochromis adaptive radiations

are concerned mainly with differences in feeding habit, involving adaptations in dentition,

skull and jaw form and digestive physiology, to use the varied food sources in the lake. The

haplochromine cichlids of Lake Victoria region exhibit extreme forms of trophic

diversification (Witte and Densen, 1995, Barel et al., 1991). Each species include only a

restricted number of food items in its diet. Even among species using the same general

category of food, there is often a further intratrophic differentiation e.g. method of obtaining

food, depth of feeding, time of feeding etc (Barel et al., 1991). Species of a trophic group
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may show differences in body size, diet and horizontal or vertical distributions. Among the

Lake Vic~oria haplochromines species have evolved which utilize almost every available

food source. Such trophic specializations promote effective resource partitioning and hence

co-existence. The subdivision of the natural diet that so highly correlates with morphology

and dentition suggests that morphological radiation is at least in part adaptive (van Oijen,

1982).

Lowe-McConnell, (1987) recognized five broad different feeding habits among the Lake

Victoria haplochromines. These include general bottom feeders, the detritivores

tAstatotilapia 10 species), They feed mainly on bottom debris with some insects, algae,

plant material and small fish forming other food sources. The second group are the benthic

invertebrate feeders. This is a superlineage of forms which include insectivores

tParalabidochromis, 8 species); sand sifters tPsammochromis, 5 species), a substrate rasper

tPlatytaeniodus, 1 species) and insect and mollusc feeders tHaplotilapia, 1 species- and

Macropleurodus (1 species). The third group is the molluscivores. These include specialized

'oral-shell crushers' which spit out the shells tLabrochromis, 6 species and Ptyochromis, 4

species) and 'pharyngeal shell crushers' which crush and swaIIow shells (Gaurochromis, 7

species and Astatoreochromis, 1 species). The fourth trophic group are the herbivores.

Herbivores form a superlineage of four genera with long coiled guts and include

phytoplankton feeders (Enterochromis, 3 species) and algal grazers taking epiphyte or

epilithic algae (Haplochromis s.s., 3 species and Neochromis, 1 species). Higher plants and

algae are utilized by Xystichromis phytophagus. The fifth tropic group are the piscivores.

This group includes over 50 species and consists of 30 species of Prognathochromis, 17

species of Harpogochromis, the scale scraping Allochromis welcommei and 6 species of
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Paedophagus Lipochromis sp. The feeding habits of a large number of haplochromines of

Lake Victoria region however still remain unknown (Witte and Densen, 1995).

In contrast to the great variety of foods eaten by Haplochromis, the tilapias of Lake Victoria

are primarily algivorous. Of the two indigenous tilapia species Oreochromis variabilis and

Oreochromis esculentus, 0. esculentus (both species no longer found in Lake Victoria but

present in Lake Kanyaboli) live mainly in sheltered bays where it fed mainly on flocculent

bottom deposits, while 0. variabilis lived in clearer waters where the bottoms are harder,

and in water lily swamps around the lake. Similar detailed studies have been carried out in

some Ugandan satellite lakes. The species composition, size distribution, food and feeding

habits and other life history parameters of the surviving native cichlids in Lake Nabugabo,

Manywa, Kayugi and Kayanja were examined by Namulemo (1992). The fauna of the three

smaller lakes (Manywa, Kayugi and Kayanja) were similar to each other and to conditions

in Lake Nabugabo prior to the introduction of non native species. Some diatoms (such as

Melosira spp.) which were previously a major component of the food of Oreochromis

esculentus in Lakes Victoria and Kyoga were common in stomachs of 0. esculentus in Lake

Kayugi. A diverse assemblage of algae dominated by green algae, desmids and diatoms

(Eunotia sp.) were found in stomachs from Lake Manywa. Various species of blue green

algae were common in stomachs from Lake Kayanja. The population structure of 0.

esculentus in lakes Kayugi, Manywa and Kayanja were different with specimens from Lake

Kayugi being larger than those from the two lakes possibly due to different limnological

conditions. Mbabazi et al. (2004) studied the feeding of 40 haplochromine species

belonging to 11 genera in Lake Kyoga and six other associated satellite lakes. A wide range

of food organisms occurred in stomachs of analysed fish samples from the six satellite lakes.

The major items ingested included algae, higher plants, Chaoborus larvae, chironomid

42



larvae, ephemeroptera, odonata, insect eggs and other unidentified insects, mollusks, fish

eggs and fishes. Seven trophic groups were discerned from these thus: Insectivores (8

species), paedophages (6 species), piscivores (4 species), algal eaters (4 species), higher

plant eaters (1 species), molluscivores (1 species) and detritivores (1 species). Among the

Kenyan satellite lakes Opiyo and Dadzie (1994) studied the feeding ecology of 0.

esculentus in Lake Kanyaboli but they did not compare how the food and feeding habits of

this species relates to other closely related cichlids found within this ecosystem. Blue green

algae and green algae were the principal food items ingested by 0. esculentus while

diatoms, euglenoids and zooplankton were also present in small quantities. There was no

change in the diet throughout the year and no relation was established between diet and size.

One of the pioneer attempts to obtain data on feeding strategies, seasonal fluctuations or

quantitative assessment of the relative importance of the food types in the gut was provided

by van Oijen (1982). Such studies are crucial for a proper understanding of feeding

specializations and resource partitioning. Trophic differentiation has been cited as a major

contributing factor to the evolution of the Lake Victoria cichlids (Fryer and Iles, 1972). van

Oijen (1982) demonstrated that the over 30 piscivorous haplochromines in Lake Victoria

exhibit specializations with regards to their food and habitat and that morphological and

dentition characters are also highly correlated with the trophic habits of the species. Food

partitioning exists based on size, vertical distribution (depth) and size. The snout, size of

teeth, number of teeth and jaw length were all found to be highly correlated to type of food

consumed.

Many species seem to be restricted by substrate type and/or depth. The importance of the

various types of habitat partitioning for the Lake Victoria haplochromines differs between
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and within trophic groups. Resource partitioning among the species of a community is

generally believed to minimize food competition between the species. The illustration of

resource partitioning among the haplochromines of Lake Victoria has therefore been taken

as an indication that food resources in the lake are not as abundant and unlimited as had

been held (Fryer and lies, 1972).

Among the zooplanktivorous haplochromines, Goldschmidt et al., (1990) demonstrated that

despite the great morphological overlaps among the 14 species studied, distinct segregation

patterns existed suggesting that these species were ecologically isolated. Each pair of species

segregated along atleast one of the following niche dimensions: Substrate (sand vs mud

dwellers), horizontal axis (bay, gulf and offshore dwellers), vertical segregation (surface,

mid water and bottom dwellers) and food (algivores, carnivores, molluscivores, higher plant

feeders, detritivores, insectovres etc). Thus competition for food and space playa vital role

in structuring these close knit communities and the haplochromines are not randomly

distributed. Studies by Bouton et al., Barel et al., and Seehausen and Bouton (1997) show

that the body shape and dentition characters are significantly correlated to the diet. Trophic

ecology may therefore be a key factor promoting morphological differentiation,

diversification and speciation. The adaptiveness of such morphological differentiation has

been demonstrated (Bouton et al., 1999, Ruber and Adams, 2001). Morphological

differentiation can lead to intra-lacustrine, allopatric speciation and may therefore playa role

in adaptive radiation after sympatric speciation by sexual selection (Bouton et al., 1999).
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2.8 Current status of Lake Victoria region haplochromine cichlids.

Before the Nile perch upsurge of the 1980's, Lake Victoria had a very rich flock of about

500 haplochromine cichlids, trophically radiated to utilize all types of available food (Witte

and van Oijen, 1990). However, a drastic decline in these fish flocks occurred in the 1980's

and early 1990's. Cases of complete disappearance of some trophic groups have been

documented (Witte et al., 1992b). While the downward trend in haplochromis populations

in Lake Victoria have been recognized, the exact rate and extent of this loss have differed

from author to author. By 1980 about 90% of the lake's over 300 species and 80% of the fish

biomass consisted ofhaplochromine cichlids (Ogutu-Ohwayo (1990a), Witte et a!., (1992a).

However, by 1990, according to the above mentioned authors, the haplochromines

comprised less than 2% of the biomass and half the endemic species had vanished. The loss

of Lake Victoria cichlids has been attributed to Lates predation and the introduction of

Oreochromis.niloticus (Ogutu-Ohwayo, 1990a; Kaufman, 1992). Other reasons that have

been stated for the decline of native fishes of Lake Victoria include pollution, eutrophication

and hypoxia (Ochumba, 1990), overfishing including bottom trawling (Lowe-McConnell,

1993), unusually rapid and extreme fluctuations in Lake level (Welcome, 1970), other

profound alterations in the food web and ecosystem dynamics of the lake (Witte et a!., 1992)

and competition between different species (Ogutu-Ohwayo, 1990a). Anthropogenic causes

such as deforestration coupled with eutrophication and hybridization of the haplochromines

have also been responsible for the loss of the haplochromine species (Seehausen et al.,

1997). The appearence of the non-indigenous aquatic weed, the water hyacinth Eichhornia

crassipes overgrowing the lake's surface have also been implicated in the demise of

haplochromines (Goldschmidt et al., 1993, Goldschmidt, 1996).
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Witte et al., (1992a) described the decline of the haplochromine species and explained that

the rate and sequence of their decline was determined by abundance, adult size and habitat

overlap with the Nile Perch. A decline was observed within as well as between trophic

groups. The rare species with low densities were found to have a higher rate of decline

(Witte et al., 1992). Largest adults were found among piscivorous species (Witte and van

Oijen, 1990) whereas zooplanktivores and detritivores were always small sized. Moreover,

most piscivores belonged to rare species, while detritivores and zooplanktivores comprised

many common species. Some of these haplochromines thought to be extinct from Lake

Victoria occur in abundant numbers in the satellite lakes of Victoria including Lake

Kanyaboli (Loiselle, 1996, Aloo, 2003). Currently, a resurgence of some of the

haplochromines has been noticed in Lake Victoria. These haplochromine species are

however suspected to represent genetic mosaics of former haplochromines that are now

evolving under different environmental rnileue and selective pressures (Chapman et al.,

2003). Genetically, these emerging species effectively represent 'new' species.

2.9. Role of satellite lakes in conservation of Lake victoria cichlid fauna.

Of the several satellite lakes found within the Lake Victoria basin, the Ugandan lakes

(Nabugabo, Manywa, Kayugi, Kachira, Mburo, Kayanja, The Koki lakes, Mutanda,

Mulehe, Nawampasa and Bunyoni) have been more extensively studied than the Kenyan

lakes (Kanyaboli, Namboyo and Sare). In their survey of Northern Lake Victoria and its

satellite lakes, Kaufman and Ochumba (1993) recorded 62 haplochromine taxa, half of them

new and undescribed. They recognized these satellite lakes as important refugia of the

species which were formerly abundant in Lake Victoria. Other refugia to fishes threatened

by extinction in Lake Victoria due to introduced species include the marginal wetland
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ecotones of the lake, wetland lagoons and streams separated from the lake by dense papyrus

(Chapman et al., 1995). Chapman et al., (1995, 2003) survey revealed that there have been

significant changes in the composition and distribution of the haplochromines in Lake

Nabugabo. Previously abundant species were less abundant and most haplochromines were

restricted to the marginal wetlands as opposed to the open lake. The Nabugabo

haplochromine endemics Gaurochromis simpsoni, Haplochromis annectidens,

Paralabidochromis beadli and Prognathochromis venator were found to be still abundant.

Gaurochromis simpsoni and Astatotilapia velifer exhibit morphological variation within and

among sites in Lake Nabugabo. Ogutu-Ohwayo (l990b, 1992) noted that most of the native

species of Lake Nabugabo have, as in Lakes Victoria and Kyoga either been depleted or

disappeared since Lates niloticus and several tilapiine species were introduced into the lake.

L. niloticus, Oreochromis niloticus, Schilbe mystus and Rastrineobola argentea are the only

species still abundant in Lake Nabugabo. However, three small lakes adjacent to Lake

Nabugabo, lakes Kayugi, Kayanja and Manywa contain large numbers of 0. esculentus,

some O. variabilis, haplochromines and other native cichlids (Olowo, 1992).

Kaufman and Ochumba's (1993) survey revealed that Oreochromis esculentus was found

in lakes Kanyaboli, Manywa, Kayugi and Kayanja but were absent from lakes Victoria and

Nabugabo. Astatoreochromis alluadi was collected from Nabugabo, Winam Gulf and Lake

Kanyaboli. Aialluaudi from Lake Victoria were consistently hypertrophic while the Kachira

populations was hypotrophic. The sizes of Astatoreochromis collected from Lake Victoria

were similar to those collected from Nabugabo and Kanyaboli. Xystichromis phytophagus

and a large eyed dwarf Astatotilapia ('Dwarf big eye scraper') were also limited to Lake

Kanyaboli (Kaufman and Ochumba, 1993). Other haplochromines that have been recorded

from Lake Kanyaboli are Lipochromis maxillaris, and H martini (Maithya, 1998).
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Recent molecular analysis of the haplochromines of some of the Ugandan satellite lakes

reveal that they are rich in haplotypes and some of these are shared with the main Lake

Victoria species. This may be a strong indication of past faunal exchange. Wu et al., (in

preparation) study reveal that Astatoreochromis alluaudi in Lake Kachira form a genetically

distinct population. The pharyngeal jaws of the A. alluaudi in this lake are also consistently

hypotrophic. These observations underscore the critical role satellite lakes play in the

conservation of ichthyofauna genetic diversity in the Lake Victoria region. Similar studies

however, have not been carried out in the Kenyan satellite lakes.
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CHAPTER THREE

GENERAL MATERIALS AND METHODS.

3.1. Study area.

The study was conducted in Lake Kanyaboli, a small (l0.Skrn2
, Max. depth 4.Sm, mean

depth 2.Sm) freshwater lake situated within the Yala swamp wetland in Western Kenya

(Fig. 7 and Plate 1). The Yala swamp is Kenya's largest wetland and covers some 17SKm2

along the northern shores of Lake Victoria in Siaya, Bondo and Busia districts (Crafter et

al., 1992). It is bordered to the north by the river Nzoia and to the south by river Yala.

Recent satellite imaging surveys suggest that the swamp area might be much larger (Otieno,

2004).

Lake Kanyaboli is the largest of the Yala swamp lakes. The others are Lake Sare and Lake

Namboyo. Lake Kanyaboli lies near the equator between latitudes 0 OS' and 0 02' N, and

longitude 34 09' and 34 11' E at an altitude of 1140M above sea level. The lake is entirely

surrounded by dense beds of papyrus (Cyperus papyrus) and the sedge Echinocloa and is

characterized by a steep littoral zone and clumps of detached papyrus ('floating islands').

The bottom is overlain by a homogenous layer of nutrient rich soft mud upto 3.0 m deep

while the littoral zone (lake shore) bottom is overlain by decomposing papyrus sterns that

harbour a large population of may flies (Povilla adusta), odonata nymphs and other

invertebrates (Abila, 1995). The fish fauna of Lake Kanyaboli is dominated by cichlids. The

mam tilappine cichlids found here are Tilapia zilli, Oreochromis leucostictus and 0.
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variabilis and 0. esculentus. The non-cichlids are represented by Aplocheilichthys pumilus,

Protopterus aethipicus and Xenoclarias sp.

In the present study, Lake Kanyaboli was divided into three zones, a northern zone, a

southern zone and the Yala delta. The northern and southern zones are separated by a

narrow constriction that divides the lake into almost two equal halves. The narrow

constriction separating the northern and southern zones had often in the past been

completely covered by papyrus growth effectively separating the two zones (Okemwa,

1981).The Yala delta represents a bay through which the Yala river enters the lake. Parts of

Lake Kanyaboli are potrayed on plates 2, 3, 4 and 5.
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Figure 7: Map ofYala swamp showing the position of Lake
Kanyaboli and other associated lakes. Source: Re-
drawn from S.A. Crafter, S.G. Njuguna and G.W. Howard
(eds) 1992: Wetlands of Kenya, IUCN.
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Plate I. Satellite photograph of part of the Lake Basin region ofKeoya Note the Yaia
swamp and Lake KanyaboIi(Source Otieno. 20(4).
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Plate 2: Entry to lake Kanyaboli at Gangu, As the lake is almost completely surrounded by papyrus, entry into the lake is through such

openings are often created by movement offloating papyrus,
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Plate 3. Part of the shore of Lake Kanyaboli. Note the dense papyrus ftinged littoral zone. The lake is

completely surrounded by such dense papyrus vegetation.
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3.2. Fish sampling.

Within each of the three zones (The Northern zone, the Southern zone and the Yala delta),

various habitats were discerned e.g., muddy bottom, swamp fringes and open water. In each

of these habitats fish samples were collected from the surface, 1. 0, 1.5,2.0,2.5,3.0,4.0 and

4.5 m depths using 45M passive multi filament gill nets of 1.5 inch (3.81 ern) mesh size.

Sampling was carried during both day and night hours. Day time samples were taken

between '10.00 hours and 18.00 hours while the night samples were taken between

19.00hours and 04.00hours. Angling and basket trapping was done to obtain samples of

P.m. victoriae since they could not be accessed by the 3.81 ern gill nets. The nets were

hauled every one hour to minimize post capture digestion. Samples were collected once

every two weeks between April and August 2002 and in July - September 2003 so that each

population had been sampled independently.

Upon collection, fish species were grouped into each of the six species. Colour photographs

ofthe specimens were taken in the field and the fish preserved in 90% ethanol.

3.3 Physico-chemical parameters

At each sampling site the habitat type was noted and decscribed. The following physico-

chemical parameters were also determined: i) Dissolved oxygen ii) pH iii) conductivity

iv) temperature v) alkalinity and vi) redox. These parameters were determined using the

JENWAY environmental kit. Each of the parameters above was determined by immersing

the appropriate meter into water for ten seconds. Sechi disk depth was determined using a

sechi disk.
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CHAPTER FOUR

Local adaptations of the haplochromine cichlids of Lake Kanyaboli using

comparative morphological studies.

4.1 Introduction.

A cornmon characteristic of haplochromines is to develop novel subtle adaptations in

response to environmental processes imposed by particular fluviatile systems. Isolated lakes

in East Africa are known to harbour haplochromine communities that are morphologically

different from their main lake counterparts. In Lake Nabugabo, Greenwood (1965)

observed the occurrence of about five endemic haplochromine species that are thought to

have arisen in situ. In Lake Mbarombi Bo, a crater lake in Cameroon, Schliewen et al.,

(1994) also observed the occurrence of some four endemic species. The case of Lake

Nabugabo has widely been quoted as an evidence of interlacustrine allopatric speciation of

haplochromines due to geographic isolation (Greenwood, 1965).

The haplochromine cichlids of Lake Victoria have been studied extensively usmg

morphological characters (Barel et al., 1977, Lippitsch, 1993, Seehausen, 1996). Recently,

Seehusen et al., (1998) morphologically characterized over 100 rock dwelling

haplochromine cichlids from Southern part of Lake Victoria. Using cladistic techniques,

Seehausen et al., (1998) established that certain morphological, meristic and dentition

characteristics are synamorphic (i.e. uniquely derived) compared to pleismorphic (ancestral

states) character states and are therefore unique to the Lake Victoria species flock.

In Lake Kanyaboli, the exact number ofhaplochromines have not been ascertained
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(Odhiambo, 2002). Taxonomic appraisal of the lake's haplochromine community IS

important as a basis for any future ecological, fisheries, phylogenetic and conservation

studies. .

The aim of this study was to investigate the morphology and morphological characteristics

of the Lake Kanyaboli haplochromines and document the morphological changes these

haplochromines could have undergone. Morphological modifications such as changes in

teeth and jaw structures are often associated with isolated species. For purposes of

ecological description of the Lake Kanyaboli ecosystem, lirnnological parameters were also

determined.

4.2 Specific objectives.

The specific objective of this study was to undertake comparative morphological studies and

to determine the local adaptations of the haplochromine cichlids of Lake Kanyaboli.

4.3 Materials and methods.

4.3.1 Determination of morphometric, meristic and dentition parameters and

characters.

Fish specimens were collected from three sites in Lake Kanyaboli, Gangu (in the Northern

zone),Kadenge (in the Southern zone) and Yala in the west. For this study all specimens of

each species were pooled together for the morphometric analysis. Upon collection detailed

descriptionof the hap/ochromine was made noting general size, colour, sexual dimorphism
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and number of egg spots on the anal fin. Morphometric, meristic and dentition parameters

and characters were determined using the methodology of Barel et al., (1977), Snoeks

(1994) and Seehausen et al., (1998). The lower phyaryngeal jaw was dissected. The

following 27 characters were determined (figs 8, 9 and 11):

1. Standard length: This was measured using a fish measuring board and recorded as

being the length from the tip of the snout to the end of the lower lateral line. All

measurements are given in mm.

2. Body depth: This was Determined as the broadest length of the fish.

3. Head length: This was determined as the length between the tip of the snout and the

posterior most tip of the operculum.

4. Caudal Peduncle Length: This was determined as the length between the end point

of the anal fin and the beginning of the caudal fin.

5. Caudal Peduncle Depth: This was determined as the distance between the upper

beginning and lower beginning of the caudal fin.

6. Snout Length: This was determined as the distance between the tip of the upper lip

and the uppermost tip ofthe bone plate between the eye and the lip.

7. Preorbital Depth: This was determined as the maximum length of the bone plate

between the eye and the upper lip.

8. Eye Length: This was determined as the maximum length of the eye.

9. Cheek Depth: This was determined as the maximum length of the bony plate on the

operculum.

10. Lower Jaw Length: This was determined as the length between the uppermost tip of

the lower lip and the end of nthe bone that lines the jaw.

11. Interorbital Width: This was determined as the distance between the two eye balls.
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12. Lower Pharyngeal Jaw Length: This was determined as the maximum distance of

the lower pharyngeal jaw

13. Lower Pharyngeal Width: This was determined as the maximum length of the

pharyngeal jaw.

14. Dentigerious area length: This was determined as the maximum length of the area

occupied by teeth on the pharyngeal jaw.

15. Dentigerious area width: This was determined as the maximum width of the area

occupied by teeth on the pharyngeal jaw.

16. Outer tooth cusp shape (Quantified as explained below).

17. Number of inner tooth rows in upper oral jaw (Quantified as explained below).

18. Tooth gap size

19. Number of scales on the lateral line

20. Number of dorsal fin rays

21. Number of dorsal fin spines

22. Number of anal fin spines

23. Number of anal fin rays

24. Number of scales between dorsal fin origin and upper lateral line

25. Number of vertical bars on the flank between the pectoral fin and the caudal fin

26. Number of rows of white spots on caudal fin

27. Number of rows of white spots on anal fin.

All morphometric measurements were taken with a digital caliper to the nearest 0.1 mm and

expressed as ratios (percentages) to head length (RL), standard length (SL), and the lower

pharyngeal jaw. Vertical bars on the flank of the fishes were counted between the pectoral
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fin, including the bar passing along or just behind the fin insertion, and the caudal end of the

dorsal- fin base.

To facilitate comparative utilization of qualitative variation in tooth shape and dentition, a

point system to denote different stages in clines of crown shape and gap width was adopted.

Crown shape thus ranges from 0 to 5, where 0 denotes unicuspid, 1 weakly bicuspid, 2

unequally bicuspid, 3 subequally bicuspid, 4 equally bicuspid and 5 tricuspid as illustrated

in figure lOb.

The width of the gap between outer and first inner tooth row in the oral jaws was quantified

as follows:

o denotes,no gap, 1 small gap, 2 moderate gap and 3 wide gap. The lower pharyngeal jaw

was dissected and scanned as illustrated in figure lOa. An additional diagnostic feature was

noticed in Pseudocranilabrus multicolor victoriae. The number of rows of white spots on

the caudal and anal fins was counted.
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Figure 8. A general representation of cichlid fish showing length measurements commonly
used in morphometric studies. The lengths determined in the present study are:

1 - Standard length, 2 - Body depth, 3 - Head length,

22 - Caudal peduncle length 23 - Caudal peduncle depth.

(Source: Snoeks (1994)).
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Figure 9. A generalized representation of cichlid fish head. The lengths determined in the
present study are indicated, and are defined below. In addition, the count of the
number of scale rows on the cheek is shown.

5- 5 Interorbital width, 7 - Lower jaw length, 8 - Snout length, 9 - Cheek depth, 10-

Eye length, 11 - Preorbital depth.

(Source: Snoeks (1994)).
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b)

o 1.

Figure 10. Quantification ofhaplochromine dentition as applied in this study.

a) Gap size between outer tooth row and inner tooth rows in the lower oral jaw.

b) Tooth shape in the outer lower oral jaw.

0= Unicuspid, 1 = Weakly bicuspid, 2 = Unequally bicuspid,

3 = Subequally bicuspid, 4 = Equally bicuspid, 5 = Tricuspid.

(Source: Seehausen (2000».
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Figure 11. A generalized representation of the inner lower pharyngeal jaw. Measurements
determined in the present study are indicated and are defined as follows:

12 = Lower Pharyngeal Jaw Length

13 = Lower Pharyngeal Jaw Width

14 = Dentigerous Area Length

15 = Dentigerous Area Width.

(Source: Snoeks (1994)).
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4.4. Results

4.4.1 Limnological characteristics of Lake Kanyaboli

The limnological parameters investigated during this study are summarized in table 1. Except for the slight differences in

dissolved oxygen and alkalinity the environmental characteristics determined seemed to be uniform throughout the lake. Only

redox and alkalinity showed differences between Gangu and the other two zones and Kadenge and the other two zones,

respectively. The pH and conductivity show high values. At a maximum depth of 4.5 m, the sechi disk depth determined was low.

Table 1. Limnological characteristics of Lake Kanyaboli determined during the study period.

Site Depth, M DO (mg/l) pH Conductivity,uS TempoC Sechi-disk (M) Redox Alkalinity Hardness

Gangu 3.65 6.74 8.05 202.33 25.0 0.5 -0.029 116 80

Yala 4.30 6.13 8.06 202.33 24.8 0.5 -0.050 126 72

Kadenge 3.50 7.12 8.06 219.25 26.2 0.6 -0.049 140 86
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4.4.2 Local adaptations of haplochromine cichlids of Lake Kanyaboli based on

morphometric, meristic and dentition Characteristics.

4.4.2.1 Xystichromis phytophagus (Greenwood, 1965).

Diagnosis and description.

Xystichromis phytophagus, commonly known as 'Christmas Fulu' is a medium sized deep

bodied haplochromine with the most striking sexual dimorphism in Lake Kanyaboli (Plate

6). Males exhibit strong breeding colours making it easy to identify upon collection. The

upper half of the males is blood red while the lower half have red and greenish colours with

a concentration of a red patch towards the operculum. The operculum has a bright red patch.

Females are generally grey - brownish (Plate 6). A strong dark bar runs from the eye to the

lower jaw. Three to six bright red egg spots are visible on the anal fin. Other characteristics

of this species are an oblique mouth and a not thickened or slightly thickened lips. The

dorsal head profile is moderately to strongly curved. Scales are found on the chest and three

rows of scales also found on the cheek. The lower pharyngeal jaw is hypotrophic and is

made up of numerous, small, slender, sharp pointed teeth on the pharyngeal jaw grinding

surface (fig. 12B). In most specimens the outer teeth on lower oral jaw are unicuspid, but in

a few specimens they are weakly bicuspid and contiguously set in three to four rows. It has a

relatively wide head ( 31.33 - 43.35% SL), long jaw (42.26 - 55.73% HL) and deep body

(28.59 - 43.87% SL). Three to seven vertical bars are present on the flank. The Lower jaw

is highly positively correlated with head length ( P< 0.05; R = 0.769). Eye length and

cheek depth are weakly correlated with head length ( P < 0.05; R = 0.303 and P <0.05 ; R =

0.293 respectively). The morphometric, dentition and meristic characters investigated in this

species are summarized in table 2.
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Table2. Morphometric, dentition and meristic characters of Xystichromis phytophagus of
Lake Kanyaboli. ( All measurerments are in mm) N = 108

Range Mean±SD
Standard length mm 61.30 - 93.8 77.59 ± 0.95

Percentage of Standard length
Body depth 28.59 - 33.87 30.62 ± 3.61
Head length 31.33 - 33.35 30.72 ±3.40

Caudal Peduncle Length 12.67-15.10 14.76 ±4.08
Caudal Peduncle Depth 8.30- 14.09 11.33 ±3.91

Percentage of head length
Snout length 25.62 - 29.89 27.25 ±6.22
Preorbital depth 13.67 - 15 93 14.53 ±3.14
Eye length 13.04 - 18.98 16.17 ±4.61
Cheek depth 16.0 I - 28.67 23.00 ±5.22
Lowerjaw length 42.26 - 55.73 42.07 ±6.81
Interorbital width 20.70 - 32.81 27.73 ±4.14

Lower pharyngeal jaw length 8.12 - 8.83 8.53 ± 0.038

Percentage of lower pharyngeal jaw length
Lower pharyngeal jaw width 72.20 - 86.30 83.30 ± 0.078
Dentigerious area length 58.40 - 60.60 55.70 ± 0.060
Dentigerious area width 43.90 - 53.20 44.79 ± 0.480

Outer tooth cusp shape 0-1 0.88 ± 0.250

Number of inner tooth rows in upper oral jaw. 3-5 4.00 ± 0.940

Gap size 2-2 2.00 ± 0.000

No. of scales on lateral line 29-35 31.50 ± 1.60
No. of dorsal fin spines 15 -16 15.52 ± 0.51
No. dorsal fin rays 7-9 8.22 ± 0.67
No. of anal fin spines 3-3 3.00 ± 0.00
No. of anal fin rays 7-9 8.23 ± 0.75
No. of scales between dorsal fin
origin and upper lateral line 3.5 -5.5 4.43 ± 0.73
No. of vertical bars on the flank
Between the pectoral fin and the caudal fin 3.5 - 7.0 5.32 ± 1.16
No. of scale rows on cheek 3 -4.5 3.21 ± 0.57

No. of rows of white spots None
on caudal fin.
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Plate 6. Xyslichromis phytophagus ("Cbrisbnas fuIu") of Lake KanyaboIi Notice
the marked sexual dimorphism intenns of colour and egg dummies between
males (aboVe) and temales (below).
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Figure 12. The two types of pharyngeal jaw structure: A = Hypertophic structure
characterized by fewer and massive teeth on the dentigerous area,
B = Hypotrophic characterized by smaller and more numerous teeth on the
dentigerous area.
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4.4.2.2 Pseudocranilabrus multicolor victoriae (Seegers, 1990)

Diagnosis and description

Pseudocranilabrus multicolor victoriae (Seegers, 1990) is the smallest of the Lake

Kanyaboli haplochromines. It is often called the "Blue lipped Egyptian mouth brooder"

because of the characteristic blue lip (Plate 7). Its live body colour is yellowish on the upper

parts and reddish on lower parts. A dark spot (blot) is noticeable on upper extreme right part

of the operculum. It is further characterized by three to four rows of white spots on caudal

fin and two to three rows on the anal fin. The extreme end of the anal fin has a bright red

spot. Males and females are not easy to differentiate as it lacks strong sexual dimorphism.

The mouth is oblique and the lips not thickened. The dorsal head profile is straight or

moderately curved. Scales are present on chest. Three rows of scales are also present on the

cheek. The lower pharyngeal jaw is hypotrophic and is made up of numerous, small,

slender, sharp pointed teeth on the pharyngeal jaw grinding surface (fig. 12B). The outer

teeth on the lower oral jaw are unicuspid and are contiguously set in three rows. The head is

relatively wide (32.32 - 38.28%SL), the lower jaw is relatively small (25.50 - 35.40% HL)

and the body relatively deep (35.69 - 39.32%SL). Five to six weak vertical bars are visible

on the body. The Cheek depth is highly positively correlated with head length ( P < 0.05; R

= 0.895). 'The lower jaw length and eye length show a weak positive correlation with head

length ( P < 0.05; R = 0.002; and P < 0.05; R = 0.354 respectively). The other

morphometric, dentition and meristic characters investigated in this species are given in

table 3.
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Plate 7. PseudocraniIabro 1IIlI1Jicolor victoriae (" Blue tipped Egyptian mouth brooder').
Males and females are not strongly dimorphic. Notice the blue lip, bright red spot
on the anal fin and fOurrows of white spots on the caudal fin.
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Table3. Morphometric dentition and meristic characters of Pseudocranilabrus multicolor
victoriae of Lake Kanyaboli. (N=Sl)

Range Mean ±SD
Standard length mm 35.50-47.10 40.10 ± 3.66

Percentage of Standard length
Body depth 35.69 - 39.32 37.14 ± 2.06
Head length 32.32 - 38.27 35.34 ± 3.61

Caudal Peduncle Length 10.06 - 13.90 12.80 ±4.22
CaudalPeduncle Depth 13.87 - 17.22 15.23 ±4.01

Percentage of head length
Snout length 25.60 - 33.70 29.30 ±3.79
Preorbital depth 15.21- 18.37 17.37 ±2.39
Eye length 20.69 - 25.44 23.35 ±4.84
Cheek depth 18.62 - 25. 33 21.86 ±3.33
Lowerjaw length 25.50 - 35.40 30.60 ±4.22
Interorbital width 28.74 - 29.34 29.04 ±3.09

Lowerpharyngeal jaw length 4.60 -4.90 4.73 ± 0.37

Percentage of lower pharyngeal jaw length
Lower pharyngeal jaw width 69.62 - 72.30 70.03 ± 0.43
Dentigerious area length 60.20 - 64.34 62.29 ± 0.10
Dentigerious area width 50.71 - 58.97 57.61 ± 0.21

Outer tooth cusp shape 0-0 o ± 0.00

Number of inner tooth rows in upper oral jaw. 3-3 3 ± 0.00

Gap size 3 3 ± 0.00

No. of scales on lateral line 25 -28 27
No. of dorsal fin spines 14-16 15
No. dorsal fm rays 8-9 8.5
No. of anal fin spines 3-3 3
No. of anal fin rays 8-9 8
No. of scales between dorsal fin
origin and upper lateral line 3.5 -4.5 3.5
No. of vertical bars on the flank
between the pectoral fin and the caudal fin 5-6 5.5
No. of scale rows on cheek 3-3 3

No. ofrows of white spots
on caudal fin. 3-4 3.5

No. of rows of white spots
on anal fin. 2-3 2.5
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4.4.2.3. Lipochromis maxillaris (Greenwood, 1980)

Diagnosis and description.

Lipochromis maxillaris (Greenwood, 1980) is endemic to Lake Kanyaboli. It shows subtle

sexual dimorphism. Males are generally dark blue grey while females are silver grey ground

colour (Plate 8). Three to six reddish yellow egg spots are found on the male anal fin.

The species is further recognized by its carnivore - like 'snouty' mouth, thick lips and five

to seven black and prominent vertical bars. A feint black bar, not as prominent as inX

phytophagus runs from the eye to the lower cheek. The mouth is oblique. The dorsal head

profile can be described as straight. Scales present on chest and cheek. The lower

pharyngeal jaw hypotrophic and is made up of numerous, small, slender, sharp pointed teeth

on the pharyngeal jaw grinding surface (fig. 12B). The outer teeth on lower oral jaw are

unicuspid and are contiguously set in three rows. The species is further characterized by a

relatively wide head (23.74 - 39.77% SL), longer jaw (47.74 - 57.44% HL) and deep body

(2l.95 - 43.35% SL). The eye length is weakly correlated with head length (P < 0.05; R =

0.271). Both lower jaw length and cheek depth are highly positively correlated with head

length (P < 0.05; R = 0.928 and P < 0.05; R = 0.897 respectively). Table 4 gives a summary

of the other morphometric, dentition and meristic characters investigated in this species.
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Plate K lipochromis max:il/aris of Lake KanyaboIi . This species is cbaracterized by
the ~snouty' like jaw due to a relatively longjaw length - head length ratio,
Notice the thick:lips and prominent vertical bars.. Also notice the prominent
egg dnrnmiesinMale(above).
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Table4. Morphometric dentition and meristic characters of Lipochromis maxillaris
of Lake Kanyaboli. (N = 49).

Range Mean±SD
Standard length mm 59.20 - 104.60 89.71 ±2.450

Percentage of Standard length
Body depth 21.95-43.35 36.63 ±6.22
Head length 23.74 - 39.77 35.35 ±3.71

CaudalPeduncle Length 16.80-19.73 15.89 ±4.03
CaudalPeduncle Depth 6.91 - 13.93 12.11 ±3.27

Percentage of head length
Snout length 29.23 - 37.51 30.46 ±4.28
Preorbital depth 9.14-19.86 15.64 ±4.08
Eye length 15.75 - 18.15 17.68 ±5.57
Cheek depth 11.98 - 18.90 17.53 ±6.02
Lowerjaw length 47.74 - 57.44 55.22 ±4.47
Interorbital width 25.76 - 29.95 26.61 ±3.82

Lower pharyngeal jaw length 7.90 - 9.60 8.76 ± 0.061

Percentage oflower pharyngeal jaw length
Lower pharyngeal jaw width 70.06 - 82.68 75.51± 0.089
Dentigerious area length 65.51 - 68.90 66.07± 0.220
Dentigerious area width 60.07 - 63.33 62.03± 0.090

Outer tooth cusp shape 0-0 05± 0.00

Number of inner tooth rows in upper oral jaw. 3-3 3 ± 0.00

Gap size 0-0 o ± 0.00

No. of scales on lateral line 28 - 35 32.0 ±1.02
No. of dorsal fin spines 15 - 17 15.77 ±0,98
No. dorsal fm rays 8-9 8.38 ±0.65
No. of anal fin spines 3 - 3 3 ± 0.00
No. of anal fin rays 8-9 3.88 ±0.34
No. of scales between dorsal fin
origin and upper lateral line 3.5 -4.5 3.88± 0.50
No. of vertical bars on the flank
between the pectoral fin and the caudal fin 5-7 6.00 ±0.54
No. of scale rows on cheek 2.5 - 4 3.08 ±0.50

No. of rows of white spots
on caudal fin. NONE
No. ofrows of white spots
on anal fin. NONE
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4.4.2.4. Astatoreochromis alluaudi (Pellegrin, 1903).

Diagnosis and description.

Astatoreochromis alluaudi (Pellegrin, 1903) exhibits very little sexual dimorphism. The

general body colour is golden yellow to bright yellow (Plate 9). Three to six reddish yellow

egg spots are found on male anal fin. Astatoreochromis alluaudi is easily recognized by

having more than three anal fin spines. The mouth is oblique. Lips are not thickened. The

dorsal head profile is moderately curved. It has a strongly hypertrophied pharyngeal jaw

consisting of large, rounded blunt teeth on the pharyngeal jaw surface ( Fig 12A). Vertical

bars are not visible in this species. The outer teeth in oral jaw are subequally bicuspid to

unequally bicuspid, contiguously set in three to four rows. It is further characterized by a

wide head (25.67 - 42.70% SL), long jaw (30.74 - 50.53% HL) and deep body (25.67 -

44.40% SL). Eye length, lower jaw length and cheek depth are all highly positively

correlated with the head length (P < 0.05); R = (0.733, 0.969 and 0.575 respectively). Other

morphometric, dentition and meristic characters investigated in this species are summarized

)n table 5 below.
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Plate 9. Astatoreochromi a/hltlltdi of Lake KanyaboIi The species is recognized by its
brigbt yellow colour and the pn:sence of more than three spines on the anal
fin. Note the conspiwous egg dummies on the anal fin indicating that this
specimen is a male individual
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Table 5. Morphometric, dentition and meristic characters of Astatoreochromis alluaudi of
Lake Kanyaboli. (N = 57).

Mean±SD
Standard length mm 61.50-105.l0 82.20 ± 1.13

Percentage of Standard length
Body depth 25.67 - 44.40 35.65 ± 3.21
Head length 27.67 - 42.70 34.43 ±2.98

Caudal Peduncle Length 9.37 - 15.45 12.40 ±3.66
Caudal Peduncle Depth 8.27 - 15.09 11.07 ±3.07

Percentage ofhead length
Snout length 20.84 - 25.22 24.27 ±4.08
Preorbital depth 12.37 - 16.47 14.02 ±2.28
Eye length 18.02 - 21.92 20.62 ±3.69
Cheek depth 16.25 - 25.34 22.97 ±2.79
Lower jaw length 30.74 - 45.53 39.58 ±3.08
Interorbital width 20.85-27.10 25.68 ±2.11

Lower pharyngeal jaw length 10.10-11.60 11.16 ± 0.068

Percentage of lower pharyngeal jaw length
Lower pharyngeal jaw width 77.56 - 90.82 84.98 ± 0.048
Dentigerious area length 58.47 - 68.32 64.48 ± 4.31
Dentigerious area width 53.44 - 62.38 57.91 ±3.87

Outer tooth cusp shape 2-3 2.5 ± 0.040

Number of inner tooth rows in upper oral jaw. 3-5 4.00 ± 0.940

Gap size I - 2 1.80 ± 0.000

No. of scales on.lateral line 27 - 36 31.47 ± 2.76
No. of dorsal fin spines 17 - 20 17.33 ± 4.42
No. dorsal fin rays 6-8 7.59 ± 0.62
No. of anal fin spines 5 -7 6.06 ± 0.56
No. of anal fin rays 6-8 6.77 ± 0.56
No. of scales between dorsal fin
origin and upper lateral line 3.0- 5.5 4.03 ± 0.80
No. of vertical bars on the flank
between the pectoral fin and the caudal fin 5-6 5.40 ± 0.52
No. of scale rows on cheek 3-5 3.41± 0.62

No. ofrows of white spots None
on caudal fin.

No. ofrows of white spots None
on anal fin.
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4.4.2.5 Astatotilapia nubila (Boulenger, 1906).

Diagnosis and description.

Astatotilapia nubila is a medium sized to small haplochromine easily recognized by its dark

body appearance (hence the name "nubila"), It does not exhibit any distinct sexual

dimorphism (plate 10). Three to six egg spots are found on anal fins of males. Its body

structure is generally similar to that of Xystichromis phytophagus. The mouth is oblique and

lips are not thickened. Its dorsal head profile is straight or moderately curved. Scales found

on cheek and chest. The lower pharyngeal jaw is hypotrophied and is made up of numerous,

small, slender, sharp pointed teeth on the pharyngeal jaw grinding surface (fig. 12B). The

outer teeth on lower jaw are weakly bicuspid and set in four to five rows. The head is

relatively wide (32.36 - 44.01%SL), the jaw is long (40.61- 50.07%HL) and it is relatively

deep bodied (29.61 - 43.42%SL). Vertical bars are not visible. Eye length, Lower jaw

length and cheek depth all highly positively correlated with the head length (P < 0.05); R =

(0.0.876, 0.0.891 and 0.833 respectively). Table 6 gives a summary of the other

morphometric, dentition and meristic characters investigated in this species.
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Plate 10_ Astatoti/opia nubila_ This species is cbaracterized by its overall dark
colomatiOIL
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Table 6 Morphometric dentition and meristic characters of Astatotilapia nubila of Lake
Kanyaboli. (N = 36).

Mean±SD
Standard length .mm 60.50 - 75.62 68.88 ± 0.86

Percentage of Standard length
Body depth 22.25 - 30.04 26.62 ±3.31
Head length 26.62 - 32.00 28.47 ±2.19

Caudal Peduncle Length 9.86-12.61 10.71 ±1.68
Caudal Peduncle Depth 6.94-10.07 8.97 ±3.15

Percentage of head length
Snout length 21.41 - 28.03 25.24 ±3.51
Preorbital depth 11.61 - 14.68 12.94 ±4.00
Eye length 20.30 - 27.71 24.60 ±3.02
Cheek depth 16.71 - 22.83 19.38 ±2.93
Lower jaw length 32.31 - 37.32 34.40 ±3.01
Interorbital width 20.03 - 24.09 22.41 ±2.26

Lower pharyngeal jaw length 6.93 -7.64 7.08 ±2.01

Percentage of lower pharyngeal jaw length
Lower pharyngeal jaw width 74.41 - 80.24 77.31 ±1.61
Dentigerious area length 54.09 - 60.61 57.32 ±1.08
Dentigerious area width 56.21 - 62.31 59.21 ±2.22

Outer tooth cusp shape 2-2

Number of inner tooth rows in upper oral jaw. 4-5

Gap size 0- 1

No. of scales on lateral line 26 - 33 28.50 ±0.61
No. of dorsal fin spines 14 - 17
No. dorsal fin rays 7-9
No. of anal fin spines 3 - 3
No. of anal fin rays 7-9
No. of scales between dorsal fin
origin and upper lateral line 3-5
No. of vertical bars on the flank
between the pectoral fin and the caudal fin Not visible
No. of scale rows on cheek 3 - 3

No. ofrows of white spots
on caudal fill. NONE

No. ofrows of white spots
on anal fin. NONE
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4.4.2.6. Astatotilapia 'Big eye' (Kaufman, 1996).

Diagnosis and description.

Astatotilapia 'Big eye' (Kaufman, 1996) is another haplochromine endemic to Lake

Kanyaboli. Superficially it is similar to A. nubila. Characterized by a relatively larger eye

(21.86 - 30.31%HL) compared to A.nubila. (20.30 - 27.71 %HL) (plate 11). The mouth is

oblique and the lips are not thickened. The dorsal head profile is straight or moderately

curved. Scales present on cheek and chest. The lower pharyngeal jaw is hypotrophied and is

made up of numerous, small, slender, sharp pointed teeth on the pharyngeal jaw grinding

surface (fig. 12B). The outer teeth on lower jaw are unicuspid and set in three to six rows. It

has a relatively wide head (30.l4 - 32.21%SL), long jaw (33.l8 - 38.61 %HL) and relatively

deep body (25.23 - 31.36%SL). Three to five vertical bars present. Eye length, lower jaw

length and cheek depth all highly positively correlated with the head length (P < 0.05); R = (

0.993, 0.922 and 0.960 respectively). Other morphometric, dentition and meristic characters

investigated in this species are given in table 7. The major distinguishing morphometric,

dentition and meristic characters between these six species are summarized in table 8.
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Plate II. Astatotilapia 'Big eye' of Lake KanyaboIi This haplocbromine is
distinguished by its relatively large eye.
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Table 7 Morphometric dentition and meristic characters of Astatotilapia 'Big eye'
scrapper in Lake Kanyaboli. (N = 18).

Range Mean± SD

Standard length mm 60.35-87.56 (73.89± 0.91)

Percentage of Standard length
Body depth 25.23-31.36 29.14± 2.03
Head length 30.14-32.21 3 I.65± 1.98

Caudal Peduncle Length 10.68 - 13.21 11.9I±2.00
Caudal Peduncle Depth 7.30-11.41 9.2I±1.68

Percentage of head length
Snout length 22.24 - 27.60 25.16±3.01
Preorbital d~pth .. 12.36- 15.55 I3.61±2.24
Eye length 21.86 - 30.31 25.36 ±2.06
Cheek depth 17.27 - 20.03 19.27±I.66
Lower jaw length 33.18 - 38.61 35.53 ±1.00
Interorbital width 21.63 - 25.07 23.33±2.03

Lower pharyngeal jaw length 7.06 - 8.38 7.27 ±0.69

Percentage of lower pharyngeal jaw length
Lower pharyngeal jaw width 75.36 - 8 1.22 78.81 ±1.I4
Dentigerious area length 56.67 - 6 I .20 58.33 ±I.22
Dentigerious area width 55.00 - 59.62 57.23 ±3.08

Outer tooth cusp shape 0-0 0

Number of inner tooth rows in upper oral jaw. 3-6 3.5 ±0.61

Gap size 0-1

No. of scales on lateral line 27-33 28.30 ± 1.66
No. of dorsal fin spines 14-17 15.5 ± 0.55
No. dorsal fill rays 7-9 8.25 ± 0.70
No. of anal fin spines 3-3 3.00 ± 0.00
No. of anal fin rays 7-9 8.23 ± 0.72
No. of scales between dorsal fin
origin and upper lateral line 3-5 4.00 ± 0.50
No. of vertical bars on the flank 4-5
between the pectoral fin and the caudal fin 4.0±0.5
No. of scale rows on cheek 3-3

o. of rows of white spots
on caudal fm. NONE
No. ofrows of white spots
on anal fin. NONE
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Table 8. Comparison of the main morphometric dentition and meristic diagnostic
features of the six common haplochromines of Lake Kanyaboli (The values
given are for the means obtained for each measurement. All measurement
values are in mm).

A B C 0 E F
---

N= 108 N=51 N=49 N=57 = 18

Percentage of Standard length
Body depth 30.62 37.14 36.63 35.65 26.62 29.14
Head length 30.72 35.34 35.35 34.43 28.47 31.65

Percentage of head length
Snout length 25.16 29.30 30.46 24.27 25.24 25.16
Preorbital depth 13.61 17.37 15.64 14.02 12.94 13.61
Eye length 25.36 23.35 17.68 20.62 24.60 25.36
Cheek depth 19.27 21.86 17.53 22.97 19.38 19.27
Lower jaw length 35.53 30.60 55.22 39.58 34.40 35.53
Interorbital width 23.33 29.04 26.61 25.68 22.41 23.33
Lower pharyngeal jaw length
Percentage of lower pharyngeal
jaw length
Lower pharyngeal jaw width 78.81 70.03 75.51 84.98 77.31 78.81
Dentigerious area length 58.33 62.29 66.07 64.48 57.32 58.33
Dentigerious area width 57.23 57.61 62.03 57.91 59.21 57.23

Outer tooth cusp shape Unicuspid Unicuspid Unicuspid Unequally Unequally- Unicuspid
bicuspid - bicuspid

Subequally
Bicuspid

Number of inner tooth rows in 3 - 5 3-3 3-3 3-5 4-5 3-6
upper oral jaw.

Gap size 0-1 0-1 0 1-2 0-1 0- 1
No. of rows of white spots NONE
on caudal fin. 3-4 NONE NONE NONE NONE
No. of rows of white spots NONE 2-3 NONE NONE NONE NONE
on anal fin.

KEY: A = Xystichromis phytophagus B = Pseudocranilabrus multicolor victoriae
C = Lipochromis maxillaris 0 = Astatoreochromis alluaudi E = Astatotilapia nubila
F = Astatotilapia "Big eye"
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4.5 Discussion.

4.5.1 Limnology of Lake Kanyaboli

The major physico - chemical parameters (dissolved oxygen, sechi depth and pH)

investigated are within the range obtained by Okemwa (1981). Only the conductivity value

of 600 - 660IJ.Sobtained by Okemwa (1981) seems to differ widely from the results of this

study. Of great concern and interest to this study is the observed low sech disk values. This

is an indication of an increse in turbidity. An increase in turbidity indicates that the lake is

becoming highly eutrophied. Eutrophication could be an indication of the reduced efficiency

of the papyrus swamp to act as a nutrient filter. The effects of changing lirnnological

conditions in the lake have also been detected in the cichlid fishes. Most of the cichlids have

experienced a decrease in age of first maturity from approximately 8.5cm SL to as low as

5.5cm SL (Ojuok, unpublished data). Such observations illustrate that the environmental

conditions of the lake are changing. High turbidity may also have an effect on the

reproductive behaviour of the haplochromines. Lake Victoria haplochromines are known to

exhibit strong female mate choice based on male colouration (Seehausen et al., 1997).

Where water transparency is high, colour polymorphism among the species is high. Through

strong assortative mate choice, such colour polyrnorphs can exist as reproductively isolated

entities and form an initial step towards syrnpatric speciation through sexual selection. High

turbidity in this lake could therefore be a bottleneck to sexual selection in this

haplochromine community, and a threat to their evolutionary future. The littoral region and

adjoining swamp play a significant role in the lake ecology and thus requires special

protection and management. The present lirnnological changes in Lake Kanyaboli could be
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a result of past attempts to alter the hydrology of the Yala swamp. The flow of river Yala

into Lake Kanyaboli had also in the past been severed and the lake effectively isolated when

drainage patterns in the swamp were altered during reclamation. This was achieved by

building dykes to stop the waters of river Yala from flowing directly into the lake. However

poor maintenance has led to the collapse of some of the dykes and the Yala river waters thus

finds its way into Lake Kanyaboli. The man-made feeder channel linking the Yala river to

Lake Kanyaboli was also opened following petitions from environmentalists and ecologists

who were concerned about the total isolation of the lake. These changes are currently

believed to have greatly affected the hydrological patterns in the Yala swamp (Otieno,

2004).

4.5.2 Local adaptations of the haplochromine cichlids in Lake Kanyaboli.

The examination and quantification of morphometric, dentition and meristic characters

reveal that the haplochromine cichlids in this lake show wide morphological overlaps. They

can therefore be classified as morphologically generalized. The haplochromines are deep

bodied and are characterized by 3 - 5 egg spots on the anal fin of males. An examination of

characters reveal the possession of character states that have been established cladistically to

be aporrnorphic (unique derived characters) when occurring in the Lake Victoria flock

(Seehausen, 2000). Dentition in the oral jaw show variations as opposed to the

plesiomorphic (ancestral state) unequally bicuspid state. The increased number (3 - 6) of

inner tooth rows in the oral jaw also shows a departure from the established plesiomorphic

state of 2 - 3. Finally the number of vertical bars on the flank range from 4 - 8. This is
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opposed to the plesiomorphic state of no bars (Seehausen, 2000). The Lake Kanyaboli

haplochromines have not undergone any diversification but instead have experienced stasis.

The low species diversity and lack of polymorphisms in this lake can be attributed to the

following factors. First, the limited area of the lake offers very little space for dispersal. This

denies the cichlids the opportunity to undergo ecological speciation due to niche saturation.

Secondly, the high habitat homogeneity offers few niches for diversification. Lake

Kanyaboli is completely devoid of rocky and sandy habitats. Rocky habitats (Lake Victoria,

Seehausen et al., 1998) and sandy beaches (Lake Malawi, Rico and Turner, 2002) play an

important role as dispersal barriers to gene flow and significantly contribute to population

differentiation and species formation. Such habitat discountinuities split populations into

many genetically isolated groups. This provides opportunities for repeated parallel evolution

of species. In Lake Victoria rocky habitats separated by distance as short as 2km have been

found to harbour different morphs and species (Seehausen et al., 1998). The high speciation

rates in these habitats are probably driven by both intrinsic factors like stenotopy and sexual

selection and extrinsic factors like vicariant biogeographical processes that restrict gene flow

between microallopatric populations (Sturmbauer and Meyer, 1992). Such barriers are not

present in Lake Kanyaboli. African cichlid radiations are characterized by an early

ecological split into rock and sand dwelling clades (Nagl. et al., 2000; (Lake Victoria);

Sturmbauer, 1990 (Lake Tanganyika) and Danley and Kocher (2001) (Lake Malawi».

During this period strong selection on multiple characters resulted in the divergence of many

morphological and behavioural characteristics related to ecological specializations. Lack of

rocky and sandy habitats could therefore have presented a serious bottleneck towards

diversification of haplochromines in Lake Kanyaboli. The absence of novel species in Lake

Kanyaboli may indicate that this lake has been separated from main Lake Victoria for a very
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short time. In the 4000 years old Lake Nabugabo, five endemic haplochromine species have

evolved in situ (Greenwood, 1965). Lake Nabugabo bears very similar ecological

characteristics to Lake Kanyaboli (Chapman et al., 1995). Both are shallow satellite lakes of

Victoria separated from the main lake by a massive papyrus swamp. Insectivory is the main

feeding mode in both lakes. However, different evolutionary forces may be acting in Lake

Nabugabo.

Several findings about the haplochromine cichlids of Lake Kanyaboli emenate from the

present study. It has established that Lake Kanyaboli has low haplochromine species

diversity.. The haplochromine community of Lake Kanyaboli lack the diverse phenotypic

variations often associated with haplochromine communities of Lake Victoria and can thus

be described as morphologically generalized. The character states determined within the six

extant haplochromines have been established to be synamorphic for the Lake Victoria

haplochromines. The Lake Kanyaboli haplochromines therefore belong to the 'Lake

Victoria Species Flock', morphologically speaking.

The absence of high morphological radiations in Lake Kanyaboli can be attributed to the

small size of the lake and the uniform habitat and environmental conditions of the lake.

Astatotilapia 'big eye' seems to have arisen de novo (i.e new) in Lake Kanyaboli. At the

moment its definite taxonomic position is not clear. It could either represent a morphological

'morph' of Astatotilapia nubila or it may be a fully differentiated species. There is therefore

need for further research to acertain its taxonomic status.
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CHAPTER FIVE

Trophic relationships among the haplochromine cichlids of Lake Kanyaboli.

5.1 Introduction.

Studies by Fryer and Illes (1972), Greenwood (1974), LoweMcConnell (1987) and Barel et

al., (1977) have established that an extraordinary adaptive radiation has occurred in the

feeding habits of haplochromine cichlid fishes of the East African Great lakes. Feeding

specialization has been instrumental in resource partitioning and therefore in shaping the

cichlid community structure (Seehausen and Bouton, 1997) and maintaining the high

diversity (Bouton et al., 1999). Trophic differentiation has been cited as one of the major

factors that has contributed to the evolution and adaptive radiation of the Lake Victoria

region haplochromine cichlids (Greenwood, 1980).

Trophic ecology of Lake Victoria haplochromines has been extensively studies by van Oijen

(1982), Lowe-McConnell (1987) and Goldschmidt et al., (1990). Overall, these studies

indicate that the haplochromine cichlids of Lake Victoria region exhibit high feeding

specializations. This minimizes competition and has promoted the co - existence of several

ecologically similar species. These studies show that trophic specilalization exists in the

Lake Victoria haplochromines with regards to their food and habitat (Seehausen and

Bouton, 1997). Secondly, morphological and dentition characters have been shown to be

highly correlated with the trophic habits of the species (Seehausen and Bouton, 1997).

While such extensive studies have been carried out in the haplochromine communities of

Lake Victoria, there is a dearth of knowledge about the trophic ecology of the
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haplochromine communities of the smaller lakes of Victoria basin. These lakes have been

recognized as important refugia for the haplochromines that existed but are now threatened

or have become extinct in Lake Victoria. It is therefore important to obtain information

about their ecological status. Reclamation for agricultural development is currently a major

threat to the survival of most of these shallow swamp lakes (Grabowsky and Poort

Consulting Engineers, 1987).

In the present study a comparative trophic ecology of the haplochromine community of

Lake Kanyaboli, a satellite lake of Victoria has been taken. Opiyo and Dadzie (1994)

present the only published attempt to study the trophic ecology of cichlids of Lake

Kanyaboli. They studied the feeding habits of the endangered tilapia Oreochromis

esculentus (Graham, 1929). No published work has dealt with the comparative trophic

ecology of the haplochromines of Lake Kanyaboli. Such studies are critical in understanding

the ecology of this fish community in this highly dynamic system. Food webs are macro -

descriptors of community feeding interactions that can be used to map the flow of energy,

materials and nutrients in an ecosystem (Jepsen and Winemiller, 2002). The haplochromines

form an important component of the fisheries of Lake Kanyaboli and as such is an important

source of food to the local community. Understanding the trophic interactions is an essential

requirement towards successful implementation of the ecosystem approach in fisheries

management. The present study is therefore an important step towards understanding the

ecology of the haplochromines in this highly dynamic but threatened ecosystem.
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5.2 Specific objectives

The specific objective of this study was to undertake a comparative trophic ecology study of

theextant haplochromine cichlids of Lake Kanyaboli.

5.3 Materials and Methods

5.3.1 Food and feeding habits

Fish specimens representing the six haplochromine species were obtained from the three

zones of Lake Kanyaboli namely Gangu, Kadenge and Yala as part of systematic sampling

for the population genetics study. Fish were obtained using multifilament gill netting and

angling as explained in chapter three. The fish were dissected and the gut removed. Whole

gut contents were removed and mixed to form a homogenous mixture. The gut contents

comprising of fine particles were shaken in water and drops of the suspension viewed at X

40 magnification. Ingested material was identified and placed into food categories which

ranged from broad taxonomic or ecological groups to individual genera. A number of

specimens with empty stomachs were caught but were not included in the analysis. Food

items were identified using identification keys in Hyslop (1980).

The contribution of each food item to the diet of every species was determined by

calculating three important feeding habit parameters: relative abundance (percentage

proportion), percentage occurrence, and prominence value (PV) as follows:

5.3.2. Relative abundance (RA).

Relative abundance was detennined by comparing the area occupied by each food item in

the field of view. Numbers from 10 to 1 were allocated to each food item thus 10 allocated
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when the whole stomach content is made up of only one food item and 1 when a food item

is estimated to constitute 10% of the contents. Then for each fish species the sum of the

points awarded to a food item was expressed as a percentage of the total points for all foods

ingestedby that species.

5.3.3. Percentage occurrence (Frequency of occurrence).

Percentage occurrence (Frequency of occurrence) was determined by determining the

number of stomachs of each species in which a food item occurred. These were added up

and expressed as a percentage of the sum total of the non - empty stomachs for each of the

food items.

5.3.4. Prominance Value (PV).

The relative abundance and percentage occurrence were used to estimate the relative

importance of each food item consumed by calculating its prominence value using the

formula:

PV = RA X Perecentage occurrence. Where RA is the Relative Abundance.

(Wilhm, (1967), Hyslop (1980), Hickley and Bailey (1987), Muchiri et al., (1991), Njiru,

(2003).

Using the PV's as a guide, species were classified into feeding groups by determining the

coefficients of similarity of the food items taken as follows:

c = 2 X (PV (Low) I PVNl + PVN2
Where;

C = Coefficient of similarity index.
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PV (Low) = The value of the lower prominence values calculated for each of the food items

taken in common by any two species to be compared.

PVNl and PVN2 = The prominence values of each food item for species 1 and 2

respectively.

C ranges between 0 and 1 where 0 shows no sharing of any food between the two species

being compared and 1 where there is a total overlap in feeding. The coefficients of similarity

thus reveal diet overlaps and is thus an indicator of potential competition for food.

5.4 Results

5.4.1 Food and feeding habits as determined by frequency of occurence and relative

abundance.

Eight food items were found to consistently constitute the diet of haplochromines in Lake

Kanyaboli. These food items are algae (both blue green algae and diatoms), chironomid and

Chaoborus larvae, other unidentified insects, mollusks, fish embryos, fish eggs, plant

remains and detritus. Based on frequency of occurrence, chironomid and Chaoborus larvae

was the main food taken, occurring in 64.3 % of the guts of the six species examined,

followed by plant remains (43.8%), detritus (37.5%) and other insects (33.5%). The

individual variations with regards to frequency of occurrence and relative abundance in each

of the six haplochromine species are summarized in figures 15 - 26. All the six

haplochromine species examined fed on chironomid and Chaoborus larvae. Molluscivory

and paedophagy (egg and embryo feeding) were restricted to Astatorechromis alluaudi and

Lipochromis maxillaris respectively. The two food items therefore contributed less to the
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total amount of food items taken by the haplochromines. Only 15.2% of the guts examined

containedmollusks and 16.1% and 6.25% contained fish embryos and eggs respectively.

Relative abundance measures how much of each food item is taken by the fish. It IS

therefore a more quantitative estimate of the importance of a food item to the diet of the fish.

In terms of overall relative abundance chironomid and Chaoborus larvae constituted the

highest amount of food taken (29.3%). The low values of relative abundance shows that

each type of food is taken in low quantities. The overall diets of the six haplochromine

species expressed as frequency of occurrence and relative abundance are given in table 9

and figures 13 and 14 respectively.
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Table 9: Dietary composition of Lake Kanyaboli hapJochronUnes expressed as percentage frequency of'occurrenC>eand
relative abundance.

Food Type Consumed.

Species Algae ChironomidiChaobarus larvae Other insects Molluscs Fish Embryos Fish Eggs Plant remains Detritus

Xystichromis phytophagus FO: 23.8 9.5 52.4
- - - 85.7 4.8

RA: 2.5 5.7 36.9 - - - 56.1 0.6

Pseudocranilabrus multicolor FO: 100.0 70.0 10.0 - - - 10.0 80.0
RA: 49.0 26.9 0.9 0.9 19.4- - -

Lipochromis maxillaris FO: -
71.0 38.7 - 58.0 22.6 6.5 6.5

RA: - 44.9 15.9 - 28.0 8.1 0.9 1.2

Astatoreochromis alluaudi FO: 12.5 70.8 41.7 70.0 - 37.5 87.5-
RA: 3.8 2l.5 1l.6 55.0 - - 3.0 6.0

Astatotilapia nubila FO: 68.8 93.8 25.0 - - - 43.8 62.5
RA: 25.3 39.0 5.7 11.5 20.7- - -

Astatotilapia I Big Eye I FO: 98.0 80.0 - 20.0- - -
RA: 64.7 29.4 5.9

FO: Frequency of Occurrence RA: Relative Abundance.
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The contribution of the individual food types to the diet of the six species as determined by

both frequency of occurrence and relative abundance are given in figures 15 - 26.
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5.4.2 Trophic relationships of the haplochromines as determined by co-efficient of

similarity of food items taken.

The co-efficient of similarities between the different species feeding on a particular food

item are summarized in tables 10 - 14. Three food items, mollusks, fish eggs and embryos

were fed on exclusively by a single species (A.alluaudi and L. maxillaris, respectively) and

therefore had a co-efficient of similarity of O. No feeding overlaps occurred for these food

items. The results of this analysis indicate that for the other food items, there are various

degrees of overlap between the six species. The highest overlaps occur when feeding on

chironomid and chaobarus larvae are considered. The structures of the feeding apparatus

(teeth and jaws) differ between the six haplochromine cichlids investigated and can be

related to the main food items ingested (table 15).

Table 10. Co-efficient of similarity between haplochromine cichlids feeding on algae.

Ai nubila A. 'big eye' L. maxillaris Xiphytophagus A. alluaudi P.m. victoriae

A. nubila

A. 'big eye'

L. maxillaris

0.061

0.019

o

0.520

0.436

o
0.024

0.002

0.005

0.0015

o
0.200

0.431 o
o

X phytophagus

Aialluaudi

P.m. victoriae
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Table 11. Co-efficient of similarity between haplochromine cichlids feeding on
Chironomidi Chaoborus larvae.

Ai nubila A. 'big eye' L. maxillaris Xphytophagus A. alluaudi P.m. victoriae

A. nubila 0.783 0.931 0.0029 0.588 0.680

A. 'big rye' 0.857 0.045 0.786 0.890

L. maxillaris 0.033 0.646 0.747

X phytophagus 0.069 0.056

Aalluaudi 0.894

P.m. victoriae

Table 12 Co-efficient of similarity between haplochromine cichlids feeding on other
Insects.

Ai nubila A. 'big eye' L. maxillaris Xphytophagus A. alluaudi P.m. victoriae

A. nubila o 0.378 0.138 0.456 0.118

A. 'big rye' o o o o
L. maxillaris 0.483 0.880 0.029

X phytophagus 0.400 0.009

Aialluaudi 0.037

P.m. victoriae
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Table 13 Co-efficient of similarity between haplochromine cichlids feeding on
plant remains.

Ai nubila A. 'big eye' L. maxillaris Xiphytophagus A. alluaudi P.m. victoriae

A. nubila . 0.331 0.023 0.0190 0.913 0.035

0.165

0.394

0.004

0.030

A. 'big eye' 0.110 0.041 0.286

Table 14. Co-efficient of similarity between haplochromine cichlids feeding on detritus.

L. maxillaris 0.002 0.019

A. nubila A. 'big eye' L. maxillaris Xiphytophagus A. alluaudi P.III. victoriae
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o
0.010

0.313

0.864

X phytophagus 0.222

Aialluaudi

P.m. victoriae

A.nubila o 0.012 0.364 0.666

A. 'big eye' o o o
L. maxillaris 0.053 0.008

X phytophagus 0.248

Aialluaudi

P.m. victoriae



Table 15. Feeding specializations and adaptations o'-the Lake Kanyaboli haplochrornines.

Species Major food type Oral jaw tooth type No. of tooth rows Pharyngeal jaw type Adaptation

X phytophagus Other insects, plant remains Unicuspid - Weakly bicuspid 3-5 Hypotrophic Biting/Scrapping

Pm. victoriae Algae Unicuspid 3-6 Hypotropic Scrapping

L. maxillaris Embryos, Eggs Unicuspid (Deeply embended) 3 Hypotropic Sucking

A. alluaudi Molluscs Subequally - Unequally bicuspid 3 Hypertropic Crushing

A.nubila ChironomidiChaoborus larva Weakly bicuspid 4-5 Hypotropic Biting/picking

A. 'Big eye' Algae Unicuspid 3-6 Hypotropic Scrapping
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5.4.3 Feeding regimes, habitat and depth distribution of the Lake Kanyaboli

haplochromines.

Chironomid and Chaoborus larvae exhibit a strong day - night distribution in the guts of the

fishes. In all the species, over 60% of the insect larvae were taken at night. This is in line

with the expected behaviour of these insect larvae: they move from the bottom sediments at

night to the upper water layers (Hyslop, 1980). The haplochromines utilize this briefly

abundant food source. There were no strong differences in the other food items taken at

night and day. The distribution of the haplochromines was restricted to the fringing papyrus

swamps during the day at depths upto I.Sm. X phytophagus, L. maxillaris, and A. alluaudi

were caught inshore during the night and feed proportionately higher amounts of

chironomid and chaobarus larvae. The three species therefore exhibit lake - wide

distribution at night. These observations are summarized in figure 27. Feeding among the

haplochromines is therefore restricted mainly to the littoral fringing swamps during the day.

No differentiation in terms of depth was evident, probably due to the shallowness of the

lake. Niche differentiation among these haplochromines is therefore mainly based on food

type manifested by specialization of the dentition characters.
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Fig 27 Feeding regimes, habitat and depth distribution of the lake Kanyaboli haplochromines. Food expressed as relative abundance.

1-,5M

2.5M

3.5M

4.5M

IW~~:t1~.:;,;".:.··,.:',;~'J""'"I14tJ~

Percentage relative abundanceDAY

r::';::o;;«FJJTIrrnmmm _1
1I11111111jHJllaJI'~ • s
I::,:'.:·:·.•·:·:::..:.:.;111II II HBI 5

1~llIImmmml .,..
1:31)1/UOIIlVtlS,c;;'?lr( _6

1. Astatotilapia nubila 2. Astatotilapia 'big eye' 3. Lipochromis maxillaris 4. Xyslichromis phytophagus

! .
5. Pseudocranilabrus multicolor viaoriae

6. Astatoreochromis alluaudi

]

NIGHT

~7H~:·mnrmllnlllll/1J11· 1 1:····::·;:·::,:.:,·:;·':::1111I111I11111111/1IA
lI"III1II1"IIIHUI'k~';-XJ.~ dllllllllmJnm I~
1:·;,·:i:·::·~:·:'IIII"III1I11I1I11H• d 1:IIIIIIIIIIUJII;: l \( 'II) "'.)<J'A'-IIS

:).~

I" III" IIIIUI~~~~ rrIIIIIIIlJU II11m" • ot UUIlIIJIllIiIl: )('")()(._,

illllllllllml:::-t~31111111111111111Im J.'tIlUIIIIII"IIIU1l ~"xl&;.(;

111I1JJllllllnJ'7~ 11I111""""1 mJU~. rm" JJI[JJIIJiTIC~~~.6

KEY
:''':::1
"f··.~·,_." :--;-'-:1 Algae''-t!• fI .•••

~(~::#.

I Chironomid/Chaobarus
larvae

f~~~er insects
r - -.

Embryos

Eggs

Plants

r Detritus

112



5.5 Discussion

The high species diversity and adaptive radiation of haplochromine cichlids in the Lake

Victoria region have been attributed to among others trophic specializations that promote

co-existence among several ecologically similar species (Fryer and Illes, 1972, Barel et al.,

1977, Seehausen and Bouton, 1997).

Among the Kanyaboli haplochromines, the computed co-efficient of similarities indicate

that diet overlap is common. No single species fed exclusively on one food item. Insectivory

is employed by all six species. Chironomid and Chaoborus larvae contribute the highest

proportion of food items eaten. Such catholic feeding bahaviour are common among

haplochromine cichlids inhabiting lakes where no strong competition for food occurs.

Previous research had established an abundance of insects in this lake (Abila, 1995).

Abundant foods are energetically less costly to obtain. Even among strict haplochromine

specialists food switching, albeit with reduced exploitation efficiency, have been observed

when one type of food becomes abundant (van Oijen, 1982). Haplochromines have

therefore been referred to as 'specialized generalists' (Witte et al., 1997). This 'specialized

generalist' nature of the haplochromines probably explains some observed discrepancies

between the prominence values of certain food items and the trophic classification assigned

to certain species. For example although L. maxillaris exhibited higher prominence values

for the chironomidlChaoborus food category and embryos and eggs, analysis of its dentition

structures indicates an adaptation to paedophagy. Similarly, although A. alluaudi exhibited

high prominence values for both mollusks and detritus, analysis of its trophic structures

revealed adaptations to molluscivory. The detritus consumed represents incidental feeding.

This is probably due to the fact that since mollusks are benthic, their consumption inevitably
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leads to uptake of some mud. The higher frequency of occurrence of detritus as opposed to

the very low relative abundance of the same food attests to this. Overall, for each species

certain food items either contributed significantly higher proportions of the fish diet or their

dentition structures were adapted for a certain feeding strategy. Astatotilapia nubila feed

mainly on chironomid larva while the closely morphologically similar Astatotilapia 'big

eye' feed mainly on algae. Lipochromis maxillaris, unlike the other haplochromines feed on

embryo and eggs of other fishes and thus is a paedophage. Xyistichromis phytophagus is

majorly a macrophyte feeder. Astatoreochromis alluaudi includes mollusks in its diet and is

therefore a molluscivore. Pseudocranilabrus multicolor victoriae is basically an algivore.

Trophic resource partitioning therefore exists in this haplochromine community. The subtle

food partitioning is further reflected in the dentition structure. The algal feeders Pm.

victoriae and Astatotilapia 'big eye' both posses broad, densely spaced equal sized

unicuspid teeth on the outer oral jaw and a hypotrophied pharyngeal jaw. Their dentition is

further characterized by higher number of teeth rows. Such dentition is best adapted for

scrapping filamentous algae (Barel et al., 1977; Seehausen and Bouton, 1997; Ruber and

Adams, 2001). The chisel shaped weakly bicuspid nature of the A. nubila teeth and the

hypotrophied pharyngeal jaw teeth is most probably an adaptation to biting and picking of

mobile insect prey. Invertebrate picking in this insectivore may further be facilitated by the

smaller interorbital width. This increases the ability to visually select food items. The deeply

embended unicuspid oral jaw teeth of Lipochromis maxillaris, its long jaw relative to head

(47.74 - 57.44% ± HL) and its thick lips seem to be an adaptation to sucking off eggs and

embryos from the other mouth brooding haplochromines. Its fusiform body shape allows

faster manoeuvers. Astatoreochromis alluaudi exhibits a very different ecomorphological

dentition adaptation. The species possess sub-equally to unequally bicuspid oral jaw teeth
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and a highly hypertrophied pharyngeal jaw teeth. These are adaptations to feeding on hard

mollusk shells. Whether the hypertrophied nature of A. alluaudi pharyngeal jaw is adaptive

(i.e. genetically induced) or whether it is environmentally induced has been hotly debated.

Hoogerhood, (1986) demonstrated that the pharyngeal jaw structure in A. alluaudi change

with changing diet and therefore the hypertrophic nature of the pharyngeal jaw is

environmentally induced. Wu et al., (in preparation) on the other hand found consistently

hypotrophic pharyngeal jaws in the A. alluaudi of Lake Kachira, a satellite lake in Uganda,

irrespective of the diet taken. This may suggest that jaw structure in this population is

genetically determined. X phytophagus have both unicuspid and weakly bicuspid oral jaw

teeth. This and the high number of teeth rows is an adaptation to macrophyte feeding (Barel

et al., 1977; Seehausen and Bouton, 1997). Fish feeding on the same food item often

employ different feeding techniques (Hoogerhood et al., 1983). Therefore species that

apparently have overlapping diets may still be differentiated along food acquiring

techniques. There may therefore be small differences in methods of obtaining algae between

A. 'big eye J and P. m. victoriae. The differences in teeth structure between the two species

may be an evidence of this. Such slight differences in grazing behaviour might affect

resource partitioning and permit co-existence of ecologically similar species. Although

morphologically generalized, the Lake Kanyaboli haplochromines exhibit feeding

specializations. This may represent the most explicit axis of niche differentiation among

these haplochromines and promotes their co-existence. Further niche differentiation between

the two. algivorous haplochromines is in habitat. While A. nubila, like the other

haplochromines is restricted to the papyrus littoral zones, Pseudocranilabrus occurs mostly

in small isolated water pools and the runways isolated from the lake (Plate 5).
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All the six species were restricted to the fringing papyrus swamp during the day and no

species were caught inshore during the day. The fringing swamp is therefore the single most

important habitat for the haplochromines. L. maxillaris, A. alluaudi and X phytophagus

were caught inshore at night. These three species are therefore distributed throughout the

lake at night. Movement into deeper waters at night is probably to take advantage of the

emerging chironomid and chaobarus larvae. Why the other species do not move inshore at

night need to be ascertained.

The shortcomings of the methods employed in this study have been highlighted by Nooton

(1992). Frequency of occurrence only provides information on the presence or absence of

food categories and not their relative numbers or absence of food categories. Frequency of

occurrence measures how frequent a certain food item occurs in the diet of that fish. It is

thus a good indicator of how important that food is to the diet of the fish. However, it does

not show .how much of it is eaten. However, it is a useful index of obtaining information on

diet that do not occur in discrete numbers or of partially digested food. The relative

abundance technique tends to be subjective for it is based on virtual assessment of food

contributions. Combination of these two indices to calculate Prominance Values greatly

minimizes these limitations. These techniques have successfully been employed to quantify

the trophic ecology of tilapias in Lake Naivasha (Muchiri et al., 1991) and Oreochromis

niloticus in the Nyanza Gulf, Lake Victoria (Njiru, 2003).

Lipochromis maxillaris generally had lower gut contents. As a 'carnivore' most of the food

is easily digested. Secondly, carnivores feed less frequently than herbivores. The

contributions of embryos and eggs to the diet of this species as presented in this study may
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therefore be a slight underestimate. This is a common problem encountered when estimating

the food intake of carnivores (van Oijen, 1982).

The present study has established the trophic ecology of the extant haplochromine cichlids

of Lake Kanyaboli. The study has shown that the haplochromine cichlids of Lake Kanyaboli

are trophically diverse and occupy several trophic levels. The haplochromine community of

this lake .thus plays an important role in energy flow and contributes to the ecological

efficiency of the lake. In contrast, Mbabazi et al., (2004), found only two trophic groups in

Lake Kyoga, a lake heavily infested by the Nile perch. Lake Kanyaboli and similar satellite

lakes therefore provide an opportunity for conservation of not only species but also of

trophic diversity threatened by introduction of exotics and other anthropogenic impacts in

the Victoria basin. The six haplochromine cichlids of Lake Kanyaboli exhibit overlapping

feeding habits probably due to abundant food resources. However, the six haplochromine

species can still be trophically distinguished based on prevalence of certain food items in the

diet and adaptations of their trophic structures. Resource partitioning, based on feeding

specializations occurs in this haplochromine community. The dentition structures are highly

correlated with the main food type. Lipochromis maxillaris and Astatoreochromis alluaudi

exhibit the widest feeding range while Astatotilapia "Big eye" exhibit the narrowest feeding

range. The six haplochromines are restricted to the fringing swamps (the littoral zone)

during the day. Lipochromis maxillaris, Astatoreochromis alluaudi and Xystichromis

phytophagus have a lake wide distribution at night.

Future studies on trophic ecology should also incorporate the use of stable isotopes. Stable

isotopes give a trophic history of the organism unlike gut content analysis that give only a
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'snap shot' of the trophic status at the time of study. The combined use of stable isotopes of

carbon and nitrogen contributes to identifying the original organic nutrient sources in

complex food webs and assessing energy flow and trophic structure in aquatic ecosystems

(Maneta, 2003).
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CHAPTER SIX.

Phylogenetic status of the haplochromine cichlids of Lake Kanyaboli based on
mitochondrial DNA marker and their relationship to the Lake Victoria species
flock.

6.1 Introduction

The haplochromine cichlids of Lake Victoria have undergone unprecedented rate of

evolution that have often been referred to as explosive (Seehausen, 2002). Understanding

the evolutionary mechanisms that have produced these highly diverse haplochromine

cichlids of Lake Victoria as well as detailed nature of the evolutionary relationships among

these haplochromines has been of great evolutionary interest (Meyer et al., 1990, Booton et

al., 1999, Fryer, 2001, Sato et al., 2003, Verheyen et al., 2003, Veryehen et al., 2004). The

improved knowledge on hydro-geological history of Lake Victoria region (Johnson et al.,

1996, Odada and Olago, 2002) and the development of appropriate molecular and analytical

techniques has given new insights into the evolutionary history and phylogeography of the

Lake Victoria haplochromines (Avise, 2000).

Meyer et al., (1990) was among the first to employ molecular techniques to study the

phylogenetic relationships of the Lake Victoria haplochromine flock. Their study employed

the mitochondrial gene, the Cytochrome b (cyt.b). Their results indicated that the Lake

Victoria haplochromines are a monophyletic flock. Very low sequence divergences existed

among the haplochromines suggesting that the Lake Victoria region haplochromine species

are evolutionarily a young flock. Most species examined in their study exhibited similar

sequences (Meyer et al., 1990). The authors recommended the use of molecular markers
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with high resolution to infer the phylogenetic relationships of the Lake Victoria

haplochromine cichlids.

The Control Region of the mitochondrial DNA has been found to possess high resolution

powers (Avise, 2000). This is mainly because the Control Region has low proof reading

ability and thus, many synonymous substitutions accumulate in this region. It thus has a

higher rate of evolution. This makes it the most appropriate molecular marker to study the

evolutionary relationships of very closely related species.

Investigations by Johnson et al., (2000) and Odada and Olago (2002) indicate that Lake

Victoria has experienced three major desiccation events. The present lake arose from a dry

landscape some 14 600 years ago. The present Lake Victoria haplochromine fauna therefore

arose from other fluvial refugia to colonize the new lake. One of the highly recognized

refugia are the satellite lakes that dot the Lake Victoria basin. A central theme in

haplochromine evolution is therefore that these satellite lakes played a role in allopatric

speciation of the haplochromines (Meyer et al., 1996). The modem assemblage of Lake

Victoria haplochromines is thought to have been derived, at least in part, from re-invasion

by the products of earlier cladogenesis events. The peripheral water bodies, mainly satellite

lakes are therefore closely associated with speciation of Lake Victoria haplochromine flock.

It is therefore important to establish both phylogenetic relationships among the peripheral

water body haplochromine fauna and also the phylogenetic relationships between the fauna

of satellite lakes and the main Lake Victoria. The results of these studies give insights into

the origin of the Lake Victoria haplochromines. Central to these theories has been the role of

satellite lakes in speciation of Lake Victoria haplochromines (Greenwood, 1965).
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The evolutionary position and the phylogenetic relationships of the Lake Victoria

haplochromines and the associated satellite lakes in Uganda have recently been extensively

studied (Nag I et al., 2000, Verheyen et al., 2003). The results of these two studies give

insights into the origin of the Lake Victoria haplochromines and the roles of peripheral

water bodies in haplochromine speciation. Similar comparative work has not been carried

on the Kenyan satellite lakes in the Lake Victoria basin found mainly in the Yala swamp. In

the present study, the phylogenetic relationships of the haplochromine cichlids of Lake

Kanyaboli, a Kenyan satellite lake of Lake Victoria basin has been undertaken. The

phylogenetic relationship with the haplochromines of main Lake Victoria was also

investigated. In this study the Control region of the mitochondrial DNA was used as the

molecular marker.

6.2 Specific objectives

The specific objectives ofthis study were to:

6.2.1 Determine the phylogenetic status of the extant haplochromine cichlids of Lake

Kanyaboli using the mitochondrial DNA marker.

6.2.2 Compare the phylogenetic relationships between Lake Kanyaboli and Lake

Victoria haplochromines using the mitochondrial DNA marker.

6.3 Materials and Methods.

6.3.1 Mitochondrial DNA Extraction by NaCI Precipitation.

Total genomic DNA (i.e both nuclear and mitochondrial) was extracted from the 90%

ethanol preserved fish. Approximately three mrrr' muscle tissue was extracted from the fish
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and DN~ extracted by digestion with protenease K followed by NaCI extracted following

the method of Bruford et al., (1998)

(Appendix IV).

Five hundred fish specimen representing the six haplochromine species from the three zones

were examined. The first 369 bp ofthe first region (Domain I) located within the first half of

the mitochondrial DNA control region from 350 individuals representing the haplochromis

species were sequenced. The second part of the mtDNA sequence (440bp - 851bp) was not

sequenced due to its low variability.

The tissue was placed in an Eppendorf tube containing 330111extraction buffer, 801112%

Sodiumdodecylsulfate (SDS) and 1Oul 1% proteinase K solution. The muscle tissue was

incubated at 37°C overnight. The tissue was then centrifuged for 5 minutes and the

supernatant transferred into a new Eppendorf tube. The remaining pellets, muscle tissues

and fats were discarded. 1801115M NaCl was added to the supernatant and shaken to mix.

The sample was again centrifuged for 5 minutes and the supernatant transferred into another

Eppendorftube and residues (salted out proteins) discarded. 420~tl cooled isopropanol was

added to the extracted tissue and mixed gently. The tissue was again centrifuged for 5

minutes and residues discarded. The resultant pellet was washed by adding 250~tl of 70%

ethanol and mixed gently. The sample was again centrifuged and the supernatant discarded.

The pellet was left open overnight to dry. 1OO~tlof HPLC water was added and the sample

stored at -20°C. All centrifugations were done at 13000 rpm.
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6.3.2 Amplification of DNA via Polymerase Chain Reaction (PCR).

The polymerase chain reaction (PCR) was used for amplification of the DNA. PCR was

performed in 25).11reaction volumes. The PCR reaction mix contained 1.0 ).1110mM

dNTP's, 2.5 ).11of 10 times PCR buffer, 1 ).11Red Taq, 4 ).11Template DNA, 2.5 ).11of each of

the two primers and 15.0).11double distilled water adding to 25 ul, (Table 16). Thirty five

cycles of amplification were performed in a programmable thermal cycler (Gene Amp"

peR system 9700, Applied Biosystems). Each cycle consisted of denaturation at 94°C for

3Sseconds, annealing at 50°C for 35 seconds and elongation at nOc for 90 seconds with a

final extension at nOc for 7 minutes. The primers used for the first part of the D - Loop

were L-PRO-F (5'- AAC TCT CAC CCC TAG CTC CCA AAG-3') and TDK-D (5'-CCT

GAA GTA GGA ACC AGA TG-3'). These primers are specific for mitochondrial control

region and hence target only the mitochondrial DNA.

Table 16. PCR mix for one mtDNA reaction.

Reagent Quantity (Ill)

Double distilled water
Buffer

·DNTPs
Primer 1 (L - Pro - F)
Primer 2 (TDK - D)

Taq - Polymerase
DNA

16.0
2.5
2.5
0.5
0.5
1.0
2.0

TOTAL 25.0
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6.3.3. Gel Electrophoresis.

The obtained peR products were loaded into 2% agarose gels and gel electrophoresis was

run at 76 - 80volts for 5 - 10 minutes. DNA was marked with Ethidium bromide. The DNA

was visualized by running the gel through a GelDoc UV-illuminator from BioRad® and

producing a photograph of the bands. Only when sharp bands showed up on the gel,

indicating successful amplification of the DNA, (Plate 12) was the peR product purified.

6.3.4. DNA purification.

DNA purification was carried out with the QIAquick Kit from Quiagen''. This is a silica -

membrane buffer. This buffer with its chaotropic salts adjusts the pH, so that nucleotides,

enzymes, primers and salts pass the membrane while DNA sticks to the membrane. DNA

strands of approximately 100bp to 10kb bind to adhesive membrane and are eluted in the

end with an appropriate buffer, whereas nucleotides, enzymes, primers and salts are washed

away in an ultracentrifugation step. For the binding of DNA, 20 ul of the peR product were

added to 100 fl.l of PB buffer and placed on the columns with the membrane. For the

washing step, 750 ul PE buffer were used for ultracentrifugation. DNA was resuspended in

50 ul EB buffer and stored at _20De.

6.3.5 PCk cycle sequencing.

One microlitre (1 ul) of the purified peR product was used as template in the cycle

sequencing reaction. The reaction mixture for cycle sequencing was made up of l.Oul of

lOfl.ML-PRO-F primer, 1.5 ul Terminator Reaction Mix (TRM) and 5.5fl.l double distilled

water. The annealing temperature for the cycle sequencing was adjusted to 50°e.
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6.3.6 DNA precipitation

The cycle sequenced DNA product was purified manually with an ethanol- sodium acetate

precipitation. This involved tilting the peR tube and sucking off the excess alcohol. The

DNA sample was re-suspended in 15 I..il triple distilled water.

6.3.7 DNA sequencing

For DNA sequencing, 15 III of the DNA was transferred to a sequencing plate. The plate

was run on an ABI PRISM 3100R DNA automatic sequencer (Appendix IV). The obtained

sequences were controlled and aligned by eye using the computer programme Sequence

Navigator and Bioedit (Hall, 2003). During the present study, alignment by eye was found

to be a more accurate method in comparison to the use of alignment programmes like

Clustal W (Thomson et al., 1994) due to the high level of mtDNA sequence conservation

among the populations and between species. When specimens yielded unexpected

phylogenetic affinities on the basis of their mtDNA sequences, they were re-examined, to

eliminate the possibility of contamination and/or mixing up of vials during manipulations.

6.3.8 Phylogenetic relationships.

Phylogenetic relationships among mtDNA haplotypes was estimated using the Neighbour -

Joining method based on Kimura 2 - parameter corrected distances (Kimura, 1980).

Haplotypes were generated from the mtDNA sequences by use of the computer programme

COLLAPSE Version I (Possada, 1999). The Distance Neighbour Joining (NJ) tree was

constructed using the phylogenetic analysis programme PAUP (Phylogenetic Analysis

Using Parsimony) version 4.0b10 (Swofford, 2000). Robustness of the inferred Neighbour

Joining Tree was tested with PAUP version 4.0bl0 using the bootstrap method with 1000
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resamplings. On the basis of the NJ tree, a minimum spanning haplotype network was

constructed. Haplotypes are represented by round circles and black dots represent extinct

haplotypes. Each point mutation is represented by a single line and no line is connected to

more than one circle. A haplotype network is a representation on a plane showing the

relationship between the specific DNA sequences.

6.4 Results

6.4.1 Phylogenetic relationships of the haplochromine cichlids of Lake Kanyaboli

based on mitochonrial DNA and their relationship to the Lake Victoria species

flock.

Upto 369 base pairs were successfully sequenced and aligned from 350 individuals

representing the six haplochromine species (Figure 28). The 350 specimens sequenced

yielded 42 mtDNA haplotypes (table 17). The table shows a summary of the 369 base pairs

sequenced for the 350 individuals representing the six haplochromine species. The

sequences are all aligned against the most common haplotype haplotype 1 that in this study

was designated HOOIK. The haplotypes are similar except when shown. For example 126

read vertically means that all individuals sequenced had a base G at position 126 but

haplotypes HO17K to H033K had a T instead. A haplotype is a specific DNA sequence.

The haplotypes were distributed thus: 11 from Xystichromis phytophagus, 9 from

Pseudocranilabrus multicolor, 17 from Astatoreochromis alluaudi, 4 from Astatotilapia

nubila, 5 from Lipochromis maxillaris and 1 from the Astatotilapia 'Big eye'. All A.
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nubila haplotypes were similar to X phytophagus ones while one L. maxillaris

haplotype was also similar to the 'central' Xphytophagus sequence (Table 18). The

haplotype distribution between the six Lake Kanyaboli haplochromine species shows

that mtDNA polymorphism (sharing of haplotypes) exists among the haplochromines.

Pseudocranilabrus, Astatoreochromis and the "Big eye" do not share any haplotypes,

neither amongst them nor with the younger lineages. Haplotype diversity is also higher

in Pseudocranilabrus and Astatoreochromis as almost every single specimen yielded a

different hapotype.

Plate 12. Sharp bands on ethidium bromide loaded agarose gel
indicating positively amplified DNA.
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CTT TGC CCCCC TCTCC CTTCCATCCAAACGTTATCCATA TA TCTAT TA T C\ C C\ T TAT TTTATA T C\AACA TA
1& 2fJ J& •• Sf ~ 7f

Ftg. 28. An example of cIJroma!ogtaph showing mtDNA sequences obtained fiom
the ADI PRISM 31cxf- DNA sequencer and an aligned sequence.
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Table 17 Aligned mtDNA haplotypes from 6 Lake Kanyaboli haplochromines. Dots
indicate identity with Xysticbromis pbytopbagus haplotype I sequence
and dashes indicate gaps.

11111111111111111111111111111111111111122222222222333333
11222234455678888999900000000111111233346667777777888899999923377777788123445

Taxon/Node 456056744515195789367902345678012346903506790123456567803468970602358929535130

HAPLOTYPE
H001K
H002K
H003K
H004K
H005K
H006K
H007K
H008K
H009K
H010K
HOllK
H012K
H013K
H014K
H015K
H016K
H017K
H018K
H019K
H020K
H021K
H022K
H023K
H024K
H025K
H026K
H027K
H028K
H029K
H030K
H031K
H032K
H033K
H034K
H035K
H036K
H037K
H038K
H039K
H040K
H041K
H042K

GCGCGTTATCTTCTACTCTACGAATATAGGAGATAACACATACGAGTACTCATATTTATACACGTCATCTTTTTGCAA
•.••.•••••••••••.••••••••••••••.••••••••••• A •••••••••••.••••••• A •••••••••••••.
•.•••••.••.•••.••.•••••••.••.••••••••••••••.••••.••••• C ••••••..•.••••••••.•••.
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• C •••••••••••
•••••••.••••••••••••••••••••••••••••••••••••••••• G •••••••••••••••• C •••••••••••
••••••••••••••••••••••••••••••••••••••••••••••••• G ••••••••••••••••••••••••••••
•••.••••••••••••.•••••••••••••••••••••••••• A ••••.•••••••.•••••••••••••••••••••

A •••••••••••••••••••.•••••••••••••••••••••••••••••••••••••••••.••• C ••••.••••••
••.••••••••••••••••• T ••••••••••••••••••••••••.••••••.• C ••••••••••••.••••••••••
....••.....•........•.••....•.....•••..•... A ...•••...•....•.•..•.•.•••..••....

.....•. - •• - ..•.••..•.•.•...••.••.•......• A •........••...•.••. A ..•....•..•..•
•••••••••••••••••••• T •••••••••• A ••••••••••••• A ••••••••••••••••••••••••••••••••
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• G ••••••
•••••.•..••••••••••• T •••.••.•••.....••.••••••.••.•••••.•.•.•••.•.• C .•••.••••••
•••••••••••• A •••••••••••••••••••.•••••.•••••••.•••••.•••••••••••••••••••••••••
............ A G.G .
.TTT.CAG C.A.AATCCAAGC- ATT ..TCT.G AACT.T AG.A ..C.ACTTAAAC T
ATTT.CAG.A.CAA.AATCCAAGC- AATT ..TCT.G AACT.T AG.A ..C.ACTTAAAC T
ATTT.CAG C.A.AATCCAAGC- AATT ..TCT.G AACT.T AG.A ..C.A-TTAAAC T
.TTT.CAG C.A.AATCCAAGC- ATT ..TCT.G AACT.T AG.A ..C.ACTTAAACG.G T
.TTT.CAG.A.CAA.AATCCAAGC- ATT ..TCT.G AACT.T AG.A ..C.ACTTAAAC T
.TTT.CAG C.A.AATCCAAG.- ATT ..TCT.G AACT.T AG.A ..C.ACTTAAAC T
·TTT AATCTAAG. - T C TACTC? .
ATTT.CAG C.A.AATCCAAGC- AATT ..TCT.G AACT.? AG.A ..C.ACTTAAAC T
.TTT.CAG C.A.AATCCAAGC- ATT ..TCT.G AACT.T AG.A ..C.ACTTAAAC?? ..T
·TTT AATACAAG. - T TACTC? G T
.TTT.CAG C.A.AATCCAAGC- ATT ..T?T.G AACT.T AG.A ..C.ACTTAAAC T
.TTT.CAG C.A.AATCCAAGC- ATT ..TCT.G AACT.T AG.A ..C.ACTTAAAC T
.TTT.CAG C.A.AATCCAAGC- ATT ..TCT.G AACT.T AG.A ..C.ACTTAAAC T
ATTT.CAG C.A.AATCCAAGC- AATT ..TCT.G AACT.T AG.A ..C.ACTTAAAC T
ATTT.CAG C.A.AATCCAAGC-T ..AATT ..TCT.G AACT.T AG.A ..C.ACTTAAAC C
ATTT. CAG C.A.AATCCAAGC- AATT ..TCT .G AACT. T AG.ATGC .ACTTAAAC TG.?
ATTT .CAG C.A.AATCCAAGC- AATT ..TCT .G AACT .T "AG. A. GC .ACTTAAAC. ',' ?
.TCTACA.A.AA.ACAAT.CT ..CATAGATGATCCC.TGTAGT.GAAGT.TTAT.AAT.G CTTAAA ..C ..GGT
.TCTACA.A.AA.A.AAT.CT ..CATAGATGATCCC.TGTAGT.GAAGT.TTAT.AAT.G CTTAAA ..C ..GGT
·TCTACA.A.AA.A.AAT. CT ..CATAGATGATCCCTTGTAGT .GAAGT~ TTAT .AAT.G CTTAAA ..C ..GGT
.TCTACA.A.AA.ACAAT.CT ..CATAGATGATCCCTTGTAGT.GAAGT.TTAT.AAT.G ..T.CTTAAA ..C ..GGT
.TCTACA.A.AA.A.AAT.CT ..CATAGATGATCTCTTGTAGT.GAAGT.TTAT.AAT.G ..T.CTTAAA ..C ..GGT
.TCTACA.A.AA.ACAAT.CT ..CATAGATGATCTCTTGTAGT.GAAGT.TTAT.AAT.G ..T.CTTAAA ..C ..GGT
.TCTACA.A.AA.A.AAT.CT ..CATA.ATGATCTCTTGTAGT.GAAGT.TTAT.AAT.G CTTAAA ..C ..GGT
.TTTACA ....A.A.AAT.CA ..CATAGATTAT.TCTTGT ..T ..AAGT.T ....AA ..C ACTTAAA .....AGT
.TCTACA.A.AA.A.AAT.CT ..CATAGATGATCTCTTGTAGT.GAAGT.TTAT.AAT.G CTTAAA ..C.TGGT
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Table 18. Distribution ofmtDNA haplotypes among the six species ofhaplochromines
in Lake Kanyaboli, Kenya.

Species Haplotype number(s) (H ... K).N

Xystichromis phytophagus 234567891011194

Astatotilapia nubila 8 1 2 4 5

'Big eye' 9 12

Lipochromis maxillaris 15 1614 13 14

Astatoreochromis alluaudi 57 17 18 19 20 21 22 23 24 2 5

2 6 27 28 29 30 31 32
33

Pseudocranilabus multicolor 34 35 36 3711 38 39 40

41 42
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Pairwise percentage sequence divergences between the six species was generated using

the computer software PAUP* (Phylogenetic Analysis Using Parsimony) version

4.0blO (Swofford 2000) and are summarised in Table 19. Pseudocranilabrus multicolor

victoriae exhibited the highest divergence from the other species. The percentage

nucleotide divergence between P. multicolor and the other haplochromines range from

16.53% for Astatoreochromis alluaudi to 20.86% for the 'big eye'. Astatoreochromis

alluaudi also had similar large sequence divergences ranging from 1l.38% to 1l.65%.

The percentage sequence divergence between the other species was very low, ranging

from 0.27% to 1.36%. The haplochromines are thus characterized by low sequence

divergences and low site variability. The high sequence divergences observed in

Astatoreochromis alluaudi and Pseudocranilabrus multicolor victoriae shows that they

represent an older lineage while Xystichromis phytophagus, Lipochromis maxillaris, the

'big eye' and Astatotilapia nubila are members of the 'modem' Lake Victoria lineage.
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Table 19. Percentage pairwise divergence between six haplochromine species in Lake
Kanyaboli, Kenya.

X phytophagus L. Maxillaris Big eye' A. nubila A. alluaudi P. multicolor

X phytophagus 1.08 0.54 0.27 11.92 20.60

L. mixillaris 1.08 1.36 0.27 11.38 19.51

'Big eye , 0.54 1.36 0.56 11.92 20.86

A. nubila 0.27 0.27 0.56 11.65 20.32

A. alluaudi 11.92 11.38 11.92 11.65 16.53

P. multicolor 20.60 19.51 20.86 20.32 16.53
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The haplotype Neighbour Joining Tree (NJ) Tree and the Minimum Spanning Network

reveal that the Lake Kanyaboli haplochromines all fall within the Lake Victoria group

(Fig. 29 and Fig 30). Haplotype I (the 'central' haplotype) occurred in 46% of the X

phytophagus specimens as well as in both Anubila and L. maxillaris. It is also the most

widely distributed among other Lake Victoria haplochromines (9 species) (Table 20). It

can thus be considered a more 'basal' haplotype among the Lake Victoria

haplochromines. The number of mutations separating the other Kanyaboli haplotypes

from the central haplotype (haplotype 1) and the other Victoria haplotypes from this

haplotype are in the same order of magnitude (1 - 3 mutations). This may be interpreted

to mean that the Kanyaboli and Victoria haplochromines are of the same age. Out of the

42 DNA haplotypes, only 6 are shared with other Lake Victoria haplochromines (table

19). Therefore over 86% of the ana lysed fish specimen represent genetic variation so

far only known from Lake Kanyaboli. Most of this variation is however accounted for

by the older lineages (A. alluaudi and Pm. victoriaei. The haplotypes obtained for the

Lake Kanyaboli haplochromines do not occur in any of the satellite lakes studied so far

(fig. 30).
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Fig. 29 A Neighbour joining tree showing the relationship between the Lake
Kanyaboli sequences and the main haplochromine lineages in Lake Victoria.
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Verheyen et ai., (2003). The codes e.g. RI07 represents the code given to
individual specimen during sequencing.

lB2AnubiIa-
183Arn.biLa·
lB6Anubila •
Rnl.
AF213520 Yssi tapnrogra Vo

134



Fig 30. Minimum Spanning Network showing the relationship between Lake Kanyaboli, Lake
Victoria and other satellite lakes haplotypes. Five haplotypes arc shared between lakes
Kanyaboli and Victoria while other haplotypes are restricted to respective lakes. The other
satellite lakes contain haplotypes unique to each water body. Data for Lake Victoria and
other satellite lakes from Verheyen et al. (2003). Haplotypes shown are from the "modern"
haplochromines only. Numbers inside the circles refer haplotype number assigned.

c::J Lake KanyaboU haplotypes

Lake Victoria haplotypes

Lake Bunyoni haplotypes

Lake Mulehe haplotypes

Lake Mutanda haplotypes

Lake Kivu haplotypes.
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Table 20. Distribution of mtDNA haplotypes between Lake Kanyaboli and Lake
Victoria haplochromines.

Haplotype Lake Kanyaboli haplochromines
Source: This study

Lake Victoria haplochromines
Source: Verheyen et ai, (2003)

1 Xystichromis phytophagus Yssichromis laparograma
Astatotilapia nubila Enterochromis cinctus
Lipochromis maxillaris Gaurochromis simpsoni

Prognathochromis simpsoni
Paralabidochromis beadli
Astatotilapia vellifer
Neochromis nigricans
Platheachromis degeni
Ptychromis ishmaeli

2 Astatotilapia nubila Yssichromis laparograma
Xystichromis phytophagus

4 Astatotilapia nubila Astatotilapia vellifer
Xystichromis phytophagus Astatotilapia nubila

Lipochromis melanopter
Neochromis nigricans
Macroplera bicolor

Paralabidochromis chilotes

5 A statotilapia nubila Paralabidochromis plauretus
Xystichromis phytophagus

10 Xystichromis phytophagus Paralabidochromis chilotes

17 Astatoreochromis alluaudi Astatoreochromis alluaudi
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6.5 Discussion

The mean mtDNA sequence divergence was 18.7% in the older lineages and only 0.63% in

the younger lineages. These findings are congruent with similar previous findings for main

Lake Victoria haplochromines (Meyer, et. al., 1990; Booton et. al., 1999) and for other East.

African Great Lakes (Verheyen et al., 1996, Staumbauer and Meyer, 1992, Ruber et al.,

2001, Bowers et al., 1994). This observation, and the low number of mutations separating

both lake's haplochromine fauna from the central haplotype, illustrates that like the Lake

Victoria haplochromines, the Lake Kanyaboli haplochromines are a young flock and

essentially belong to the Lake Victoria species flock, mitochondrially. Although

depauparate in alpha species distribution, the lake is very rich genetically, as demonstrated

by the high haplotype diversity (42 haplotypes vs 6 species). The high haplotype diversity

can partly be accounted for by the high numbers of individuals sequenced per species. Most

of the work reported for phylogenetic analysis of cichlids have often been based on

sequences of one or a few individuals per species (e.g. Verheyen et al., 1996; Booton et al.,

1999). Among the older lineages tAstatoreochromis alluaudi and Pseudocranilabrus

multicolor) almost every individual sequenced yielded a different haplotype.

Greenwood (1965) suggested that satellite water bodies played a major role in allopatric

speciation of Lake Victoria haplochromines. The finding of a high number of mitochondrial

DNA haplotypes in Lake Kanyaboli supports the hypothesis of satellite lakes having acted

as refugia when Lake Victoria dried up during the Late Pleistocene (Johnson et al., 1996).

Such isolated populations retained a good portion of genetic variation of the entire Lake

Victoria species flock. Upon release into main Lake Victoria, natural selection acted on this
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genetic variation to produce the diverse haplochromine species of Lake Victoria. The

findings of this study therefore corroborates Greenwood's (1965) hypothesis on the possible

role of satellite lakes in allopatric speciation of haplochromines of Lake Victoria. Seehausen

(2000) criticized this view by arquing that the small shallow satellite lakes could not have

persisted when the larger 80m deep Victoria dried up. However, the satellite lakes could

have persisted because each lake has its own hydrological budget, and its survival through

an arid period is not necessarily determined by its size and depth (Johnson et al., 2000).

Unlike the observation of Meyer et al., (1990) the present study revealed that mtDNA

polymorphism is evident among the Lake Kanyaboli haplochromines. The occurrence of

mtDNA polymorphism may be an evidence of incomplete lineage sorting and retention of

ancestral polymorphism and / or introgression. Incomplete lineage sorting leads to

occurrences of mitochondrial polyphyly and paraphyly leading to discordance between

biological species boundaries and mtDNA haplotypes (Futuyma, 1998). This is a further

evidence of the very young age of this flock. However, the presence of haplotypes unique

to a given species means that the species can be discriminated based on some of the mtDNA

haplotypes. Incomplete lineage sorting has also been observed in the Lake Malawi cichlids

(Bowers et al., 1994). This is one problem that is often associated with the phylogenetic

analysis of recently radiated species flocks. Following a speciation event, the distribution of

mtDNA within a species may be polyphyletic prior to becoming monophyletic (Futuyma,

1998, Fig. 15.6). The time to monophly and fixation ofmtDNA haplotypes is influenced by

effective population size, population growth rate, variance in number of offspring and the

mode of speciation (Moritz, et al., 1987). Within lineages like haplochromines that have

undergone rapid radiation not enough time has elapsed to enable the mtDNA haplotypes be
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fixed. Determination of the above demographic parameters is therefore critical to the

understanding of past evolutionary events and the patterns of speciation events in the

Kanyaboli haplochromines.

The results of this study show that Lake Kanyaboli supports a high haplotype diversity some

of which are shared with the main Lake Victoria while some are restricted to Lake

Kanyaboli itself. Lake Kanyaboli thus supports genetic diversity that has either gone extinct

in the main lake, have never been detected or have arisen in situ due to isolation. The

presence of the unique haplotypes shows that genetic differentiation is taking or has taken

place in this lake. The genetic differentiation, however, is yet to be translated into novel

species. Other recent studies have also demonstrated the presence of unique haplotypes

restricted to satellite lake haplochromines. For example Verheyen et al., (2003) obtained

three haplotypes from thirteen specimens from Lakes Bunyoni, Mutanda and Mulehe of

which two were unique to these water bodies. This illustrates the importance of these small

lakes in the conservation of cichlid genetic diversity of the Lake Victoria basin. The

observation that none of the haplotypes obtained in the present study occur in any of the

other satellite lakes presents a case for the management of these lakes as distinct entitities.

The higher molecular diversity exhibited by these fishes compared to the lower

morphological diversity illustrates that molecular evolution in this clade of fishes is

proceeding at a faster rate than morphological evolution. The close mitochondrial affinity

between Lake Kanyaboli and Lake Victoria haplochromines strongly suggests that these

lakes were recently connected and that faunal exchange took place or is still taking place

between them.
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In this study, the mitochondrial DNA has successfully been employed to infer the

phylogenetic status and relationships of the Lake Kanyaboli haplochromines. Based on the

neutral molecular marker mitochondrial DNA, Astatoreochromis alluaudi and

Pseudocranilabrus multicolor victoriae show high molecular divergences in relation to

Xystichromis phytophagus, Lipochromis maxillaris, Astatotilapia nubila and Astatotilapia

"big eye". These two species can phylogenetically be described as members of the' basal'

haplochromine lineages. Xystichromis phytophagus, Lipochromis maxillaris, Astatotilapia

nubila and Astatotilapia "big eye" exhibit very low molecular divergences between

themselves. Such low divergence is characteristic of the 'modem' Lake Victoria Species

Flock. The high number of mitochondrial DNA haplotypes present in Lake Kanyaboli can

be interpreted to mean that such satellite lakes acted as refugia when Lake Victoria dried up.

Mitochondrial DNA polymorphism is common among the four 'modem' haplochromine

cichlids. This can be explained by incomplete lineage sorting and retention of ancestral

polymorphism. This phenomenom 'blurrs' phylogenetic relationships and is a further

indicator of the recent radiation of these species. A comparison between Lake Kanyaboli

and Lake Victoria mtDNA haplotypes indicate high affinity between the two lakes.

Mitochondrially, Lake Kanyaboli belongs to the Lake Victoria species flock. None of the

mitochondrial DNA haplotypes obtained in this study occur in any other Lake Victoria

satellite lakes studied so far. The satellite lakes of Victoria harbour distinct genetic

variations' and should therefore be treated as distinct ecological units for management and

conservation.
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CHAPTER SEVEN

Population genetic structure of the endangered Xystichromis phytophagus
(Greenwood, 1965) in Lake Kanyaboli based on mitochondrial DNA and
microsatellite markers.

7.1 Introduction.

Understanding the spatial and temporal dynamics of endangered species and populations are

critical to effective conservation and management (Soule, 1987). One goal of conservation

biology is to conserve genetic diversity and evolutionary processes. Quantification of levels

of genetic biodiversity in extant endangered species is being recognized as important in the

recognition of taxonomic units in need of protection (Avise 2000, Moritz, 1994). Most

endangered species exhibit very low genetic variabilities probably due to genetic drift and

historical bottlenecks in population size, although examples exist of bottlenecked

populations that retain high levels of variability (Dinnerstein and McCracken, 1990). In

some case studies, plausible arguments have been advanced for a direct association between

observed molecular variability and the long - term viability of an endangered taxon (Soule,

1987). An understanding of the genetic structure of a population is also key to our

understanding of the importance of genetic resources and the importance of genes for the

conservation of species and biodiversity. In the broadest sense, conservation of the genetic

diversity and intergrity of a species relies on identifying the critical genetic units and then

managing these units in a co-ordinated manner (Lesica and Allendorf, 1995).

The recent decline of haplochromine cichlids in Lake Victoria calls for urgent research and

conservation of the remaining species and populations where they still exist. Establishment
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of population genetic structure of such endangered populations should therefore form an

intergral component of ecological studies. Genetic structure and population variability of a

population influences its ability to respond to selective pressures and therefore determine its

long time survival. Despite the many studies on the phylogenetic relationships of the Lake

Victoria region haplochromines, the population structure within these species and

populations qre poorly known. Rico et al., (2003) have attributed the lack of population

genetic studies to lack of appropriate molecular markers.

Mitochondrial DNA, especially the Control Region has been proposed as an appropriate

genetic marker. Because of the high rate of evolution of this genomic region, it has the high

resolution power to show genetic differences among closely related species and even among

populations of the same species. The other molecular marker that has been proposed is the

microsatellite DNA. Microsatellites are single sequence repeat loci that are distributed

randomly throughout the genome. Microsatellites, like mitochondrial DNA, are neutral

genes and are therefore not responsible for the transmission of any traits. Microsatellites

have proven to be one of the most informative DNA markers to show genetic diversity and

infer population structure among populations. Like mtDNA, micro satellites have a very high

rate of mutations and are therefore appropriate as a marker to discern population differences.

Xystichromis phytophagus, (the "Christmas fulu"), is one of the Lake Victoria

haplochromines that are now restricted to Lake Kanyaboli. It has been described as critically

endangered in Lake Kanyaboli (IUCN, 2002). Knowledge of population genetic structure

of such endangered species is an important requirement as a first step towards their

conservation. In this study, mitochondrial DNA and microsatellite DNA markers were

employed to infer the population genetic structure among three lake wide populations and
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genetic variability in this fish species. To our knowledge, this is the first attempt to employ

these two molecular markers to study population genetics of this species in Lake Kanyaboli

and to test the existence of population differentiation at a short distance.

7.2 Specific Objective.

The specific objective of this study was to:

7.2.1 Describe the population genetic structure and genetic variability in

Xystichromis phytophagus using mitochondrial and microsatellite DNA

markers.

7.3 Materials and Methods

7.3.1 Sampling

Three populations of Xystichromis phytophagus from Lake Kanyaboli were sampled. The

first population was taken around Gangu. Gangu is located in the north, close to the mouth

of the Rapudo River. The second population sampled was around Kadenge located on the

southern shore. A narrow constriction exists between the north and the south. In the past

floating papyrus had completely covered the constriction effectively dividing the lake into

two. The third population sampled was Yala. Yala is a 'bay' on the Western shoreline of the

lake. The distance between the sampling sites range between 2 and 2.5 km (see Fig. 7).

205 adult specimens of Xystichromis phytophagus were collected from the three localities

with an equal proportion of males and females in the samples. Sampling was performed

every two weeks between February and July 2002. Upon collection and positive

identification, the fish sampled were preserved in 90% alcohol.
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7.3.2 DNA extraction, mtDNA amplification and sequencing.

Muscle tissue from 90 % ethanol preserved specimens was used as source of DNA.

Total DNA was extracted by sodium chloride extraction and ethanol precipitation after

initial proteinase K digestion (Bruford et al., 1998).

For polymerase chain reaction (PCR) amplification of the first section of the

mitochondrial control region, the fastest evolving segment of the mitochondrial genome,

the published primers L-Pro-F (Meyer et al., 1994) and TDK-D (Kocher et al., 1989).

PCR amplification was performed in a reaction volume of 2l.1 ul, (9.9 ul. HPLC water,

2 ).1Lbuffer, 1.6 flL 10mM dNTPs, 1.4 flL 10 mM MgCh, 2 flL of each primer/2nM, 0.2

ul, TAQ DNA polymerase and 2 ul. of diluted DNA) under the following conditions: 35

cycles with a denaturation phase at 94°C for 30 s, an annealing phase at 52°C for 30 s,

and an extension phase at 72 "C for 90 s. PCR products were visualized by mini-gel

electrophoresis using Ethidium-Brornide staining and 1 % agarose gels.

Two micro-liters of purified PCR product were used as template in the cycle sequencing

reaction. The reaction mixture for cycle sequencing was made up of 1 ul, of 10 flM L-Pro-F

primer, l.5 ul. of the BigDye termination reaction mix (Applied Biosystems) and 5.5 ul, of

HPLC water. The annealing temperature for cycle sequencing was adjusted to 50°C. The

cycle-sequenced products were purified with an ethanol - sodium acetate precipitation, re-

suspended in 15 ul, of HPLC water and analyzed on an ABI 3100 capillary DNA sequencer

(Applied Biosystems) (Appendix V).
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7.3.3 Microsatellite survey.

Six micro satellite loci, which were developed for the cichlids Copadichromis cylicos

(Kellog et al., 1995), Tropheus moori (Zardoya et al., 1996) and the East African mollusc

crusher Astatoreochromis alluaudi (Wu et al., 1999) were initially tested by sequencing to

assess their utility for population studies in the haplochromine cichlids. The six

microsattelites loci tested were chosen for population analyses on the basis of the repeat

number in the sequenced alleles. The selected loci show atleast 10 uninteruppted CA or AC

dinucleotide repeats and were, therefore, considered to exhibit sufficient potential for

polymorphism for population analysis. The selected loci were TMOMll, TMOM5,

UNHOO1, UNH002, OSU20D and TMOM27 A. Characteristics of the six micro satellite loci

are summarized in table 2l.

For sequencing, Polymerase Chain Reaction (PCR) were carried out in 21.lll1 volumes (9.9

III HPLC water, 2.0 III buffer, l.6 ul dNTP, 1.4 III 10mm MgCl2, 2.01ll of each locus

specific primer, 2.0 ul of diluted DNA and 0.2 III Taq DNA Polymerase) (Table 22) using

PCR conditions and annealing temperatures shown in table 21. The PCR product was

diluted 1:10. 1 III of the diluted PCR was added to 0.125 III 500bp Size Standard and 0.9 III

HPLC water. Denaturation was performed for 4 minutes at 94°C and the samples

immediately placed on ice. Direct sequencing was carried out on an ABI PRISMR 3100

automatic sequencer

(Appendix V). Detection of microsatellite alleles in genomic DNA was achieved by end -

labeling the forward primer of the pair with FAM or HEX dyes. The sequencer output was

automatically analysed with an adapted GENESCAN@ ANAL YSIS programme (Applied

Biosystems) and the fragment size (genetic loci polymorphism) determined (scored) using

GENOTYPER@ software (Fig. 31).
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Table 21. Primer sequences, optimized PCR temperatures and PCR product lengths for six rnicrosatellite loci used in this study.

Locus Primer sequences 5' to 3' Product length Annealing temp Repeat motif Reference

TMOM5 F: ocrCM TATTCfCAGCTGACG 300 - 350 48 (CGMAC)14 Zardoya et al., (1996)
RAGA ACA GCG CTG ocr ATG AM

TMOMII F:ATTCAGGTAGAGACGAMTAT 150 - 250 50 (AC)19 Zardoya et al.. (1996)
R: TAG TCA CAG TIT ACA CAC MC

UNHOO1 F: GAT TM CTC TGT CCC TGT

R: CTGMGTGTTMAM TAG 152 - 222 50 (CA)ll-46 Kellog et al., (1995)

UNH002 F: TTATCCCMCTTGCAACTCTA

R TCC ATT TCC TGA TCT MC GAC 183 - 221 52 (CAb-43 Kellog et al., (1995)

OSU20D F:GM GfG GGA TIT GCA GCT 152-211 60 (GT)47 Wu et al., (1999)
R:CAT GeT TAC AMGM CAG

TM0M27A F: AGGCAGGCAAIT ACCITGATGIT 350 - 500 48 (CA)13CC(CA)5 Zardoya et al., (1996)
R: TAC TM CTC TGA MG MC CTGTGA
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Table 22. peR mix for one microsatellite reaction.

Reagent Quantity

HPLC water
10mMMgC h
dNTPs
lOx PCR buffer
2nM Primer 1
2nM Primer 2
1 Red- Taq
Genomic DNA

9.9 ul
1.4 ul
1.6 ul
2.0 ~l
2.0 ul
2.0 ~l
0.2 ~l
2.0 ~l

Total 21.1,...,1
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Fig. 31. Chromatogrciph of miausatdIite alleles ofXysIicbromis phytophagus showing the
amplification of two peaks. Figures on the X axis represent allele IIUIDbeIs hence a
measure ofpolymoIphism while figure on the Y axis show the intensity of the
peaks shown..
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7.3.4 Data analysis I: Mitochondrial Control Region

For the mtDNA data genetic variability was estimated by calculating the haplotype diversity

in each population. The genetic differences between the sampled populations of the

Xystichromis phytophagus were tested using F - statistics (The fixation index) (Weir and

Cockerham, 1984) as calculated by ARLEQUINR 2.000 sofftware (Schneider et al., 2000).

The fixation index, F, serves as a convenient and widely used measure of genetic differences

between populations (Wright, 1978). Theoretically FSThas a minimum of 0, indicating no

genetic difference and a theoretical maximum of 1, indicating fixation for alternative alleles/

haplotypes in the sub - populations.

7.3.5 Data analysis II: Microsatellite markers

For the microsatellite data the genetic polymorphism was estimated for each population with

GENEPOP 3.ld (Raymond and Rousset, 1995) as implemented in the ARLEQUINR 2.000

sofftware (Schneider et el., 2000) as the number of alleles per locus (NA), the observed (Hs)

and the expected heterozygosity (HE). Departure from Hardy - Weinberg expectation for

every locus was calculated in each population and between populations using a test

analogous to Fisher's exact tests (Guo and Thompson, 1992) estimated with a 100000 step,

1000 iteration, Monte Carlo Chain series of permutation, as implemented in the software

ARLEQUINR 2.000 (Schneider et al., 2000). Genotypic linkage disequilibrium was

evaluated with GENEPOP 3.1d as implemented in the ARLEQUINR 2.000 software

(Schneider et al., 2000). Differences between populations in their haplotypic (mtDNA

sequences) and allelic (microsatellites) distributions was tested with an exact test of

population differentiation (Raymond and Rousset, 1995) using the software ARLEQUINR

2.000 (Schneider et al., 2000) as FsT, the pairwise fixation indices, based on haplotype or
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7.4 RnuIts

7.4..1Mic:msatdite uniutet iuptal dinudeotide rqteats..

The selected loci were snccessfidly sequenced and showed at least 10 uninteruppted CA or

TTCCCCAAACACACACACACACACACACACACACGCTCGCG
190 200 210 220

AC dinucleotide repeats (Figure 32).

P
E
A
K

Ii. it

NUCLEOTIDE

Fig. 32. MicrosatdIite loci showing atleast 10 uniotemupted dinucleotide repeats
between base pairs 190 and 220. The ditfaeot colour peaks correspond to
ditfaeot nucleotides.
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7.4.2 Population genetic structure inferred from the mitochondrial DNA
sequences.

DNA sequence of the 400 base pair segment of the mtDNA revealed 11 distinct haplotypes

present in the 205 specimens of Xystichromis phytophagus from Lake Kanyaboli.

Mitochondrial DNA thus revealed high genetic diversity within this species. Private

haplotypes were only found in two populations, Gangu and Kadenge, however in very low

abundance. The haplotype frequency especially of the three main haplotypes occurring in

83.9% of all specimens was similar in the three populations (Table 23).

Population differentiation tests (F - Statisitcs) based on the mtDNA haplotypes were not

significantly different for all pairwise comparisons (P<0.05) between the three populations

(Table 24). This shows that no haplotype has, therefore, been fixed. This is an indication of

high gene flow between the three populations and hence there is no apparent population

differentiation as revealed by the mtDNA. The whole lake species can thus be regarded as

one fully interbreeding population.
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Table 23. Frequency and distribution ofmtDNA haplotypes in three populations of
Xystichromis phytophagus in Lake Kanyaboli.

Haplotype No. of individuals Perecentage frequency Gangu Kadenge Yala

99 48.29 33 32 34

2 43 20.98 13 19 11

3 30 14.63 7 10 13

4 6 2.93 3 2

5 17 8.30 9 5 3

6 2 0.97 2

7 2 0.97 1

8 1 0.49

9 3 1.49 1 2

10 1 0.49 1 -

11 0.49 1

Total 205 100.00 70 72 63
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Table 24. Pairwise estimates of overall genetic divergence between populations of
. Xystichromis phytophagus using mtDNA (FST) and microsatellites (FsT).

Values estimated with ARLEQUIN 2.000 (Schneider et al. 2000).

YALA GANGU KADENGE

YALA 0.00420
0.00965*

0.00470
0.02233*

GANGU 0.00000
0.00192

KADENGE

Microsatellite values are italized. *Significance level = 0.0500
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7.4.3 Population genetic structure inferred from the microsatellites.

The SIX microsatellite markers exhibited high polymorphism in X phytophagus

characterized by multiple numbers alleles. A total of 152 alleles were found in 191

individuals. At each of the six loci the total number of alleles observed ranged from 12 to 20

in TM0l'45, 13 to 19 in TMOMl1, 21 to 24 in UNHOOl, 11 to 14 in UNH002, 30 to 34 in

OSU20D and 10 to 12 in TMOM27 A. Except for the locus TMOM27 A, the allele

frequencies for the most frequent alleles were low (less than O. 3). The microsatellite alleles

exhibit similarities across the three populations although some alleles were restricted to only

one of the three populations (Tables 25 - 30). Levels of allelic diversity were consistently

high in each of the three populations (19.2 ±9.6). For all the loci, the same alleles were the

common alleles in all populations.

The fixation indices (Fst) values were low but significantly different from zero between the

Yala and the other two populations. Population differentiation tests revealed that there was a

small but significant population differentiation between the Yala and the Kadenge and

Gangu populations (Table 24). Thus unlike the mitochondrial DNA, the microsatellites

reveal subtle population differentiation in the Xystichromis phytophagus populations.
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Table 25. Allele frequencies at the micro satellite locus TMOM5 in
Xystichromis phytophagus populations in Lake Kanyaboli.

Population

Allele length (bp) Yala Kadenge Gangu

315 0.220 0.057 0.026
317 0.217 0.171 0.171
319 0.014 0.026
321 0.087 0.071 0.066
323 0.109 0.100 0.118
325 0.044 0.029
327 0.022 0.013
329 0.029 0.026
331 0.044 0.043 0.053
333 0.261 0.143 0.132
335 0.130 0.143 0.066
337 0.239 0.286 0.237
339 0.174 0.329 0.171
341 0.022 0.043 0.079
343 0.022 0.014
345 0.022 0.029 0.039
347 0.283 0.257 0.250
349 0.130 0.029 0.053
351. 0.071
353 0.014 0.026
355 0.022 0.029
359 0.065 0.157 0.145
361 0.014 0.013
363 0.044 0.043 0.013
365 0.026
369 0.022
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Table 26. Allele frequencies at the microsatellite locus TMOMll in
Xystichromis phytophagus populations in Lake Kanyaboli.

Population

Allele length (bp) Yala Kadenge Gangu

167 0.029 0.026
175 0.0l3
195 0.l74 0.029 0.l05
197- 0.0l3
201 0.0l3
203 0.022
205 0.109 0.l49 0.092
207 0.014
209 0.457 0.243 0.184
211 0.l30 0.214 0.132
213 0.014 0.039
215 0.022 0.014 0.0l3
217 0.043 0.014 0.0l3
219 0.4l3 0.429 0.316
221 0.065 0.171 0.132
223 0.039
225 0.0l3
227 0.022 0.071 0.066
229 0.326 0.329 0.395
231 0.l52 0.214 0.l32
233 0.022 0.086 0.053
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Table 27. Allele frequencies at the microsatellite locus UNH001 in
Xystichromis phytophagus populations in Lake Kanyaboli.

Population

Allele length (bp) Yala Kadenge Gangu

162 0.029 0.039
164 0.l09 0.l29 0.092
166 0.065 0.071 0.066
168 0.l96 0.l86 0.197
170 0.022
174 0.013
176 0.022 0.043 0.118
178 0.304 0.286 0.210
180 0.l96 0.l71 0.145
182 0.029
184 0.174 0.200 0.092
186 0.109 0.071 0.052
190 0.065 0.214 0.145
192 0.109 0.086 0.026
194 0.130 0.043 0.052
196 0.100 0.066
198 0.043 0.029 0.079
200 0.014 0.026
202 0.014
204 0.014
206 0.022
208 0.065 0.0l3
210 0.087 0.014 0.026
214 0.087 0.l71 0.092
216 0.022
218 0.013
220 0.014
224 0.022
226 0.l30 0.l71 0.171
228 0.022 0.026
230 0.014
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Table 28. Allele frequencies at the microsatellite locus UNH002 in
Xystichromis phytophagus populations in Lake Kanyaboli.

Population

Allele length (bp) Yala Kadenge Gangu

197 0.014
201 0.261 0.143 0.145
203 0.043 0.057 0.013
209 0.043 0.057 0.039
211 0.087 0.114 0.158
213 0.174 0.271 0.234
217 0.043
219 0.013
221 0.065 0.200 0.132
223 0.326 0.186 0.276
225 0.217 0.129 0.105
227 0.217 0.271 0.145
229 0.370 0.400 0.289
231 0.014
233 0.026
23S 0.174 0.186 0.234
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Table 29. Allele frequencies at the microsatellite locus OSU20D in
Xystichromis phytophagus populations in Lake Kanyaboli.

Population

Allele length (bp) Yala Kadenge Gangu

140 0.109 0.071 0.053
142 0.014 0.013
152 0.043 0.014 0.026
156 0.283 0.243 0.158
158 0.022 0.013
160 0.014
16"6 0.174 0.114 0.092
168 0.130 0.071 0.039
170 0.013
174 0.109 0.043 0.092
176 0.022 0.157 0.066
178 0.013
180 0.029
186 0.026
188 0.022 0.043 0.053
190 0.013
192 0.014
194 0.013
196 0.029
198 0.065 0.114 0.066
200 0.043 0.026
202 0.022 0.014
204 0.026 0.013
206 0.043 0.057 0.029
208 0.065 0.129 0.039
210 0.043 0.071 0.053
212 0.022 0.029 0.013
214 0.022 0.014 0.013
216 0.043 0.013
21.8 0.022
220 0.043 0.129 0.053
222 0.026
224 0.022
226 0.014
228 0.087 0.071 0.079
230 0.152 0.086 0.039
232 0.014
234 0.043 0.029 0.013
236 0.087 0.043 0.066
238 0.057
240 0.043 0.029 0.026
242 0.014 0.013
248 0.087 0.114 0.079
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Table 30. Allele frequencies at the microsatellite locus TMOM27 A in
Xystichromis phytophagus populations in Lake Kanyaboli.

Population

Allele length (bp) Yala Kadenge Gangu

380 0.391 0.714 0.960
382 0.935 0.457 0.l71
398 0.029 0.013
400 0.l30 0.314 0.421
402 0.283 0.257 0.l58
408 0.014
412 0.043
416 0.283 0.053
418 0.283 0.l29 0.0l3
422 0.283 0.014
424 0.065 0.029 0.053
426 0.109 0.l43 0.039
428 0.283 0.057 0.039
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Genetic diversity as measured by expected heterozygosity was high (0.89±0.00025) (Table

31). The observed heterozygosity was high and ranged from 0.83 to 0.96 in TMOM5, 0.84

to 0.85 in TMOM11, 0.89 to 1.00 in UNH001, 0.83 to 0.97 in UNH002, 0.85 to 0.93 in

OSU20D and 0.48 to 0.79 in TMOM27A. The genotype frequency at locus TMOM27A

showed relatively high deficiency of heterozygotes in the three populations. This locus thus

probably has null alles. The locus OSU20D exhibited the highest variability (i.e. most

polymorphic) with 30 to 40 alleles per population while the locus TMOM27A with 10 to 12

alleles per population was the least variable. Genotype frequencies at the loci UNH002 and

TMOM27A showed deviations from Hardy - Weinberg expectations in the Yala population

while the loci TMOM11, UNH002, OSU20D and TMOM27 A showed deviations in the

Kadenge populations. All loci were in accordance with the Hardy - Weinberg expectation in

the Gangu population (P < 0.05). There was also no evidence of linkage disequilibrium

between any pair of loci in any of the three populations.
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Table 31. Genetic variation detected at six microsatellite loci within
three XystidImmis phytDpbagus poputations in take

KanyaiJorr Kenya.

TALA Population:

locus N Hcr- fIE. P. value s.d. Nfl,

lMOM5(28} 46 0.82609 0.92427 OJl9416 OJl0041 12

TMOMll (21) 45 0.B44K 0.85818 0.13408 0.00038 13

UNHOOI (32.) 46 0.97826 0.93669 0.68181 0,(10045 21
UNHOO2 (16) 46 0.82609 0.89101 0.03674* 0.00030 11

05U200(42} 46 0.84783 0..95055 0.11994 OJl0014 30

TMOM27A (13) 46 0.4782.6 o.m41 00סס0.0 00סס0.0 11

KADENGE Population

TMOM5 1'5 O.ge667 0.92353 0.1078Z OJJOOZl 24

lMOMU 14 0.85135 0.87764 0.03430* 0.00024 15
llNHOO1 16 0.89474 0.93282. 0'.07463 OJlOO37 24

UNHOO2 13, 0.80041 0.89'721 0.02875* 0.00039 14

OSU200 15 0'.88000 0.96081 00סס0.0 OJ}OOOO 40

TMOM27A 76 0.72368 0.81318 00סס0.0 00סס0.0 12
GANGU PopulatiOn

lMOM5 67 0.95522 0.92470 0.56341 0.00125 22

TMOroll 69i 0.84058 0.89823 0.60551 6.00065 19

UNHOOI 69 00סס1.0 0.93854 0.53501 0.00070 21
UNHOO2 69 0.91101 0.89421 0121943 OJJOO61 l3

050200 67 0.95522: 0.96128 0:.50750 0.00020 34

1MOM27A 69 0.6CB1O 0.71131 0.10758 OJJOO45 10

N = sample size, Hcr= observed heterozygosity; ~ expected heterozygosity ; NA =the. total
number of aIteles. ~nt deviations from Hardy - Weinberg equilibrium (P < 0.(5). TotaJ
number of alleles: fOe each focus are indicated rn parentheses after' each rocus name.,
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7.5 Discussion

Both molecular markers employed in this study have revealed a high genetic variability

within Xystichromis Phytophagus. The high genetic variability exhibited by this species

augurs well for this species and implies that genetic variability has been conserved in this

species despite its current threatened species status. This may reflect a historically large

effective population size and lack of population bottlenecks in the past. This suggests that a

relatively large number of specimens had originally been isolated from their allies in main

Lake Victoria prior to isolation of Lake Kanyaboli. However, the isolation of the Lake

Kanyaboli populations from a much larger original population of Lake Victoria might have

been accompanied by genetic drift and the fixation of some alleles in some populations,

which is reflected by widespread deviations from Hardy - Weinberg equilibrium (given that

our sample size per population were relatively large it seems unlikely that this patterning is

due to a sampling bias). Genetic theory would predict that bottlenecked populations should

have a significant reduction in effective population size causing a reduction in allele number

and heterozygosity at polymorphic loci (Nei et aI., 1975). Large effective population sizes

are important in minimizing the effects of drift that may lead to population differentiation

even in the presence of gene flow. The species is thus not in immediate danger of extinction

in Lake Kanyaboli. The high genetic variability observed in Xystichromis phytophagus

indicates that Lake Kanyaboli may be in relatively close contact with main Lake Victoria or

other Yala swamp satellite lakes. This could substantially reduce the drift in Lake

Kanyaboli. The presence of alleles at very low frequencies (less than O. 3) for most of the

loci is a further evidence that the population has not suffered a recent bottleneck. The high

genetic diversity can be accounted for by the fact that population decline in the

haplochromines has occurred only in the last 30 years. In otherwords, the genes do not
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reflect the most recent ('instant') ecological history of these populations but rather its

evolutionary past when much larger effective population sizes were present. Similar patterns

have also been observed in other human - impacted species that have suffered severe

population declines throughout its range (Bulgin et al., 2003). Any processes that may result

in population constriction of this species for example over fishing and habitat destruction

should therefore be arrested.

Overall population differentiation tests reveal that the three Lake Kanyaboli populations

exhibit very similar allelic and haplotypic frequencies. Such persistent similarities require

continued gene flow to homogenize allele frequencies and counteract the effects of drift.

The pres~nce of gene flow in the lake is attributed to lack of strong habitat barriers and the

small size of the lake. The lake populations thus largely function demographically as a

single unit. Almost no alleles or haplotypes have been fixed. Because of their highly

philopatric nature, we had hypothesized that populations should exhibit fine scale population

sub - structuring and that the dinucleotide repeat micro satellites used in this study, due to

their very high rates of evolution, should detect this. For example, Ruber et al., (2001)

found high intra - specific genetic isolation within two sympatric rock dwelling Lake

Tanganyika cichlids separated by only 7 km of rocky shoreline. Rico and Turner (2002)

demonstrated significant population structuring between adjacent demes of the cichlid

Pseudotropheus callainos separeted by only 35m of habitat discountinuity in Lake Malawi.

van Oppen (1997) also demonstrated similar fine scale population structuring among four

'Mbuna' species from habitat patches along a 3 km stretch of the Western shore of Lake

Malawi. In this study, Microsatellites have revealed subtle population sub-structuring

between the Yala and the other two populations. The Yala delta is an indent that may
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functionally be separated from the open waters of Lake Kanyaboli. Movement of the fish

within this bay may thus be limited. Microsatellites as used in this study therefore provide a

reliable tool for studying population genetic structure in these cichlids Only one locus,

TMOM27 A is suspected to have null alleles. By failing to amplify one allele, null alleles

often lead to overestimation of homozygotes. Such null alleles would be of significance if

population estimates were actually artefacts caused by the null alleles. This situation is a

common complication in the interpretation of microsatellite genotype data (Lehmann et al.,

1996a). An analysis carried only with the loci that have no heterozygote deficits yielded the

same level of significance on the FSTestimates as the analysis carried with all loci. Null

alleles therefore have little effect on population structure estimates in this study.

Others studies of intra-specific differentiation in Lake Victoria cichlids have focussed on a

much larger geographical scale and have found greater variations among populations. For

example Wuet al., (in preparation) found high genetic variability and moderate population

genetic structure among six Astatoreochromis alluaudi populations in the Lake Victoria

basin. Genetic variation in Lake Kachira was observed to be significantly lower, a factor

attributed to longer, more effective isolation from the other lakes and a probable historic

bottleneck.

The results of this population genetic differentiation study, and the previous studies

mentioned above, strongly demonstrate that population sub-division can occur over very

short distances among haplochromine cichlids. The findings of this study further illustrate

that such sub-division can occur even in a habitat with no obvious barriers to gene flow and

signifies the importance of behavioural characteristics (philopatry) of haplochromine
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cichlids in population differentiation and speciation. The philopatric nature of

haplochromines resulting in the isolation and fine scale population structuring along Lake

Victoria's shores might thus have been an important factor promoting the evolution of about

SOO species ofhaplochromines in Lake Victoria by restricting gene flow among populations.

These observations support the intra lacustrine micro allopatric speciation model of

Kornfield and Smith (2000).

The observation that introgressive hybridization may also be taking place as revealed by

mtDNA polymorphism is the single most immediate and long term threat to the survival of

this species and other haplochromines in this lake. Introgerssion erodes the genetic

distinctiveness of each species and hence reduces variability.

Introgression may indicate that assortative mating is not very strong and that hybridization

may be taking place. One factor that might contribute to this is the current lirnnological

changes observed in this lake. Turbidity is very high and the sechi - disk reading very low

(less than O.SM). Turbidity causes a breakdown in reproductive barriers and curbs sexual

selection based on colour choice (Seehausen et al., 1997). This is a strong evidence of the

changing environmental conditions of the lake related to the declining efficiency of the

wetland to act as a nutrient sink. Abatement of eutrophication of the lake by identifying its

sources should therefore be a priority management activity.

This study have established that mitochondrial DNA and microsatellite DNA reveal high

genetic variation in the endangered haplochroime Xystichromis phytophagus in Lake

Kanyaboli. The existence of such high genetic variation can be attributed to a historically

large population size and lack of past population bottleneck. This augurs well for the
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evolutionary future of this species. It has also been established that high gene flow occurs

between the Gangu - Kadenge - Yala populations, making the Xystichromis phytophagus

population in this lake essentially a single demographic unit. The absence of strong habitat

barriers may account for this. The microsatellite DNA however reveals subtle population

differentiation between Yala and the other two populations. This is probably due to the

sheltered nature of the Yala 'bay' coupled with the extremely philopatric (site fidelity)

nature of hap lochromines.

This study has also demonstrated that population differentiation can occur among

haplochromines even in the absence of strong physical barriers. The existence of fine scale

population differentiation over distances of a few kilometers may have been a factor

promoting speciation ofhaplochromines by restricting gene flow between populations.
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CHAPTER EIGHT

GENERAL DISCUSSION

Although Lake Kanyaboli has repeatedly been quoted as being of high evolutionary interest,

detailed studies have not being done to support such claims (Kaufman and Ochumba, 1993).

The on going changes in land use in the Yala swamp will have great ecological effects on

Lake Kanyaboli (Grabowsky and Poort Consulting Engineers, 1987). The timing of this

study is therefore appropriate.

Although genetically rich, the alpha species diversity in Lake Kanyaboli is very low. Such a

discrepancy between genetic diversity and alpha diversity indicates that molecular evolution

often proceeds at a faster rate than morphological evolution. The high rate of molecular

evolution in haplochromines makes the genome of haplochromines a repository of genetic

variations that can easily be shaped by natural selection into new species (Witte et al.,

1997). In the heterogenous rocky habitats of Mwanza Gulf, Seehausen et al., (1998)

observed a relatively high species diversity. Upto 50 species were recorded in sampling area

measuring just 50 m by SOm. The low species diversity of haplochromines in Lake

Kanyaboli can therefore mainly be attributed to lack of strong habitat discontinuities that can

act as physical barriers to gene flow and perhaps to the relatively young age of Lake

Kanyaboli. These two factors may also be responsible for the lack of high morphological

differentiation in this haplochromine flock.

The food types consumed by Xystichromis phytophagus, Lipochromis maxillaris and

Astatoreochromis alluaudi are similar between lakes Kanyaboli and Nabugabo, a Lake

Victoria satellite found in Uganda. In Lake Nabugabo, a lake very ecologically similar to
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Lake Kanyaboli (Chapman et al., 1995), X phytophagus fed disproportionately high

amount of plant remains, L. maxillaris fed mainly on fish eggs and embryos while A.

alluaudi fed mainly on mollusks (Greenwood, 1965, Namulemo, 1992). The morphological

variations that exist among the haplochromines of Lake Kanyaboli are related to trophic

structures, particularly the oral jaw and dentition structures. These structures appear to be

influenced by environmental factors, namely the kind of food consumed. Such strong

relationships between diet and morphology of trophic apparatus have also been observed in

other haplochromines of Lake Victoria (Barel et al., 1977, Seehausen and Bouton, 1997).

The results of phylogenetic analysis of the haplochromine cichlids of Lake Kanyaboli are

consistent with similar studies on the haplochromines of Lake Victoria (Meyer et al., 1990,

Booton et al., 1999). The present study has confirmed the high phylogenetic affinity among

the haplochromine fauna of lakes Kanyaboli and Victoria and confirms the basal status of

Pseudocranilabrus multicolor victoriae and Astatorechromis allaudi, based on the

mitochondrial DNA molecular divergence. Booton et al., (1999) studied the phylogenetic

relationships of the Lake Victoria species flock employing the genomic region Ribosomal

RNA Transcribed Spacer One (ITS - 1) as a marker. Their results showed that

Pseudocranilabrus multicolor victoriae had the highest sequence divergence among 15

Lake Victoria haplochromines followed by Astatoreochromis alluaudi (Booton et a!., 1999).

Similarly, Meyer et al., (1990), employing cytochrome b region of the mitochondrial DNA

as a marker, obtained high sequence divergence between Pm. victoriae and

Astatoreochromis alluaudi and twelve other haplochromine cichlids from the Lake Victoria

basin. The other twelve haplochromine species exhibited very low sequence divergence

between themselves. The very low sequence divergence observed in the Xystirchromis
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phytophagus, Lipochromis maxillaris, Astatotilapia nubila and Astatotilapia ' Big

eye'haplochromine cichlids of Lake Kanyaboli supports their classification as 'modem'

Lake Victoria haplochromine cichlids (Booton et al., 1999, Meyer et al., 1990). The

mitochondrial DNA control region marker employed in this study therefore supports the

division of the Lake Victoria haplochromines into 'modem' and 'basal' species. Unlike the

RNA Transcribed Spacer One marker used by Booton et al., (1999), the mitochondrial DNA

marker u~ed in the present study was able to distinguish, based on unique haplotypes, the

four modem Lake Kanyaboli haplochromines. Mitochondrial DNA as used in this study

exhibited a higher resolution power and should therefore be the choice molecular marker in

discerning evolutionary relationships ofthe closely related Victoria haplochromine species.

It has been suggested that the entire lake basin of Lake Victoria dried out during the late

Pleistocene (Johnson et al., 1996), raising the possibility that the entire Lake Victoria

haplochromine cichlid species flock became extinct and has re-evolved at a record -setting

pace since the refilling of the Lake Victoria basin. The evolutionary implications of the

results of the present study, the finding of a relatively high number of mitochondrial

haplotypes in a single species (Xystichromis phytophagus), shows that a relatively large

portion of the genetic diversity of Lake Victoria's entire haplochromine cichlid assemblage

can be maintained in a small lake. This observation provides empirical evidence for the

theoretical possibility that, if refugia persisted during the Late Pleistocene arid period in the

form of small, shallow lakes in the confines of the present Lake Victoria basin (Fryer, 2001),

such refugial populations could have retained a good portion of the genetic variation of the

entire species flock. The loss of genetic variation during the Late Pleistocene arid period,

during which an almost complete extinction of most Lake Victoria cichlid species occurred
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(Verhey en et al., 2003), might then have been rather mmor permitting the rapid re-

colonization and diversification of the Lake Victoria haplochromine cichlid species flock

from a small number of shallow refugiallake populations (Verheyen et al., 2004).

The microsatellite molecular marker used in this study demonstrated existence of fine scale

population structuring over short distances and high genetic variation in Xystichromis

phytophagus in Lake Kanyaboli. Such observations among cichlid populations have been

demonstrated by Rico and Turner (2002) and van Oppen (1997) in Lake Malawi. The

evolutionary implication of such findings is that population subdivision among the

haplochromine cichlids can occur over very short distances and sometimes even in the

absence of obvious barriers to gene flow. Such population sub division could have

contributed to the explosive speciation of the haplochromine cichlids in Lake Victoria by

restricting gene flow between populations.

The existence of high genetic diversity as demonstrated in Xystichromis phytophagus

confirms the high biodiversity and evolutionary importance of Lake Kanyaboli, since

genetic diversity is the driving force of evolution. It is thus important to consider Lake

Kanyaboli (and perhaps the other Yala swamp wetland lakes too) a repository of Lake

Victoria genetic diversity and hence an Evolutionary Significant Unit (ESU)(Moritz, 1994).

This study has revealed that the currently developed molecular techniques can have direct

applicability to ecological and evolutionary studies. Molecular studies can, and should

increasingly be used to complement ecological studies.

It has been suggested that Lake Kanyaboli can be used as a source to re-stock other
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genetically depauparate lakes of the Lake Victoria region (Loiselle, 1996). The high genetic

diversity occurring in the Xystichromis phytophagus populations can be used as a strong

case to support this. There is therefore need to genetically characterize other haplochromine

populations within the Lake Victoria basin and to document inter lake population

movements. Such information can be used as a basis of whether to adopt a basin wide or

lake specific management strategies.

This work has provided a substantial database on diet and feeding relationships as well as

a detailed morphological, phylogenetic and population genetic structure of the major

Lake Kanyaboli haplochromine cichlids. No previous studies had specifically addressed

these. Overall, the results of this study have provided important insights into the ecological

and evolutionary status of Lake Kanyaboli haplochromines. It therefore forms a

fundamental basis for future studies in ecology, phylogenetics and population genetic

structure and dynamics of the Lake Kanyaboli haplochromines.
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CHAPTER NINE

MAIN FINDINGS, CONCLUSIONS AND RECOMMENDATIONS.

9.1 Findings and conclusions.

1. Based on morphological studies, the haplochromine cichlids of Lake Kanyaboli

are characterized by low species diversity and lack of phenotypic polymorphisms

and can be classified as morphologically generalized.

2. Diet overlap is common among the Lake Kanyaboli haplochromines.

3. Certain food items are however consumed in relatively higher proportions by each

fish species. The six haplochromine species can be trophically designated thus:

insectivores, algivores, paedophage, plant feeder and molluscivores. The food

partitioning is highly correlated with the dentition structure.

4. The six haplochromines are restricted to the shallow fringing swamps (upto I.Sm)

during the day. Three species ILipochromis maxillaris, Astatoreochromis alluaudi

and Xystichromis phytophagus) exhibit lake wide distribution at night.

5. Phylogenetically, the flock of Lake Kanyaboli consists of both 'basal' and

'modem' Lake Victoria species flock haplochromines. Lake Kanyaboli

haplochromines belong to the Lake Victoria species flock mitochondrially.

6. The high mitochondrial haplotype diversity obtained in the present study supports

the hypothesis of satellite lakes having acted as refugia during the drying up of

Lake Victoria.
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7. The mtDNA sequences obtained in this study do not occur in any of the Lake

Victoria satellite lakes so far studied. Lake Victoria satellite lakes thus contain

distinct genetic variations and should be treated as distinct ecological units.

8. mtDNA polymorphism is common among the Kanyaboli haplochromines.

9. The high genetic variability as determined by mtDNA and microsatellites in the

endangered Xystichromis phytophagus reflects a historically large population size

and lack of past population bottlenecks.

10. The three Lake Kanyaboli populations (Gangu, Kadenge and Yala) studied are

essentially one demographic unit.

11. Microsatellites however reveal a slight but significant population sub-structuring

between the Yala and the other two populations due to the philopatric nature (site

fidelity) among haplochromines and probably due to the sheltered nature of the Yala

'bay.'

12. Lake Kanyaboli and similar satellite lakes provide an opportunity for conservation

of both genetic and trophic diversity threatened by introduction of exotics in the

Lake Victoria basin.

9.2 Recommendations.

1. Lake Kanyaboli and the Yala swamp should be recognized as an Ecologically

Significant Unit and integrated management of the Yala swamp and its associated lakes

should be undertaken to secure its ecological integrity and ecosystem functioning in order to

conserve its genetic diversity.
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2. It is recommended that molecular genetic characterization of cichlids of the other Yala

swamp lakes be undertaken. In particular such studies should aim at documenting the

existing genetic variability and population genetic structure of the extant ichthyofauna. Such

data would be important in determining whether the whole lake basin should be managed as

a single unit or whether each lake should be managed separately.

3. There is need to undertake hydro-geological studies to determine the age of Lake

Kanyaboli. The results of such a study would be used to establish a connection between

hydrological cycles to biological diversity and the implications of this to species radiations

in the wider Lake Victoria region.

4. Future studies should employ stable isotope studies to supplement data on gut content

analysis.

5. There is need to re-appraise the endangered status of Xyistichromis phytophagus in Lake

Kanyaboli in the light ofthe population genetics data presented in this study.

6. The high genetic diversity exhibited by X phytophagus shows that it can be used as a

source to re - stock other genetically depauparate lakes.

7. Future phylogenetic studies should employ other molecular markers. For example

Amplified Fragment Length Polymorphisms (AFLP) has been proposed as a suitable marker

to study rapidly evolving systems (Albertson, et al., 1999). AFLP's help to overcome the

problem of persisitence of ancestral polymorphism encountered when using mtDNA as a

marker.
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