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Abstract

The species flocks of cichlid fishes in the largest East African Lakes, Victoria, Malawi and Tanganyika, are

well-known examples of adaptive radiations and "explosive speciation". These species assemblages are the

most species-rich and the most diverse, morphologically, ecologically and behaviorally among vertebrates.

Phenotypic and genotypic data sets are expected to provide concordant phylogenetic information about these

species assemblages, since both share identical evolutionary histories. Molecular data however have some

advantages for phylogeny reconstruction over morphological data. Our understanding of the phylogenetic

relationships among East African cichlid fish species flocks has increased rapidly since the recent invention

of the polymerase chain reaction (PCR) which dramatically facilitated the collection of molecular data.

Phylogenetic analyses of recent molecular data in the context of the geological history of the East Atrican

lakes helped to elucidate some aspects of the evolutionary history and evolutionary Processes that might

have led to the origin of these extraordinary fish faunas. The molecular studies on the whole conhrm many

previous morphology-based hypotheses, however, they also offer alternative phylogenetic hypotheses that

differ from previous phylogenies.

Introduction

The cichlid fish faunas of the three East African Great Lakes, Victoria, Tanganyika, and

Malawi, are enormously diverse and a testimony to the evolutionary victory of cichüd fish. In

each of these lakes (Fig. 1) a radiation of several hundred species (Fnven & Ir-rs 1972) almost

all of which are endemic to their particular lake are found. These species flocks make the

Cichlidae one of the most species-rich family of vertebrates. The special history of cichlids is

highlighted by the coexistence of other families of fish in each of these three lakes, that have

not undergone this kind of spectacular radiation. The evolutionary origin and ecological

maintenance of the enormous cichlid species diversity (Fig.2) has been much researched and

debated (e.g. Mevn 1942, 1984, FRyen & Iles 1972, Covwrln 1991, KriiNI-svsDe 1991).

Despite this long, still ongoing debate, the phylogenetic relationships among the endemic

cichlid faunas have remained largely unresolved, since no morphological feature could be

found to be characteristic of all members of a particular radiation that might have

unambiguously indicated that each of these radiations are phylogenetically independent of
each other (SrnssNv 1981, GneeNwooD 1983).

The species flocks (defined as monophyletic assemblages of species inhabiting one lake,

GnreNwooo i984) of all three of the lakes contain a sweeping array of morphologically and

behaviorally highly specialized cichlids (Fnven & Iles 1972). Part of the reason for the

evolutionary success and diversification of cichlids might be a morphological novelty only
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Fig. 1. Geography of Fast Africa
showing the locations of the three
great lakes and the major river
systems. Figure redrawn after Fnysn
& Ims (1972).

they possess (LEM 1973, Osse & Lrcv 1975). Cichlids have a second set of jaws in back of
the buccal cavity, the modified pharyngeal jaws. This key innovation is believed to have
allowed cichlids to become highly specialized on particular types of prey and to have
facilitated the evolution of stenotopy and fine niche-partitioning. This second set ofjaws might
allow cichlids to out-compete other fish inhabiting the great East African lakes that do not
possess them (LIeu 1973, Osse & Lreu 1975). Similar morphological solutions to the same
ecological problems have been found in more than one cichlid species flock (GneENwooD
1983). Some highly derived specializations are similar between species endemic to different
lakes. In East African cichlids, both the Victoria endemic Macropleurodus bicolor and the
Malawi endemic Chilotilapia rhoadesi exhibit a highly derived oral jaw dentition, jaw
structure and feeding behavior - they prey on gastropods by crushing their shells with their
oral jaws (Fnven & ILes 1972, GnneNwooD 1983). Likewise, Scru-uren & McPrnu- (1993)
described that temperate fishes repeatedly diversified in a predictable way when new habitats
became available.

Despite much effort in elucidating the evolutionary relationships among the species
assemblages, the question of whether each of the assemblages is a monophyletic flock that can
be traced back to a single ancestral species and consequently whether the morphological
similarities between the members of different flocks evolved as convergences, remained
unanswered. Alternatively, specializations could have arisen only once and indicate
polyphyletic origins for the species flocks with each of several lineages having a geographic
distribution that extends beyond the boundaries of a single lake (SrrassNy 1981, GnrnNwooo
1983). This interpretation would indicate that relationships of recent common ancestry exist
among many of the members of the three species flocks (FnvEn & Iles 1972, GnsnlJwooD
1983) and that these radiations cannot be traced back to single ancestral species.

The tempo and mode of evolution and the origin of morphological solutions to ecological
problems can be studied based on an understanding of the relationships among the species
flocks. It is desireable to have knowledge of the phylogenetic relationships within and between
the three cichlid radiations. Furthermore, estimates on rates of speciation in these flocks will
hinge on basic knowledge (like the monophyly versus paraphyly or polyphyly) and the age of
the species assemblages. Based on these phylogenies one might gain knowledge about the
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M : Rhantphochromis longiceps

M : R lnntphochromis nucroP ht halruu

T : Xenotilapia melarcge nYs T: Xenorilapia sitrc
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Fig. 2. Variation in body from in East African cichlid fish from [,ake Victoria (V), Lake Tanganyika (T) and

Lake Malawi (M). Figure redrawn after FnvsR & Ircs (1972) nd GneeNwooo (1984).

potential ancestors of these species flocks and what might have made them successful

coionizers of these lakes and founders of species flocks.

The use of morphology and molecules in tracing evolutionary histories

Each organism's phenotype and genotype share the same evolutionary history (except in
probably rare cases of horizontal gene transfer), hence, both general types of data sets should

provide the same estimates of phylogenetic relationships (HuIs 1987, PerrensoN 1987).

Therefore, data derived from the phenotypes of organisms, which traditionally consist of

409

V : generalircd. " H ap Io c hro mi s"

V : P yxi c hromis p aro t ho s bma

-f,r.t
M: Clrtocara moorii

T : Lobo c hi lo tes I ab iatus

T : Tebtao c fuomis v ittatus



410 A. Meyer, C. Montero and A. Spreinat

morphoiogical characters, biochemical data reflecting the genotype are expected to provide
equally reliable phylogenetic markers. But, molecuiar data sets are usually easier to obtain
than morphological data sets. This is because often only experts of a particular group of
organisms are able to identify meaningful morphological characters for a cladistic analysis
which aims to reconstruct the phylogeny of the species under consideration. Also, the number
of molecular characters that can be extracted from species is limitless since each species'
genome is made up of billions of DNA base pairs each of which can be used as a phylogenetic
character and potentially contains phylogenetic information. The number of characters that can
be identified in the phenotype of organisms is limited by the morphologist's abilities working
on the group to identify characters for a cladistic analysis. Molecular data can have the added
advantage over morphological data sets that they can be collected in "universal" metrics, e.g.
DNA sequences of particular genes from several laboratories can be combined and applied to
phylogenetic questions that were not intended in the original study. Such a universal metric is
e. g. small nuclear ribosomal RNA gene sequences that have been collected for a wide variety
of organisms. This potential of some (but not all types of) molecular data sets to be "universal
metrics" for the purpose of phylogeny reconstruction is not present in morphological data
since each of these data sets must be newiy established for every phenotype-based
phylogenetic study and are only rarely transferable between studies. Still, one type of data set
is not inherently better than another; both exhibit "phylogenetic noise" (e. g. homoplasy) and
provide useful phylogenetic information, and the signal-to-noise-ratio is often similar in both
kinds of data sets (Hu-t-ls 1987, SnNoERSoN & DoNocr-ruE 1989; and also behavioral
characters: Daquenoz & WrNaseRGeR 1993). Also, morphology-based phylogenetic
hypotheses are often the basis for later molecular phylogenetic studies that aim to test
predictions made based on morphological characters. Molecular studies have the advantage
that since they use characters that are independent from morphology, they are able to trace the
evolution of morphological traits based on a molecular phylogenetic hypothesis, avoiding
circularity and allowing for immediate identification of potential homoplasies and
morphological parallelisms.

Various types of biochemical data are typically used to infer phylogenetic relationships
among species. Allozyme, immunological and DNA-DNA hybridization data have been
widely used but are now increasingly replaced by several types of DNA-based data (Mewn
1994). Since the advent of the polymerase chain reaction (PCR) in 1985-1986 (Sruxi et al.
1985, 1988, WRtsHNrr et al. 1987), our knowledge about DNA and the phylogeny of
vertebrates has increased dramatically (e.g. reviewed in Meynn 1993a,b, 1994).

Since congruence in the phylogenetic estimates is expected from both kinds of data sets,
it has been argued that the combination of morphological and molecular data sets should
provide "total evidence" (KLUce 1989). There are, however, numerous problems when both
data sets are combined, and when different phylogenetic answers are obtained if these data sets

are analyzed separately (reviewed in SworroRD 1991, MRnolsoN & MeporsoN 1992).

The polymerase chain reaction

PCR is an enzymatic cloning technique that allows the amplification of portions of genes
(within size limis of currently maximally several thousand base pairs) that are defined by
synthetic oligonucleotide "primers" (SRtxt et al. 1985, 1988, reviews in e.g. Wrrre et al. 1989,
ARNHena et al. 1990, refs. in ERt-tcs 1989, INNts et al. 1990) (Fig.3). The primers are usually
around 20 base pairs (bp) in length and define the 5' and 3' ends of the double-stranded piece
of DNA that is going to be amplified. The specificity of the amplification is accomplished
through the need for an almost-perfect fit of the primers to the template DNA (Kwox et al.
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details.

1990). During each cycle of PCR, the number of copies of the DNA-fragment delineated by
the primers at either end is doubled (Fig.3). Usually 25-40 cycles are completed in a thermal

cycler in about three hours. PCR is much faster and cheaper than convential cloning
techniques. First, a double-stranded PCR product is produced that is then either sequenced

(double stranded sequencing, or alternatively "cycle-sequenced"), or subcloned and then

sequenced, or cut with restriction enzymes, (RFLP data) or used as template DNA for a

subsequent asymmetric amplification (GYLLENsTEN & Eru-Ics 1988) or digested with an

exonuclease to product single-stranded DNA for direct sequencing of single-stranded DNA.

Sequencing gels of single-stranded DNA often allow one to read more base pairs than

sequencing gels of double-stranded DNA. Single-stranded PCR amplified DNA can be as

clean as sub-cloned DNA and routinely more than 300-400bp can be unambiguously

determined from a single sequencing reaction.

The determination of DNA sequences tends to be time-consuming, costly and technically

involved. However, DNA sequences of homologous mitochondrial and nuclear genes will
allow direct comparisons and study of DNA from different species that have been determined

in different laboratories - DNA sequences of the same genes are "universal metrics" that can

be transferred between different studies and laboratories. DNA sequences can also be stored in
data banks (e.g. EMBL, GenBank) and are universally usable, powerful data. The increased

costs of DNA sequences compared to RFLP data are far outweighed by their advantage as a

universally retrievable, and applicable type of data, since homologous data from independent

laboratories can be used in direct comparisons for new studies. Again, these obvious advant-

ages of molecular data do not negate or diminish the value or necessity of morphological
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inquiries, but rather should be viewed as a complementary approach that builds on previous

comparative morphological work. Moiecular approaches, specifically the study of the
mitochondrial genome through restriction enzyme analysis and more recently through DNA
sequences are providing many new insights and some surprising results that are sometimes in
conflict with previous morphological phylogenetic hypotheses (KoRNTIELD 1991, MeypR et al.

1990, 1991, SruRNreeuen & Meven 1992, MonaN et al. 1994, STUnvBAUER et al. 1994). In
these molecular studies, as in most other similar studies, evolutionary relationships among

mitochondrial DNA haplotypes are used as proxy for the phylogenetic relationships among

species (AvIse & Bell 1990, Meven 1993b). This raises the important issue of 'gene-trees'

versus 'species trees', however, this will not be discussed here.

Monophyly of the Lake Victoria super-Ilock

Lake Victoria is the youngest of the three large East African Lakes. It started to form about
250,000 to 750,000 years ago (Fnven & Iles 1972), yet it contained a species flock of more

than 300 endemic hapiochromine cichlids (the entire flock is threatened by extinction: e.g.

Wrrre et al. 1992). The lake had its origin from two westward flowing rivers, the

proto-Kagera and the proto-Katonga, that were back-ponded in the Pleistocene by the uplifted
western margin of the Victoria basin (Fnven & Iles 1972). The geological history of the

formation of Lake Victoria indicates that during the Pleistocene a connection existed between

this lake and several smaller ones to the west of it: Lakes Edward, George, and Kivu (Fig. 1).

Therefore, the Lake Victoria flock should be considered a super-species-flock that goes

beyond the current shores of Lake Victoria. GnreNwoon was the first to point this out, coined

the term super-species flock, and laid out criteria for the use of "species flock" for species

assemblages - (1) high levels of endemicity, (2) monophyly, (3) geographic circumscription
(GnreNwoon 1984).

Almost ali of the endemic cichlids of Lake Victoria were originally assigned to a single

genus "Haplochromis"; now they are divided into more than 20 genera (GnEeNwoop 1980).

Until recently, it was not known whether more than one riverine ancestral species provided the

initial inoculum to the present diversity in Lake Victoria. Among cichlid taxonomists, the

tendency was to believe that the Lake Victoria haplochromine cichlid assemblage had more

than one ancestor (Fnvrn & Iles 1972); Gneenwooo argued that neither the Victoria
super-flock nor the Lake Malawi cichlid assemblage should be considered a single species

flock (GnrnNwooD i983). However, electrophoretic data showed that the members of this

cichlid flock are extremely closely related (the mean genetic distance being only 0.006

substitutions per iocus) which suggested that they might have recently arisen from only a

single ancestral species (Sece et al. 1984).

Mitochondrial DNA (mtDNA) sequences, in general, evolve faster than nuclear DNA
(BnowN et al. 1979; reviewed in Meven 1993a). Phylogenies based on mtDNA (particularly

of the fast evolving control-region), therefore, have the ability to resolve evolutionary

relationships among young species (e.g. Mevrn et al. 1990). MTDNA variation among fishes

of the Victoria flock was investigated and found to be extremely small (Mevrn et al. 1990). In
fact, no variation was detected in 363 base pairs of the cytochrome b gene, and only about 2-
3 substitutions differentiate mitochondrial haplotypes and presumably species of Lake Victoria
cichlids in M}bp of the control region of the mitochondrial genome (Meven et al. 1990).

Most of the mutations are transition substirutions rather than transversions indicating a very

recent divergence (MevEn 1993a). More variation has been documented in the homologous

portion of mtDNA in Homo sapiens than was found among the studied 14 species of nine

representative endemic genera of Lake Victoria haplochromine cichlids (VIcrem et al. 1989).
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Lake Victoria
super-f lock

Astatolllapla bloyetl

Astatotllapls burtonl

Rhamphochromls sp-

AstatoUlapla calllptera
Diplotaxodon sp.
Copadlchrcmls mloto

Lake Malawi
flock
group A

Lake Malawi
flock
group B

Astatoreochromis alluaudl

Tanganyika "flock"

West African cichlids

Fig. 4. Phylogenetic tree relating the tkee endemic species flocks of l:ke Victoria, Lake Malawi and some
riverine species ofhaplochromine cichlids from East Africa to part ofthe I-ake Tanganyika flock (see Fig.5)
based on Meven et al. (1990, 1991) and MonaN et al. (1994). Presumed monophyletic assemblages are
indicated with shaded boxes. Branches are not drawn to indicate time since divergence. Astatoreochromis
alluaudi is a widespread East African species that also lives in Lake Victoria. Astatotilapia bloyetiis a
generalized haplochromine (Fig. 2) that is found in several rivers of East Atrica and probably resembles the
ancestral species of the l-ake Victoria flock.

This high degree of mtDNA similarity and the earlier allozyme data suggested a very young
age for this flock, probably less than 200,000 years (Snce et al. 1984, Meyen et al. 1990) (Fig.
4). The molecular-based age estimate for the species flock is younger than the lake, and
supports the notion of intra-lacustrine speciation; i.e. the adaptive radiation of this species
flock is likely to have occurred in Lake Victoria itself rather than being due to several
independent immigrations of different ancestral lineages. Phylogenetic relationships within the
Victoria super-flock could not be established with certainty since too little phylogenetic
information was contained even in the fastest evolving portion of the mitochondrial genome
(Mevrn et al. i990). Comparisons of mtDNA sequences from Lake Victoria endemics with
those from Lake Malawi, Lake Tanganyika, non-endemics and riverine cichlids of East and
West Africa indicate that the Lake Victoria super-flock (which includes endemics from satellite
lakes like Lake Edward) make it likely that the Victoria super-flock (and also the Malawi
flock) originated from single ancesrral species (Mevrn et al. 1990, 1991) (Fig.4). The
phylogeny of the Lake Victoria super-flock and the Lake Malawi flock) in relation to riverine
East African cichlids is currently being investigated further (Mevrn & Molrrsno, unpubl.
data).

Despite this extremely low level of mitochondrial DNA variation among morphologically
very different species of cichlids (Fig.2), there was only one case in which identical mtDNA
haplotypes were detected among two morpho-types interpreted to be good biological species

4t3
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(MEvEn et al. 1990). This might argue that lineage sorting of mtDNA haplotypes was fast and

almost complete even among these very young species (AvIsE & B,tll 1990). These data

might also argue that the estimated number of species in Lake Victoria is supported by genetic

differences and that they might indeed be reproductively isolated biological species. However,

the interpretation of mitochondrial DNA to address the question of the validity of biological
species has to be interpreted with caution (Avrsr & Bnll 1990). The mtDNA data tentatively
indicate that founding populations of these species might have been small and the mtDNA
variability low in the progenitor population (Mevrn et al. 1990). A more detailed charact-

erization, with larger intraspecific sample sizes and the inclusion of nuclear DNA markers wili
provide more insights into the question of the validity of the species ranks and the dynamics

of speciation in Lake Victoria haplochromine cichlids (Mevrn et al., in prep.).

Recent nuclear DNA data from the MHC locus (Klew et ai. 1993, ONo et al. 1993) for
Lake Malawi cichlids suggests that the amount of variation contained in the members of the

Malawi flock is large, arguing against small population sizes for the founders or at least

against the existence of a prolonged bottleneck, which would tend to decrease genetic

variation. New mitochondrial DNA studies on intraspecific variation in Lake Malawi mbuna

detected quite limited amounts of variation (Bowens et al. 1994).

The Lake Malawi flock and its relationships to the Victoria super-flock

Electrophoretic data determined that the endemic cichlids of Lake Malawi are exceedingly

closely related (KonxnrEI-o 1978) and suggested that the Lake Malawi flock is not
polyphyletic (KonNner-o et al. 1985). In agreement with the electrophoretic evidence, data

from mtDNA sequences also suggest that the Lake Malawi species flock appears to be

monophyletic (MEven et al. 1990). Species from the Victoria and Malawi flocks differ from
each other by at least 54 DNA-substitutions (in the 803 base pairs compared from two
mitochondrial genes); hence any morphological or behavioral similarity that appears to link
particular species from these lakes should be interpreted as parallelism or homoplasy rather

than as an indicator of common descent (Meven et al. 1990). This is also true for the Lake
Malawi-Tanganyika comparison (Konnnelo et al. 1985, MeveR et al. 1990, MeveR 7993a,

KocseR et al. 1993). The Malawi and the Victoria flocks, despite being genetically distinct,

are still very closely related, relative to other comparisons. In the mitochondrial cytochrome ä
gene, they differ by only 5Vo sequence divergence whereas congeneric cichlid species of the

Neotropical genus Cichlasoma differ by up to lIVo (MevtR et al. 1990).

Within Lake Malawi two genetically monophyletic groups, each composed of about 200

species (Eccles & Tnrwnvns 1989), were characterized based on mtDNA sequences; they

differ from each other by at least 24 substitutions (MevsR et al. 1990, see also Monan et al.

199a) Fig.4). Based on mtDNA sequence divergence, the age of this flock has been estimated

at around 700,000 years, suggesting that this radiation took place in the Lake Malawi basin

which is 1-2 million years old (Fnvrn & Iles 1972). One group of species is largely confined

to rocky habitats (the mbuna), and the second lives over sandy habitats, and is composed of
species that were until recently largely assigned to the genus Haplochromis (Ecci-es &
TRewnves 1989). Mitochondrial data suggest that both groups can be traced back to a common

ancestral species for probably the whole Lake Malawi flock with the exception of the

Astatotilapia calliptera lineage (Meven et al. 1990, MoRRN et aI. 1994). Astatotilapia
calliptera, which is not strictly endemic to Lake Malawi, is, based mitochondrial DNA data,

distinct from the two major lineages and might be representative of the ancestral stock (Meven

et al. 1991, MoR,qN etal. 1994) (Fig.4,5); which had been previously suggested by morph-

ological data (Tnrwave.s 1949). Since no phylogenetic hypothesis based on cladistically



Evolution of cichlid species flocks

A. calllptera
B u ccoc hrom ls atrltaenl atu s
Nimbochromls polystigma
Copadlchromls spec.
Arlstochromls chrystl
Hemltilapla oxyrhynchu s
Eclelochromls Iobochllus
Tyranochrom Is nlgrlventer
Cyrtocara moorl
Pseud otropheus tropheops
Labldoc hrom Is c h isu mu I ae
Melanochrom ls loanlohnsonae
Aulonocara korneliae
Mel ano ch rom is labro su s
Rhamphochromls spec.
A. burtonl
A. elegans
Neochromls nigricans
A. "Rukwa"
A. "Manonga"
A. stappersl
A. paludlnosa
Astatotllapla bloyeti
Astatoreo c hrom is allu au d i
Serranochromls robustus

Fig. 5. 50Vo majority rule bootstrap concensus tree analyzed with Peup (200 replications) of unpublished

mitochondrial control region sequences of Lake Malawi, Lake Victoria and East African non-endemic

haplochromine cichlids (Meven & Movreno, unpubl. data). "A" stands forAstatotilapia indicating tentative

assignment of these riverine haplochromine species to this mitochondrial not-monophyletic genus.

analyzed morphological characters it is available comparisons to the molecular phylogenetic

hypothesis are currently not possible.

More recent interesting work by Mon,+N et al. (1994) based on mitochondrial RFLP data,

suggest that there are six independent lineages in Lake Malawi: Serranochromis robustus is

clearly a basal member lineage; this species was not included in our original studies (MEvEn

et al. 1990, 1991). MonnN et al.'s (1994) recent restriction analyses of mtDNA further

suggests that aside from the two major groups, the mbuna and non-mbuna (Fig.4) also

Rhamphochromis, Diplotaxodon, Astatotilapia calliptera and Copadichromis mloto may

represent other discrete endemic lineages for a total of six (not considering Serranochromis

robustus) (Fig. a). Further, these data tentatively indicate that the Rharnphochromis lineage

may be more basal than Astatotilapia calliptera and that the mbuna group is paraphyletic

(Mon4N et aL. 1994) (Fig. a). Fig.4 is a composite of Monex et al.'s (1994) and our (Meven

et al. 1990, 1991, STunuBAUER & Meyen 1992, 1993) work. MoneN et al.'s (1994) data also

suggest that the mbuna group is paraphyletic and that the genus Copadichro,mis is polyphyletic

and in need of taxonomic revision. Monex et al. (1994) further suggest the need for several

other taxonomic revisions of Lake Malawi cichlids and discuss hybridization as an explanation

for some unexpected placements of species.

Recently, we (MEYER, MOxIERO & SpnPNAT, unpubl. data) extended our mtDNA

sequence analysis of East African cichlid species to include several other Malawian and

riverine haplochromine taxa that had not been studied previously (Mrvnn et al. 1990, 1991).

The mtDNA sequences generally confirm Monnn et al.'s (1994) recent findings (Fig. 5). Since

Serranochromis robustu^s is a distant relative of both the Malawi and the Victoria haplo-

chromine cichlids, we used it as an outgroup in our analysis of the relationships among the

415
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Victoria and Malawian species flocks plus some of the East African non-endemic
haplochromines. We can confirm Moneru et al.'s (1994) findings that Rhamphochromis
represents another independent lineage of the Lake Malawi species flock, increasing to four
the lineages represented in the lake (not countin g Serranochromis) (Fig. 5). Further sequencing
work on Copadichromis will be required to test whether or not it represents an independent
lineage, whether the genus is not monophyletic as suggested by MoneN et al. (1994) or
whether some members of the genus belong to the non-mbuna group. Also Diplotaxodon
should be sequenced to test whether it is another independent lineage. Whether
Rhamphochromis is the most basal Malawian clade, even more basal then Astatotilapia
calliptera (Fig.a) as has been suggested by MoneN et al. (1994), was nor clear from our
sequence data (see also KocseR et al. 1993). Our majority rule bootstrap tree based on a
parsimony analysis of the control region sequences (Fig.5, MEyER, MoNreno & Spnewar,
unpubl. data) does not resolve the branching order among the four Malawian lineages, but our
most parsimonious trees agree with MonaN et al. (1994) in placing Rampkochronrs most
basal within the Lake Malawi cichlids. In contrast to MoReN et al. (1994) we find that within
the non-mbuna group Cyrtocara and Tyranochromis represent the most basal groups; within
the mbuna group Melanochromis labrosus appears to be the most basal member (Fig.5).
However, these findings must remain suggestive since (1) the bootstrap support was not
unambiguously high and (2) until a more complete representation of Malawian taxa is
achieved.

MTDNA sequences tentatively identified the non-endemic Astatotilapia burtoni, a gen-
eralist species found in Lake Tanganyika and surrounding waters to be the ciosest living
relative of the Lake victoria flock (Meven et al. 1991). However, the bootstrap values
supporting this branching are rather low (Fig.5) making this finding tentative. More recently,
several other non-endemic East African riverine cichlids from the Malagarasi River, the Ruahu
River, Lake Rukwa and Lake Kitangiri (e.g. Astatotilapia btoyeti) have been characterized
mitochondrially and are found to be even more closely related to the Victoria flock than
Astatotilapia burtoni (Mevnn & Molireno, unpubl. data) (Fig. 4, 5). The Victoria super-flock,
mitochondriaily speaking, appears to include the endemics of Lake Victoria and its satellite
lakes plus some riverine haplochromine cichlids of East Africa, e. g. a species of Astatotilapia
from the Manago River from Tänzania (collected by L. SEecrns) and has very close affinities
to other riverine Tanzanian Astatotilapia species of uncertain species status (L. Sgecpns and
L. oe Vos collected and kindly provided samples). Some members of the widespread mainly
riverine genus Aslatotilapia are likely to represent the body plan and lifestyle of the ancestors
of the Victoria and possibly the Malawi species flocks (Meven et al. 1991). Astatotilapia is,
mitochondrially, an unnatural group; GnerNwoop (1979) previously recognized that this
genus was defined on shared primitive characters and is in need of taxonomic revision.

Lake Tanganyika, an evolutionary fountain for species diversity

Lake Tanganyika is estimated be 9-12 miltion years old (CoueN et al. 1993), making it by far
the oldest of the large East African lakes. Being the oldest, it may not be surprising that it
harbors the morphologically and behaviorally most diverse cichlid fauna, consisting of about
171 species (however, by comparison with the Victoria and Malawi flocks a relatively small
number) in 49 endemic genera that are assigned to twelve tribes (Fnven & Iles 1972, pot-t-
1986, CotilrER 1991). Morphological and electrophoretic data suggest that the lineages of
cichlids from Lake Tanganyika are old and can be traced back to at least seven distinct
ancestral lineages (Por-l 1986, Nlsston 1991). Phenotypic differences between the tribes are
pronounced, and mtDNA data turned out to be generally in good agreement with poLL's
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(1986) classification and assignments of genera into tribes (SrununnuER & MEvER 1993,

Srunr'asnugR et al. 1994). Comparisons of electrophoretic and mtDNA data demonstrated that

several Tanganyikan lineages are much older than the lineages of Lake Victoria and Malawi
(NrsHme 199i, SrunruBAUER & Meven 1992, 1993, SrunvenurR et al. 1994, KocsER et al.

1993). Estimates based on mtDNA sequences suggest that the Ectodini, a large variable tribe

of endemics, are probably about 3.5 to 4 million years old, and some other lineages (e.g.

Bathibatini and Lamprologini) might be even older than 5 million years (NlsHIoe 1991,

SrunMseupR & MEvER 1993, STUnUBAUER et al. 1994). However, the age estimates for the

lakes themselves and the cichlid lineages in them remain uncertain until a more reliable

calibration of the cichlid molecular clock is achieved (see also Kocsen et al. 1993).

The existence of several old lineages might be evidence for the polyphyletic origin of the

Lake Tanganyika species flock if it could be shown that more than one of these lineages is

older than the lake itself or if basal members of more than one of those lineages are found

outside the lake. Based on an earlier lower age estimate for Lake Tanganyika (2-4 million
years) it had been assumed that an age of 5 million years for the old lineages implied a

polyphyletic origin for this species flock (NtsHroe 199 i). A re-evaluation of the geological age

of Lake Tanganyika indicated that the age of the lake is probably greater than that of the tribes

(ConnN et al. 1993) which might argue that virnrally the whole Tanganyika flock could have

evolved within the lake basin from a single ancestral lineage; this remains to be tested. Lake

Tänganyika cichlids, probably unlike those of the other two species flocks, apparently have

been able to leave the confines of the lake - several species of the Lamprologus group occur

intheZaire river. They appear be closely related to derived endemic lamprologine cichlids and

are not basal lamprologine iineages (SrunuseueR et al. 1994).

Electrophoretic and mtDNA sequences suggest that the Victoria and Malawi flocks are

closely related to particular Tanganyikan tribes; the Tropheini and Haplochromini (NlsHne
1991, STunMBAUER & Mryen 1993) (Fig.6). This may not be surprising since previously

considerable similarities between Troplrcus and Pseudotropheus from Lake Malawi had been

inrerpreted to argue for a polyphyletic original Lake Malawi cichlid (Fnven & Iles 1972).

However, the molecular phylogeny strongly suggests that these similarities are merely

homoplasies due to convergent evolution since Pseudotropheus is genetically more closely

related to all other species of Lake Malawi even inciuding Malawian morphological

generalists that have no resemblance to Tropheus from Lake Tanganyika (Meven et al. 1990,

KocsrR et al. 1993) (Figs. 5, 6).

The Tanganyika flock can be viewed as a reservoir of old phylogenetic lineages that gave

rise to the ancestors (which in both cases were likely to have been riverine generalists similar
to Astatotilapra) of the Vctoria and Malawi flocks (Ntsunn 1991, MevsR et al. 1990, 1991).

Lake Tanganyika does not harbor all the members and descendants of some of its endemic

lineages (e.g. Lamprologini, StunlasRusn et al. 1994). More accurate calibrations of the age

estimates for the lineages, and more work on riverine cichlids, particularly from West Africa,
will be required to test the presumed polyphyly of the Lake Tanganyika species flock.

Intra-lacustrine speciation: potential causes and mechanisms

The current Lake Victoria, with an atea of 68,000 km2 roughly the size of Ireland, appears to

have experienced a period of almost complete desiccation as recently as 14,000 years B.P.

(Srncen et al. 1986, Rocus 1991). Numerous ponds and rivers around the margins of the lake

shore might have persisted and provided refugia for fish. Over evolutionary time spans there

was probably ample opportunity for spatial isolation within the larger lake basin, providing the

necessary preconditions for geographic speciation. Amalgamation of separate faunas of severai
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Fig. 6. Molecular phylogenetic relationships of some representative species of nine of eleven tribes (names
of tribes in capitals following Pot-t- (1986)) endemic to l,ake Tanganyika, figure modified from Srunl{seuen
& Mevsn (1993) and SruRvneurR et al. (1994). In this phylogenetic analysis both the tilapia and Ba thybates
were used as outgroups. Some of the members of these tribes are shown in Fig.2 e. g. l,obochilotes belongs
to the sarne tribe as Tropheus, the Tropheini; Spathodus belongs to the Eretmodini; Xenotilapia to the
Ectodini. The sister group relationship of the endemic l-ake Tanganyika tribe Tropheini to the two species
flocks of Lake Malawi and Lake Victoria is indicated with the anow on the right and based on NrsHroe
(1991) and Srunvseuen & MeYen (1993). Some of the relationships of Tänganyikan tribes remain
somewhat tentative and are being tested further (Srunveeuen & Meven 1993).

smaller bodies of water after the lake level rose again is likely to have occurred (Mevn 1984).
Geographic isolation of formerly interbreeding populations brought about by lake level
fluctuations which split-up larger bodies of water into smaller ones, followed by the
acquisition of reproductive isolation before the geographically separated populations reunited,
is a likely scenario for speciation in Lake Victoria. Hence, allopatric speciation (inter-
lacustrine between separated bodies of water) might have been an important mechanism of
speciation. This possibility should not diminish the likely importance of micro-allopatric
speciation for Lake Victoria cichlids.

Periods of aridity that led to drastic lake-level fluctuations (drops in water level of up to
600m), and splits of the single lake are also documented for Lakes Tanganyika and Malawi
(Srecan et al. 1986, Scsot-z & RoseNonHL 1988, Gasse et al. 1989, Rocse 199i, Tmncelnq
& MoNpscuER 1991). The lake topography consists of rwo (Lake Malawi) or three (Lake
Tanganyika) extremely deep basins (up to 704 and I470m, respectively). These lake level
changes will have separated populations that once exchanged genes and will have brought into
contact populations that previously did not. In species of the Tropheus species complex from
Lake Tanganyika, mtDNA sequences suggest that these large lake level fluctuations might
have influenced the distribution of genetic variation and probably speciation (Srunvneuen &
Mrvrn 1992). Genetic distances and geographic patterning of genetic variation mirror the
topology of the presumed paleo-lake shores during periods of low water levels (Scnor-z &
RoseNoe.sl 1988, Gesse er al. 1989).

Intralacustrine speciation, probably by micro-allopatric speciation, through isolation by
distance or appropriate habitat type, would appear to the most important mode of speciation
for all three species flocks. Tropheus (they only live over rocky habitats) from different sites
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in Lake Tanganyika appear to be effectively prevented from exchanging genes by
discontinuities in the available habitat (SrununauER & MEyEn 1992). For example, long
beaches or estuaries are evidently effective barriers to gene flow since large genetic differences
were found between populations separated by only a few kilometers of shoreüne
(SrunvnnuER & MEyEn 1992). Particuiarly for Lakes Tanganyika and Malawi, but probably
also for Lake Victoria, it seems that speciation clearly can take place in single bodies of water.

It would therefore seem that physical separation of water masses is not a necessary

precondition for the establishment of genetic discontinuities and speciation.
Intra-lacustrine speciation should not be automatically equated with sympatric speciation

and should not be interpreted as refutation of allopatric speciation models (Koxonesuov &
MrNe 1986). It is often not appreciated that these lakes are vast and have extremely long varied

coast lines, and that almost all endemic species have much restricted geographic distributions
(FnvEn & Ims 1972). Only very few species occur throughout a whole lake (Fnven. & Iles
1972) and species often are restricted to single localities in which population size can be as

small as few hundred individuais (Rmenx et al. 1983). Most cichlids are poor dispersers, they
are philopatric, they show homing, and males tend to defend breeding territories for several
years (Henr 1992, but TunNsn 1994). All of this points toward restricted gene flow. In
addition, brood sizes are small and both factors are ingredients for fast diversification by
micro-allopatric speciation (CoueN & JosNsroN 1987).

Recently, however, a case for sympatric speciation as an actual mechanism for
intralacustrine speciation was made for two small radiations of Cameroon tilapiine cichlids
(ScHlrcwrN et al. 1994). This case of small flocks originating within extremely small crater
lakes would seem to be the strongest so far for sympatric speciation to be responsible for
diversification in cichlids. However, the picture is not complete and more data on species

status, ecology, and behavior of the Cameroon tilapias are eagerly awaited. Nonetheless,

molecular data strongly argue for monophyly of these species assemblages. The Cameroon

flocks might provide the best workable small replicate of the East African radiations that might
allow the experimental manipulation and testing of dispersal and other important ecological

factors that have been implicated to explain alternative speciation mechanisms.

Rates of speciation and morphological diversification,
and the role of sexual selection

It is not clear how many species of the current flock of 300+ species of Lake Victoria survived

the episode of drying 14,000 years ago. They may have survived in smaller marginal lakes,

springs, or headwaters of rivers and recolonized the lake again after it filled up again. It
appears unlikely (but not unthinkable) that most of the 300+ species of Lake Victoria arose in
less than 14,000 years. It seems possible also that the Victoria flock is derived from East

African riverine haplochromines that recolonized Lake Victoria after this period of aridity
(Meren & MoNreno, unpubl. data) (Fig.4, 5).

That rates of speciation in cichlids can be astonishingly fast has been known since the

discovery of five endemics in Lake Nabugabo (GneeNwooD 1965), a small lake that is less

than 4,000 years old and separated from Lake Victoria only by sand bar. These five species are

believed to have close relatives in Lake Victoria that chiefly differ in the male's breeding

coloration, pointing to the potential importance of sexual selection for the fast rates of
speciation in cichlids (Dovnev 1984).

Even faster rates of speciation were suggested by the finding that the southern end of
Lake Malawi was arid only two centuries ago and is now inhabited by numerous endemic

species and 'color morphs' that are found there and are believed to have originated during the
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