
Chapter 18

Explosive Speciation and Adaptive Radiation

of East African Cichlid Fishes

Christian Sturmbauer, Martin Husemann, and Patrick D. Danley

Abstract Cichlid fishes are the most species-rich group of all teleost fishes. Their

diversity is centered in the East African Great Lakes where more than 2,000 species

evolved within the past 10 million years, representing the fastest vertebrate radia-

tion known. Ongoing molecular phylogenetic analyses indicate that the cichlid

radiation originated within Lake Tanganyika. Within the Tanganyikan radiation,

seven lineages diversified during the primary radiation to occupy all available

freshwater fish niches. The Tanganyikan radiation is the oldest, containing the

greatest phenotypic diversity of all East African cichlid radiations, and is ancestral

to the cichlid radiations found within Lakes Victoria and Malawi. The radiations in

Victoria and Malawi are reciprocally monophyletic and are rooted within the

C-lineage of the primary Tanganyikan radiation. While greater numbers of species

are found within both Lakes Victoria and Malawi relative to the Tanganyikan

radiation, these species flocks have a lower phenotypic diversity relative to the

older Tanganyikan radiation. The construction of phylogenetic hypotheses has

allowed researchers to explore the extraordinary morphological and behavioral

diversity within an evolutionary framework. As a result, the study of cichlids

has begun to answer many fundamental questions about the driving forces,

mechanisms, and pathways of diversification. These studies demonstrated that

cichlid diversification has been influenced by a complex combination of micro-

allopatry, natural and sexual selection, facilitated by genetic mechanisms. Here we

discuss these patterns, processes, and influences and also point to specific biological

conservation problems of cichlid species flocks due to their extreme species

richness and restricted species distribution. The current threats are not (yet) caused

C. Sturmbauer (*)

Department of Zoology, Karl-Franzens University of Graz, Universit€atsplatz 2, 8010 Graz, Austria
e-mail: christian.sturmbauer@uni-graz.at

M. Husemann • P.D. Danley

Biology Department, Baylor University, One Bear Place 97388, TX 76798 Waco, USA

F.E. Zachos and J.C. Habel (eds.), Biodiversity Hotspots,
DOI 10.1007/978-3-642-20992-5_18, # Springer-Verlag Berlin Heidelberg 2011

333

mailto:christian.sturmbauer@uni-graz.at


by habitat destruction and pollution but by overharvesting. Possible tactics to

maintain diversity are proposed.

18.1 Introduction

With about 25,000 species formally described, teleost fishes are the most species-

rich group of vertebrates. Of these, more than 10% belong to a single family – the

Cichlidae. Cichlids have diversified into all imaginable ecological niches in avail-

able tropical freshwater systems and stand out as a paradigm for explosive specia-

tion and adaptive radiation. Their multitude of body shapes, specializations, colors,

and behaviors is unsurpassed (Boulenger 1898; Fryer and Iles 1972; Greenwood

1973, 1974, 1984a; Barlow 2000; Chakrabarty 2005). Two hundred and twenty

genera are currently recognized in FishBase (http://www.fishbase.org/). Their nat-

ural distribution spans the southern tip of India and Sri Lanka with three species,

Madagascar with 47 taxa in five genera (http://www.cichlid-forum.com/articles/

species_list_madagascar.php), Central- and South America with 400–500 species

and Africa with probably over 2,500 species. Interestingly, cichlids have not

colonized Australia. In accord with the sequence of the split of Gondwana, Indian

and Malagasy cichlids form the most ancestral split in the diversification of cichlid

fishes, followed by the split between the African and American lineages (Zardoya

et al. 1996; Streelman et al. 1998; Farias et al. 1999, 2000; Sparks 2004). Few

species managed to move northward into the North American subcontinent (New

Mexico and Texas) and into Asia Minor and Asia (Jordan valley and Iran). The

maximum evolutionary age of cichlids is thus constrained by vicariance to 130–165

million years and the split between African and American cichlids to about 70–90

million years (Chakrabarty 2004). While riverine ecosystems tend to be relatively

species-poor (Katongo et al. 2005, 2007; Koblm€uller et al. 2008a) – with the

exception of the large South American rivers and perhaps the Zambezi (Joyce

et al. 2005) – lakes comprise extremely species-rich communities. Their hotspot

of biodiversity clearly lies in the three East African Great Lakes, Victoria, Malawi,

and Tanganyika, where an estimate of 1,800–2,000 species, i.e., 60% of the total

cichlid diversity, are centered in species flocks (Greenwood 1984a). With a surface

area of 68,800 km2, Lake Victoria is the largest lake on earth and contains an

estimated number of >500 cichlid species (Seehausen 2002). Lake Victoria is not a

rift lake and is relatively shallow with a maximum depth of about 80 m. Its

maximum geological age has been gauged to be between 250,000 and 750,000

years (Johnson et al. 1996), while the actual age of the species assemblage is a

matter of discussion as a dry-up of the lake 17,000–11,700 years ago might have

terminated the species flock partially or as a whole (Johnson et al. 1996; Seehausen

2002; Fryer 2004). In terms of monophyly, molecular phylogenetic studies

suggested the Lake Victoria haplochromines to be part of a larger phylogenetic

lineage of modern haplochromines that are found in several water bodies

surrounding the lake including Lakes Albert, Edward, George, Kyoga, and Kivu
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and their interconnecting rivers (Meyer et al. 1990; Nagl et al. 2000; Seehausen

et al. 2003; Verheyen et al. 2003). Lakes Malawi and Tanganyika are true rift lakes,

situated in the East African rift valley between the central and eastern African

tectonic plates. Lake Malawi is about 700 m deep and has a tectonic age between

2 and 5 million years (Johnson and Ng’ang’a 1990), with a probable younger age

for its species flock due to a late Pleistocene dry-up (Delvaux 1995). Moreover, it

experienced two severe reductions in lake level during two East African mega-

droughts 75,000 and 135,000 years ago (Owen et al. 1990; Scholz et al. 2007), so

that several species of rock-dwelling cichlids may be extremely young (Genner

et al. 2010). Overall, it contains 500–700 endemic cichlid species (Turner et al.

2001). With a maximum depth of 1,470 m, Lake Tanganyika is the deepest of the

three lakes and also the oldest. Its geological age was estimated to be between 9 and

12 million years. Unlike Lake Malawi which consists of a single lake basin, Lake

Tanganyika is made up of three basins. The current Lake Tanganyika is likely the

product of the fusion of three proto-lakes to a single large lake during its long

history (Cohen et al. 1993, 1997). Tanganyika’s cichlid assemblage may be youn-

ger than the basin(s) themselves, but most likely of an age of 5–6 million years

(Koblm€uller et al. 2008b; but see Genner et al. 2007). Interestingly, with an

estimated total number of 250 endemic species Lake Tanganyika has fewer species

than Lakes Malawi and Victoria, albeit their overall degree of eco-morphological

divergence is much greater (Greenwood 1984b).

18.2 Evolutionary History and Trajectories of Cichlid Fishes

18.2.1 Patterns of Species-Richness in Cichlid Lineages

Previous molecular phylogenetic work suggested reciprocal monophyly of the

extant African and South American cichlid lineages (Streelman et al. 1998; Sides

and Lydeard 2000), rejecting the morphology-based placement of the African genus

Heterochromis at the base of the South American cichlids (Kullander 1998). Within

Africa, several lineages diversified at an early stage, many of them being restricted

to particular biogeographic regions. The tribe Tilapiini (>88 species) is one of the

two large African cichlid taxonomic units defined on morphological grounds

(Greenwood 1984b; Eccles and Trewavas 1989). However, the Tilapiini turned

out to be a conglomerate of several lineages (Klett and Meyer 2002), scattered

among the remaining ancestral splits. The haplochromine cichlids turned out to be

(almost) monophyletic, with a highly intriguing evolutionary history. Thus, the

diversification of the tilapiine cichlids coincided with that of other ancestral African

lineages, predating the African rifting processes, while that of the haplochromine

lineage coincided with and in fact was tied into the very first wave of adaptive

radiation triggered by the rifting process in East Africa, in the proto-lake(s) of Lake

Tanganyika.
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The species inventories of rivers and lakes clearly suggest that large lakes are the

centers of diversity, while riverine faunas are relatively species-poor and less

dominated by cichlid fishes (Fryer and Iles 1972). Diversification in riverine

environments seems to be driven by range expansion, colonization by river capture

and subsequent geographic isolation, so that vicariant and geographic speciation

best explains the modest diversity of riverine cichlids throughout the world (Joyce

et al. 2005; Katongo et al. 2005, 2007), with the few exceptions mentioned above.

Small lakes are often shallow and swampy with papyrus reeds surrounding them

and mostly contain few species (see Fig. 18.4 in Salzburger and Meyer 2004). For

example, the shallow Lake Kanyaboli, a satellite of Lake Victoria harbors just

seven haplochromine and two tilapiine species, of which only one or two are

endemic (Odhiambo et al. 2011). Mayr (1942) already observed that species

number correlates with lake size rather than age and suggested that the much higher

number of ecological niches and/or the higher potential for spatial separation due to

long shoreline facilitates the intralacustrine allopatric speciation (see also

Barluenga and Meyer 2004). The enormous diversity and impressive endemicity

rates in large East African lakes suggest intralacustrine speciation as the most

common mode of diversification. Seehausen (2006) counted 27 lacustrine cichlid

radiations in Africa. In all these lakes, cichlid fish invariably form the most species-

rich teleost lineage. Cichlids consistently out-compete other fish groups when

colonizing a newly emerging lacustrine ecosystem and in doing so, the species

flocks ecologically diversify and occupy a range of niches. For these reasons,

cichlid fishes represent an excellent model system to study adaptive radiation:

the process of extremely rapid species formation coupled with ecological, morpho-

logical, and behavioral diversification.

The theory of adaptive radiation requires two conditions to be met (1) the

formation of a new habitat or a dramatic change of an already existing habitat

and (2) the possession of a so-called key innovation, a set of traits allowing for rapid

adaptation to novel niches. Thus, one feature or a certain set of features allows one

group to outcompete the other taxa, thereby giving rise to an abundance of mono-

phyletic species. In the case of East African lakes, several teleost groups had the

same chance to colonize the newly emerged lakes: cyprinids, characins, mormyrids,

various catfish, sardines, Nile perches, and spiny eels; but judging from endemicity

rates, only cichlids underwent major diversification. Such that while Lake

Tanganyika contains four endemic Nile perch species, six catfishes, six spiny

eels, and two sardines, 90% of the fish in Lake Tanganyika are endemic cichlids.

In the case of cichlid fishes, the key innovation may be a highly effective combina-

tion of factors. The first concerns trophic morphology; cichlids possess two sets of

jaws, a characteristic shared with other labrid families (Liem 1973; Mabuchi et al.

2007). The oral jaws have specialized for food acquisition and manipulation. A

hydrodynamic tongue then passes captured food items to the pharyngeal jaws

(Liem 1991). The pharyngeal jaws are formed by parts of the gill arches, are

connected to the neurocranium via the pharyngeal apophysis and process food in

a wide variety of ways before swallowing. Both jaws have evolved to realize

diverse foraging strategies: Cichlid oral jaws can catch fish, shrimp, or insects,
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browse filamentous algae from rocks, comb off unicellular algae and detritus from

algal bio-mats, and even bite off fish scales from other cichlid species. Pharyngeal

jaws can macerate food items, crush gastropod shells, slice off tissue or staple fish

scales before swallowing. Allometric changes of these structures together with

modifications of other body parts enable cichlids to efficiently adapt to novel

food niches, without the need of de novo evolution of anatomical features (Stiassny

1991; Albertson et al. 1999; Clabaut et al. 2007).

The second outstanding feature of cichlids concerns their efficient brood care

(Fryer and Iles 1972). Ancestral lineages are substrate breeders from which several

groups branched off by independently shifting to various ways of mouthbrooding,

i.e., incubating eggs and/or fry in the buccal cavity (Goodwin et al. 1998; Stiassny

and Meyer 1999). Both breeding modes involve territorial behavior and facilitate

raising the young in densely packed communities. Concerning species diversity, all

East African lakes except for Lake Tanganyika exclusively comprise maternal

mouthbrooders of the haplochromine cichlid lineage. Only Tanganyika contains a

sub-flock of the substrate-breeding lamprologine lineage, together with a variety of

lineages with various styles of mouthbrooding. This diversity is the result of the

multiple independent evolution of mouthbrooding in the course of the Tanganyikan

radiation, which seeded the most species-rich lineage, the haplochromines.

The haplochromines appear to have left the Tanganyikan proto-lake at an early

stage to colonize several other water bodies (Salzburger et al. 2002b, 2005;

Verheyen et al. 2003; Clabaut et al. 2005; Koblm€uller et al. 2008b).

18.2.2 The “Out of Tanganyika Hypothesis”

Lake Tanganyika is the second-oldest lake in the world and was the first major

water body formed during the East African rifting process. It has a highly complex

geological history (Scholz and Rosendahl 1988; Gasse et al. 1989; Tiercelin and

Mondeguer 1991; Cohen et al. 1993, 1997; Lezzar et al. 1996; Scholz et al. 2003).

Seven lineages of cichlids colonized the emerging Tanganyikan proto-lake(s) and

seeded the so-called “primary lacustrine radiation” (Salzburger et al. 2002b;

Fig. 18.1). Cumulative molecular phylogenetic evidence suggests that this diversi-

fication event coincided with the establishment of deep-water conditions in a clear

lacustrine habitat about 5–6 million years ago (Tiercelin and Mondeguer 1991;

Cohen et al. 1993, 1997). This timeframe suggests that the Tanganyika radiation did

not happen at the earliest stage of lake formation, dated at 9–11 million years ago,

when the rifting process slowed down the Proto-Malagarazi-Congo River to form a

series of shallow and swampy proto-lakes, interconnected by a meandering river

network (Sturmbauer 1998). While the vast majority of species was not formed in

these early swampy proto-lakes, this period in the Tanganyikan radiation was likely

important in the divergence of the seeding lineages.

The seven seeding lineages were the ancestors of the substrate-breeding predator

Boulengerochromis microlepis, the genus Hemibates, and of the Bathybatini,
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Fig. 18.1 Schematic molecular phylogenetic tree of the Lake Tanganyika cichlid species assem-

blage, and its relationships to the species flocks of Lakes Malawi and Tanganyika, based upon
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Trematocarini, Eretmodini, Lamprologini, as well as of the C-lineage (sensu

Clabaut et al. 2005). Molecular phylogenetic studies further demonstrated that

Oreochromis tanganicae and Tylochromis microlepis had not yet been present in

the lake at the time of the primary radiation, but had colonized the lake more

recently (Klett and Meyer 2002; Koch et al. 2008). In the course of the “primary

lacustrine radiation,” the substrate-breeding Lamprologini and the mouthbrooding

C-lineage diversified rapidly into several new lineages (Salzburger et al. 2002b;

Takahashi and Okada 2002; Terai et al. 2003; Clabaut et al. 2005; Sugawara et al.

2005). Mitochondrial DNA data suggest that haplochromine cichlids represent a

paraphyletic assemblage, in that the Orthochromis species which are presently

distributed in the Malagarazi River system, originated independently from the

remaining haplochromines in the course of the “primary lacustrine radiation”

(Salzburger et al. 2002b, 2005), but ancient incomplete lineage sorting may be an

alternative explanation (Takahashi et al. 2001). Interestingly, the genus Hemibates,
which was originally considered as a member of the Bathybatini, split from the

ancestors of the large Bathybates species and the Trematocarini prior to the

“primary lacustrine radiation” (Koblm€uller et al. 2005).
Of the seeding lineages, two lineages, the Lamprologini and the C-lineage,

underwent major diversification through successive divergence events. Both

lineages gave rise to species that left the lake to colonize surrounding rivers

(Salzburger et al. 2002b). Substrate-breeding lamprologine cichlids are found in

the Lower Congo and the Malagarazi River, and haplochromine cichlids are found

almost throughout Africa. In each of the newly colonized systems, both lineages

further diversified.

The haplochromines consist of six lineages which originated within a short

period of time, about 5.3–4.4 million years ago (Koblm€uller et al. 2008b). They
show a highly complex phylogeographic pattern, carrying the signature of climate-

or geology-induced changes of the environment, with river capture due to tectonic

tilting playing an important role for species dispersal across major drainage

systems. The first lineage comprises only one species from southeastern Tanzania,

Haplochromis pectoralis. The second lineage contains the eastern African genus

�

Fig. 18.1 (continued) combined evidence from several studies. Lineages that underwent radiation

are indicated by triangles, whose size corresponds to the species number within these lineages

(except for triangles symbolizing the riverine ancestors and the species flocks in Lake Malawi and

Lake Victoria). Black triangles indicate lineages that do not occur in Lake Tanganyika. The

“primary lacustrine radiation” (Salzburger et al. 2002b) is assumed to have coincided with the

establishment of a true lacustrine tropical habitat with deepwater conditions about 5–6 million

years ago. Bars to the right indicate taxonomic groups that have been proposed based upon

combined mitochondrial and nuclear DNA data (C-lineage; Clabaut et al. 2005), allozyme data

(H-lineage; Nishida 1991), and SINEs (MVhL-lineage; Takahashi et al. 2001). Note that the

phylogenetic history of most tribes is much better resolved and that branch lengths and propor-

tional times of radiation are not to be taken as accurate. Tribes are named according to Takahashi

(2003) and Koblm€uller et al. (2008b), with the exception for the suggested new tribe for

Ctenochromis benthicola which turns out as close relative of the genus Cyphotilapia (Walter

Salzburger, unpublished results)
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Astatoreochromis with three species. The third lineage is represented by a single

undescribed species, so far only found in the upper Lufubu River. The fourth

lineage contains the genus Pseudocrenilabrus with a wide distribution all over

eastern-, central-, and southern Africa. Lineage five represents the so-called modern

haplochromines and lineage six, the Serranochromis-like cichlids, has its center of
diversity in Central- and southern Africa. The modern haplochromines and the

Serranochromis-like cichlids both have a wide and complementary distribution.

In terms of species richness, species flocks have been found in three clades: the

Pseudocrenilabrus clade with a small species flock in Lake Mweru (Katongo and

Seehausen, personal communication), the Serranochromines with a now riverine

species flock that might have originated in Paleo-Lake Makgadikgadi (Joyce et al.

2005) or in another water body in this area (Frank Riedel, personal communica-

tion), and the modern haplochromines with maybe close to 2,000 species in about

25 lacustrine species flocks.

The endemic Lake Tanganyika tribe Tropheini is the sister group of the modern

haplochromines. Their split from the remaining modern haplochromines was dated

at 3.4 (3.0–4.0) million years ago. It is thought that the Tropheini originated in

Lake Tanganyika, almost simultaneously with the remaining Tanganyikan mouth-

brooding lineages, typical of lacustrine radiations but unusual for riverine assem-

blages (Joyce et al. 2005). However, it has been suggested that the riverine ancestor

of the Tropheini re-entered Tanganyika and then subsequently radiated into several

niches of predominantly rocky habitats (Salzburger et al. 2005).

The riverine haplochromines related to the Tropheini colonized Lakes Malawi

and Victoria. At least one species of the Tropheini, Ctenochromis hoorii, also
inhabits inflowing rivers and overlaps with Astatotilapia burtoni, the sister group

of the Lake Victoria superflock. This sister group relationship is also supported

geographically (Koblm€uller et al. 2008b; Verheyen et al. 2003). Given that an

undescribed modern haplochromine from the oasis El Fayoum in northern Egypt as

well as Haplochromis flavijosephi from the Jordan Valley, nested within the East

African clade (Werner and Mokady 2004), a Pleistocene dispersal along the Nile

was suggested. Another lineage of modern haplochromines comprising the

Astatotilapia bloyeti species complex colonized the more southern Tanzanian

water bodies and seeded the Lake Malawi species flock. That said, it becomes

evident that despite being independent radiations, the East African lacustrine

haplochromines are connected by riverine species and root within the Lake

Tanganyika Tropheini radiation.

18.2.3 Models of Adaptive Radiation

The tremendous diversity in East African lakes inspired the first evolutionary

biologists who studied these systems to invoke novel modes of speciation involving

sympatric mechanisms. The term scizotypic speciation was coined by Woltereck

(1931) for Wallacean decapods and rapidly adopted to the cichlid speciation
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problem (Rensch 1933; Kosswig 1947; Brooks 1950). However, little progress was

made towards a better understanding of the processes involved until the mid-

eighties, as summarized by Ernst Mayr (1984). However, many issues plagued

our understanding of the cichlid evolutionary history at that time: the age of the

lakes and their species assemblages were unknown, taxonomic problems remained,

and there was an almost complete lack of phylogenetic hypotheses. Nonetheless,

three factors were recognized contributing to the extreme species richness of these

systems: multiple colonization, fusion of several proto-lakes, and intralacustrine

speciation (Mayr 1984).

Aside from geological processes, lake level fluctuations were recognized as an

additional powerful promoter of intralacustrine allopatric speciation. Rossiter

(1995) later termed this as “species pump speciation,” in recognition that most

cichlids are highly philopatric and restricted to particular types of shore substrate

(Mayr 1984). Speciation was tied to the biological species concept of Mayr (1942,

1947) invoking the evolution of isolating mechanisms as barriers to gene flow that

were thought to predominantly evolve in allopatric phases. Fine-scale geographic

structure was recognized by Mayr as potential basis for microallopatric speciation.

Speciation in connection to niche divergence, however, was questioned by him as

being unlikely given the slight differences among incipient species. This opinion

has changed in recent years and researchers now have a more differentiated view

about the driving forces of speciation.

Speciation driven by (divergent) natural selection, termed ecological speciation,

has been put forward as one major factor accounting for cichlid diversity (Schluter

1996; McKinnon et al. 2004). By comparing the overall degree of morphological

divergence found within the three great East African lakes, Greenwood (1984b)

concluded that species with similar morphologies would be characteristic in evolu-

tionarily younger flocks, while highly diversified species would point to an older

evolutionary age. These observations suggest that morphological diversification is

driven by natural selection which continues to push morphologies towards more and

more extreme forms (Mayr 1984). A second factor, sexual selection via mate choice,

was brought up as a potentially powerful driving force (Dominey 1984), particularly

in maternal mouthbrooders. Dominey’s conceptual paper seeded a novel realm of

research on sexual selection via female mate choice (Turner and Burrows 1995;

Knight et al. 1998; Seehausen and Van Alphen 1999; Seehausen 2000). Moreover,

the dominance of allopatric speciation was also questioned in particular phases of a

radiation, and it was recognized that both natural and sexual selection have the

potential to act in sympatric and allopatric situations (Sturmbauer 1998).

To reconstruct and understand the radiation pathways, knowledge of the geolog-

ical and biogeographic history of the lake in question is needed to identify the

probable source of seeding species. Then a phylogenetic hypothesis for the species

flock is needed, based upon ecological, morphological, behavioral, and genetic data

(Stepien and Kocher 1997). Finally, the modulators triggering speciation and eco-

morphological diversification at each stage must be identified. Conceptual progress

was made towards a better understanding of more large-scale patterns of the

radiation process (Mayr 1984; Greenwood 1984b; Coulter 1991; Meyer 1993;
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Schluter andMcPhail 1993;Martens et al. 1994; Kornfield and Smith 2000; Schluter

2000; Turner 2007), and the stages of adaptive radiation progresses (Sturmbauer

1998; Danley and Kocher 2001; Streelman and Danley 2003). Radiations become

adaptive by the tight coupling of fast speciation rates and eco-morphological and/or

behavioral diversification. When natural selection is involved, speciation events

show a “niche divergence first – speciation later” pattern, in turn, when sexual

selection is the prime driving force, a “speciation first – divergence later” pattern

emerges. The relative importance of the factors driving the whole process shifts

with time; adaptive radiation must be viewed as an interactive process with a

self-generated shift of abiotic and organismic modulators (Sturmbauer 1998).

The initial stage of cichlid adaptive radiation is characterized by riverine

colonizers. Such species are generalists, able to cope with a seasonally fluctuating

environment, and capable to colonize a variety of lake habitats still free from more

specialized competitors. Accordingly, the first speciation events are tied to the

colonization of major habitats such as rocks, sand bottom and the pelagic zone

(Danley and Kocher 2001), so that the first emerging species adapt to “fundamental

niches,” possibly via sympatric mechanisms given the great dispersal ability of

generalist colonizers (Sturmbauer 1998). Data from several systems suggest that

this to be a common trend in vertebrate radiations (Streelman and Danley 2003).

Lake Malawi, for example, was colonized by a generalized cichlid that first

diverged into two major clades, the rock-dwelling mbuna and a sand-dwelling

clade, plus several other oligotrophic lineages (Moran et al. 1994; Danley and

Kocher 2001). The polyphyletic Lake Tanganyika radiation proceeded in a similar

fashion, in that each diversifying lineage seems to have picked one habitat type and

fundamental niche. Tilapiine cichlids in a West African crater lake (Schliewen et al.

1994, 2001; Schliewen and Klee 2004) and Heroine cichlids in the Central Ameri-

can Lake Apoyo (Barluenga et al. 2006) also follow the “major habitat first” rule.

The second phase of diversification results from the subdivision of fundamental

niches. Within each fundamental niche, species emerge through the modification

and refinement of the trophic apparatus. As a result, lineages which diverged during

this phase can be distinguished based on trophic structures, feeding behavior,

and diet. Such adaptations to the partitioned macrohabitat may further reduce

gene flow thereby facilitating species divergence (Sturmbauer 1998). This pattern

can be found in both Lake Malawi and Tanganyika cichlid lineages (Albertson et al.

1999; Sturmbauer and Meyer 1993; Sturmbauer et al. 2003; Salzburger et al. 2002b;

Koblm€uller et al. 2004, 2005, 2007a, b, c; Duftner et al. 2005; Brandst€atter et al.
2005) and seems to be general for aquatic and terrestrial vertebrates (Streelman and

Danley 2003).

A third phase of radiation promotes the divergence of reproductive characters

without large eco-morphological change. During this phase, speciation seems to be

primarily driven by sexual selection on male mating-relevant traits, such as male

signaling phenotypes. This process is evident many species-rich radiations, such as

the Victorian and Malawian haplochromine radiations, but is not wide spread in the

relatively species poor Tangyanikan (Streelman and Danley 2003).
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18.3 Factors Driving Divergence

18.3.1 (Micro-) Allopatry and Reduced Gene Flow

Geographic separation and extrinsically reduced gene flow are thought to be of

primary importance in themajority of speciation events (Mayr 1942). In East African

lacustrine cichlids, allopatric divergence is thought to have occurred through

large lake level fluctuations, which split Lake Tangyanika into separate basins

(Sturmbauer et al. 2001) and has isolated satellite lakes from the main lake basins

of Lakes Malawi and Victoria (Brooks 1950; Greenwood 1965; Genner et al. 2007).

While the type of large-scale vicariance events common in other systems have

played a role in the evolution of East African cichlids, the reduction of gene flow in

these can occur over much shorter geographical scales and in the absence of major

geologic events typically associated with divergence via vicariance. Many studies

demonstrated between-population differentiation across as little as 2–5 km

(Kornfield 1978; Van Oppen et al. 1997; Danley et al. 2000; Rico and Turner

2002; Smith and Kornfield 2002; Duftner et al. 2006; Koblm€uller et al. 2007c; Sefc
et al. 2007; Streelman et al. 2007; Wagner and McCune 2009). As a result, many

East African cichlid species are “narrow endemics” often only present on a single

stretch of continuous habitat (Ribbink et al. 1983). Furthermore, the shoreline of

Lakes Malawi and Tanganyika consist of a patchwork of sandy and rocky habitats.

This, and the extreme territoriality of most members of the Tropheini and

Haplochromini, suggest that no large geographic distances or barriers are needed

to reduce gene flow between populations living in neighboring habitat patches. The

extreme philopatry, maternal mouthbrooding, and lack of dispersal during any life

stage create circumstances in which microallopatric divergence can occur on the

order of kilometers (Sturmbauer and Meyer 1992; Verheyen et al. 1996; Van Oppen

et al. 1997; Arnegard et al. 1999; Markert et al. 1999; Danley et al. 2000; Salzburger

et al. 2005). The low gene flow between neighboring populations suggests that even

weakly differentiated selective environments could lead to the fixation of characters

within local populations (Danley et al. 2000).

18.3.2 Localized Adaptation

The reduction of gene flow can lead to independent evolutionary trajectories.

Different localities may comprise varying environmental conditions and selective

pressures; these may involve factors such as rock size, inclination, wave exposure,

food availability, and predation pressure. In addition, light environment, water

turbidity, and other parameters influencing mate recognition may vary among

sites and likely influence intensity and direction of sexual selection (Seehausen

et al. 1997). Hence, local adaptation can be driven by natural as well as by sexual
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selection, and indeed, population differences have been found in trophic characters

(e.g., Streelman et al. 2007; Herler et al. 2010) and mate choice traits (e.g., Maan

et al. 2004).

18.3.3 Sexual Selection

Dominey (1984) was among the first to convincingly argue that sexual selection had

a major influence on cichlid diversification. Since then sexual selection has been

implicated in the divergence of a wide variety of phenotypes including brain size

(Gonzales-Voyer et al. 2009), cooperative behavior (Bruintjes and Taborsky 2008),

and territorial behavior (Markert and Arnegard 2007). Male nuptial coloration is the

most widely studied target of sexual selection. The diversification in hue and color

pattern is obvious and widespread particularly in the maternally mouthbrooding

cichlids. Furthermore, diversity in color pattern is one of the most easily identified

phenotypes by the human sensory system. However, recent evidence suggests that

visual cues alone are not always sufficient for accurate mate discrimination. Mate

recognition systems likely include visual, acoustic, and chemical characters.

Recently, it has been suggested that selection on multiple cues might accelerate

speciation rates, and different communication systems might act in close associa-

tion with each other (Blais et al. 2009; Smith and Van Staaden 2009). Here, we

review the different communication systems on which sexual selection may act and

their impact on reproductive isolation and speciation.

18.3.3.1 Vision

Most research on communication in cichlids has concentrated on visual cues. This

is easy to understand if one regards the great conspicuous diversity of male

breeding coloration. Different aspects of morphology and coloration have been

shown to ensure assortative mating and hence prevent hybridization (Seehausen

et al. 1997; Seehausen and van Alphen 1998; Blais et al. 2009).

Body Size

Schliewen et al. (2001) found strong size-assortative mating in two sister species of

cichlids in a lake in Cameroon. A study by Baldauf et al. (2009) revealed

preferences for larger mates of both sexes in the West African cichlid

Pelvicachromis taeniatus. Seehausen and van Alphen (1998) suggested that body

size can be a mate choice signal when color is not available. Also, indirectly

selection may act on body size. In some species, larger males are able to acquire

larger or higher quality territories which are preferred by females (Markert and

Arnegard 2007).
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Color Pattern and Hue

East African cichlid fishes are well known for their amazing variety of color

morphs. Typically, both males and females of a given species can be distinguished

from sympatric species based on color pattern. However, female color patterns are

generally dull and are believed to confer some degree of crypsis. In contrast, males,

particularly those of the rock-dwelling cichlids, are conspicuously bright. Because

male color pattern is so easily distinguished by the human sensory system, it is the

most widely studied character believed to be under sexual selection.

Male nuptial coloration and female mate choice are known to contribute to

assortative mating and reproductive isolation in many cichlid species (Couldrige

and Alexander 2002; Jordan et al. 2003; Venesky et al. 2005). Stelkens and

Seehausen (2009) found that phenotypic divergence, including nuptial coloration,

is a better predictor for reproductive isolation than genetic distance for a closely

related group of East African cichlids. Mate choice experiments using different

light environments and field studies suggested that hue might be the most important

cue used for mate evaluation (e.g., Seehausen et al. 1997; Seehausen and van

Alphen 1998; van Oppen et al. 1998; Streelman et al. 2004; Maan et al. 2010).

Other studies suggest that color pattern is the most important visual cue (e.g.,

Couldrige and Alexander 2002; Jordan et al. 2003; Stelkens et al. 2008). The

final evaluation of each cue remains and present knowledge suggests that a combi-

nation of both color and hue might be decisive for mate choice.

While much work has been done to describe the role that color pattern and hue

play in mate recognition and sexual selection, only recent studies have begun to

address the causative factors involved in their evolution. Seehausen and colleagues

(2008) provide the most comprehensive and insightful examination female prefer-

ence and male hue evolution to date. This work examines the sensory drive

hypothesis along an environmental transect in Lake Victoria. In their exhaustive

study, the authors demonstrate correlated changes in male color pattern, frequencies

of opsin alleles with differing sensitivities, female mate preference for male hue,

and ambient light along an environmental gradient. This study examined the crucial

links between female preferences, visual physiology, and the environment and in

doing so provides one of the most comprehensive explanations of male color

pattern and female mate choice diversity in cichlid fishes.

Females are not the only sex to exhibit mating preferences based on color

patterns. Males also exhibit mating preferences for sex-linked female color

patterns. This preference appears to be inherited and may contribute to formation

of new species (Pierotti et al. 2008). However, male mating preferences vary

considerably within populations indicating high dynamics of this trait (Pierotti

et al. 2008). Additionally, natural selection may limit the divergence of coloration

due to its role in camouflage and adaptation to habitat (Salzburger 2009).
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Sand Bowers

Males of sand dwelling cichlids often build sand bowers which are used to attract

females. These bowers represent extended male visual phenotypes which are of

species-specific size and shape (McKaye et al. 1990; McKaye et al. 1993; Rossiter

and Yamagishi 1997; Stauffer et al. 2002; Kidd et al. 2006). These bowers are

solely used as display sites to attract females (McKaye et al. 1990; Tweedle et al.

1998) which prefer conspecific bower shapes. Hence, this character has the poten-

tial to cause reproductive isolation among closely related sand-dwellers (McKaye

et al. 1993). Often bowers of numerous males are organized in leks, where males

display to passing females (Tweedle et al. 1998). Females move over the lek and

mate with several males (McKaye 1991; Stauffer et al. 2002).

Studies suggest that female mate choice shapes the bower architecture. For

example, in a number of species, males with taller bowers have higher breeding

success (McKaye et al. 1990; Stauffer et al. 2005). Young et al. (2009) tested for a

model explaining lek formation and found support for the “female preference”

model. This model predicts that females prefer mating with males which are

aggregated in clusters, because of a reduction of predation risk, easier male compar-

ison (more males, shorter distances), and higher quality of lek forming males. Males

experience a higher per capita female encounter rate with increasing lek size. Hence,

both sexes benefit from lek formation. Yet, nothing is known about the genetic basis

and heritability of bower formation and preference (Kidd et al. 2006).

18.3.3.2 Non-visual Cues

Recent evidence suggests that visual communication is insufficient to explain the

diversity of East African cichlids and the maintenance of species boundaries among

closely related species (Plenderleith et al. 2005; Blais et al. 2009). Consequently,

additional cues such as olfaction and acoustic signaling have been suggested to play

an important role in mate choice (Robinson et al. 1998; Knight and Turner 1999;

Amorim et al. 2003; Amorim et al. 2004; Plenderleith et al. 2005; Cole and Stacey

2006; Blais et al. 2009).

Acoustic Communication

Studies of cichlid sound production have shown that cichlids employ acoustic

communication in a variety of social interactions (Lobel 1998; Nelissen 1978;

Ripley and Lobel 2004; Amorim et al. 2003, 2004, 2008; Simões et al. 2006,

2008; Danley et al., unpublished). Acoustic signals may be used for the identifica-

tion of conspecific mates and the evaluation of male quality (Simões et al. 2008).

Acoustic signals are also employed by males (Amorim et al. 2003; Amorim and

Almada 2005; Simões et al. 2008; Longrie et al. 2008) and females (Simões et al.

2008) during antagonistic interactions. These observations are in accordance with
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the use of acoustic signals in a wide array of other fish taxa (Lobel 1992; Kihslinger

and Klimley 2002; Amorim 2006 for reviews). A recent study identified differences

in various acoustic parameters among closely related species of rock-dwelling

cichlids and even geographic differences within species suggesting the presence

of local acoustic dialects (Danley et al., unpublished). Variation in acoustic signals

has already been demonstrated in the whitetail shiner, Cyprinella galactura
(Phillips and Johnston 2008). However, future studies need to evaluate the within

and between population divergence of sound parameters and the importance of this

variability in the mate recognition systems of these species.

Chemical Communication

Chemical communication in cichlid fish is a little explored area. However, previous

studies suggest that olfaction is used in a variety of social contexts; females may

employ olfactory cues to identify conspecific males (Plenderleith et al. 2005), and

olfaction maybe used for the recognition of conspecifics in general (Giaquinto and

Volpato 1997). Furthermore, olfactory cues emitted with urine appear to be impor-

tant social signals and can indicate social status (Almeida et al. 2005; Barata et al.

2007, 2008). The use of electro-olfactograms (EOG) indicates that steroid

hormones or steroid-like compounds may be the functional components in urine

(Cole and Stacey 2006; Frade et al. 2002; Barata et al. 2008). The importance of

chemical cues in cichlid communication is not universally supported; work by

Jordan et al. (2003) and Venesky et al. (2005) rejected olfaction as important

mate choice cue for Lake Malawi rock-dwellers.

18.3.3.3 Multimodality of Premating Cues

This review of cichlid communication and mate choice suggests that single traits

alone are not sufficient to explain the species diversity and maintenance of repro-

ductive isolation (Plenderleith et al. 2005; Blais et al. 2009). More likely, various

communication modalities may act in different situations during mating or over

different distances. Smith and van Staaden (2009), for example, showed that visual

and acoustic communication modalities are associated; the same is probably true

for olfaction, and combinations of all cues, but this remains to be tested.

It has been suggested that species richness is a function of the number of traits

involved in diversification (Nosil and Harmon 2009). Likewise, Galis and Metz

(1998) stated that “a large number of independent elements increases the number of

potential solutions for a particular. . .problem.” They used this argument as hypoth-

esis for the tremendous diversity of jaw morphologies, but the same may apply for

mating systems. Hence, involvement of multiple communication systems, such as

vision, olfaction, and acoustics, would allow for a greater number of taxa. Each of

those traits can comprise multiple modalities itself. Visual traits, for example, can

be subdivided into shape, pattern, and hue, whereas different acoustic parameters,

18 Explosive Speciation and Adaptive Radiation 347



including frequency, trill period and pulse period could serve different functions for

mate recognition. Furthermore, species may vary in the relative importance of

different modalities. For example, cichlids living at great depths in relatively

poor photic environments may rely on acoustic and olfactory cues to a greater

degree than species living in shallow in-shore areas of the lakes. The multimodal

nature of mate recognition and evaluation within cichlids provides a greater pheno-

typic space for mating signals to diversify, potentially contributing to the high

observed diversity of cichlid fishes.

18.3.4 Genetic Factors Influencing Speed and Richness
of Divergence

18.3.4.1 Retention of Ancestral Polymorphisms

The large amount of shared genetic variation found within the East African species

flocks has both fascinated and stymied evolutionary biologists. While Lake

Tanganyika species tend to be reciprocally monophyletic using mtDNA

(Sturmbauer and Meyer 1992; Sturmbauer et al. 2003), the younger Lake Victoria

and Malawi cichlids share mtDNA haplotypes among species (Meyer et al. 1990;

Moran and Kornfield 1993). Limited success has been achieved in resolving some

clades in these systems using a nuclear genomic multilocus marker system (AFLP)

(Albertson et al. 1999; Koblm€uller et al. 2007b; Koblm€uller et al. 2008b); still, the
majority of relationships within the haplochromine cichlids remain unresolved. The

use of single nucleotide polymorphisms (SNP) may provide additional resolution.

However, a study performed by Loh et al. (2008) suggests that shared polymor-

phism at SNP loci is also common. Historically, the high level of shared genetic

diversity has been attributed to the very recent age of the Lake Malawi diversifica-

tion, the lack of fixation of neutral markers, and, consequently, the retention of

ancestral polymorphism (Moran and Kornfield 1993). More recent studies have

focused on the role that hybridization may play in preventing the fixation of alleles

within a lineage.

18.3.4.2 Hybridization

Hybridization has long been thought to slow down evolutionary change (Seehausen

et al. 1997). More recent evidence suggests that hybridization could contribute to

the evolution of phenotypic novelty, increase genetic diversity within species

(R€uber et al. 2001; Salzburger et al. 2002a; Seehausen 2004) and possibly contrib-

ute to the creation of new species by introducing new genetic variation in the hybrid

population (Albertson and Kocher 2006; Koblm€uller et al. 2007b). It was also

argued that hybridization may produce more fit individuals via transgressive
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segregation, especially if newly formed species possess alternative alleles that are

not yet fixed (Seehausen 2004; Bell and Travis 2005; Rieseberg 1999). Traits under

strong directional selection, however, are likely to be fixed for alternative alleles.

Strong directional selection may limit the degree to which novel phenotypes are

produced by hybridization (Albertson and Kocher 2005). However, Parnell et al.

(2008) argue that the phenotypic limitations imposed by genetic architecture can be

overcome in hybrids even in the presence of strong directional selection. These

authors argue against measuring individual morphological elements and for view-

ing the phenotype as a functional unit that can be arrived at through multiple

mechanisms. As an example, they discuss various ways in which the components

of the jaw can be structured to produce similar kinematic transmission of the oral

jaws. The importance of hybridization in generating genetic and phenotypic novelty

is becoming more widely recognized in cichlids and other systems.

18.3.4.3 Gene/Genome Duplication

Gene duplication, whether at the gene or genome scale, makes one of the copied

regions redundant and therefore reduces the strength of selection on one of the

duplicates. One or both of the copies, therefore, can evolve to take on a more

specialized function (subfunctionalization) or may even acquire a new function

(neofunctionalization). As a result, gene (or genome) duplication may lead to

phenotypic divergence (Ohno 1970). Some authors have suggested that the diverse

color patterns seen in East African cichlids, which have been implicated in their

extraordinary divergence, may be the result of gene duplications. Within cichlids

Watanabe et al. (2007) identified a gene duplication event of kir7.1, an inwards

rectifier potassium channel that is known to influence zebrafish color pattern.

However, the function of kir7.1 in cichlids remains unknown since the cichlid

paralogs (cikir7.1 and cikir7.2) do not appear to be expressed in zebrafish

(Watanabe et al. 2007). The duplication of kir7.1 is only one of many genes

involved in pigmentation that have been duplicated in bony fishes. As noted by

Braasch et al. (2006), bony fish have duplicates of the pigmentation genes mitf,
sox10, tryrosinase, csf1r, pdgfrb, and kit (Braasch et al. 2006 and references

therein). Braasch et al. (2006) suggest that the fish-specific genome duplication

(FSGD) event led to the duplication and neofunctionalization of two physically

linked type III receptor tyrosine kinases (RTKs) known to influence vertebrate

color patterns. One paralog appears to have retained its traditional function, while

the other appears to have taken on a novel function. The authors conclude that

genome duplications, including the FSGD event, contributed to increased number

of pigment cell types in fishes (Braasch et al. 2006).

Possibly one of the best studied examples of gene duplication involvement in the

evolution of phenotypic novelty, and species divergence has been discovered

through studying the duplication of opsin genes. Five opsin gene types are found

in many vertebrates. Opsin genes can be distinguished based on the wavelength of

light to which they are most sensitive [Short wavelength Sensitive 1 (SWS1), Short
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wavelength Sensitive 2 (SWS2), Rhodopsin class (Rh1), Rhodopsin Like (Rh2), and
Long wavelength Sensitive (LWS)] (Hoffmann and Carleton 2009 and references

therein). The SWS2 and the RH2 genes both have been duplicated early in the

divergence of teleosts. RH2 experienced a secondary duplication within cichlids.

Each of these duplication events appears to have been through tandem duplication.

As a result, cichlids possess eight functional opsin genes (SWS1, SWS2A, SWS2B,
Rh1, Rh2Aa, Rh2Ab, Rh2B, and LWS), though, generally, only three cone opsins

and a rod opsin are expressed at any given time. The cichlid visual system can,

therefore, be tuned through the selective gene expression of these opsin genes to

match their spectral environment (Hoffmann and Carleton 2009). The system can

be further tuned through the segregation of alleles at these loci for minor changes in

wavelength sensitivity (Seehausen et al. 2008). The divergence of opsin genes and

alleles is thought to have provided cichlids with the raw material necessary for

divergence through sensory drive to occur (Seehausen et al. 2008). The role that

gene duplication plays in species divergence is beginning to appear as a more

general phenomenon not limited to cichlids (Horth 2007).

18.3.4.4 Linkage Disequilibrium

Theoretical and empirical work has examined the role that linkage, both genetic and

physical, can play in the rapid phenotypic evolution and speciation (Hawthorne and

Via 2001; Rundle and Nosil 2005; Dobzhansky 1951; Orr 2005; Kocher 2004).

Linkage disequilibrium results from the nonrandom association of alleles at sepa-

rate loci. As a result, selection on one allele results in the correlative selection of

linked alleles at different loci. Selection acting on one phenotype can influence the

evolutionary trajectory of a seemingly independent phenotype. This pattern is of

particular interest to evolutionists when one of the loci is under strong natural

selection and the other loci influence mating behavior and/or reproductive isolation.

Within cichlids, Albertson et al. (2003) found that quantitative trait loci (QTL)

contributing to tooth and neurocranium shape in cichlids are linked not only to each

other but also appear to be linked to genes contributing to sex determination. This

has led some researchers to hypothesize the existence of “speciation chromosome”

in Lake Malawi’s cichlids (Streelman and Albertson 2006). More recently, Roberts

et al. (2009) identified a region within the Pax7 gene that determines pigmentation

patterns in many Lake Malawi cichlids. Individuals with one allele have a “wild-

type” pigmentation pattern, while individuals with the alternative allele have a

disrupted pigmentation pattern referred to as orange bloched or OB. The OB pattern

is believed to confer a degree of crypsis (Roberts et al. 2009). However, the OB

pattern, when expressed in males, disrupts nuptial coloration potentially causing a

break down in the mate recognition system. Therefore, the OB allele is believed to

be under sexually antagonistic selection: it is beneficial in females but costly in

males. This conflict is believed to have been reduced by the invasion of a dominant

female sex determining allele with tight linkage to the OB allele. Under such

a system, individuals inheriting the OB allele would most often be female.
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Roberts et al. (2009) suggest that in systems with strong sexual selection, such as

East African cichlids, the costs of evolving novel phenotypes which confer oppos-

ing fitness values to the different sexes can be minimized through tight linkage to

sex determining loci. In this way, novel phenotypes can evolve and spread even

when in sexual conflict. Yet conflicting sex-determining systems may lead

to genetic incompatibilities between nascent species and further strengthen repro-

ductive isolation in these species.

18.4 Biological Conservation Issues

While terrestrial ecosystems are reasonably well protected, this is not the case for

most African aquatic ecosystems. If applied, conservation strategies for aquatic

biota have so far been the same as for terrestrial environments, i.e., by declaring

biodiversity hotspots national parks. However, it seems questionable that this

strategy will work, given the strong micro-geographic structure of the species flocks

and the great degree of local endemism.

The current threats are not (yet) caused by habitat destruction and pollution but

by overharvesting. Local fishermen and commercial companies developed a strong

interest for exploiting the three great lakes. So far, commercial fisheries focused on

large or abundant non-cichlid fishes such as the endemic Nile perches or sardines in

Lake Tanganyika, the introduced Nile perch in Lake Victoria, and on endemic

pelagic cichlids in Lake Malawi. Near-shore fish communities were only targeted

by artisanal fishermen, which – due to their unprofessional equipment – could

not harm them considerably (Coulter 1991). Commercial fishing activities face

increasing problems due to overfishing, and governments reacted by enacting catch

regulations. Yet, these are difficult to enforce in large lakes across national borders.

In addition to the regulating efforts of governmental Fisheries Departments, stocks

seemed somehow self-regulated, in that the high gasoline price made inefficient

catches financially impossible for the large vessels. The reduced activities of the

larger companies gave the stocks at least some time to recover. However, at least in

Lake Tanganyika, the fishing strategy of the large commercial companies changed

recently, towards supporting a franchise system by distributing outboard engines to

local fishermen, which are to be paid for in fish returns (H. Phiri, Department of

Fisheries Chilanga, personal communication). The effects of this boosted activity of

local fishermen on the fish communities will be seen in the near future. The transport

of frozen fish to distant markets was also decentralized, in that now not only the

trucks of commercial companies deliver fish to larger cities, but also small cool-

houses and trucks sustain several one-man companies. Given the enormous demand,

pelagic fish communities are certainly at risk.

The second change in the fishing strategy of artisanal fishermen concerns littoral

cichlid fishes. Instead of using gillnets alone and leaving them in the water for

several hours, a new strategy can be observed in Lake Tanganyika: snorkeling

masks and gill nets are increasingly used by local fishermen. They use the same
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strategy as commercial ornamental fish catchers and snorkeling fishermen can

easily target large littoral fish species on rocky and muddy substrates. Instead of

placing the net in the water to specifically catch fish of the size class fitting the mesh

size, divers strategically place the gill nets to actively chase in all large individuals.

Near villages large specimens almost disappeared (Toby Veall, personal

communication).

A recent essay suggested a novel strategy for protecting African Lake

communities that accounts for their patchy distribution and local endemism

(Sturmbauer 2008). The concept is analogous to the source and sink metapopulation

model (Hanski and Simberloff 1997) whereby some subpopulations are being

steadily harvested (sinks) and others serve as stabilizing sources (Dias 1996;

Weiss 2005). The suggested strategy was derived from recent molecular phyloge-

netic and phylogeographic studies on East African cichlid fishes and fisheries data. It

noted the following peculiarities of the endemic communities in the East African

Great Lakes: While connectivity is the major problem for species in terrestrial and

marine national parks (Soule 1980; Franklin 1980; Ryder 1986; Moritz 1994), to

ensure a large enough effective population size of the protected animals, this is not

the case in most taxa of African rivers and lakes, where microgeographic endemism

prevails. Unlike many other organisms, cichlid fishes are poor dispersers. For

example, most littoral cichlid species are subdivided into numerous distinct “color

morphs” with restricted distribution (Sturmbauer and Meyer 1992; Verheyen et al.

1996; R€uber et al. 1999); small offspring numbers further contribute to the problem.

Sturmbauer (2008) argued that the establishment of “microscale protected

areas,” a large number of small stretches of strictly protected coast line, each

only some hundreds of meters long, is likely to work best to preserve the littoral

cichlid communities in African lakes. Such protected zones can sustain a

reasonably effective population size of littoral species, serve as spawning ground

or nursery areas for pelagic species, and at the same time reseed all neighboring

populations that are exploited continuously. A similar conservation strategy was

recently suggested for Indo-Pacific grouper species, and the establishment of small

“no-take-areas” increased the population of most grouper species by 30% over

5 years of protected status (Unsworth et al. 2007). The study on groupers also

showed that a stretch of 500 m of protected area was enough to increase the

population of top predatory fish. As long-term stability of littoral fishing grounds

is in the immediate interest of village communities, such small protected areas

should be managed and controlled by the local communities themselves, while

supervised by governmental institutions.

Species diversity is not only threatened by anthropogenic causes but also by

evolutionary factors. Gavrilets and Losos (2009) propose that species numbers in

Lakes Victoria and Malawi will generally decline and become more similar to those

observed in Tangyanika through evolutionary mechanisms. Repeated cycling of

allopatric divergence and secondary admixis of the diverged species, termed spe-

cies pump by Rossiter (1995), will have the following effects on species

communities: Secondary admixis events will place ecologically equivalent sister

species in sympatry and direct competition. Such competitive interactions might
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often drive one competitor to extinction, while the distribution ranges of successful

species will progressively increase (Sturmbauer 1998). In this way, species

communities will be slowly homogenized along larger shore sections, and overall

species numbers are likely to decrease. This scenario would explain the relatively

small estimated total number of 250 endemic cichlid species in Lake Tanganyika,

compared with the 500+ species of the much younger Lake Victoria and the

500–700 species of Lake Malawi with its intermediate age.
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