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Understanding the forces that generate and maintain biodiversity 

Understanding the mechanisms that generate and maintain biological diversity is 
of central importance in evolutionary biology (Ricklefs & Schluter 1993). Darwin 
(1859) believed that natural selection could produce two new species if intraspecific 
competition erodes less fit intermediate phenotypes. This view receded during the 
Modern Synthesis in the mid 1900s, when the focus of speciation research shifted 
away from natural selection as the driving force towards the role of biogeography in 
limiting gene flow (Dobzhansky 1937; Mayr 1942). The empirical basis for this 
viewpoint is the observation that sister species tend to be geographically isolated. 
In geographically isolated populations, reproductive isolation is thought to 
accumulate as a byproduct of independent evolution through the establishment of 
incompatibility alleles. This may lead to pre-mating isolation as a result of 
incompatible mating systems between diverging populations (e.g. Mayr 1963; Dodd 
1989), or post-mating isolation when interbreeding results in inviable, sterile (e.g. 
for reviews: Rice & Hostert 1993; Wu & Ting 2004) or less well adapted offspring 
(Rice & Hostert 1993; Schluter 2000; Coyne & Orr 2004). In the geographical view 
populations ‘within cruising range’ of one another cannot escape from the 
homogenizing effects of gene flow, whereas geographically isolated (allopatric) 
populations can diverge freely through (for example) genetic drift (Mayr 1963). 
Sympatric speciation, that is the formation of species within a freely interbreeding 
population, has therefore been a highly controversial idea.  
 The allopatric view was often forcefully defended with some proponents of 
the allopatric speciation model actively discouraging the study of sympatric 
speciation (Mayr 1963; Maynard Smith 1966; Futuyma & Mayer 1980; Felsenstein 
1981). The allopatric speciation model is powerful, because the essence of 
speciation, that is reproductive isolation, is guaranteed externally by geography, 
providing assortative mating essentially for free (Kirkpatrick & Ravigné 2002) and 
allowing populations to diverge by virtually any force. Sympatric speciation is 
theoretically more difficult to achieve, because the evolution of reproductive 
barriers is caused not by geography, but by biological attributes of organisms 
(Coyne & Orr 2004).  

Selection and sympatric speciation 

In the past decades growing theoretical and empirical support for the likelihood of 
sympatric speciation emerged, and for putative mechanisms that might underlie its 
occurrence (for reviews see Schluter 2001; Turelli 2001; Via 2001; Kirkpatrick & 
Ravigné 2002; Coyne & Orr 2004; Rundle & Nosil 2005). In 1988 it was verified 
that the first described case of sympatric speciation, two host races of Rhagoletis 
pomonella, which were formed by adaptation to different host plants (Bush 1969, 
explained below), were genetically differentiated (Feder et al. 1988; McPheron et al. 
1988). Rice & Hostert’s (1993) influential review of laboratory studies of speciation 
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provided strong empirical evidence that reproductive isolation can evolve at least in 
a laboratory setting even without pre-existing barriers to gene-flow. In addition, a 
number of mathematical models now illustrates the plausibility of sympatric 
speciation (e.g. Van Doorn et al. 1998; Higashi et al. 1999, Dieckmann & Doebelli 
1999; Van Doorn & Weissing 2001; for reviews see Turelli et al. 2001; Via 2001). 
This has led to an increase in interest in sympatric speciation, reflecting a 
resurgence of Darwins’ original views of adaptation and speciation (Schilthuizen 
2000). Since sympatric speciation models traditionally rely on selection as a cause 
of divergence, attention shifted back from speciation modes based on geography 
towards understanding how selection might directly contribute to the emergence of 
new species (Via 2001; Kirkpatrick & Ravigné 2002). The shift in focus of 
speciation research is illustrated by Kirkpatrick & Ravigné’s (2002) new 
classification of speciation by selection. In their view, allopatry and sympatry do 
not need to be treated as qualitatively distinct situation, because one could treat 
geography as simply another form of assortative mating, just like animals may 
mate assortatively as result of phenotypic variation in habitat choice or timing of 
reproduction. None the less, geography is still important in understanding 
speciation, because it affects the ecological sources of divergent selection that can 
act, as well as the possibilities of gene-flow between populations (Rundle & Nosil 
2005). In fact, speciation may often occur between the extremes of sympatric and 
allopatric speciation, with often a parapatric stage in which gene-flow can be 
reduced by distance (see i.e. Arnegard et al. 1999; Streelman & Danley 2003).  
 Speciation by divergent natural selection is now widely acknowledged as a 
major force in speciation, with or without geographic barriers (Rundle & Nosil 
2005). In the classical scenario of sympatric speciation, competition for diverse 
resources may generate disruptive frequency-dependent natural selection, leading 
to splitting of two new species. A disruptive selection regime, that is selection 
favoring the extreme ranges of the phenotypic distribution, is maintained by 
frequency-dependent selection. Frequency-dependent selection is selection that 
ensures stable co-existence of more than one phenotype by favoring rare 
phenotypes. Individuals with intermediate phenotypes are outcompeted by those 
with well-adapted extreme phenotypes, leading to the evolution of nonrandom 
mating based on traits under direct selection (via pleiotropy of physical linkage) or 
due to recruitment of other isolating traits through development of genetic 
correlations (via linkage disequilibrium) (Dieckmann & Doebeli 1999; Kondrashov 
& Kondrashov 1999). In this view, barriers to gene flow evolve between populations 
as a result of divergent ecological selection, and nonrandom mating only plays a 
secondary role (Maynard Smith 1966; Bush 1969; Kondrashov & Mina 1986; 
Filchak et al. 2000). Laboratory experiments have shown that ecological speciation 
can occur, since reproductive isolation evolved as a correlated response of 
adaptation to different environments in experimental studies (reviewed in Rice & 
Hostert 1993). There is also compelling evidence for its operation in nature 
(reviewed in Schluter 2001; Coyne & Orr 2004). The apple maggot fly, Rhagoletis 
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pomonella, is a classical example of ecologically driven sympatric speciation by 
host-related adaptation resulting in virtually complete premating isolation among 
different species occupying different host plants (Filchak et al. 2000). Other 
examples for sympatric speciation are limnetic and benthic morphs of Arctic charr, 
Salvelinus alpinus, from Lake Galtábol in Iceland (Gíslason et al. 1999), and the 
cichlids from small crater lakes in Nicaragua and Cameroon (Schliewen 1994; 
Barluenga et al. 2006). In these cases, evidence suggests sympatric speciation 
leading to eco-morphologically distinct, yet genetically monophyletic, morphs or 
species.     

The role of sexual selection 

Sexual selection, that is nonrandom mating leading to differential mating success 
of different genotypes, has also been recognized as a powerful force that can drive 
speciation (e.g. Darwin 1871; Lande 1981; West-Eberhard 1983; Civetta & Singh 
1999). This view is supported by comparative studies that indicate that recently 
diverged species exhibit only subtle eco-morphological differentiation but striking 
divergence in their secondary sexual characters (Dominey 1984; Eberhard 1985; 
Wilson et al. 2000). DNA sequence analysis has revealed an extraordinary 
divergence of sex-related genes, particularly between closely related taxa (e.g. 
Vacquier 1998; Wyckoff et al. 2000), lending some support for the hypothesis that 
sexual selection has acted on these genes during speciation. A number of studies 
have indicated a correlation between the intensity of sexual selection and species 
richness (Barraclough et al. 1995; Mitra et al. 1996; Owens et al. 1999; Stuart-Fox & 
Owens 2003). Mitra et al. (1996) showed that bird groups with promiscuous 
mating systems (a presumed proxy for sexual selection) are more species-rich than 
non-promiscuous sister groups. Also, from a theoretical point of view, sexual 
selection is a powerful means to establish reproductive isolation, as it directly 
influences the mating structure (e.g. Kirkpatrick & Ravigné 2002) and can rapid 
create a correlation between preference and male trait. Because attractive fathers 
produce attractive sons with high mating success (Fisher 1930), mate choice would 
cause a rapid build-up of a correlation between preference genes and male trait 
genes in a self-reinforcing manner, a process also known as the Fisherian runaway 
process (Fisher 1930; Lande 1981; Kirkpatrick 1982). According to Coyne & Orr 
(2004), the observation that sexual selection alone, unaided by ecology, appears to 
drive speciation is ‘one of the most important findings in the last decade of work on 
speciation’ (p 407).  
 Theoretical biologists have indicated the plausibility of sexual selection 
driving sympatric branching without the aid of natural selection. If mate choice 
depends on female preference for variants of male display, a population exhibiting 
enough variation may split apart via assortative mating, leading to divergent 
Fisherian runaway processes (Turner & Burrows 1995; Payne & Krakauer 1997; 
Higashi et al. 1999; Takimoto et al. 2000; Van Doorn et al. 1998; Van Doorn et al. 
2004). Sexual selection may lead to reinforcement of reproductive isolation by 
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effectively eliminating intermediate phenotypes due to reduced mating success. 
Evidence of reduced mating success in hybrids was found in hybrids from pairs of 
butterfly species (Davies et al 1997; Naisbit et al. 2001), from limnetic and benthic 
stickleback forms (Vamosi & Schluter 1999), and haplochromine cichlid fish 
(Stelkens & Seehausen in prep.). Several cases in nature exist in which authors 
implicated sexual selection in sympatry (see Panhuis et al. 2001). One of the best 
examples are the impressive radiations of haplochromine cichlid fish in Lakes 
Victoria and Malawi in Africa (Kocher 2004). Their staggering diversity has 
motivated many models of sympatric speciation by disruptive sexual selection 
(Turner & Burrows 1995; Higashi et al. 1999; Arnegard & Kondrashov 2004; Van 
Doorn et al. 2004). This is because of the monophyly of groups within single lakes 
(Lake Victoria: Nagl et al. 2000; Verheyen et al. 2003; Seehausen et al. 2003, Lake 
Malawi: Moran et al. 1994; Kocher et al. 1995; Albertson et al. 1999), and the 
difficulty to envision sufficient geographic barriers within lakes to allow the 
formation of hundreds of species in less than 2 million years (Lake Malawi) or even 
less than 15 000 years (Lake Victoria). Closely related sympatric cichlid species are 
anatomically and ecologically similar, while exhibiting striking variation in male 
nuptial coloration (Seehausen 1996; Seehausen & Van Alphen 1999), with this 
variation affecting mate choice (Seehausen & Van Alphen 1998; Knight & Turner 
2004). Also the mating system is conducive to extremely strong sexual selection, 
with lekking males and exclusive female parental care in the form of 
mouthbrooding (Kornfield & Smith 2000). 

The problems in sympatric speciation by sexual selection alone 

Recent theoretical models indicate that sympatric speciation by sexual selection 
alone requires extremely restrictive conditions (Arnegard & Kondrashov 2004; 
Kirkpatrick & Nuismer 2004; Van Doorn et al. 2004; Gavrilets 2004). Some even 
suggest that the process is theoretically impossible (Arnegard & Kondrashov 2004). 
In the traditional models of sympatric speciation by sexual selection, disruptive 
selection by female preferences for opposite extreme male displays may lead to 
assortative mating and can split a population apart (Turner & Burrows 1995; 
Higashi et al. 1999; Takimoto et al. 2000). Considerable genetic variation is 
required to trigger divergent Fisherian runaway processes (Higashi et al. 1999). 
Sexual selection, however, may rapidly deplete genetic variability in female mating 
preferences, hereby constraining sympatric speciation (e.g. Kirkpatrick & Nuismer 
2004). Another problem is that speciation can only occur from a rather narrow 
range of initial phenotypic distribution of female preference and male display, 
which must be close to symmetric (Arnegard & Kondrashov 2004; Van Doorn et al. 
2004). When relaxing this initial symmetry, disruptive sexual selection destabilizes 
the population, pulling it in the direction of one phenotypic extreme.  
 These problems may be illustrated as follows. Let us assume a population 
with blue males, and females basing their choice on male nuptial hue. A novel, say 
red male phenotype, arises in the population. Since female mating preference and 
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male trait are likely to co-evolve, it seems unlikely that genetic variation in female 
mating preference is sufficiently large enough to allow for invasion of a red male. 
The novel, red male requires an advantage to invade to overcome the pre-existing 
female mating preference for the already established blue trait. A second problem 
is the stable co-existence of red and blue morphs, both during and after speciation. 
If slightly more females prefer blue, the whole population becomes blue, and red is 
driven to extinction. Both problems can be resolved by negative frequency-
dependent selection, i.e. advantage to rarity. In the classical scenario of sympatric 
speciation by disruptive natural selection, this frequency-dependence is generated 
by divergent ecological selection. Such selection may confer an advantage to rare 
ecotypes that occupy a less crowded niche, and may lead to ecological 
differentiation that forms the basis of long-term co-existence of incipient species 
(Van Doorn et al. 2004).  

Male-male competition is an essential ingredient for sympatric speciation by 
sexual selection 

Sufficient genetic variation in female mate choice has to be present in order to 
trigger divergent runaway processes. Genetic variation in female mate choice could 
be maintained by disruptive frequency-dependent selection on female mate choice 
by female-female competition for males (Van Doorn et al. 2004; also see Lande 
2001; Almeida & Vistulo de Abreu 2003). Female-female competition for males 
may come about when we assume that males cannot father an unlimited number of 
offspring, due to time and energy constraints or sperm depletion. If this is the case, 
the female preference immediately becomes dependent on the strategies of other 
females in the population, rendering female preference frequency-dependent. Even 
when this condition was met, simulations indicated that simultaneous splitting of 
female mating preference and male trait was not possible (Van Doorn et al. 2004). 
This was due to the fact that males benefit from mating as frequently as possible, 
whereas females benefit when they find a mate that has not mated before. This 
conflict between the sexes translates into opposing selective forces: when it pays for 
males to undergo branching, the females will experience stabilizing selection and 
vice versa. In other words, in case the female mating preference distribution is 
wider than the male trait distribution, males experience disruptive selection as a 
result of selection favoring males to opt for extreme female preference types, 
because most matings for males can be obtained in the tails of female mating 
preference distribution. At the same time, females will then experience stabilizing 
selection, moving the female mating preference towards the centre of the 
distribution, because when the male trait is subject to disruptive selection, females 
should prefer male types in the centre as these are least mated. The opposite is the 
case when the male trait distribution is wider than the female mating distribution. 
Thus, either one of the sexes can undergo branching, but simultaneous branching is 
not possible. 
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 For these reasons, additional sources of disruptive selection are required to 
make sympatric speciation possible, separate from disruptive selection already 
generated by mate choice and female-female competition. Such selection could be 
caused by a variety of mechanisms (Weissing 1996), and any process that leads to 
an intrinsic advantage of rarity of either rare female preference types, and/or rare 
male traits is adequate (Van Doorn et al. 2004). Since in several taxa male-male 
competition is a major component of sexual selection (Andersson 1994), one 
concrete example is selection on the male traits involved in mate choice via 
aggressive male-male competition for breeding sites. This is well known for 
sticklebacks, where the red breeding coloration is important in female mate choice 
(Milinski & Bakker 1990) and in agonistic interactions (Bakker & Milinski 1993; 
Rowland et al. 1995). Haplochromine males typically flush their colors used in 
interspecific mate choice when confronted by rival males. The possibility that male-
male competition can generate negative-frequency-dependent selection and 
thereby facilitate sympatric speciation forms a crucial background for my thesis. In 
haplochromines males, territory ownership is a prerequisite to gain access to 
spawnings (Parker & Kornfield 1996; Maan et al. 2004). Hence, competition over 
territory sites is intense, and is likely to affect sexual selection. The mechanisms 
that may generate or contribute to rare male advantages in male-male competition 
will be now discussed. 
 
(1 ) Own-type bias in aggression 
If territorial males direct more aggression to rivals that phenotypically resemble 
themselves than to different phenotypes, rare male varieties would enjoy a 
frequency-dependent advantage because they receive less aggression (Mikami et al. 
2004; Seehausen & Schluter 2004). This might indeed turn into a fitness advantage. 
It could come about by rare males being able to obtain and defend high-quality 
territories, maintaining higher body condition, or spending less time on territorial 
defense, leaving more time and energy for male courtship. If female mate choice is 
not exclusively based on male color , but on a combination of male attributes, such 
as territory quality and courtship vigor, an own-type bias in aggression would result 
in rare male types being more likely to acquire a breeding territory and/or access to 
females than the common male type (Seehausen & Schluter 2004). The advantage 
would decrease with increasing frequency of the rare morph, due to increased 
intramorph encounters. An own-type bias in aggression thus facilitates the invasion 
of a novel male phenotype and stabilizes co-existence of incipient species.  
 
(2) Dominance through color effects  
Color effects on dominance may facilitate invasion of a novel male phenotype. 
Several studies (e.g. Hill & Barton 2005) found dominance effects of bright 
coloration on winning dyadic combats. This effect is often attributed to bright, for 
example red coloration, having an intrinsic intimidating value. Such color effects 
on dominance do not automatically lead to stable co-existence of incipient species, 
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unlike own-type biases in aggression. We need to invoke other mechanisms to 
generate frequency-dependent selection. A possible mechanism is behavioral 
adaptation, with the ancestral morph increasing the frequency of aggressive acts 
towards the novel morph once the latter is established in the population.  A novel 
coloration may also confer an advantage when its novelty elicits a fear response in 
the ancestral morph. Frequency-dependence may arise when the degree of fear 
response declines with increasing frequency of the novel morph, due to males 
becoming accustomed to a novel color.  
 
(3) Dominance through elevated aggression level 
The novel morph may be intrinsically more aggressive than the resident morph. 
This mechanism requires a pre-existing connection between color and elevated 
aggression level (Fernald 1976; see also Lazarus & Crook 1973). For example, an 
endrocrinological change inducing the novel color (more androgens results in 
emergence of a novel, brighter color) could have pleiotropic effects on aggression 
(more androgens result in elevated aggression level). Frequency-dependence may 
arise when with increasing relative frequency of the novel color morph, they 
become more frequently involved in more aggressive and hence more costly 
intramorph conflicts than the ancestral morph. This exhaustion effect of the novel 
males may then mute their behavioral dominance over the ancestral males.  

This thesis 

Speciation by sexual selection research has traditionally concentrated on 
mechanisms for divergence driven via female mate choice (intersexual selection). 
The pivotal role of competition between members of the same sex (intrasexual 
selection) has been largely overlooked.  
 In this thesis, I describe a series of experimental studies investigating the 
role of intrasexual selection in sympatric divergence, using Lake Victoria 
haplochromine cichlid fish as a model system. Such experiments are needed, as 
only indirect or descriptive support exists for the hypothesis of male-male 
competition facilitating sympatric divergence. I also investigate color expression as 
a result of male-male competition, and ask if the intensity of sexual signaling 
provides information about the genetic quality of the bearer. Speciation theory 
suggests that ‘good genes’ mechanism of female mate choice are less likely to drive 
(sympatric) speciation than purely divergent Fisherian runaway selection (Lande 
1981; Payne & Krakauer 1997; Turner & Burrows 1995; Van Doorn et al. 1998; 
2004). Under Fisherian runaway selection, population bifurcation may proceed in 
arbitrary directions, whereas ‘good genes’ sexual selection is less arbritary, leading 
to the evolution of only those male traits that reliably indicate genetic quality. 
Identifying the mechanisms that cause sexual selection in haplochromines has 
important implications for our understanding of sympatric speciation. 
 The project is part of a larger research program funded by the Netherlands 
Organisation for Scientific Research (NWO), entitled ‘Functions and Mechanisms 
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of Sexual Selection and The Sympatric Origin of African Cichlid Fish’, involving in 
three PhD projects. The program investigates many facets important in the process 
of sympatric speciation by disruptive sexual selection. Inke van der Versluijs 
concentrates on ‘The origin and maintenance of covariance between genes for mate 
preference and genes for coloration during sympatric speciation by sexual selection 
in cichlid fish’ (University of Leiden, supervision Prof. Ole Seehausen and Prof. 
Jacques van Alphen). Machteld Verzijden focuses on the role of learning in ‘The 
development of sexual preferences in rapidly evolving cichlid fish’ (University of 
Leiden, supervision Prof. Carel ten Cate). The project had further close association 
with two other PhD projects dealing with sexual selection in Lake Victoria cichlid 
fish. Martine Maan worked on ‘Sexual selection and speciation. Mechanisms in 
Lake Victoria cichlid fish’ (University of Leiden, defended in May 2006, supervision 
Ole Seehausen and Jacques van Alpen). Michele Pierotti works on ‘Speciation and 
sex determination in color polymorphic cichlid species from Lake Malawi and Lake 
Victoria’ (University of Hull, supervision Ole Seehausen). 

Haplochromine cichlid species flock: model system for sympatric speciation by 
sexual selection 

Fishes of the family Cichlidae, distributed from Central and South America, across 
Africa to Madagascar and India, represent the most species-rich family of 
vertebrates. It is the rapid radiation of cichlid fish species in the Great Lakes of East 
Africa that has attracted much attention (e.g. Fryer & Iles 1972; Echelle & Kornfield 
1984; Meyer 1993; Seehausen 1996; Barlow 2000; Seehausen 2000; Danley & 
Kocher 2001; Kocher 2004; Genner & Turner 2005; Seehausen 2006a). In each of 
the major lakes (figure 1), a few species have initiated the rapid adaptive radiations. 
Lake Tanganyika has a species flock of at least 197 endemic cichlids (Poll 1986), 
whereas Lake Malawi and Lake Victoria each contain more than 500 species 
(Turner et al. 2001). While these radiations were once thought to reflect allopatric 
speciation (Mayr 1963; Fryer & Iles 1972), many now consider it the result of both 
allopatric and sympatric speciation.    
 The cichlids are popular in speciation research, mainly due to their 
amazingly fast speciation rates (e.g. Won et al. 2005). Selection and phylogenetic 
signals of population bifurcation is usually rapidly lost after speciation, rendering 
currently speciating lineages like the haplochromines excellent model systems to 
test assumptions involved in speciation processes. Each lake contains a vast 
number of recently diverged species, as well color polymorphisms within species, 
representing different stages of speciation (Seehausen 1997; Seehausen et al. 1999a; 
1999b). Next to biogeographical factors, several biological attributes of 
haplochromines have promoted their diversification, such as dispersability, 
ecological adaptation and sexual selection, and extinction as a diversity limiting 
process (Seehausen 1999). 
 Earlier models emphasized vicariant events resulting from changes in lake 
water levels in generating the radiation in East African Lakes. Vicariance is the 
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evolution of reproductive isolation after the splitting of the geographic ranges of a 
species into reproductively isolated populations. In Lake Tanganyika dramatic 
changes in water levels, with subsequent fragmentation of the lake and allopatric 
divergence during dry events, is reflected in the phylogeographic patterns of Lake 
Tanganyika’s rock-dwelling cichlids (Sturmbauer & Meyer 1993). The effects of 
variance are not universal. It is not detectable in all taxa in Lake Tanganyika 
(Meyer et al. 1996) and the basin morphologies of Lake Malawi and Lake Victoria 
do not generate multiple basins during low water stands (Scholz & Rosendahl 
1988). It is therefore likely that the vast majority of species have evolved in situ in 
all three lakes (Meyer 1993; Moran et al. 1994; Nagl et al. 2000). It appears that 
ecological and behavioral factors have the largest effects on the diversification of 
cichlids. One aspect that could have influenced this diversification is their dispersal 
behavior, which determines the levels of gene-flow between groups and hence their 
potential to diverge. Recent estimates of current levels of gene-flow in Lake Malawi 
mbuna, however, indicate very restricted migration over limited geographical 
scales. (Van Oppen et al  1997; Arnegard 1999; Markert et al. 1999; Danley et al. 
2000). Danley & Kocher (2001) suggest that the levels of gene flow between 
communities of cichlids, often occurring at a single island or headland, declined 
since the colonization of Lake Malawi. Given the enormous size of the Great African 
Lakes, both sympatric speciation within a locality, and allopatric speciation 
between localities should have been important. Seehausen & Van Alphen (1999) 
plotted the number of sister species pairs against the distributional overlap 
between the species, and identified a bimodal distribution, with modes on 
allopatric and sympatric. The proportion of sister species pairs that are different in 
body color was much higher in sympatry than in allopatry. These findings suggest 
that not only allopatric speciation but also sympatric speciation by disruptive 
sexual selection on color polymorphism is a common mode of speciation in Lake 
Victoria cichlid fish. 
  

Figure 1 The three Great Lakes of East-Africa. Courtesy of M. Maan and M. Brittijn 
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Both sexual and natural selection have played a major role in the radiation of 
haplochromines. Cichlids have evolved numerous trophic adaptations for food 
acquisition. Feeding guilds include rock scrapers, predators on eggs and young, 
bottom feeders, pelagic zooplanktivores, molluscivores, and even fin, scale and eye 
biters (Barlow 2000). It has been suggested that the flexibility of the pharyngeal 
jaw system has contributed to the rapid adaptive radiation of haplochromines 
(Liem 1974; Galis & Drucker 1996; Albertson et al. 2003). Ecological selection 
likely precipitated the large scale ecological divergence into different genera 
(Danley & Kocher 2001). 

Sexual selection in haplochromines 

Within genera, many closely related species differ very little in diet, breeding site, 
and habitat use, while these species exhibit large variation in male nuptial 
coloration. This variation in color is important in mate choice by female mating 
preferences (Seehausen & Van Alphen 1998; Knight & Turner 2004), and also 
important for biologists to distinguish congeners. This has lead to the hypothesis 
that sexual selection was the main engine of speciation in these groups (Dominey 
1984; Seehausen 2000). This is particularly true for the rock-dwelling cichlids in 
Lake Malawi, the mbuna (Genner & Turner 2005), and a similar color-rich group 
in Lake Victoria, the mbipi (Seehausen 1996).  
 In the rock-dwelling cichlid communities in both lakes, two types of color 
polymorphisms are common among closely related sympatric species or morphs 
(Seehausen et al. 1999a). One is the blue red-yellow polymorphism. A previously 
well studied example is the sympatric sibling species pair, P. nyererei and P. 
Pundamilia from Lake Victoria (Seehausen 1997; Seehausen & Van Alphen 1998; 
Haesler & Seehausen 2005), or the Pseudotropheus complex from Lake Malawi 
(Konings 2001; Smith & Kornfield 2002). The other is the blotch polymorphism 
characterized by plain morphs, and morphs carrying melanin blotches on a white 
or orange background, with homozygotes being completely black, white or orange 
(Seehausen 1996; Konings 2001). The blotch polymorphism is associated with sex 
determining genes (Seehausen et al. 1999b; see also table 1 in Lande  et al. 2001). 
Mate choice experiments have shown that the color polymorphisms are associated 
with female and male mating preferences (Seehausen & Van Alphen 1998; 
Seehausen et al. 1999b; Knight & Turner 2004)  
 The breeding system and sexual dimorphism of rock-dwelling cichlids is 
conducive to strong sexual selection. Males do not participate in parental care, 
whereas females provide care in the form of mouthbrooding for several weeks 
(Seehausen 1996; Genner & Turner 2005). The females also protect the fry after 
release in Lake Victoria cichlids. Sexual dimorphism is often very pronounced, with 
males usually attaining a larger size than females, and displaying bright coloration, 
and females that are often very cryptic (Dominey 1984). Males often form leks 
where they defend individual territories. Usually, only territorial males fully 
express their nuptial coloration, and males readily flush their colors upon exposure 



1  GENERAL INTRODUCTION 

 

18

to a rival male. Females visit leks for spawning, and often mate with several males 
(Kellog et al. 1995; Parker & Kornfield 1996; Maan et al. 2004). Territory 
ownership is prerequisite to gain access to spawnings, and alternative mating 
tactics such as ‘sneaking’ are probably not very important in haplochromines 
(Parker & Kornfield 1996; Maan et al. 2004). Many sexually mature males cannot 
establish territories, and even among territorial males reproductive success is 
skewed towards a few lucky males (Kornfield & Smith 2000). Male-male combat 
competition is severe, as has been indicated by removal experiments that lead to 
intense disputes between many (non)territorial males trying to take over the vacant 
territory (Sharp 1981, Hert 1990; 1992; 1995; Dijkstra unpublished). Importantly, 
the quality of the territory may influence female mate choice. Females of sandy 
shore cichlids of Lake Malawi prefer males occupying a territory that is central in 
the lek arena (McKaye 1991; Kellogg et al. 2000), and for their large (McKaye et al. 
1990) or symmetrical bowers (Taylor et al. 1998). In P. nyererei males from Lake 
Victoria the size of a male’s territory influenced mate choice (Maan et al. 2004). 
The breeding system provides the raw material for intense inter- and intrasexual 
selection on male coloration.  
 In many species food control is probably only a secondary benefit of 
territorial behavior. This is also indicated by P. nyererei males foraging in shoals 
away from their territories. In algae-scraping species food control is more 
important, with both males and females defending territories to secure the algal 
mat (Ribbink et al. 1983; Seehausen 1996; Maan 2006). In this case females are 
less territorial than males (Maan 2006) and do not to occupy long-term territories 
like males. Haplochromine females become territorial in the mouthbrooding phase 
to stand guard over their fry and allow their young to return to their mother’s 
mouth when threatened by predators (Seehausen 1996). Thus, territorial behavior 
is likely to affect fitness in both male and female haplochromines.       

Evidence of male-male competition acting as a diversification force  

The role of male-male competition in facilitating sympatric speciation by sexual 
selection has not received much attention (Seehausen & Schluter 2004; Van Doorn 
et al. 2004). Male-male competition is widely viewed as being an important 
component of sexual selection (Andersson 1994; Wong & Candolin 2005). Some 
have postulated it could be an important agent of diversification. Here I will briefly 
summarize some of these studies.  
 First, West-Eberhart (1983) proposed such competition could drive 
allopatric speciation in taxa in which male-male competition is the dominant 
mechanism for sexual selection (see also Andersson 1994). For example, in some 
lizard genera it is thought that active female mate choice plays a relatively minor 
role, and that variation in reproductive success is largely the result of male-male 
aggression (Stuart-Fox & Owens 2003). Under this scenario it is plausible that local 
adaptation in the ornaments involved in male-male interactions may lead to 
ornament divergence and ultimately to allopatric speciation.  



1  GENERAL INTRODUCTION 

 

19

 Secondly, in order to prevent erroneous aggression towards heterospecifics, 
it is beneficial to sympatric species to diverge in secondary sexual characters. Such 
a shift in secondary characters is referred to as character displacement between 
species driven by interspecific aggressive interactions (Alatalo 1994; Tynkkynen et 
al. 2004; 2006). Character displacement is often asymmetric in that interspecific 
aggression could drive the phenotype of the behaviorally subdominant species away 
of the behaviorally dominant species (Lorenz 1962; 1966; Alatalo 1994; Tynkkynen 
et al. 2004; 2006). In Ficeluda flycatchers interspecific aggression from collared 
flycatchers, F. albicollis, forces the similar black and white plumaged pied 
flycatcher, F. hypoleuca, males to nest in less preferred habitats. Collared 
flycatchers are less aggressive towards brown-colored heterospecifics (Saetre et al. 
1993; Alatalo 1994). Probably as a consequence of increased aggression towards 
black and white males, there is character displacement in plumage coloration 
which is more divergent in sympatric than in allopatric populations (Alatalo et al. 
1994). The idea of character displacement between species can be extended to 
sympatric speciation if we consider character displacement by male-male 
competition to take place within species rather than between species, promoting 
the emergence, persistence and divergence of a novel male phenotype in a 
population (Seehausen & Schluter 2004; Van Doorn et al. 2004).  
 As noted earlier, I distinguish three mechanisms by which male-male 
competition can contribute to the establishment of a novel male trait, and 
subsequent stabilization of preference and trait. These were (1) own-type bias in 
aggression, dominance through (2) color effects or (3) elevated aggression level. I 
will now describe for each mechanism the existing evidence.  
 
(1) Own-type bias in aggression 
There is indirect evidence that haplochromines males bias aggression towards 
rivals of their own color type. In many Lake Victoria cichlid communities, closely 
related species with different male nuptial coloration occurred more in sympatry 
than expected by chance. Also, closely related species of the same color type 
occurred less together than expected by chance (Seehausen & Schluter 2004). 
Although disruptive selection on male color by female mate choice predicts the first 
pattern (Seehausen et al. 1997), it does not predict the negative association between 
closely related species of the same color, whereas own-type biases in aggression do. 
Interestingly the pattern was also evident between different morphs belonging to 
the same species. In the same study it was found that territorial Neochromis 
omnicaeruleus and N. rufocaudalis (‘red tail’) males tend to have territorial 
neighbors of species that are different in nuptial coloration from themselves 
(Seehausen & Schluter 2004). Kohda (1998) showed in Lake Tanganyika that the 
territories of Petrochromis polyodon were separated to a greater degree among 
conspecific males than among heterospecific males. These patterns are consistent 
with the interpretation that individuals among closely related species bias 
aggression towards phenotypic similar species, exerting negative frequency-
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dependent selection on male nuptial coloration, and causing character 
displacement both within and between species (Seehausen & Schluter 2004).  
  
(2) Dominance through color effects 
No such studies have been done with haplochromines, but two studies exist using 
American cichlid fish. In dyadic combats between Firemouth cichlids, Cichlasoma 
meeki, Evan & Norris (1996) showed that red coloration increased the probability 
to win. The same has been found for gold coloration in the Central American Midas 
cichlid, Cichlasoma citrinellum (Barlow 1983).  
 
(3) Dominance through elevated aggression level 
In haplochromine there are few or no reports on differences in aggression level 
between closely related species or morphs. In some Tanganyika cichlids, 
differences in aggression level have been found in association with alternative 
reproductive styles (e.g. Heg et al. 2005). In many animal species alternative 
morphs are associated with differences in aggression level/ attack readiness, 
and/or success in aggressive interactions (e.g. Ruff: Lank et al. 1995; Lizards: 
Knapp & Moore 1996; Sinervo & Lively 1996; Midas cichlid: Barlow 1983; 
Swordtail fish: Heuts & Nijman 1998; Mosquitofish: Horth & Travis 2002; 
Gouldian finch: Pryke et al. 2006; for reviews Roulin 2004 [birds]; Gross 1996). 
Often, differences in male agonistic behavior between morphs are used to 
understand the evolution of alternative reproductive styles (Rubenstein 1980; 
Gross 1996). A commonly seen pattern is that one morph gains matings by 
defending a mating site/ or females from other males, and the other one obtains 
matings by alternative means, such as ‘floating’ behavior (e.g. Knapp & Moore 1996; 
Sinervo & Lively 1996). For example, in the side-blotched lizard, Uta stansburiana, 
males display one of three alternative throat color morphs (orange, blue and 
yellow), each with an associated territorial behavior (Sinervo & Lively 1996; 
Sinervo & Clobert 2003); orange males are super-dominant and defend large 
territories, blue-throated males defend small territories, while the sneaking yellow 
males do not defend territories. 
 
In conclusion, a substantial body of literature has focused on the role of 
territoriality and aggressive interactions in driving the evolution of color patterns, 
and in promoting the evolution of color polymorphisms associated with alternative 
reproductive styles. Few have embedded it in the context of sympatric speciation. 
Some of this evidence is consistent with the hypothesis that rare male advantages 
may emerge from intrasexual competition. Now, experimental tests are needed.   
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Outline of thesis and model species 

In chapter 2-7 I studied two recently diverged, ecologically and anatomically 
similar sympatric cichlid species pairs consisting of P. Pundamilia (Seehausen et 
al. 1998a) with blue and P. nyererei (Witte-Maas & Witte 1985) with red nuptial 
coloration. In chapter 3 I also use P. ‘pink anal’ (Seehausen 1996) as a 
representative of a Pundamilia species with blue nuptial coloration. Red and blue 
phenotypes are anatomically similar forms that behave like reproductively isolated 
species in some locations, and like hybridizing incipient species in other locations 
(Seehausen 1996; Seehausen et al. 1997). Blue phenotypes have a lake-wide 
distribution whereas red phenotypes have a patchy distribution and always co-
occur with blue phenotypes. The blue form has the highest record of sympatric 
occurrences with other members of the Pundamilia complex  (Seehausen 1996; 
Seehausen & Van Alphen 1999). It seems hence likely that blue represents the 
ancestral state and that blue populations have been invaded repeatedly and 
independently by red morphs during speciation (Seehausen 1997; Seehausen & Van 
Alphen 1999; Seehausen & Schluter 2004). The different populations of 
Pundamilia were taken as different speciation stages, beginning with an entirely 
blue population where red males had not been able to gain a foothold yet, to 
populations where red and blue are hybridizing incipient species, and finally to 
populations where speciation has been completed with reproductively isolated red 
and blue species.  
 Own-type biases in aggression (chapter 2 and 3) and differences in 
aggression level (chapter 2) were measured in wild-caught Pundamilia males 
using a simulated intruder choice test. Territorial defenders were presented with 
red and blue stimulus fish, each enclosed in transparent tubes, mimicking 
intruding rival males, and recorded the aggressive response of the territorial 
defender. In chapter 2 light manipulations experiments revealed that aggression 
preferences are based on color differences, suggesting that color is not only 
important in mate choice, but also in intrasexual signaling. Following up to this 
chapter, in chapter 3 I tested in blue Pundamilia fish from six different 
populations whether aggression bias depends on speciation stage.  
 Color-effects on dominance can be measured by staging dyadic combats, 
mimicking two males disputing over a vacant territory. In chapter 4, I tested the 
hypothesis that red coloration confers an advantage in direct combat, assisting red 
phenotypes to invade. To this end, combats were staged between red and blue 
males under both white and green light condition that effectively eliminates the 
color difference.  
 How aggression biases come about in Pundamilia is unclear. Chapter 5 
investigates the role of learning and genetics in shaping aggression biases in three 
populations of blue Pundamilia cichlid species. Males were given prolonged 
experience with red males or only blue males and subsequently subjected to a 
simulated intruder choice test.  
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 In chapter 6 I experimentally tested in a group situation whether co-
existence of red and blue Pundamilia phenotypes could be facilitated through 
male-male competition. The experiment allowed us to validate findings reported in 
chapter 3-6 under a more natural setting. We studied the formation of dominance 
hierarchies in assemblages composed of either only red males, only blue males, or 
males of both color types.  
 How are rare male advantages in male-male competition translated into 
fitness benefits? One possibility is that female mate choice is mediated by territory 
quality, and that territory quality has the potential to override the female mate 
preference for male nuptial coloration. Chapter 7 investigated this possibility 
using females of Pundamilia nyererei. Females could choose between a conspecific 
red males, and a heterospecific blue male. Territory quality was manipulated by 
varying tube size that males use as the centre of their territories. 
 In chapter 8 I tested the assumption that nuptial coloration is important 
in an intra-sexual context and may reveals aspects of male quality or ‘good genes’. 
Information about male quality may be relevant for both towards rival males in 
assessment of resource holding potential, and for prospect mates that might be 
interested in ‘good genes’. In P. nyererei, a cichlid fish with a carotenoid-based red 
breeding coloration, I tested the trade-off between color expression and one 
component of immune function.    
 In haplochromine cichlids female territoriality is likely to affect female 
fitness. Females aggressively fend off space during the mouth brooding phase to 
stand guard over their fry. In algae-scraping species, females occupy short term 
territories over rocky sites to secure the algal mat. Therefore, aggressive 
interactions between females too may promote invasion of novel color phenotypes, 
and species co-existence. In most haplochromine species, however, females of 
closely related species often look the same, providing less opportunity for color-
based aggression biases. Yet, some conspicuous color phenotypes are found in 
females too. A good example is Neochromis omnicaeruleus (Seehausen et al. 
1999b), a representative of the common blotched color polymorphism. The species 
consists of three distinct color morphs. In chapter 9 I tested whether an own-type 
bias exists in wild-caught female morphs of Neochromis omnicaeruleus. How the 
associated between color and aggression bias can be maintained in the face of gene-
flow between morphs was also studied.   
 In chapter 10 the main findings are summarized and discussed in a more 
general context.  
 
 




