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Nearly 160 years ago, Charles Darwin defined natural selection - the struggle to survive 
(Darwin, 1859). He was keenly aware of its ability to drive adaptation within a population 
but also its ability to generate new species (when, for example, populations encounter 
different ecological circumstances). Darwin also detailed the importance of sexual selection 
- the struggle to reproduce (Darwin, 1871). Today, we recognize that both processes are 
involved in speciation, together generating vast amounts of phenotypic and genetic diversity 
(Nosil, 2012). 

Speciation results from the formation of barriers to gene flow. For this buildup of 
reproductive isolation, Ernst Mayr described two broad categories, involving processes that 
occur either before or after mating (Mayr, 1963). Differences in the time or place of mating 
(spatial/temporal isolation), the inability of migrants to cope with a new environment 
(immigrant inviability), or the differences in behaviour between species are all factors that 
contribute to pre-mating isolation (Nosil, 2012). Post-mating reproductive isolation is often 
related to decreased fitness of hybrid offspring; either through extrinsic (e.g. ecological 
selection against intermediate phenotypes) or intrinsic processes (e.g. genetic 
incompatibilities independent of the environment; Dobzhansky, 1936; Palumbi, 2008). Post-
mating effects are important in several taxa, but pre-mating effects are considered the most 
common cause of initial reproductive isolation in animals (Schluter, 2001; Ritchie, 2007). 
One important source of pre-mating isolation is sexual selection. 
 
Speciation via sexual selection - Both natural and sexual selection can provide a source of 
divergent selection (necessary for speciation), but sexual selection has fundamentally 
different consequences (Kirkpatrick & Ravigné, 2002). Gene flow and recombination 
frustrate natural selection by disrupting favorable allele combinations, whereas assortative 
mating among locally adapted individuals generates and maintains such favorable 
combinations. This can result in strong linkage disequilibrium in a population that may have 
previously had none (Kirkpatrick & Ravigné, 2002). Theoretical modeling has shown that 
speciation via sexual selection is possible, even in full sympatry (Dieckmann & Doebeli, 
1999, Kondrashov & Kondrashov, 1999), though it may not be strong enough to drive 
populations to complete reproductive isolation (Butlin et al., 2012). Nonetheless, sexual 
selection may be key in the initial stages of speciation due to its influence on sexual traits 
(Butlin et al., 2012). 

Although sexual selection has been shown to contribute to speciation (Lande, 1981; 
Ritchie, 2007; Kraaijeveld et al., 2011), it does not always do so. In fact, under certain 
circumstances, it can impede speciation (Parker & Partridge, 1998; Ritchie, 2007). 
Preferences can evolve to resist the opposite sex (i.e. sexual conflict: Gavrilets et al., 2001) 
or to favor common phenotypes, resulting in stabilizing selection (Kirkpatrick & Nuismer, 
2004). Ritchie (2007) noted two ways in which sexual selection can accelerate speciation: 1) 
by the coevolution of male traits and female preferences (in allopatry) or 2) by the traits 
involved in mate recognition being under direct environmental selection. In this second 
scenario, speciation via sexual section can be considered ecological speciation, due to the 
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fact that environmentally based divergent selection drives the divergence in mating traits and 
directly affects reproductive isolation (Schluter, 2009; Nosil, 2012). 
 
Ecological speciation - Recent work has shown that ecology can play a vital role in the 
process of speciation (Schluter, 2009; Nosil, 2012). Ecological mechanisms underlying 
speciation are generally recognized by a pattern of ecological differentiation among related 
species (Rundell & Price, 2009), with non-random, assortative mating among locally adapted 
conspecifics. Ecological speciation processes often occur quickly (Rundell & Price, 2009) 
and can operate in any geographical context (although environmental heterogeneity and 
spatial structure are often necessary). Non-ecological mechanisms, in contrast, involve 
evolutionary diversification via neutral processes (e.g. genetic drift, mutation; Gittenberger, 
1991), are often slower (though not always; e.g. polyploidization), and typically occur in 
geographical isolation. Ecological adaptation, therefore, can be a potent force in speciation, 
often acting as the main initiator of isolation (Shafer & Wolf, 2013).  
 Although sexual selection alone can contribute to species isolation, it is more 
powerful when the traits involved are under environmental selection (Ritchie, 2007). The 
traits that would mediate this process have been labelled ‘magic’: powerful in driving fast 
speciation but assumed to be rare in nature (Smith, 1966; Gavrilets, 2004; Servedio et al., 
2011). Magic traits are controlled by genes under divergent selection, that pleiotropically 
affect reproductive isolation (Servedio et al., 2011). This pleiotropic relationship guarantees 
that the association between non-random mating and divergent selection cannot be broken 
by recombination (Servedio et al., 2011). Some of the strongest indications of magic trait 
speciation are seen in studies of sensory drive, as sensory abilities mediate both ecological 
performance and the perception of potential mates (Boughman, 2002; Maan & Seehausen, 
2010).  
 
Sensory drive - The sensory drive hypothesis predicts that sensory conditions ‘drive’ 
evolution in a particular direction; sensory systems, signals, and signaling behaviour are 
coupled and co-evolve in concert to the local environment (Endler, 1992). This hypothesis 
predicts that individuals will mate more often with partners that they can more easily detect 
(or with mates that elicit stronger sensory excitation) and that preferences may evolve for 
signals that are conspicuous in the local environment (Endler, 1992; Boughman, 2002). 
Theoretical modeling has shown that, in the absence of geographical barriers, speciation in 
heterogeneous sensory environments is possible, with divergent selection acting on sensory 
systems used in mate choice (Kawata et al., 2007). Any change in the sensory or neural 
systems could result in a change in preference by making different display traits more 
conspicuous or attractive (Turner & Burrows, 1995).  

Evidence for sensory drive-like processes has been documented in a number of taxa 
(as reviewed by: Cummings & Endler, 2018). Most studies have involved aquatic species 
and visual adaptation, as the natural attenuation of light through water results in distinct 
depth- and turbidity-dependent light environments. Compared to terrestrial systems, aquatic 
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environments have more pronounced and stable spatial variation in sensory conditions 
(Boughman, 2002) and naturally place a more constraining force on sensory functioning and 
evolution (Cummings & Endler, 2018). Evidence for sensory drive has been widely 
documented in fish: guppies (Endler, 1992), sticklebacks (Reimchen, 1989; McDonald et al., 
1995; Boughman, 2001, 2002; Boughman et al., 2005), killifish (Fuller, 2002; Fuller et al., 
2005; Fuller & Noa, 2010; Mitchem et al., 2018), swordtails (Kolm et al., 2012), surfperch 
(Cummings, 2007), and pygmy perch (Morrongiello et al., 2010). Sensory drive has also been 
implicated in the rapid speciation of the colourful cichlid fishes in Lake Victoria. In this 
thesis, I experimentally test this hypothesis.  
 
Lake Victoria cichlids - The cichlid fishes represent the most species-rich family of 
vertebrates, with almost 3,000 species found across South America, Africa, Asia, and India 
(Kocher, 2004). Within Africa alone, cichlids have radiated into endemic species 
assemblages in more than 30 different lakes (Seehausen, 2006), with the African Great Lakes 
harbouring nearly 2,000 species (Kocher, 2004). Of the three largest lakes – Tanganyika, 
Malawi, and Victoria – Lake Victoria is the youngest (~400,000 years old; Johnson et al., 
1996) and harbours approximately 500 species of cichlids. Unlike neighbouring Lakes 
Tanganyika and Malawi (both deep, with clear water), Lake Victoria is shallow and turbid. 
As recently as 14,600 years ago, Lake Victoria was completely dry (Johnson et al., 1996); 
the diversity of species present in Lake Victoria today has arisen in a very short period of 
time.  

Lake Victoria cichlids display a large diversity in trophic specializations - algae 
scrapers, snail crushers, planktivores, insectivores, fish fry predators, large fish predators 
(Fryer & Iles, 1972; Seehausen, 1996) - and ecological selection on trophic morphology was 
likely an important factor in the cichlid adaptive radiation (Kocher, 2004). Courtship 
behaviour is well documented (McElroy & Kornfield, 1990) and parental care is entirely 
female-based; females mouth brood fertilized eggs until hatching and temporarily guard the 
fry after release (Seehausen & van Alphen, 1998). Evidence suggests that the polygynous 
mating system and variability in male nuptial coloration observed in cichlids has favoured 
strong sexual selection (Seehausen et al., 1999). Indeed, sexual dimorphism is common; 
males have sexually selected, bright coloration (Seehausen & van Alphen, 1998; Maan et al., 
2004; Pauers et al., 2004; Kidd et al., 2006), whereas females are typically more cryptically 
coloured (although blotched female coloration exists in numerous species: van Alphen et al., 
2004). 

Variation in colour vision is also well-documented in cichlids (Terai et al., 2002, 
2006; Carleton et al., 2005; Parry et al., 2005; Seehausen et al., 2008; Carleton, 2009; 
Hofmann et al., 2009; Smith et al., 2011). Visual sensitivity in fish (and vertebrates in 
general), is determined by photosensory pigments in the retina, comprised of a light sensitive 
chromophore bound to an opsin protein (Bowmaker, 1990). Cichlids possess seven distinct 
classes of opsins, each maximally sensitive to different wavelengths of light (Carleton et al., 
2008). The relative expression levels of the different opsin proteins influence visual 
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sensitivity. In Lake Malawi, one of the clearest lakes in the world (Kocher, 2004), short 
wavelength light (UV) is relatively abundant and Malawi cichlids express high levels of the 
UV sensitive opsin gene (Hofmann et al., 2009). In Lake Victoria, UV light is scarce; there 
is little to no expression of the UV sensitive opsin but most species express high levels of the 
long wavelength sensitive opsin (Carleton et al., 2005; Hofmann et al., 2009). Visual 
conditions in Lake Victoria are heterogeneous (more so than in Lake Malawi) and evidence 
suggests that selection for visual adaptation to these restrictive photic conditions is a strong 
diversifying force (Smith et al., 2012b), implicating sensory drive-like processes (Maan & 
Seehausen, 2010). Lake Victoria cichlids, therefore, provide an opportunity to test speciation 
via divergent sensory drive (Smith et al., 2012b). 
 
Pundamilia - Pundamilia pundamilia (Seehausen et al., 1998) and Pundamilia nyererei 
(Witte-Maas & Witte, 1985) are two closely related species of rock-dwelling cichlids. They 
co-occur at open-water and offshore rocky islands in southeastern Lake Victoria, including 
the northeastern Mwanza Gulf (see Fig. 1.1). Males are distinguished by their nuptial 
coloration: P. pundamilia males are grey/white dorsally, with black vertical stripes and 
metallic blue with red lappets on the dorsal and caudal fins. P. nyererei males are bright red 
dorsally, yellow on the flanks, with black vertical stripes and red dorsal fins. Females of both 
species are yellow/grey (Seehausen, 1996). Recent demographic modeling and population 
genomic analyses have shown that the populations in the western and southern Mwanza Gulf 
were first colonized by P. pundamilia, then later P. nyererei, with admixture between the two 
species (Meier et al., 2017; 2018). The hybrid population later speciated into similar blue and 
red phenotypes, known as P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’, respectively. In 
all studied populations, the two phenotypes differ ecologically: P. pundamilia / P. sp. 
‘pundamilia-like’ is a benthic insectivore, residing in shallow waters, while the 
insectivours/zooplanktivorous P. nyererei / P. sp. ‘nyererei-like’ extends to greater depths. 
Due high turbidity in Lake Victoria, the available light spectrum shifts toward longer 
wavelengths with increasing depth, so  P. nyererei / P. sp. ‘nyererei-like’ tend to inhabit an 
environment largely devoid of short-wavelength light (Maan et al., 2006; Seehausen et al., 
2008; Castillo Cajas et al., 2012). 
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Figure 1.1. The Mwanza Gulf in southeastern Lake Victoria 

 
Male coloration is important for female preference in both species (Seehausen & 

van Alphen, 1998; Haesler & Seehausen, 2005; Stelkens et al., 2008; Selz et al., 2014) and 
interspecific female preferences are heritable (Haesler & Seehausen, 2005; Svensson et al., 
2017). First-generation hybrid females mate randomly, but preferences segregate in second-
generation hybrid females (Van der Sluijs et al., 2008; Svensson et al., 2017). Optomotor 
response tests of wild caught fish suggest that the visual sensitivities also differ between the 
species; P. nyererei is more sensitive to long wavelength (red) light and P. pundamilia is 
more sensitive to short wavelength (blue) light (Maan et al., 2006). These differences 
correlate with species-specific variation in visual pigment properties: P. nyererei / P. sp. 
‘nyererei-like’ typically possess an allele of the long wavelength sensitive (LWS) opsin that 
has a more red-shifted peak sensitivity than the LWS allele found in P. pundamilia / P. sp. 
‘pundamilia-like’ (Carleton et al., 2005; Seehausen et al., 2008). Correlations between 
differences in visual environments, male coloration, female mate preferences, and visual 
properties have implicated sensory drive as the mechanism of divergence in Pundamilia 
(Maan & Seehausen, 2010). 

As shown above, great strides have been made in characterizing aspects of sexual 
selection and the visual system properties of Pundamilia. However, the observed correlations 
between the visual environment and species-specific visual properties may have come about 
in a number of ways. For example: visual adaptation may function as a ‘magic trait’, 
pleiotropically affecting both ecological performance and sexual reproduction (Boughman, 
2002; Maan & Seehausen, 2010). On the other hand, correlations between visual properties 
and photic conditions may have also developed by indirect selection, where assortative 
mating among locally adapted individuals results in increased offspring fitness (Maan & 
Seehausen, 2012). Here, I aim to experimentally explore the mechanistic link between visual 
perception and reproductive isolation, testing the role of sensory drive as a source of 
divergence in the speciation of blue and red forms of Pundamilia.   

Lake Victoria

Mwanza Gulf

Python Island
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Thesis overview - The goal of this thesis is to investigate the role of visual adaptation in the 
formation of reproduction isolation between species. As mentioned above, blue and red forms 
of Pundamilia occur at multiple rocky island locations throughout southeastern Lake 
Victoria. Here, we focus on the populations of Python Island (Fig. 1.1). At Python Island, the 
two forms overlap in their depth distribution and hybrids occur at a low frequency. Females 
exhibit species-specific preferences for male colour and divergence at the LWS opsin locus 
exceeds divergence at neutral loci. Thus, at Python Island, reproductive isolation is 
incomplete but selection for locally adapted visual systems and assortative female 
preferences seem to be driving species divergence. These patterns are consistent with the 
predictions of speciation by divergent visual adaptation (Seehausen et al., 2008). Here, we 
use the offspring of wild caught fish from Python Island to experimentally test species 
divergence by sensory drive. 

We examined natural patterns of visual system properties in wild fish (chapter 4) 
and tested the prediction that each species has a visual system that is tuned to maximize 
fitness in its natural environment (chapter 6). To test the causal mechanism of divergence, 
we manipulated the visual environment of P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’ 
in the laboratory, to induce a plastic change in visual system development (previously 
documented in a number of fish species, including cichlids: Van der Meer, 1993; Shand et 
al., 2008; Fuller et al., 2010; Hofmann et al., 2010; Fuller & Claricoates, 2011; Smith et al., 
2012a; Dalton et al., 2015; Stieb et al., 2016; Nandamuri et al., 2017; Veen et al., 2017). We 
then tested the consequences of this plastic response, quantifying changes in the visual system 
(chapter 5) and examining its influence on female mate preference (chapter 2), male colour 
signals (chapter 3), and foraging performance (chapter 6).  
  
Developmental effects of environmental light on female preference 
In chapter 2, we examined how the local light environment influenced female colour 
preference. We found that the light environment females were reared in significantly 
influenced preference; shallow-reared females preferred blue males and deep-reared females 
tended to prefer red males. As a result, species-assortative preferences were absent when 
females were reared in an ‘unnatural’ light environment. This suggests that changes in visual 
perception can directly influence mate preference, providing behavioural support for sensory 
drive.  
 
Developmental effects of the environmental light on male coloration 
The experimental light treatments may have also influenced the expression of nuptial 
coloration, so in chapter 3 we examined plasticity in male colour. Species-specific coloration 
(blue vs. red) was not influenced by differential rearing, nor did it change when adults were 
switched between the environments. This is in line with predictions of sensory drive: species 
differences in male colour signals, which are subject to divergent selection by female choice, 
are largely genetically determined.  
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Visual pigment expression covaries with light environment in wild fish  
To establish how variation in opsin expression contributes to visual adaptation, I sampled 
wild caught blue and red males from multiple locations in Lake Victoria. In chapter 4, we 
report that the opsin expression profiles differed between sympatric species, as well as 
between allopatric populations and species. Surprisingly, the red species did not have 
consistently higher LWS expression; in turbid populations, the blue types expressed more 
LWS. Thus, allelic differentiation (LWS) is not in line with expression variation. These 
results may reflect the different evolutionary histories and/or different modes of visual 
adaptation of the species pairs from different locations.  
 
Linking opsin expression, opsin genotype, and mate preference  
In chapter 5, we specifically explored the genetic mechanisms linking visual perception to 
reproductive isolation. We measured the relative opsin expression of differentially reared fish 
and found that the light treatments significantly influenced expression. Opsin expression 
tended to correlate with female preference, but this was independent of the experimentally 
induced changes in opsin expression - thereby not allowing us to infer a causal relationship. 
Allelic variation in the long-wavelength sensitive opsin (LWS) also covaried with female 
preference, but only in one of two light treatments. Together, these findings confirm the role 
of visual perception in shaping female preference - both opsin genotype and opsin expression 
are linked to preference - but a causal relationship has yet to be established.  
 
Environmental light influences foraging performance  
Divergent natural selection between different light environments implies that a mismatch 
between the visual system and the photic environment should result in decreased performance 
in visually mediated tasks. In chapter 6, I tested this hypothesis by examining the foraging 
performance of differentially reared (and tested) fish. When tested in their ‘natural’ light 
environment (blue fish in shallow, red fish in deep), fish caught slightly more prey, 
suggesting that each species is visually adapted to maximize foraging performance. Fish 
reared in deep light also caught more prey, perhaps related to the differences in opsin 
expression observed in chapter 5. Together, these results provide additional behavioural 
support for sensory drive: sensory divergence has environment-specific fitness 
consequences. 
 
Synthesis 
Finally, in chapter 7, I discuss the implications of my findings. I integrate the results of all 
the chapters and summarize the evidence for the role of visual adaptation in the speciation of 
blue and red forms of Pundamilia.  
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