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“…if further, the eye ever varies and the variations be inherited, as is 
likewise certainly the case; and if such variations should be useful to any 
animal under changing conditions of life, then the difficulty of believing 
that a perfect and complex eye could be formed by natural selection, 
though insuperable by our imagination, should not be considered as 
subversive of the theory.” 

- Charles Darwin 
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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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Abstract 
 
Local adaptation can be a potent force in speciation, with environmental heterogeneity 
leading to niche specialization and population divergence. However, local adaption often 
requires non-random mating in order to generate reproductive isolation. Population 
divergence in sensory properties can be particularly consequential in speciation, affecting 
both ecological adaptation and sexual communication. Blue and red phenotypes of 
Pundamilia cichlids co-occur at many rocky island locations across southeastern Lake 
Victoria. The species pairs are depth-differentiated, inhabiting different photic conditions. 
They differ in colour vision properties and females exert species-specific preferences for blue 
vs. red males. Here, we investigated the mechanistic link between colour vision and 
preference in Pundamilia, which could provide a rapid route to reproductive isolation. We 
tested the behavioural components of this link by experimentally manipulating colour 
perception – we raised both species and their hybrids under light conditions mimicking 
shallow and deep habitats - and tested female preference for blue and red males under both 
conditions. We found that rearing light significantly affected female preference: shallow-
reared females responded more strongly to blue males and deep-reared females favored red 
males - implying that visual development causally affects mate choice. These results are 
consistent with sensory-drive predictions, suggesting that the visual environment is key to 
behavioural isolation of these species. However, the observed plasticity could also make the 
species barrier vulnerable to environmental change: species-assortative preferences were 
weaker in females that were reared in the other species’ light condition.  
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Introduction 
 
The sensory drive hypothesis states that sensory systems, signals, and communication 
behaviour co-evolve in concert with the sensory environment (Endler, 1992). In sexually 
reproducing species, this hypothesis predicts that the choosy sex will mate more often with 
individuals that they can more easily detect or that elicit stronger sensory excitation, and that 
preferences evolve for signals that are conspicuous in the local environment (Endler, 1992; 
Boughman, 2002). Modeling has shown that, even in the absence of geographical barriers, 
heterogeneous sensory environments may drive speciation when divergent selection acts on 
sensory systems used in mate choice (Kawata et al., 2007). As such, natural selection on 
sensory systems (e.g. vision), in contexts other than mating (e.g. foraging), can result in 
correlated responses in mating preferences (Fuller & Noa, 2010). Aquatic systems have 
provided some of the strongest examples of sensory drive in visual communication 
(Reimchen, 1989; Endler, 1992; McDonald et al., 1995; Seehausen et al., 1997a, 2008, 
Boughman, 2001, 2002; Fuller, 2002; Boughman et al., 2005; Fuller et al., 2005; Maan et 
al., 2006; Fuller & Noa, 2010; Morrongiello et al., 2010) but a causal link between divergent 
visual adaptation and reproductive isolation has not been demonstrated. Of these many 
studies, only one has experimentally altered visual conditions during development, to test 
whether environment-induced changes in visual system properties could affect mate choice. 
In killifish, Fuller & Noa (2010) observed no overall effect of developmental light conditions 
on female mating preferences for differently coloured males. However, interaction effects 
with individual genetic background and the light conditions during mate assessment 
suggested some influence of visual development on colour preference (Fuller & Noa, 2010). 
Thus, the relationship between visual system properties and visually mediated mate 
preferences deserves further study. Here, we experimentally manipulate the light 
environment to investigate how developmental plasticity in the visual system causally affects 
behavioural mate choice in Pundamilia cichlids from Lake Victoria. 

Pundamilia pundamilia (Seehausen et al., 1998) and Pundamilia nyererei (Witte-
Maas & Witte, 1985) are two closely related, rock-dwelling species of cichlid fish that co-
occur at rocky islands in southern Lake Victoria (Seehausen, 1996). Similar sympatric 
Pundamilia species pairs (P. sp. ‘pundamilia-like’ & P. sp. ‘nyererei-like’) also occur at other 
rocky islands in southeastern portions of the lake (Meier et al., 2017, 2018). Males of the two 
species are distinguished by their nuptial coloration; P. pundamilia / P. sp. ‘pundamilia-like’ 
males are blue/grey, whereas P. nyererei / P. sp. ‘nyererei-like’ males are yellow with a 
red/orange dorsum. Females of both species are yellow/grey in colour (Seehausen, 1996; van 
Alphen et al., 2004). The two phenotypes tend to have different depth distributions: P. 
pundamilia / P. sp. ‘pundamilia-like’ is found in shallower waters while P. nyererei / P. sp. 
‘nyererei-like’ extends to greater depths. High turbidity in Lake Victoria results in a shift of 
the light spectrum toward longer wavelengths with increasing depth, so P. nyererei / P. sp. 
‘nyererei-like’ inhabits an environment largely devoid of short-wavelength light (Maan et al., 
2006; Seehausen et al., 2008; Castillo Cajas et al., 2012). Previous work has found female 
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preferences for conspecific male nuptial coloration in both species (Seehausen & van Alphen, 
1998; Haesler & Seehausen, 2005; Stelkens et al., 2008; Selz et al., 2014) as well as visual 
system differences: the red phenotypes expresses higher levels of the long-wavelength 
sensitive (LWS) visual pigment (Carleton et al., 2005) and carries an LWS allele conferring 
a more red-shifted sensitivity (Carleton et al., 2005; Seehausen et al., 2008). P nyererei also 
shows greater behavioural sensitivity to long wavelength light, compared to P. pundamilia 
(Maan et al., 2006). These differences in visual system characteristics correspond to 
differences in the photic environment, male coloration, and female preference (Maan & 
Seehausen, 2010). 

These patterns strongly implicate the involvement of divergent sensory drive. 
However, it remains to be established whether divergent visual adaptation directly causes 
divergent preferences for male colour signals. Such a mechanism would act quickly and could 
be one of the first documented cases of ‘magic preferences’ (Maan & Seehausen, 2012). To 
assess the causal link between variation in visual system properties and variation in mate 
preference, one must isolate and manipulate variation in visual perception. Specifically, 
manipulation of visual development should result in a change in female preference for 
differently coloured males: females reared in deep (red-shifted) light should have stronger 
preferences for red males. Manipulation of the light environment during mate assessment 
allows further exploration of the contribution of perceptual variation to mate preference. 
Specifically, deep-reared females may prefer red males under both shallow and deep test light 
conditions (red is equally conspicuous in both light environments) but shallow-reared 
females may prefer blue males only when tested in shallow light (blue is an ineffective signal 
in the deep environment). Should light manipulations have no effect, then this would indicate 
that other factors, independent of colour perception, are more important in determining 
preference (e.g. genetic preference loci, social learning).  

Here, we experimentally manipulated individual visual development and tested its 
consequences for female choice. We reared female fish under light conditions mimicking 
shallow and deep habitats of Lake Victoria and then tested preference for blue vs. red males 
under both light conditions. We found a small, but significant, effect of rearing light on 
female preference, supporting the causal involvement of visual development in behavioural 
reproductive isolation.  

 
Methods 
 
Fish rearing & maintenance - F1 offspring of wild caught P. sp. ‘pundamilia-like’ and P. sp. 
‘nyererei-like’ (hereafter referred to as the blue and red phenotypes, respectively), collected 
in 2010 at Python Islands (-2.6237, 32.8567) in the Mwanza Gulf of Lake Victoria (Fig. 
S2.1), were reared in light conditions mimicking those in shallow and deep waters at Python 
Islands. Fish were first transported to the Eawag Institute at Kastanienbaum, Switzerland; in 
September 2011 they were relocated to the University of Groningen, The Netherlands. Light 
conditions were the same for both locations - described in detail below. F1 families (hybrid 
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and non-hybrid) were created opportunistically as reciprocal crosses, with 17 dams and 11 
sires. Twenty crosses (5 red x red; 5 blue x blue; 4 red x blue; 6 blue x red) resulted in a test 
population of 91 females from 19 families (two red x red crosses were full-sibs; family details 
provided in table S2.1). We included hybrids because their heterozygosity (particularly at 
loci influencing visual properties and mate preference) could allow us to more clearly observe 
an effect of our environmental manipulations, which may be obscured by strong genetic 
effects in the parental species. Indeed, F1 hybrid females have mate preferences that are weak 
and intermediate between the two parental species (Haesler & Seehausen, 2005). 
Hybridization occurs with low frequency at Python Islands (Seehausen et al., 2008) and can 
be accomplished in the lab by housing females with heterospecific males. Pundamilia are 
maternal mouth brooders; to reduce the opportunity for imprinting (Verzijden & ten Cate, 
2007) fertilized eggs were removed from brooding females approximately 6 days after 
spawning (mean ± se: 6.3±0.5 days post-fertilization; eggs hatch at about 5-6 dpf) and split 
evenly between light conditions. Upon reaching maturity, females (n = 91) were removed 
from family groups, PIT tagged (Passive Integrated Transponders, from Biomark, Idaho, 
USA, and Dorset Identification, Aalten, The Netherlands), and housed together. Fish were 
maintained at 25±1oC on a 12L:12D light cycle and fed daily a mixture of commercial cichlid 
flakes, pellets, and frozen food (artemia, krill, spirulina, black and red mosquito larvae). 
Stimulus males used in the preference trials (blue = 9, red = 6) were also PIT tagged but were 
housed individually under standard aquarium lighting (white fluorescent), isolated by 
transparent, perforated partitions, to prevent aggression. This study was conducted under the 
approval of the Veterinary Office of Kanton Lucerne (01/10) and the Institutional Animal 
Care and Use Committee of the University of Groningen (DEC 6205B). 
 
Experimental light conditions - Experimental light conditions were created to mimic the 
shallow and deep light environments at Python Islands, Lake Victoria (Fig. S2.2). We 
measured down welling irradiance (in µmol/(m2*s)) using a BLK-C-100 spectrophotometer 
and F-600-UV-VIS-SR optical fiber with CR2 cosine receptor (Stellar-Net, FL). 
Measurements were collected at 0.5m increments to 5m depth. In each measurement series, 
we took a minimum of two irradiance spectra at each depth and used the average for further 
analyses. We collected 4 independent measurement series (20/26 May and 4/5 June, 2010, 
between 9:00 and 11:00h). For each measurement series, we estimated the light environments 
experienced by the blue and red phenotypes by calculating a weighted average of the spectra 
at each depth, using the reported depth distribution of each species (at Python Islands – P. 
sp. ‘pundamilia-like’: 1-3 meters; P. sp. ‘nyererei-like’: 1-5 meters; Seehausen et al., 2008).  
 The average of the 4 resulting species-specific light spectra was simulated in the 
laboratory (Fig. S2.2) by halogen light bulbs filtered with a green light filter (LEE #243, 
Andover, UK). Shallow conditions were blue - supplemented with Paulmann 88090 compact 
fluorescent 15W bulbs. Short wavelength light was reduced in deep conditions by adding a 
yellow light filter (LEE #015). The resulting downwelling irradiance was measured using the 
same equipment as in the field. The light intensity differences between depth ranges in Lake 
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Victoria are very small in relation to the variation that is due to changes in weather and sun 
angle (natural intensity levels can change rapidly - as much as 1000-fold in sun vs. cloud 
cover). As such, we did not attempt to mimic light intensity differences between 
environments (see Fig. S2.2). 
 
Experimental set-up - Mate preference trials, based on procedures previously employed in 
Pundamilia (Seehausen & van Alphen, 1998; Maan et al., 2004; Haesler & Seehausen, 2005) 
took place from May 2012 - September 2014. Prior to testing, one F1 blue and one F1 red 
male was introduced on either end of female housing tanks, behind transparent, perforated 
partitions. This was done to ensure that all females had interacted with males of both species 
before preference assessment, and to induce female receptivity. After one week, males were 
replaced with different individuals (and sides switched) and again allowed one week of 
interaction. Following this period, females were only exposed to males during experimental 
trials. Preceding the experimental period for a batch of test females, females were habituated 
to the experimental tank by allowing them, as a group (10-15 females), to explore the tank 
for 1-2 hours (without stimulus males and under the light conditions in which they were 
reared).  

At least 12 hours before trials, one male of each species (F1, non-hybrid) was 
isolated behind a transparent partition on opposite ends of the test tank, containing an air 
filter and shelter (PVC tube and stone). An area was designated at 20cm in front of each 
stimulus male as an “interaction zone” for behaviour scoring (see below). Water temperature 
was kept at 25±1oC, water quality was maintained via 3 continuously running filters (one per 
compartment, described below), and the bottom of the tank was covered with fine gravel. 
Experimental tanks were illuminated with the same light configuration as described above, 
with each female tested repeatedly in both shallow and deep light conditions (filters were 
switched and blue light turned on/off depending on testing condition).  

We used two different experimental setups. Set-up #1 used a tank 120cm x 40cm x 
41cm with solid, transparent partitions, preventing chemical exchange between the fish. 
Males were confined to an area 24cm x 40cm x 32cm and were visually isolated from one 
another by opaque dividers in the center portion of tank (with large holes through which 
females could pass, Fig. 2.1a). The region between opaque dividers was intended as an area 
of refuge for females and was further supplemented with a PVC tube. In total, 205 trials (with 
72 females) were conducted in set-up #1.   
 Success rate in this set-up was 64%, with low courtship intensity of males and/or 
low responsiveness of females in the remainder of trials (for trial success criteria see below). 
To increase fish activity and responsiveness, preference tests were modified into set-up #2 
(Fig. 2.1b). Since chemical communication may enhance cichlid reproductive behaviour 
(Caprona & Crapon, 1980; Kidd et al., 2013) but does not affect female mate preference in 
Pundamilia (Selz et al., 2014) see also results), set-up #2 allowed for chemical exchange 
between the fish. We used a larger tank, 150cm x 50cm x 51cm, with transparent partitions 
with small holes. Males were confined to an area of 30cm x 50cm x 38cm, with no visual 
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barrier between them. Female refuge was provided by a PVC tube and two plastic plants in 
the center portion of the tank. 76 trials were completed in set-up #2 (using 47 females), with 
a modest but statistically significant increase in success rate (77%; Chisq = 4.77, df = 1, P = 
0.029). Out of these 47 females, 28 had also been tested in set-up #1 (under both light 
conditions but with different stimulus males); 19 were tested solely in set-up #2. Thus, we 
tested 91 females in total, with 19 tested solely in set-up #2, 44 tested solely in set-up #1, and 
28 tested in both.  
 

 
Figure 2.1. Experimental set-ups – Dashed lines indicate the “interaction zone” of females with each 
stimulus male and solid lines represent barriers between fish. All fish were provided a PVC tube for 
shelter and each compartment (female and male) had a continuously running filter. Aquaria drawn to 
scale. (A) Set- up #1: opaque dividers with large holes for female passage provided an area of refuge. 
Males were chemically isolated from females. (B) Set-up #2: opaque dividers were removed; plastic 
plants were added. Barriers between males and females had small holes allowing chemical exchange. 

 
Mate preference trials - For each trial, a gravid female was introduced into the center portion 
of the tank and allowed to interact with the males. Female gravidity was determined visually 
prior to testing by the presence of a swollen abdomen and scored on a scale 1-5 (Seehausen 
& van Alphen, 1998). Only females scoring 3+ were used in preference tests. Males were 
scored for courtship behaviour – lateral display and quiver (McElroy & Kornfield, 1990), the 
first two behaviours in the sequence of the haplochromine courtship ritual (Seehausen, 1996) 
- while female fish were scored for their responses to each male courtship event (positive or 
negative). Following previous studies in Pundamilia (Seehausen & van Alphen, 1998; Maan 
et al., 2004; Haesler & Seehausen, 2005), positive female response was classified by an 
observable interest in male behaviour – moving toward males and/or remaining engaged in 
interaction (i.e. still trying to gain access to the male through the plastic partition following 
male courtship). Negative responses were classified as a general disinterest – moving away 
and/or not responding to male behaviour. Females (n = 91; see table S2.1 for family counts 
reared in each light condition) were tested repeatedly (median = 3, min/max = 1/7), under 
both shallow and deep light conditions (only 15 fish were not tested in both conditions, see 

A)

B)
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table S2.2) with different combinations of stimulus males (blue = 9, red = 6; combined into 
29 different stimulus pairs; stimulus pair usage: median = 9, min/max = 3/24). Males in a 
stimulus pair were matched as much as possible for standard length (SL), differing by an 
average of 9% (blue males are typically larger, mean SL: blue = 86.49 ± 3.31mm; red = 83.43 
± 2.29mm). Trials were scored directly using JWatcher (v1.0, 2000-2012, Blumstein, Daniel, 
and Evans) and video-recorded (a portion of trials were scored from videos). Behavioural 
scoring started when females entered a male interaction zone and was paused when females 
left this zone, until a total of 20 minutes of interaction time (combined across the two zones) 
was reached. Trials were considered successful if 20 minutes of interaction time was recorded 
within one hour and each male had performed at least three Quiver displays.     
 
Behaviour Scoring 
 
Female preference – Female positive and negative responses to each male courtship 
behaviour was totaled for each trial and female preference scores were calculated as the 
difference in the proportions of positive responses to male courtship between the two males 
(Seehausen & van Alphen, 1998; Maan et al., 2004; Haesler & Seehausen, 2005). For 
example, lateral display (LD) based preference was calculated as follows:  
 

𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒	𝐿𝐷 = 		
(𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒	𝑡𝑜	𝑟𝑒𝑑	𝐿𝐷)
(𝑇𝑜𝑡𝑎𝑙	𝑟𝑒𝑑	𝐿𝐷) 	−	

(𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒	𝑡𝑜	𝑏𝑙𝑢𝑒	𝐿𝐷)
(𝑇𝑜𝑡𝑎𝑙	𝑏𝑙𝑢𝑒	𝐿𝐷)  

 
The result is a measure of preference ranging from -1 to 1, with positive scores indicating a 
preference for red males and negative scores indicating a preference for blue males. Quiver 
(Q) based preference was calculated in an analogous manner.  
 For both blue and red type females (not hybrids), we also calculated species-
assortative preference, by rescaling all scores such that positive scores indicate preference 
for conspecifics and negative scores indicate preference for heterospecifics.   
 
Fish activity – We examined overall female activity, irrespective of male behaviour (using 
the number of times females moved from one section of the tank to another), and overall 
female responsiveness to male courtship (i.e. the overall proportion of positive responses to 
the courtship of both stimulus males). Male activity was assessed as the total number of 
courtship displays.  
 
Statistical Analysis 
 
Linear mixed-models - We tested for influences on female preference with linear mixed 
modeling using the lmer function in the lme4 package (Bates et al., 2014) in R (v3.2.2; R 
Development Core Team). Included in full models were the fixed effects (and interactions) 
of rearing light condition (shallow vs. deep), test light condition (shallow vs. deep), female 
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genetic background (blue, red, or hybrid), and set-up (#1 vs. #2).  Random effects included 
female identity, male identity, parental identity, and observer identity to account for: 1) the 
repeated testing of females, 2) individual differences among stimulus males, 3) repeated 
usage of stimulus males, 4) shared parentage among test females (table S2.1), 5) multiple 
scorers of behaviour. The optimal random effect structure of models was determined by 
parametric bootstrapping using the PBmodcomp - pbkrtest package (Halekoh & Højsgaard, 
2014) and the significance of fixed effect parameters was determined by likelihood ratio tests 
via the drop1 function. Minimum adequate statistical models (MAM) were selected using 
statistical significance (Crawley, 2002; Nakagawa & Cuthill, 2007). We then used the 
KRmodcomp - pbkrtest package (Halekoh & Højsgaard, 2014) to test the MAM against a 
model lacking the significant parameter(s), which allowed us to obtain the estimated effect 
size of fixed effect parameters under the Kenward-Roger (KR) approximation (Kenward & 
Roger, 1997, 2009). We used the same approach to evaluate the extent of species-assortative 
preference. In addition to considering all trials together, we also analyzed the data separately 
for each set-up and species group. All analyses followed the procedures detailed above and, 
in the case of more than two categories per fixed effect parameter (i.e. female species group); 
we used post hoc Tukey (glht - multcomp package; Hothorn et al., 2008) to obtain parameter 
estimates. The significance of parameter intercepts was checked using lsmeans in package 
lmerTest (Kuznetsova et al., 2013).  
 
Repeatability – The repeatability of individual female preference was estimated as: RA = 
(MSA – MSW) / [MSA + (n0 - 1) * MSW], using rpt.aov in package rptR (Nakagawa & 
Schielzeth, 2010). RA is the ANOVA-based repeatability estimate, MSA is the mean between-
individual sum of squares, and MSW is the mean within-individual (residual) sum of squares. 
The correction term n0 (equation 5 in Nakagawa & Schielzeth, 2010) is lower than the 
average sample size if sample sizes vary among individuals (as is the case for this study; 
repeated testing varied among individual females, detailed in table S2.2). This downward 
correction accounts for the overestimation of variance in smaller groups (Nakagawa & 
Schielzeth, 2010). Both overall and species-specific repeatability were examined, as well as 
repeatability among test light conditions.   
 
Results 
 
Female preference is affected by rearing light – Rearing light had a significant effect on 
female preference for both male courtship behaviours, with shallow-reared females 
responding more positively to blue males than deep-reared females: LD (F1, 70.48 = 4.61, P = 
0.035; Fig. 2.2a) and Quiver (F1, 69.81 = 4.26, P = 0.042; Fig. 2.2b). Shallow-reared females 
preferred blue males (intercept significantly different from zero for LD: -0.0476, P = 0.05, 
95% CI [-0.09, 0.00] but not for Q: -0.0451, P = 0.1, 95% CI [-0.10, 0.01]); deep-reared 
females exerted no preference (intercepts not different from zero; LD: P = 0.6; Q: P = 0.3). 
Effects of test light (LD: P = 0.17; Q: P = 0.40) and female species (LD: P = 0.76; Q: P = 
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0.87) were non-significant, as were any interactions among the parameters. There was no 
effect of stimulus male size (P > 0.7). Analyses for each female species group separately 
yielded qualitatively similar results (P > 0.1 for all parameters; species-specific preference 
estimates for rearing and test light combinations are provided in table S2.3).  
 

 
Figure 2.2. Effect of rearing light conditions on female preference – Females from different rearing light 
conditions showed significantly different mate preferences, measured as differential response to either male 
Lateral Display (A) or male Quiver (B). Females reared in shallow light conditions displayed more positive 
responses to blue male courtship. *indicates p < 0.05, error bars represent 95% C.I. 

 
Species-assortative preference – To explore the extent of species-assortative preference, we 
re-ran all models excluding hybrid females on rescaled female preference scores. We found 
a significant interaction between rearing light and female species for both LD (P = 0.035, 
Fig. 2.3a) and Quiver (P = 0.009, Fig. 2.3b), indicating that both species are more responsive 
to conspecific males when reared under light conditions ‘natural’ to each species (i.e. red 
type females reared in deep and blue type females reared in shallow), compared to their sisters 
raised in ‘unnatural’ light conditions. Tests of the preference intercepts revealed that shallow-
reared blue type females preferred conspecific males (intercept differed significantly from 
zero for LD: 0.082, P = 0.03, 95% CI [0.007, 0.157] but not quite for Q: 0.087, P = 0.07, 95% 
CI [-0.008, 0.183]; Figure 2.3), while deep-reared blue type females did not (LD: P = 0.93; 
Q: P = 0.46).  For the red types, neither shallow-reared nor deep-reared females had a 
significant preference (P > 0.23 in all cases). Tukey post hoc showed no significant 
differences between individual species/treatment combinations (P > 0.11 in all comparisons).  
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Figure 2.3. Species-specific effects of rearing light on preference – Significant interaction between rearing 
light and female species on both LD-based (A) and Q-based (B) preference for conspecific males: rearing light 
conditions affected female preference in opposite directions in P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-
like’. **indicates p < 0.01, *indicates p < 0.05, • indicates p < 0.1, error bars represent 95% CI. 

 
When pooling both species and re-categorizing rearing light (shallow vs. deep) as 

‘natural’ or ‘unnatural’ for each species, rearing environment significantly affected the extent 
of species-assortative preference for Quiver (F1, 36.30 = 5.19, P = 0.028; non-significant for 
LD: F1, 37.00 = 2.75, P = 0.105, Fig. 2.4). Differences between test light conditions (LD: P = 
0.12; Q: P = 0.97) and female species (LD: P = 0.50; Q: P = 0.82) were non-significant. Tests 
of the natural rearing environment intercept revealed marginal non-significance for both LD 
(P = 0.08) and Quiver (P = 0.07), indicating a non-significant overall tendency for species-
assortative preference when females were reared under light conditions that mimicked their 
natural environments, but not when they were reared in unnatural conditions (P > 0.21).  
 

 
Figure 2.4. Rearing environment influences species-assortative preference – Comparison of species-
assortative preference between females reared in light environments ‘natural’ vs. ‘unnatural’ (to their own 
species) showed that (A) LD-based preference did not differ, but (B) Quiver-based preference for 
conspecific males was stronger in females reared in natural light conditions. *indicates p < 0.05, • indicates 
p < 0.1, error bars represent 95% C.I. 
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Repeatability of female preference – Repeatability of female preference was overall low (RLD 
= 0.103; RQ = 0.07). Blue type and hybrid females showed somewhat higher repeatability 
(RLD = 0.153; RQ = 0.145; and RLD = 0.176; RQ = 0.061, respectively) than red type females 
(RLD = -0.059; RQ = 0.013). Low repeatability was not due to testing females in two different 
light conditions and two different set-ups: test light conditions did not influence preference 
(see above) and we found low repeatability also within each test light condition and within 
each set-up (see table S2.4).  
 
Set-up effects – There was no difference in female preference between set-ups (fixed effect 
of set-up was non-significant in all preference models: P > 0.28). However, females in set-
up #2 were more active (F1, 65.73 =17.54, P < 0.001) and displayed more positive responses to 
male LD (F1, 177.26 = 4.46, P = 0.035; similar trend for Quivers: F1, 129.34 = 3.24, P = 0.074). 
For stimulus males, we found an increase in LD frequency (F1, 229.83 = 15.97, P < 0.001) but 
not Quiver frequency (P = 0.41). Separate analyses of female preference in set-up #1 and #2 
revealed qualitatively similar results to those presented above (see table S2.5), confirming 
that set-up influenced fish activity but had no effect on preference scores.  
 
Effect of test light on fish activity – Test light had no effect on overall female responsiveness 
to male courtship; females were slightly more responsive to LD in deep test light (F1, 164.32 = 
2.57, P = 0.11) but there was no difference between light conditions for Quiver (P = 0.74). 
Test light also had no effect on female activity (P = 0.18). Female species groups did not 
differ in their responsiveness to male LD under different test light conditions (Tukey post 
hoc: P > 0.3 in all cases) but in shallow test light, blue type females responded more to male 
Quivers than red type females (z = 2.90, P = 0.04). There was no difference in the deep test 
light condition (P > 0.9). Hybrid females were generally more active than non-hybrids 
(switched sides more, P = 0.01), while the blue and red type females did not differ in activity 
(P > 0.9).  

Total male courtship activity did not differ between shallow and deep test light (LD: 
P = 0.60; Q: P = 0.18). Blue males showed higher courtship frequency in deep light (LD: F1, 

220.14 = 3.44, P = 0.064; Q: F1, 212.68 = 4.41, P = 0.036) but red male courtship did not differ 
between light conditions (LD: P = 0.21; Q: P = 0.46).  
 
Discussion 
 
The sensory drive hypothesis predicts that population divergence in sensory properties can 
affect both ecological fitness and sexual communication. P. sp. ‘pundamilia-like’ and P. sp. 
‘nyererei-like’ differ in colour vision, correlated with the different light environments of their 
natural habitats, and females display divergent preferences for conspecific male coloration. 
Here, we tested the causal link between visual development and preference by rearing both 
species and their hybrids in light conditions mimicking distinct habitats in Lake Victoria and 
assessing female mate preference. We found small but significant effects of the rearing light 
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treatments: shallow- and deep-reared females had significantly different preferences, and 
shallow-reared females significantly preferred blue males. When reared in conditions 
unnatural to their own species (i.e. blue types in deep light conditions and red types in shallow 
light conditions), females showed weaker species-assortative preferences. Preference scores 
were not affected by the availability of chemical communication, nor the light conditions 
during mate preference assessment, suggesting additional factors beyond visual perception.  
 
Effect of rearing light – The blue and red phenotypes are naturally depth-segregated at 
multiple locations in southern Lake Victoria (Seehausen et al., 2008). Both within and 
between locations, visual system characteristics, female preferences, and male coloration co-
vary with variation in the visual environment (Carleton et al., 2005; Seehausen et al., 2008; 
Maan et al., 2010; Castillo Cajas et al., 2012). By rearing each species (and their hybrids) 
under light conditions mimicking this variation, we have shown that the visual environment 
during development significantly influences female preference. We propose two possible 
explanations for this result.  

First, haplochromine cichlids exhibit plasticity in visual properties: the expression 
levels of retinal pigments can be influenced by light (Van der Meer, 1993; Hofmann et al., 
2010; Smith et al., 2012a). Thus, the shallow rearing environment may have induced an 
upregulation of blue-sensitive pigment, generating increased sensitivity to the blue coloration 
of P. sp. ‘pundamilia-like’ males. Conversely, upregulation of red-sensitive pigment in the 
deep rearing environment may have induced greater sensitivity to the red coloration of P. sp. 
‘nyererei-like’ males. Previous studies in fish have reported behavioural effects of 
manipulating the visual environment during development, with changes in opsin expression 
accounting for at least some of the variation (Fuller & Noa, 2010; Fuller et al., 2010; Smith 
et al., 2012a). However, the relationship between opsin expression and behaviour is not 
straightforward. In killifish, for example, female preference for differently coloured males 
was found to result from complex interactions between genetic background, rearing 
environment and testing environment (Fuller & Noa, 2010). Analyses of light-induced effects 
on pigment expression in Pundamilia are underway, but the observations presented here do 
indicate some involvement of perceptual variation: the effect of rearing condition seems more 
pronounced in the shallow test environment (see Fig. S2.4). However, if female preference 
was completely determined by variation in visual perception, we should have seen a much 
stronger interaction between rearing light and test light. For example, the preference of 
shallow-reared females for blue males should be weaker under deep testing conditions, where 
the blue coloration of P. sp. ‘pundamilia-like’ is not conspicuous (see Fig. S2.3). Thus, our 
results indicate that other factors are involved (discussed in more detail below).  

A second explanation concerns potential effects of female exposure to male 
phenotypes prior to testing. All fish were reared in family groups (until sexual maturity), and 
females were visually presented with males of both species prior to testing. Thus, females 
gained experience with both male phenotypes, in the light conditions they were reared in. 
Given that light conditions influence the radiance of male colours, females in the two 
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different light conditions gained different experience with male phenotypes. While filial 
imprinting seems unimportant in the development of haplochromine mate preference 
(Verzijden et al., 2008), we cannot rule out that, for example, deep-reared females are less 
likely to develop preferences for blue males because they never perceived this phenotype 
prior to being tested. Individually housing experimental fish and controlling prior exposure 
to male colour would be required to explore these effects.  

Regardless of the underlying mechanism, our results show that the environment 
during development can directly affect female preference. We found that when reared in light 
conditions ‘unnatural’ to their own species, females had weaker species-assortative 
preferences than females reared in ‘natural’ light conditions. This suggests that female 
preference and, by extension, reproductive isolation are linked to heterogeneity in the local 
environment, which has implications for natural systems. Any change in local conditions, 
through e.g. environmental change or migration, could influence sexual preferences and the 
extent of reproductive isolation (Fisher et al., 2006; Frederick & Jayasena, 2011; Senior et 
al., 2014). 

  
Weak species-assortative preference – Even when females were reared in a light environment 
natural to their own species, we found only weak species-assortative preferences. This is 
surprising, given that several earlier studies have reported female preferences for conspecific 
male colour in both species (Seehausen & van Alphen, 1998; Haesler & Seehausen, 2005; 
Selz et al., 2014). This may be explained by our experimental light conditions - the spectra 
of our light treatments, while mimicking natural conditions, differ dramatically from the 
standard aquarium lighting used in previous studies (Fig. S2.2). Yet, one would still expect 
species-assortative preferences in the shallow-light condition with broad-spectrum lighting, 
which should be somewhat comparable to the fluorescent white light used in previous studies. 
We provide two additional explanations for the weak species-assortative preferences we 
observed: lack of maternal imprinting and selective disappearance.  

In contrast to filial imprinting, maternal imprinting has been shown to be an 
important determiner of female preference in Lake Victoria cichlids, including Pundamilia 
(Verzijden & ten Cate, 2007; Verzijden et al., 2008). Maternal care of offspring (females 
mouth brood for about three weeks, followed by a brief period of guarding) may allow female 
imprinting on mothers’ phenotype, thus driving assortative preferences. In contrast to 
previous studies of preference (Seehausen & van Alphen, 1998; Haesler & Seehausen, 2005; 
Dijkstra et al., 2008; van der Sluijs et al., 2008), the opportunity for maternal imprinting was 
greatly reduced in our females. Fry were removed from brooding females at 5-6dpf and 
housed in family groups until testing. A recent study also removed fry early in the brooding 
period (Selz et al., 2014) but these authors examined the number of spawning events rather 
than behavioural preference. Possibly, imprinting on maternal phenotype has stronger effects 
on behavioural measures of preference, and does not interfere with actual mating decisions.  
 A second potential explanation concerns the selective survival of each species in the 
experimental light treatments. We found that when reared in ‘unnatural’ light conditions, 
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both blue and red species survive at a lower rate (~40% reduction at 12 months) than their 
‘naturally’ reared counterparts (Maan et al., 2017). Within species, survival may be non-
random, with surviving females differing from non-surviving females in properties that also 
affect preference. For example, blue type females that survive in deep conditions may have 
more red-like visual properties, which could affect preferences. At Python Islands, the blue 
and red phenotypes are strongly differentiated at the LWS locus but there are a small 
percentage of mismatched allele profiles in each species (Seehausen et al., 2008). Since all 
fish used in this experiment were derived from wild-caught individuals, it is reasonable to 
expect some degree of genetic variation in the visual systems of our laboratory population. 
This variation may have led to a non-random test population of females, selected by 
genotype-dependent survival. Similarly, perhaps those individuals that do survive in 
‘unnatural’ light conditions are more plastic, allowing them to cope with suboptimal 
conditions (Ghalambor et al., 2007; Crispo, 2008). This could have generated a population 
of test females that do not exhibit strong mate preferences, thus potentially explaining weak 
conspecific preferences and low repeatability. Previous work in Pundamilia reported higher 
female preference repeatability (pooled over two series: R=0.59; Haesler & Seehausen, 2005) 
but these scores were for females reared and tested under white light. Our use of fish reared 
in manipulated light conditions likely contributed to the low repeatability values reported in 
this study.  
 
Set-up effect – We used two experimental set-ups: set-up #1 isolated the effects of male 
coloration and visual perception by preventing chemical communication, while set-up #2 
allowed chemical exchange. Chemical communication in fish is important (Liley, 1982) and 
can affect mating behaviour in cichlids (Caprona & Crapon, 1980; Kidd et al., 2013). 
Consistent with this, we found higher trial success rates and higher levels of fish activity in 
set-up #2. While we cannot attribute these changes solely to chemical communication, 
because set-ups also differed in tank size and partitions, we can conclude that female 
preferences were not affected by the availability of chemical cues in set-up #2. This is in line 
with Selz et al. (2014), who demonstrated that chemical communication alone does not 
generate species-assortative mating in Pundamilia. Thus, the results presented here support 
the notion that visual signals are key in preference determination in Pundamilia. 
 
Conclusion – Our results provide behavioural support for divergent sensory drive in blue and 
red forms in Pundamilia. We have shown that light conditions during development 
significantly influence female preference; even to the extent that species assortment is 
affected. These results highlight the importance of environmental heterogeneity in 
maintaining species isolation, if only in the initial stages of speciation. Future work will be 
aimed at establishing the underlying mechanisms, such as phenotypic plasticity in visual 
development and/or the influence of early experience with male colour phenotypes.  
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Supplementary information  
 

P. sp. ‘pundamilia-like’ Hybrid P. sp. ‘nyererei-like’ 
family D S family D S family D S family D S 
 PP1f - 1  PN1b 4 1 NP2 2 2 NN3 5 3 
 PP2f

 4 2   PN22b
 5 2   NP31c 2 3   NN51a 8 - 

 PP3d - 3  PN52 3 2 NP4 - 3  NN6b 3 1 
 PP4c

 2 1 PN7 2 1  NP5d 1 4   NN71a 2 2 
 PP7d 5 4 PN8 - 4    NN8 2  

   PN9 1 1       
            

Total 11 11 Total 15 11 Total 5 12 Total 20 6 
 

Table S2.1. Test female families – Sample size (test females) for each cross, separated by family and by 
deep (D) and shallow (S) rearing light. Family names are expressed as mother x father, such that ‘NP’ 
indicates P. sp. ‘nyererei-like’ female x P. sp. ‘pundamilia-like’ male. NP and PN families are collectively 
grouped as hybrids. Superscripted numbers indicate families with the same mothers; superscripted letters 
indicate families with the same fathers.  

 
 
 

Female 
ID Species Test 

light Repeats Female 
ID Species Test 

light Repeats Female 
ID Species Test 

light Repeats 

29827 Hybrid 
deep 1 

29833 P. pun 
deep 2 

76034 P. nye 
deep 1 

shallow 2 shallow 1 shallow 1 

29829 Hybrid 
deep 1 

29847 P. pun 
deep 2 

29843 P. nye 
deep 1 

shallow 2 shallow 2 shallow 1 

29831 Hybrid 
deep 1 

76035 P. pun 
deep 1 

76038 P. nye 
deep 0 

shallow 0 shallow 0 shallow 1 

76033 Hybrid 
deep 3 

29850 P. pun 
deep 2 

76040 P. nye 
deep 2 

shallow 3 shallow 2 shallow 2 

76036 Hybrid 
deep 3 

76050 P. pun 
deep 2 

29849 P. nye 
deep 1 

shallow 2 shallow 2 shallow 1 

29845 Hybrid 
deep 2 

76051 P. pun 
deep 1 

29874 P. nye 
deep 1 

shallow 2 shallow 1 shallow 2 

76037 Hybrid 
deep 0 

29872 P. pun 
deep 0 

76045 P. nye 
deep 3 

shallow 1 shallow 1 shallow 2 

76039 Hybrid 
deep 1 

29873 P. pun 
deep 1 

76046 P. nye 
deep 2 

shallow 1 shallow 3 shallow 1 

76052 Hybrid 
deep 1 

29880 P. pun 
deep 1 

76047 P. nye 
deep 3 

shallow 1 shallow 1 shallow 3 

29871 Hybrid 
deep 2 

29883 P. pun 
deep 3 

76049 P. nye 
deep 1 

shallow 3 shallow 3 shallow 1 
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76055 Hybrid 
deep 1 

29889 P. pun 
deep 2 

76053 P. nye 
deep 1 

shallow 1 shallow 2 shallow 1 

76060 Hybrid 
deep 1 

76054 P. pun 
deep 2 

76057 P. nye 
deep 1 

shallow 2 shallow 1 shallow 1 

76061 Hybrid 
deep 3 

76058 P. pun 
deep 1 

76062 P. nye 
deep 1 

shallow 2 shallow 3 shallow 2 

29876 Hybrid 
deep 1 

29903 P. pun 
deep 1 

76063 P. nye 
deep 1 

shallow 2 shallow 1 shallow 1 

29882 Hybrid 
deep 0 

29904 P. pun 
deep 2 

76064 P. nye 
deep 1 

shallow 1 shallow 2 shallow 0 

76065 Hybrid 
deep 3 

76003 P. pun 
deep 2 

29906 P. nye 
deep 1 

shallow 3 shallow 1 shallow 2 

29886 Hybrid 
deep 1 

76070 P. pun 
deep 2 

76006 P. nye 
deep 3 

shallow 1 shallow 2 shallow 1 

76069 Hybrid 
deep 2 

76074 P. pun 
deep 2 

76015 P. nye 
deep 3 

shallow 1 shallow 2 shallow 2 

29894 Hybrid 
deep 3 

76078 P. pun 
deep 3 

76017 P. nye 
deep 2 

shallow 2 shallow 3 shallow 1 

29897 Hybrid 
deep 2 

76081 P. pun 
deep 2 

76067 P. nye 
deep 1 

shallow 2 shallow 2 shallow 2 

29909 Hybrid 
deep 1 

76094 P. pun 
deep 2 

76019 P. nye 
deep 1 

shallow 2 shallow 2 shallow 0 

29916 Hybrid 
deep 1 

76097 P. pun 
deep 3 

76026 P. nye 
deep 1 

shallow 1 shallow 3 shallow 1 

29918 Hybrid 
deep 3 

76904 P. pun 
deep 0 

76028 P. nye 
deep 2 

shallow 3 shallow 1 shallow 0 

29923 Hybrid 
deep 1      

76084 P. nye 
deep 2 

shallow 2      shallow 2 

29924 Hybrid 
deep 1      

76085 P. nye 
deep 4 

shallow 0      shallow 3 

29925 Hybrid 
deep 1      

29909R P. nye 
deep 1 

shallow 0      shallow 0 

76002 Hybrid 
deep 1            

shallow 3            

76005 Hybrid 
deep 2            

shallow 0            

76008 Hybrid 
deep 1            

shallow 0            

76075 Hybrid 
deep 1            

shallow 1            

76076 Hybrid deep 2            
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shallow 1            

76077 Hybrid 
deep 2            

shallow 1            

76082 Hybrid 
deep 1            

shallow 1            

76099 Hybrid 
deep 3            

shallow 3            

76022 Hybrid 
deep 1            

shallow 1            

76025 Hybrid 
deep 2            

shallow 2            

96030 Hybrid 
deep 1            

shallow 1            

76027 Hybrid 
deep 2            

shallow 3            

76069R Hybrid 
deep 1            

shallow 1            

76029 Hybrid 
deep 1            

shallow 1            

76032 Hybrid 
deep 1            

shallow 0                 

76065 Hybrid 
deep 3         

shallow 3         

 

Table S2.2. Female testing scheme – Females (n=91) were tested repeatedly, under deep and shallow test light 
conditions. Only 15 females were tested under one light condition.  
 
 

Rear / Test 

P. sp. ‘pundamilia-like’ Hybrid P. sp. ‘nyererei-like’ 

Preference 
LD 

Preference 
LD 

Preference 
LD 

Preference 
Quiver 

Preference 
LD 

Preference 
Quiver 

S / S -0.1061 
[-0.206, -0.006]* 

-0.116  
[-0.249, 0.016]• 

-0.0341 
[-0.108, 0.040] 

-0.0022 
[-0.108, 0.104] 

-0.0409 
[-0.160, 0.078] 

-0.1462 
[-0.304, 0.122]• 

S / D -0.0533  
[-0.156, 0.049] 

-0.0457  
[-0.183, 0.091] 

-0.0064 
[-0.080, 0.068] 

-0.0149 
[-0.119, 0.090] 

-0.0402 
[-0.165, 0.085] 

0.0033 
[-0.155, 0.162] 

D / S -0.0262 
[-0.012, 0.067] 

0.0481  
[-0.076, 0.172] 

-0.0148 
[-0.094, 0.064] 

-0.0274 
[-0.135, 0.080] 

0.0519 
[-0.045, 0.149] 

0.0695 
[-0.069, 0.208] 

D / D 0.0541 
[-0.043, 0.151] 

0.0233  
[-0.105, 0.152] 

0.0379 
[-0.042, 0.117] 

0.0359 
[-0.074, 0.146] 

-0.0142  
[-0.101, 0.073] 

0.0002 
[-0.126, 0.126] 

 

Table S2.3. Species-specific preference estimates – Average preference and 95% C.I. of all rearing and test light 
combinations (for example: SS indicates a shallow-reared and shallow-tested female) for each female species group. 
Preference scores range from -1 to +1, with a positive score indicating a preference for red males and a negative 
score indicating a preference for blue males. *indicates p < 0.05, • indicates p < 0.1. 
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 P. sp. ‘pundamilia-like’ Hybrid P. sp. ‘nyererei-like’ 

Deep 
(n=39) 

Deep 
(n=62) 

Deep 
(n=62) 

Shallow 
(n=64) 

Deep 
(n=41) 

Shallow 
(n=34) 

Preference 
LD 

0.123 ± 0.241 
[-0.380, 0.626] 

0.256 ± 0.202 
[-0.153, 0.665] 

0.256 ± 0.202 
[-0.153, 0.665] 

-0.068 ± 0.205 
[-0.485, 0.349] 

-0.64 ± 0.279 
[-1.215, -0.065] 

-0.27 ± 0.363 
[-1.026, 0.485] 

Preference 
Quiver 

-0.173 ± 0.249 
[-0.693, 0.347] 

0.116 ± 0.223 
[-0.336, 0.568] 

0.116 ± 0.223 
[-0.336, 0.568] 

-0.064 ± 0.205 
[-0.480, 0.353] 

-0.238 ± 0.297 
[-0.852, 0.376] 

-0.27 ± 0.363 
[-1.025, 0.485] 

 

Table S2.4. Repeatability of female preference – Repeatability of female preference for each species group in 
deep and shallow test light conditions presented with standard errors and 95% C.I. Sample sizes indicate the number 
of trials completed in each light condition.  
 
 
 

 Combined Set-up #1 Set-up #2 

Preference 
LD 

Preference 
Quiver 

Preference 
LD 

Preference 
Quiver 

Preference 
LD 

Preference 
Quiver 

Rearing 
light 

D 0.0095 
[-0.035, 0.054] 

0.0275 
[-0.030, 0.085] 

0.0072 
[-0.057, 0.071] 

0.0202 
[-0.039, 0.079] 

0.0317 
[-0.042, 0.106] 

0.0582 
[-0.089, 0.206] 

S -0.0476 
[-0.095, 0.000]* 

-0.0451 
[-0.106, 0.016] 

-0.0434 
[-0.111, 0.024] 

-0.0584 
[-0.124, 0.007]• 

-0.0354 
[-0.111, 0.040] 

0.0158 
[-0.130, 0.162] 

Test 
light 

D 0.0004 
[-0.048, 0.048] 

0.0087 
[-0.052, 0.070] 

0.0055 
[-0.065, 0.076] 

-0.0067 
[-0.068, 0.054] 

0.0137 
[-0.070, 0.097] 

0.0254 
[-0.129, 0.180] 

S -0.0332 
[-0.081, 0.015] 

-0.0190 
[-0.080, 0.042] 

-0.0313 
[-0.101, 0.038] 

-0.0230 
[-0.810, 0.037] 

-0.0165 
[-0,101, 0.067] 

0.0539 
[-0.099, 0.207] 

Species 
group 

P -0.0341 
[-0.088, 0.020] 

-0.0198 
[-0.091, 0.051] 

-0.0384 
[-0.108, 0.032] 

-0.0476 
[-0.126, 0.031] 

-0.0215 
[-0.360, 0.109] 

0.1081 
[-0.070, 0.286] 

N -0.0080 
[-0.063, 0.047] 

-0.0043 
[-0.077, 0.068] 

-0.0120 
[-0.088, 0.064] 

-0.0208 
[-0.111, 0.069] 

0.0186 
[-0.087, 0.125] 

0.0403 
[-0.122, 0.203] 

H -0.0074 
[-0.054, 0.039] 

0.0053 
[-0.056, 0.066] 

-0.0008 
[-0.065, 0.063] 

0.0098 
[-0.054, 0.073] 

-0.0076 
[-0.098, 0.082] 

0.0123 
[-0.138, 0.162] 

 

Table S2.5. Preference estimates – Average female preference in set-up #1 and set-up #2 displayed the same 
general patterns as observed in combined analyses. *indicates p < 0.05, • indicates p < 0.1.  
 
 
 

 Combined Set-up #1 Set-up #2 

Preference 
LD 

0.103 ± 0.064 
[-0.023, 0.230] 

0.113 ± 0.078 
[-0.043, 0.268] 

0.071 ± 0.201 
[-0.335, 0.476] 

Preference 
Quiver 

0.070 ± 0.062 
[-0.054, 0.193] 

0.117 ± 0.078 
[-0.038, 0.273] 

-0.303 ± 0.220 
[-0.747, 0.14] 

 

Table S2.6. Set-up repeatability– Repeatability of female preference in 
combined analyses and separate experimental set-ups; presented with 
standard errors and 95% C.I.  
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Figure S2.1 – Python Islands, Lake Victoria – Python Islands, located in the Mwanza Gulf of 
southeastern Lake Victoria.  

 
 
 
 

 
Figure S2.2. Natural and experimental light conditions – Experimental light environments were 
created to mimic natural light conditions experienced by P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-
like’ at Python Islands, Lake Victoria.  Vertical lines indicate the peak sensitivities of the three main 
Pundamilia photoreceptors: SWS2a (453nm), RH2 (531nm), LWS (565nm) (Carleton et al., 2005).  

 
 
 
 
 
 

Lake Victoria
Python Islands

Mwanza, Tanzania

0.0

0.2

0.4

0.6

400 450 500 550 600 650
Wavelength (nm)

Li
gh

t i
nt

en
si

ty
 (µ

m
ol

m
2 s)

P. 'pun−like' habitat
P. 'nye−like' habitat

Python Islands

0.0

0.2

0.4

0.6

400 450 500 550 600 650
Wavelength (nm)

Light intensity (µm
ol

m
2s)

Shallow condition
Deep condition
Fluorescent white light

Laboratory



Chapter 2 

 38 

Confirmation of manipulated light conditions 
To verify the resemblance between natural and laboratory light conditions for the 
wavelengths that are most relevant for the Pundamilia visual system, we estimated the 
proportion of incident light captured by the three main photoreceptors. Light capture was 
estimated by multiplying the irradiance curves with simplified spectral sensitivity curves of 
the Pundamilia photoreceptors (assuming Gaussian functions with the following peak 
sensitivities of the short, middle, and long wavelength sensitive opsins: SWS 453nm, RH2 
531nm, LWS 565nm (species average; Carleton et al., 2005)) and subsequent normalization. 
In field and laboratory conditions, the ‘deep’ light condition generates lower SWS and higher 
LWS light capture than the ‘shallow’ light condition (with laboratory conditions slightly 
exaggerating the differences; Maan et al., 2017). 
 
 
 

 
Figure S2.3. Males in manipulated light treatments – Sibling P. sp. ‘pundamilia-like’ (A/B) and P. sp. 
‘nyererei-like’ (C/D) males in shallow (A/C) and deep (B/D) light conditions. Individually housed males were 
photographed during interactions with neighbour males (separated by transparent partitions).  
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Figure S2.4. Interaction between rearing light and test light – The effect of rearing light condition on 
female preference tends to be more pronounced in preference trials conducted under shallow, broad-
spectrum light conditions (Quiver-based preference; non-hybrid females: P = 0.072). The interaction was 
non-significant for LD-based preference (P = 0.68). 
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Abstract 
 
Background. Efficient communication requires that signals are well transmitted and 
perceived in a given environment. Natural selection therefore drives the evolution of different 
signals in different environments. In addition, environmental heterogeneity at small spatial 
or temporal scales may favour phenotypic plasticity in signaling traits, as plasticity may allow 
rapid adjustment of signal expression to optimize transmission. In this study, we explore 
signal plasticity in the nuptial coloration of Pundamilia cichlids from Lake Victoria. P. sp. 
‘pundamilia-like’ and P. sp. ‘nyererei-like’ differ in male coloration, which mediates species-
assortative mating. They occur in adjacent depth ranges with different light environments. 
Given the close proximity of their habitats, plasticity in male coloration could contribute to 
male reproductive success but interfere with reproductive isolation.   
Methods. We reared P. sp. ‘pundamilia-like’, P. sp. ‘nyererei-like’, and their hybrids under 
light conditions mimicking the two depth ranges in Lake Victoria. From photographs, we 
quantified the nuptial coloration of males, spanning the entire visible spectrum. In experiment 
1, we examined developmental colour plasticity by comparing sibling males reared in each 
light condition. In experiment 2, we assessed colour plasticity in adulthood, by switching 
adult males between conditions and tracking coloration for 100 days. 
Results. We found that nuptial colour in Pundamilia did respond plastically to our light 
manipulations, but only in a limited hue range. Fish that were reared in light conditions 
mimicking the deeper habitat were significantly greener than those in conditions mimicking 
shallow waters. The species-specific nuptial colours (blue and red) did not change. When 
moved to the opposing light condition as adults, males did not change colour.   
Discussion. Our results show that species-specific nuptial colours, which are subject to strong 
divergent selection by female choice, are not plastic. We do find plasticity in green coloration, 
a response that may contribute to visual conspicuousness in darker, red-shifted light 
environments. These results suggest that light-environment-induced plasticity in male nuptial 
coloration in P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’ is limited and does not 
interfere with reproductive isolation. 
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Introduction 
 
Natural selection favors communication signals that maximize reception and minimize 
degradation (Endler, 1992). Environmental heterogeneity can alter signal transmission, 
resulting in signal variation across environments (Endler, 1990, 1992). The link between 
colour signals and local light conditions is well established (as reviewed by: Endler & 
Mappes, 2017), with many examples particularly from aquatic organisms (Seehausen et al., 
1997a; Boughman, 2001; Fuller, 2002; Cummings, 2007; Morrongiello et al., 2010; Kelley 
et al., 2012). However, changing environmental conditions could disrupt these relationships, 
rendering previously conspicuous signals ineffective. In such instances, flexibility in colour 
signaling may prove beneficial; recent work has documented this capacity in a number of 
fish species (killifish: Fuller & Travis, 2004; sticklebacks: Lewandowski & Boughman, 
2008; tilapia: Hornsby et al., 2013).  

Plasticity in mating signals can have major evolutionary consequences. In particular, 
when signals mediate reproductive isolation, plastic changes in response to environmental 
variation could affect the extent of assortative mating, resulting in gene flow that may inhibit 
or even reverse species differentiation. Conversely, plasticity in mating signals can also 
provide a starting point for species divergence, as has been suggested for song learning in 
birds (Lachlan & Servedio, 2004; Mason et al., 2017). Here, we examine how changes in the 
local light environment affect colour signaling in Lake Victoria cichlids. 

In teleost fish, coloration derives from cells specialized for the storage and synthesis 
of light-absorbing and light-reflecting structures (Sugimoto, 2002; Leclercq et al., 2010). 
These cells, chromatophores, are distributed throughout the integument and are responsible 
for the wide variety of colours and patterns present in fish (Leclercq et al., 2010). In addition 
to genetic variation, fish coloration may change plastically in response to a multitude of 
factors (e.g. nutritional state, social interactions, local conditons; Leclercq et al., 2010). 
Short-term (physiological) colour change - e.g. in signaling social state (Maan & Sefc, 2013) 
- involves hormonal and neurological processes that affect the density of pigments within 
existing chromatophores (Sugimoto, 2002). Over longer time scales (e.g. across 
development), fish can undergo colour change by the generation of new and/or the death of 
existing chromatophores (Sugimoto, 2002). Both processes are likely to play a role in the 
adjustment of colour signals to changing environmental conditions.  

Pundamilia pundamilia (Seehausen et al., 1998) and Pundamilia nyererei (Witte-
Maas & Witte, 1985) are two closely related, rock-dwelling species of cichlid fish that co-
occur at rocky islands in southern Lake Victoria (Seehausen, 1996). Similar sympatric 
Pundamilia species pairs (P. sp. ‘pundamilia-like’ & P. sp. ‘nyererei-like’) also occur at other 
rocky islands in southeastern portions of the lake (Meier et al., 2017, 2018). Males are 
distinguished by their nuptial coloration; P. pundamilia / P. sp. ‘pundamilia-like’ males are 
blue/grey, whereas P. nyererei / P. sp. ‘nyererei-like’ males are yellow with a red/orange 
dorsum. Females of both species are yellow/grey in colour (Seehausen, 1996; van Alphen et 
al., 2004). Although sympatric, the two species tend to have different depth distributions: P. 
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pundamilia / P. sp. ‘pundamilia-like’ is found in shallower waters, while P. nyererei / P. sp. 
‘nyererei-like’ extends to greater depths. High turbidity in Lake Victoria results in a shift of 
the light spectrum toward longer wavelengths with increasing depth, so P. nyererei / P. sp. 
‘nyererei-like’ inhabits an environment largely devoid of short-wavelength light (Maan et al., 
2006; Seehausen et al., 2008; Castillo Cajas et al., 2012). Previous work has found female 
preferences for conspecific male nuptial coloration in both species (Seehausen & van Alphen, 
1998; Haesler & Seehausen, 2005; Stelkens et al., 2008; Selz et al., 2014) and the differences 
in male colour are necessary and sufficient for reproductive isolation (Selz et al., 2014). 
However, we have recently observed that female preferences are influenced by the light 
environment experienced during development (chapter 2; Wright et al., 2017). When reared 
in broad-spectrum light, characteristic of the P. sp. ‘pundamilia-like’ habitat, females more 
often preferred blue males while females reared in red-shifted light, characteristic of P. sp. 
‘nyererei-like’ habitats, tended to prefer red males (Wright et al., 2017). Given the role of the 
light environment in female preference determination, a question then follows: how does the 
local light environment affect the expression of male nuptial colour? 

Observations from wild populations suggest that the local light environment does 
influence coloration, as P. nyererei / P. sp. ‘nyererei-like’ from turbid (long wavelength-
shifted) and clear water (broad-spectrum) locations differ in redness (Maan et al., 2010; 
Castillo Cajas et al., 2012). Anal fin spots, characteristic yellow-orange ovoid markings on 
the anal fins of Haplochromine cichlids (Goldschmidt, 1991; Maan & Sefc, 2013), also co-
vary with environmental light. Goldschmidt (1991) reported that Lake Victoria species 
inhabiting darker environments have larger anal fin spots and, more recently, Theis and 
colleagues reported that A. burtoni from Lake Tanganyika have less intensely coloured spots 
than populations from turbid rivers (Theis et al., 2017). These patterns are implicitly 
attributed to genetic variation, but phenotypic plasticity may also play a role. With the close 
proximity of P. pundamilia / P. sp. ‘pundamilia-like’ and P. nyererei / P. sp. ‘nyererei-like’ 
habitats (a few meters to tens of meters, with overlapping distributions at several locations: 
Seehausen et al., 2008) and the fact that light conditions can fluctuate between seasons and 
due to weather (wind/rain), selection may favour some degree of plasticity in male colour 
expression. In fact, plasticity in cichlid colour has been documented: Nile tilapia increased 
short-wavelength body reflectance when reared under red-shifted light (Hornsby et al., 2013) 
and both South American (Kop & Durmaz, 2008) and African cichlids (McNeil et al., 2016) 
changed colour in response to carotenoid availability in the diet. Diet-induced colour changes 
have also been observed in Pundamilia (DSW & MEM - Pers. Obs.), but common-garden 
and breeding experiments suggest strong heritability and low plasticity of the interspecific 
colour differences (Magalhaes et al., 2009; Magalhaes & Seehausen, 2010).  

In this study, we experimentally manipulated environmental light and tested its 
effect on male nuptial colour expression. By rearing sibling males under light conditions 
mimicking shallow and deep habitats of Lake Victoria, we were able to ask: does the light 
environment experienced during ontogeny affect the development of nuptial coloration in 
Pundamilia? Given that blue colour is an ineffective signal in deep-water light conditions 
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(lacking short wavelengths), we predicted that deep-reared fish might exhibit more long-
wavelength reflecting coloration. We also moved a sub-set of males between rearing 
environments during adulthood, allowing us to test the effect of sudden environmental 
change and ask: do adult Pundamilia males adjust their colour in response to changing 
conditions? Again, we predicted that fish moved to deep light would express more long-
wavelength reflecting colours.  
 
Methods 
 
Fish rearing & maintenance - Offspring of wild caught P. sp. ‘pundamilia-like’ and P. sp. 
‘nyererei-like’ (hereafter referred to as the blue and red phenotypes, respectively), collected 
at Python Islands in the Mwanza Gulf of Lake Victoria (-2.6237, 32.8567 in 2010 & 2014), 
were reared in light conditions mimicking those in shallow and deep waters at Python Islands 
(as in: Maan et al., 2017; Wright et al., 2017). Lab-bred lines (hybrid and non-hybrid) were 
created opportunistically as reciprocal crosses, with 18 dams and 14 sires. Hybridization does 
occur with low frequency at Python Islands (Seehausen et al., 2008) and can be accomplished 
in the lab by housing females with heterospecific males. Fourteen F1 crosses (wild parents: 
6 red x red; 4 blue x blue; 1 red x blue; 3 blue x red) and five F2 crosses (lab-bred parents: 1 
red x blue; 4 hybrid x hybrid) resulted in a test population of 58 males from 19 families 
(family details provided in table S3.1). We included F2 fish due to low availability of F1 
hybrids. 

Pundamilia are maternal mouth brooders; fertilized eggs were removed from 
brooding females approximately 6 days after spawning (mean ± se: 6.3±0.5 days post-
fertilization; eggs hatch at about 5-6 dpf) and split evenly between light conditions. Upon 
reaching maturity, males displaying nuptial coloration were removed from family groups, 
PIT tagged (Passive Integrated Transponders, from Biomark, Idaho, USA, and Dorset 
Identification, Aalten, The Netherlands), and housed individually, separated by transparent, 
plastic dividers. All males were housed next to a randomly assigned male, with either 1 or 2 
neighbour males (depending on location within the tank). Neighboring fish were the same 
for the duration of each sampling period (more details below). Fish were maintained at 
25±1oC on a 12L: 12D light cycle and fed daily a mixture of commercial cichlid flakes, 
pellets, and frozen food (artemia, krill, spirulina, black and red mosquito larvae). This study 
was conducted under the approval of the Institutional Animal Care and Use Committee of 
the University of Groningen (DEC 6205B; CCD 105002016464). The Tanzania Commission 
for Science and Technology (COSTECH) approved field permits for the collection of wild 
fish (2010-100-NA-2010-53 & 2013-253-NA-2014-177). 
 
Experimental light conditions - Experimental light conditions were created to mimic the 
shallow and deep light environments at Python Islands, Lake Victoria (described in greater 
detail: Maan et al., 2017; Wright et al., 2017). Species-specific light spectra were simulated 
in the laboratory (Fig. S3.1) by halogen light bulbs filtered with a green light filter (LEE 
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#243, Andover, UK). In the ‘shallow’ condition, mimicking the blue phenotype’s habitat, the 
spectrum was blue- supplemented with Paulmann 88090 compact fluorescent 15W bulbs. In 
the ‘deep’ condition, mimicking the red phenotype’s habitat, short wavelength light was 
reduced by adding a yellow light filter (LEE #015). The light intensity differences between 
depth ranges in Lake Victoria are variable and can change rapidly depending on weather and 
sun angle (as much as 1000-fold in sun vs. cloud cover); the mean (± se) light intensity in the 
deep environment (measured in 2010) was 34.15 ± 3.59% of that in the shallow environment 
(Fig. S3.1). Our experimental light conditions were designed to mimic in particular the 
spectral differences between depths and only partly recreated the intensity difference (the 
deep condition had a light intensity of ~70% of that of the shallow condition).  
 
Experiment 1: developmental colour plasticity - Males reared under experimental light 
conditions from birth were photographed repeatedly (3 times each) in adulthood and assessed 
for body/fin coloration (details below). In total, we examined 29 pairs of brothers (mean age 
± se at first sample: 689.9 ± 67 days; Pundamilia reach sexual maturity at ~240 days), 29 
from each light condition (2 x 10 blue, 2 x 9 red, 2 x 10 hybrids, table S3.1). Males were 
sampled from August – October 2016, with a mean (± se) of 13.25 ± 0.83 days between 
samples. Neighbour males (those housed next to test fish) were maintained for the duration 
of the sampling period.  
 
Experiment 2: colour plasticity in adulthood – Following experiment 1, a subset of fish (table 
S3.2) was switched to the opposing light condition (mean age ± se when switched: 643.47 ± 
50.61 days; sexual maturity is ~240 days) and colour tracked for 100 days. Each fish was 
photographed 11 times over the 100-day period: 1, 2, 3, 4, 7, 10, 14, 18, 46, 73, 100 days 
after switching. We switched 24 males, 12 from each light condition (2 x 4 blue, 2 x 4 red, 2 
x 4 hybrid). As a control, we also tracked 18 males (9 from each light condition: 2 x 3 blue, 
2 x 3 red, 2 x 3 hybrid) that remained in their original rearing light, but were moved to 
different aquaria (thus, both experimental and control fish had new ‘neighbour’ males). All 
fish, control and experimental, were photographed at the same 11 time points (in addition to 
the 3 photographs from experiment 1). The experiment was conducted in two rounds: October 
2016 – January 2017 (24 fish moved: 6 experimental & 6 control from each light condition) 
and December 2016 – March 2017 (18 fish moved: 6 experimental & 3 control from each 
light condition). 
 
Photography – All males were photographed under standardized conditions with a Nikon 
D5000 camera and a Nikon AF-S NIKKOR18-200mm ED VR II lens. Fish were removed 
from their housing tank and transferred to a glass cuvette, placed within a 62.5cm x 62.5cm 
domed photography tent (Kaiser Light Tent Dome-Studio). This tent ensured equal 
illumination for all photos provided by an external flash (Nikon Speedlight SB-600) set 
outside of the tent. To ensure consistency of colour extracted from digital images (Stevens et 
al., 2007), all photos contained a grey and white standard attached to the front of the cuvette 
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(Kodak colour separation guide), were taken with the same settings (ISO: 200; aperture: F9; 
exposure: 1/200; flash intensity: 1/8), and saved in RAW format.  
 
Colour analysis – In Adobe Photoshop CS4, we adjusted the white balance and removed the 
background from each photo, keeping the entire fish (except the eye and pelvic fins). Each 
fish was then cropped into separate sections (body excluding fins, dorsal fin, caudal fin, anal 
fin, anal fin spots) and saved as individual images. Each section was analyzed for coloration 
using ImageJ (Schneider et al., 2012), following the same procedure as detailed in Selz et al. 
(2016). We defined specific colours by their individual components of hue, saturation, and 
brightness to cover the entire hue range, resulting in a measure of the number of pixels that 
met the criteria for red, orange, yellow, green, blue, magenta, violet, and black for each 
section (colour parameter details provided in table S3.3).  
 
Brightness – We also measured the mean brightness of fish. Using Photoshop, we recorded 
the luminosity of ‘whole fish’ and ‘anal fin spot’ images, calculated from RGB values as: 
0.3R + 0.59G + 0.11B (defined as brightness in: Bockstein, 1986). The weighting factors 
used by Photoshop (0.3, 0.59, 0.11) are based on human perception and should be similar to 
the trichromatic visual system of Pundamilia (Carleton et al., 2005). We measured the mean 
brightness of all fish used in experiment 1 and from three time points in experiment 2 (days 
1, 10, 100).   
 
Statistical analysis  
 
Colour scores - Colour scores were defined as a percentage of coverage: the number of pixels 
in each colour category divided by the total number of pixels in the section. We used principal 
component analysis (PCA) on the correlation matrix of all eight colour scores to obtain 
composite variables of coloration (separate PCA was performed for each section - loading 
matrices in table S3.4). In experiment 1, we examined PC1-PC4, as PC5 accounted for < 10% 
of the variance in all analyses (mean cumulative variance = 82.5%; mean across all sections). 
For all analyses, we first assessed ‘whole fish’ images (minus eye and pelvic fins), followed 
by examination of each individual section (body, dorsal fin, caudal fin, anal fin, anal fin 
spots). Anal fin spots contained only red, orange, and yellow, thus PC’s were based on only 
those colour scores (and consequently, only PC1 & PC2 were used in analyses, 96.8% 
cumulative variance, table S3.4).  

In experiment 2, we first calculated baseline mean PC scores per fish using the 
repeated samples from experiment 1. At each time point after the switch, we then assessed 
deviation from the mean, calculated as: PC score – mean baseline PC score. Measuring the 
deviations from individual means allowed us to track the direction of colour change for each 
fish, independent of individual variation in baseline. Once again, PC scores were calculated 
for each body part independently and we used only PC1-PC4 (mean cumulative variance = 
79.8%; loading matrices in table S3.5). 
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Experiment 1: developmental colour plasticity – Using linear mixed modeling (lmer function 
in the lme4 package: Bates et al., 2014) in R (v3.3.2; R Development Core Team), we tested 
PC’s for the influence (and interactions) of: rearing light (shallow vs. deep), species (blue, 
red, or hybrid), and body size (standard length, SL). Random effects included fish identity, 
parental identity, aquaria number, and position within aquaria to account for: 1) repeated 
sampling, 2) shared parentage among fish (table S3.1), 3) location of aquaria within the 
housing facility, 4) number of neighboring males (1 or 2). The optimal random effect 
structure of models was determined by AIC comparison (Sakamoto et al., 1986) and the 
significance of fixed effect parameters was determined by likelihood ratio tests (LRT) via the 
drop1 function. Minimum adequate statistical models (MAM) were selected using statistical 
significance (Crawley, 2002; Nakagawa & Cuthill, 2007). We then used the KRmodcomp - 
pbkrtest package (Halekoh & Højsgaard, 2014) to test the MAM against a model lacking the 
significant parameter(s), which allowed us to obtain the estimated effect size of fixed effect 
parameters under the Kenward-Roger (KR) approximation (Kenward & Roger, 1997, 2009). 
In the case of more than two categories per fixed effect parameter (i.e. species), we used post 
hoc Tukey (glht - multcomp package: Hothorn et al., 2008) to obtain parameter estimates.  
 
Anal fin spot number – Following Albertson et al. (2014), the number of anal fin spots was 
counted as the sum of complete (1.0 each) and incomplete (0.5 each) spots for each fish 
(incomplete fin spots occur along the perimeter of the anal fin, often becoming complete with 
age/growth). Total spot number was compared among species, rearing light, and SL using 
the glmer.nb function in lme4 (Bates et al., 2014). Random effects were the same as above 
and reduction to MAM followed the same procedure. As KRmodcomp is unavailable for 
glmer.nb, final parameter estimates are reported from LRT via the drop1 function. 
 
Experiment 2: colour plasticity in adulthood – Using lme in package nlme (Pinheiro et al., 
2014), we tracked fish coloration change over time, testing the influence (and interactions) 
of: species, treatment (rearing environment + ‘switched’ environment) and date (of 
sampling). We used lme because it allows specification of the optimal autocorrelation 
structure, as autocorrelation is common in longitudinal data (Crawley, 2002; Zuur et al., 
2009). Random effects were the same as above, but with an additional random slope/random 
intercept term for date and fish identity (~date | fish identity) to account for variability in the 
nature of colour change over time between individual fish. For simplification to MAM, 
models were fit with maximum likelihood (ML) and selected for statistical significance 
(Crawley, 2002; Nakagawa & Cuthill, 2007) by LRT using drop1. Final models were refit 
with restricted maximum likelihood (REML) and fixed effect parameters of MAM reported 
from the anova function. As above, we used post hoc Tukey (Hothorn et al., 2008) to obtain 
estimates for more than two categories per parameter. 
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Results 
 
Light-independent, interspecific differences 
Coloration – To estimate the overall ‘colourfulness’ of fish, we calculated the sum of all 
measured colour scores for each male (whole body). Species did not differ in colourfulness 
(P = 0.29), nor did they differ in colours not defined by our colour parameters (calculated as: 
100 – sum of all measured colours; P = 0.29).  

There was a significant difference between species (F2, 55.00 = 13.40, P < 0.001, Fig. 
3.1a) in whole fish PC1 (positive loading yellow/orange). Tukey post hoc revealed that the 
red phenotypes scored significantly lower than the blue phenotypes (Z = -5.39, P < 0.001) 
and hybrids (Z = -3.76, P < 0.001). The blue phenotypes were highest but did not differ 
significantly from hybrids (P = 0.47). There were tendencies for differences among species 
for whole fish PC3 (F 2,12.33 = 3.81, P = 0.051, Fig. 3.1c) and PC4 (F2, 55.00 = 2.49, P = 0.09, 
Fig. 3.1d). PC3 loaded positively with red/orange, with red phenotypes scoring highest and 
differing significantly from the blue phenotypes (Z = 2.58, P = 0.026), but not quite so from 
hybrids (Z = 2.08, P = 0.09). PC4 had a strong, positive association with violet and followed 
the same general pattern as PC3 (red phenotypes highest). There were no significant 
differences for whole fish PC2 (P = 0.55; positive association with green/blue, Fig. 3.1b). 
Species differences for each body area separately are presented in Fig. S3.2. We saw a slight 
difference in mean brightness (F2, 55.00 = 2.5, P = 0.08): the red phenotypes were lowest, 
differing somewhat from the blue phenotypes (Z = 2.3, P = 0.053), while other comparisons 
were non-significant (P > 0.18).  

 
Anal fin spots – Anal fin spot coloration did not differ among species (PC1: P = 0.25; PC2: 
P = 0.15) but the number of anal fin spots differed significantly (df = 2, LRT = 8.50, P = 
0.014; Fig. 3.2). Red phenotypes had significantly more spots than blue phenotypes (Z = 
2.85, P = 0.017), while hybrids were intermediate and did not differ from either parental 
species (P>0.18). A statistical trend indicated that anal fin spot brightness also varied between 
species (F2, 55.00 = 2.56, P = 0.08): red phenotypes had the brightest spots, differing slightly 
from hybrids (Z = 2.17, P = 0.07) but not from blue phenotypes (P = 0.81). The total surface 
area (P = 0.10) or the size of the largest anal fin spot did not differ among species (P = 0.19).  
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Figure 3.1. Species colour differences – Species-specific scores for ‘whole fish’ coloration, expressed as 
principal components. Linear mixed modeling revealed significant species differences for PC1 (A), PC3 
(C), and PC4 (D), but not for PC2 (B). Points represent individual PC scores, coloured as shallow or deep 
rearing light. Error bars represent 95% CI; ***indicates P < 0.001, **indicates P < 0.01, *indicates P < 0.05, 
• indicates P < 0.1.  
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Figure 3.2. Species difference in anal fin spot number – P. sp. ‘nyererei-
like’ had significantly more anal fin spots than P. sp. ‘pundamilia-like’, 
while hybrids were intermediate and did not differ from either parental 
species. Error bars represent ± one standard error, **indicates P < 0.01. 

 
Body size – Species differed significantly in SL (F2, 55=8.06, P = 0.008): hybrids were larger 
than both red (t = 3.50, P = 0.002) and blue phenotypes (t = 3.42, P = 0.003) but the parental 
species did not differ (P = 0.98). There was no relationship between SL and overall fish 
colorfulness (P = 0.43) or anal fin spot coloration (P > 0.37). We found significant, negative 
relationships between SL and whole fish PC4 (F1,56.00 = 4.95, P = 0.03; strong, positive 
association with violet), caudal fin PC1 (F1, 56.00 = 13.63, P < 0.001; positive with 
yellow/orange/violet and negative with red/black), and caudal fin PC4 (F1, 56.00 = 29.53, P < 
0.001; strong, positive loading with violet). Collectively, these results show that smaller fish 
expressed higher violet colour scores and were generally brighter: brightness was 
significantly negatively related with SL (F1, 56.00 = 11.31, P = 0.001). Violet covered a 
relatively small proportion of the fish (< l% in blue phenotypes & hybrids, ~2% in red 
phenotypes), while black, whose PC loadings were in the opposite direction of violet (see 
Table S3.4), covered a larger area (~16% in red phenotypes & hybrids, ~7% in blue 
phenotypes). Individual colour analyses revealed a trend for a positive association between 
SL and black (F1, 50.43 = 2.99, P = 0.08), suggesting that larger fish were generally blacker and 
less bright. Larger fish also had higher total anal fin spot surface area (F1, 56.00 = 11.51, P = 
0.001).  
 
Experiment 1: developmental colour plasticity 
No difference in total coloration – Deep- vs. shallow-reared fish did not differ in overall 
colourfulness or in areas not defined by our colour parameters (P > 0.5 for both).  
 
Increased green in deep light – We predicted that deep-reared fish would increase long-
wavelength reflecting coloration, which would imply lower PC1 scores and higher PC3/PC4 
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scores. However, this was not the case (PC1 & PC3/PC4 scores did not differ between rearing 
environments, P > 0.59 for all). Instead, we found that, independent of species, deep-reared 
fish had significantly higher PC2 scores (F1, 40.07 = 9.08, P = 0.004, Fig. 3.3a), which could 
be attributed to body PC2 (F1, 40.12 = 4.89, P = 0.03, Fig. 3.3b) and, to a lesser extent, caudal 
fin PC2 (F1, 30.93 = 3.18, P = 0.083, Fig. 3.3c). The strongest positive PC2 loadings were with 
green/blue (body PC2 also loaded positively with red/magenta; caudal fin PC2 with 
red/violet). We also found a non-significant trend for deep-reared fish to have lower PC4 
body scores (F1, 56.00 = 3.77, P = 0.057; PC4 loaded negatively for green/black), again 
indicating increased green colour in deep light. Separate analyses of each colour category 
confirmed this pattern; only green differed between rearing conditions (F1, 40.11 = 11.36, P = 
0.001, Fig. 3.4a). This difference was species-independent, observed in both non-hybrids and 
hybrids (see Fig. S3.3). Increased green in deep-reared fish did not correspond to higher 
brightness (P = 0.43). For species-specific coloration in each light environment, see Fig. S3.4.  
 

 
Figure 3.3. Deep-reared fish are greener – (A) Males reared in deep light differed significantly from 
their shallow-reared brothers in ‘whole fish’ PC2 scores. These differences could be attributed to the body 
(B) and, to a lesser extent, the caudal fin (C). Error bars represent 95% CI; **indicates P < 0.01, *indicates 
P < 0.05, • indicates P < 0.1. 
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Figure 3.4. Treatment effect by colour category – Analyses of the individual colour scores confirmed 
the PCA results; (A) deep-reared fish were significantly greener than shallow-reared fish. No other 
colours differed significantly between rearing environments (P > 0.23 for all). Error bars represent ± one 
standard error, **indicates P < 0.01. (B) The shallow and deep light manipulations differed in the 
availability of short-wavelength light (~400-550nm). 

 
Short vs. long-wavelength colour expression – To test our prediction that deep-reared fish 
will generally express more long-wavelength colours, we split the measured colours into two 
categories: reflecting shorter-wavelengths (violet, blue, green) and reflecting longer-
wavelengths (yellow, orange, red). This analysis excluded magenta (which has both red and 
blue components) and black. Contrary to our prediction, deep-reared fish expressed 
significantly higher amounts of short-wavelength colours (F1, 40.12 = 7.40, P = 0.009), while 
long-wavelength colour expression did not differ (P = 0.7).  
 
Anal fin spots – Rearing light had no effect on anal fin spot coloration (PC1: P = 0.30; PC2: 
P = 0.17), brightness (P = 0.49), the number of spots (P = 0.37), total surface area (P = 0.98), 
or size of the largest spot (P = 0.30). 
 
Experiment 2: colour plasticity in adulthood 
Little effect of treatment – As seen in figure 3.5, fish that were moved between light 
conditions did not display consistent changes in coloration compared to baseline or to 
controls. For whole fish PC3 and for body PC4, we found significant three-way interactions 
between treatment, species, and date (F6, 408 = 2.33, P = 0.031 and F6, 408 = 3.34, P = 0.003) 
but treatment did not cause consistent changes in coloration (Fig. S3.5/S3.6). Treatment had 
no effect on mean fish brightness (P = 0.41) or anal fin spot coloration/brightness (P > 0.26). 
We found a significant effect of ‘date’ in nearly all analyses (table S3.6), indicating that both 
experimental and control fish continued to change colour over the 100-day sampling period. 
Thus, the lack of treatment effect was not due to fish colour being inflexible in adulthood.  
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Figure 3.5. Little treatment-induced colour change in experiment 2 – ‘Whole fish’ PC scores of 
treatments groups (SD & DS) displayed little difference from control groups (SS & DD) in experiment 2. 
PC scores are presented as the deviation from the mean (zero line) for each fish (3 samples each from 
experiment 1). Positive scores indicate an increase in PC scores, while negative indicate a decrease. Error 
bars represent 95% CI. 

  
Discussion 
 
Local conditions impact the effectiveness of communication signals (Endler, 1990, 1992) and 
can be greatly disrupted by environmental variation. Plasticity in signal production may be 
one mechanism to cope with changing conditions. Here, we tested for light-induced plastic 
changes in the nuptial coloration of blue and red phenotypes of Pundamilia by rearing sibling 
males in environments mimicking deep- and shallow-water habitats of Lake Victoria. We 
found little evidence for developmental colour plasticity.  
 
Limited colour plasticity - P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’ are naturally 
depth segregated and occupy different light environments in Lake Victoria (Maan et al., 
2006; Seehausen et al., 2008; Castillo Cajas et al., 2012). Given the close proximity of the 
two habitats (even overlapping), selection might favour some level of flexibility in colour 
expression to cope with different signaling environments. Previous studies in other fish 
species have shown light-induced plasticity in coloration (Fuller & Travis, 2004; 
Lewandowski & Boughman, 2008; Hornsby et al., 2013). Contrary to our predictions, we 
found that deep-reared fish did not express more long-wavelength reflecting coloration. 
Instead, deep-reared fish were greener. Our light manipulations did not affect the male 
colours that most clearly differentiate the two species (blue/red). Additionally, males 
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switched between light environments as adults showed little colour change. We propose two 
explanations for the lack of plasticity in nuptial coloration.  

The first is that nuptial coloration in Pundamilia is under strong genetic control. 
Previous work has shown that species-specific coloration in Pundamilia is heritable 
(Magalhaes et al., 2009) and likely controlled by a small number of loci (Magalhaes & 
Seehausen, 2010). Common garden experiments by Magalhaes et al. (2009) found higher 
plasticity in morphological traits than in male colour scores but fish were reared under 
standard aquarium lighting (for light spectra comparison, see Fig. S3.1). We observed light-
induced plasticity in green, which, unlike other male colours, is not subject to strong 
divergent selection by female choice (as demonstrated by: Selz et al., 2014) and perhaps less 
rigidly controlled (see below). 

A second potential explanation for our results is that our light manipulations 
mimicked natural spectral variation, but only partially reproduced variation in light intensity. 
The difference in light intensity between the deep and shallow habitat in Lake Victoria is 
variable, but the deep habitat is consistently darker. While spectral differences have 
repeatedly been shown to correlate with numerous Pundamilia characteristics, light intensity 
may also play a role. Future studies could examine this by manipulating light intensity 
independent of spectral composition.  

Finally, our sample size was modest (9-10 and 4 individuals per group in experiment 
1 and 2, respectively). However, while increasing the sample size might increase statistical 
support for some of our results, we found relatively small effect sizes and these would likely 
not be affected. Thus, we expect that larger sample sizes would not change the main 
conclusions presented here.  

 
Increased green in deep - Males reared in the deep light environment were significantly 
greener than shallow-reared fish. Our light manipulations differed primarily in short-
wavelength availability and green wavelengths were abundant in both conditions (Fig. 3.4b). 
If plasticity in the species-specific male colours (blue/red) is limited, then increased green 
reflectance in darker conditions might be an alternative solution to increase visibility. To test 
this, we measured mean brightness of fish reared in both conditions. We found no difference 
in brightness between rearing environments, nor did brightness change when fish were 
switched in adulthood. This would suggest that differences in green colour do not contribute 
to increased visibility. However, these results are based on measurements of RGB values 
from photographs and may not properly capture contrast and perception in a specific light 
environment. Green covers a relatively small proportion of the fish (~6% in deep light) and 
is not concentrated in a specific area of the body (unlike the red dorsum of P. sp. ‘nyererei-
like’, for example), making reflectance spectrometry difficult. Moreover, changes in green 
coloration coincided with non-significant changes in multiple other colours (see Fig. 3.4a), 
all of which may contribute to detectability.  

Contrary to our prediction, we found that deep-reared fish expressed higher total 
amounts of shorter-wavelength colours, while longer-wavelength colours did not differ. 
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These findings resemble those of Hornsby et al. (2013), who reared Nile tilapia in an 
environment lacking short-wavelength light and found higher expression of short-wavelength 
colours. The authors suggested that this response might be adaptive as it increases the contrast 
against the short-wavelength-poor background (Lythgoe, 1968; Hornsby et al., 2013). 
Possibly, this response represents a common strategy in cichlid fish.   
 
Anal fin spots - Haplochromine cichlids possess carotenoid-dependent, yellow-orange, 
circular spots on their anal fins (Goldschmidt, 1991; Tobler, 2006). While the adaptive 
significance of these spots is debated (Maan & Sefc, 2013), previous studies have 
documented environment-contingent spot coloration in a number of species (Goldschmidt, 
1991; Castillo Cajas et al., 2012; Theis et al., 2017). We examined the coloration, brightness, 
number and size of the anal fin spots and found that none of these measures were influenced 
by our light manipulations. However, we did find species differences: the red phenotypes had 
the highest number of anal fin spots and the spots were generally brighter. Given that red 
males naturally occurs in the deep, short-wavelength poor habitat, this follows the general 
patterns presented by Goldschmidt (1991) and Theis et al. (2017); the exception being that 
the red phenotypes in our study did not exhibit larger fin spots. The absence of colour 
differences in the anal fin spots of P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’ is 
consistent with earlier results based on reflectance spectrometry of wild fish (Castillo Cajas 
et al., 2012).  
 
Implications for species isolation – P. pundamilia / P. sp. ‘pundamilia-like’ and P. nyererei 
/ P. sp. ‘nyererei-like’ differ in nuptial coloration and colour has been shown to co-vary with 
light conditions (Maan et al., 2010; Castillo Cajas et al., 2012). Females display divergent 
preferences for conspecific male colour (Seehausen & van Alphen, 1998; Haesler & 
Seehausen, 2005; Stelkens et al., 2008; Selz et al., 2014) and these preferences are key to 
species isolation (Selz et al., 2014). Differences in visual system characteristics (Carleton et 
al., 2005; Maan et al., 2006; Seehausen et al., 2008) correspond to differences in light 
environments, male coloration, and female preferences, suggesting a role for divergent 
sensory drive in speciation (Maan & Seehausen, 2010). Recently, we have shown that the 
same light manipulations that we used here significantly influenced female mate preference, 
potentially interfering with reproductive isolation (shallow-reared females preferred blue 
males, while deep-reared females favoured red males; Wright et al., 2017). Plasticity in male 
colour expression could weaken the linkage disequilibrium between colour and preference 
even further. However, we find little evidence for such plasticity here, suggesting that blue 
and red are likely under strong genetic control. This may preserve reproductive isolation 
between populations inhabiting adjacent visual environments. In contrast, the plastic 
response in green coloration may aid in overall detectability of males, without interfering 
with species-assortative mating decisions that rely on interaction at closer range.  
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Conclusion - Our results show that the nuptial coloration of P. sp. ‘pundamilia-like’ and P. 
sp. ‘nyererei-like’ is largely not plastic. Rearing fish in two distinct light conditions 
mimicking those at different depth ranges in Lake Victoria had little effect on species-specific 
colour, which is consistent with existing evidence for strong divergent selection on male 
coloration in this species pair. We did find evidence for light-induced plasticity in green 
coloration, possibly promoting male detectability but not interfering with species-assortative 
mating. Taken together, these results provide continued support for the role of the local light 
environment in species isolation in Pundamilia. Reproductive isolation may be affected by 
environmental change but as this study shows, rapid changes in sexually selected colour 
signals are unlikely.  
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Supplementary information  
 

P. sp. ‘pundamilia-like’ Hybrid P. sp. ‘nyererei-like’ 
Family D S Gen. Family D S Gen. Family D S Gen. 

    PP91 4  4 F1  PN1 1 1 F1    NN3   1 1 F1 
  PP102b 1  1 F1  PN8 2 2 F1   NN14a 1 1 F1 
 PP12b

 1  1 F1    PN10 1 1 F1   NN17a 1 1 F1 
  PP132b 1  1 F1  NP6 1 1 F1   NN18a 2 2 F1 
 PP141 3  3 F1   NNPP2 1 1 F2  NN19 

     
 1 1 F1 

      PNPN1 1 1 F2   NN21a 3 3 F1 
      PNPN3 1 1 F2     
      PNPN5 1 1 F2     
      PNNP4 1 1 F2     

Total 10 10  Total 10 10  Total 9 9  
 

Table S3.1. Experiment 1 test families – Sample size (males) for each cross, separated by family and 
by deep (D) and shallow (S) rearing light. Generation is indicated as first-generation of wild-caught fish 
(F1) or second-generation, lab-bred (F2). Family names are expressed as mother x father, such that ‘PN’ 
indicates a first generation cross of wild P. sp. ‘pundamilia-like’ female x P. sp. ‘nyererei-like’ male and 
‘PNPN’ indicates a second generation cross of lab-bred ‘PN’ female x ‘PN’ male - F1 and F2 hybrids 
were pooled in the analyses. Superscripted numbers indicate families with the same mothers; 
superscripted letters indicate families with the same fathers. 

 
 
 
 
 

P. sp. ‘pundamilia-like’ Hybrid P. sp. ‘nyererei-like’ 
Family DD DS SS SD Family DD DS SS SD Family DD DS SS SD 

 PP91 1 1 1 1 NP6 0 1 0 1 NN14a 0 1 0 1 
PP102b 0 1 0 1 PN8 0 1 0 1 NN17a 0 1 0 1 
PP12b 1 0 1 0 PN10 1 0 1 0 NN18a 1 1 1 1 
PP132b 0 1 0 1 NNPP2 1 0 1 0 NN19 1 0 1 0 
PP141 1 1 1 1 PNNP4 0 1 0 1 NN21a 1 1 1 1 

     PNPN3 1 0 1 0      
     PNPN5 0 1 0 1      

Total 3 4 3 4 Total 3 4 3 4 Total 3 4 3 4 
 

Table S3.2. Experiment 2 test families – Sample size (males) for each cross, separated by family and 
treatment group; for example: ‘DS’ indicates a deep-reared fish that was moved to shallow light. Once again, 
family names are expressed as mother x father and were pooled in the analyses. Superscripted numbers 
indicate families with the same mothers; superscripted letters indicate families with the same fathers.  
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RGB colour space 

 Hue Saturation Brightness 

Red 0-18 27-255 (10-100%) 51-254 (20% - 99.9%) 

Orange 19-26 27-255 (10-100%) 51-254 (20% - 99.9%) 

Yellow 27-60 27-255 (10-100%) 51-254 (20% - 99.9%) 

Green 61-114 27-255 (10-100%) 51-254 (20% - 99.9%) 

Blue 115-170 27-255 (10-100%) 51-254 (20% - 99.9%) 

Violet 171-194 27-255 (10-100%) 51-254 (20% - 99.9%) 

Magenta 195-254 27-255 (10-100%) 51-254 (20% - 99.9%) 
    

YUV colour space 

 Y U V 

Black 0-40 0-255 (0-100%) 0-255 (0-100%) 
 

Table S3.3. Colour parameters – Colour space parameters based on those defined by Selz et al. 
(2016), modified slightly to accommodate our photography set up, and including ‘green’ and ‘violet’ 
to cover the entire hue range. Black was defined using the YUV colour space. 
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Fish PC1 PC2 PC3 PC4 

Red -0.251 -0.085 0.706 -0.157 

Orange 0.358 -0.080 0.538 0.295 

Yellow 0.517 -0.068 -0.003 0.258 

Green 0.069 0.688 0.073 -0.061 

Blue -0.298 0.564 -0.095 0.042 

Magenta -0.398 0.070 0.395 0.081 

Violet -0.334 -0.031 -0.111 0.886 

Black -0.422 -0.430 -0.173 -0.158 

% var. 36.4 58.0 74.6 84.6 

 
Body PC1 PC2 PC3 PC4 

Red -0.134 0.458 -0.535 0.012 

Orange 0.441 0.142 -0.232 0.409 

Yellow 0.554 0.039 -0.031 0.186 

Green -0.022 0.563 0.397 -0.195 

Blue -0.353 0.353 0.391 0.119 

Magenta -0.293 0.340 -0.513 0.067 

Violet -0.313 -0.086 0.173 0.855 

Black -0.414 -0.451 -0.237 -0.105 

% var. 32.6 55.8 75.4 86.2 

 
Dorsal PC1 PC2 PC3 PC4 

Red -0.491 0.222 -0.068 0.006 

Orange -0.217 0.516 0.073 -0.401 

Yellow 0.422 0.283 0.482 0.038 

Green 0.420 0.043 0.433 0.145 

Blue 0.292 -0.416 -0.429 0.158 

Magenta -0.440 -0.132 0.284 0.572 

Violet -0.272 -0.418 0.507 0.005 

Black -0.067 -0.487 0.218 -0.682 

% var. 33.1 57.6 70.8 81.0 

 
 
 
 
 
 
 
 
 
 

Anal PC1 PC2 PC3 PC4 

Red 0.357 -0.313 0.074 -0.608 

Orange -0.285 -0.515 0.236 -0.292 

Yellow -0.463 -0.189 0.216 0.219 

Green -0.392 0.341 -0.142 -0.316 

Blue -0.273 0.552 -0.148 -0.371 

Magenta 0.397 0.268 0.207 0.371 

Violet 0.235 0.323 0.708 -0.299 

Black 0.369 -0.056 -0.553 -0.184 

% var. 30.8 50.8 73.3 82.2 

 
Caudal PC1 PC2 PC3 PC4 

Red -0.473 0.219 -0.353 0.125 

Orange 0.313 -0.019 -0.661 -0.194 

Yellow 0.478 -0.265 0.367 -0.204 

Green 0.141 0.621 0.045 -0.314 

Blue 0.043 0.652 0.174 -0.162 

Magenta -0.308 -0.057 0.453 -0.345 

Violet 0.235 0.248 0.226 0.811 

Black -0.527 -0.085 0.119 0.054 

% var. 31.2 54.1 67.9 78.9 

 
Fin spots PC1 PC2 

Red -0.200 -0.890 

Orange -0.653 0.432 

Yellow 0.730 0.142 

% var. 58.3 96.8 

 
Table S3.4. PCA loading matrixes from 
experiment 1, with the cumulative amount of 
variance accounted for per PC. All PCs were 
calculated independently for each section
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Fish PC1 PC2 PC3 PC4 

Red -0.302 -0.137 0.688 -0.206 

Orange 0.329 -0.270 0.563 0.166 

Yellow 0.506 -0.179 -0.137 0.286 

Green -0.112 -0.598 -0.210 -0.357 

Blue -0.391 -0.319 -0.357 0.024 

Magenta -0.421 -0.268 0.137 0.137 

Violet -0.336 -0.021 0.009 0.825 

Black -0.297 0.587 0.033 -0.144 

% var. 35.9 59.1 74.1 85.0 

 
Body PC1 PC2 PC3 PC4 

Red -0.142 0.468 -0.514 0.166 

Orange 0.383 0.297 -0.352 -0.218 

Yellow 0.548 0.154 0.134 -0.200 

Green -0.158 0.465 0.491 0.263 

Blue -0.426 0.237 0.374 -0.123 

Magenta -0.351 0.351 -0.377 0.054 

Violet -0.310 0.019 -0.014 -0.881 

Black -0.328 -0.523 -0.268 0.148 

% var. 30.6 57.0 72.1 83.5 

 
Dorsal PC1 PC2 PC3 PC4 

Red -0.475 0.280 -0.094 0.010 

Orange -0.053 0.619 -0.105 0.149 

Yellow 0.505 0.193 0.314 -0.124 

Green 0.417 -0.017 0.369 -0.321 

Blue 0.145 -0.494 -0.055 0.693 

Magenta -0.451 -0.009 0.496 -0.054 

Violet -0.311 -0.251 0.598 0.018 

Black -0.147 -0.441 -0.373 -0.612 

% var. 32.2 53.2 67.3 78.8 

 
 
 
 
 
 
 
 
 

Anal PC1 PC2 PC3 PC4 

Red 0.417 -0.159 0.239 -0.614 

Orange -0.370 -0.284 -0.301 -0.578 

Yellow -0.500 -0.021 -0.312 0.159 

Green -0.378 0.157 0.470 -0.132 

Blue -0.292 0.327 0.606 0.015 

Magenta 0.255 0.547 -0.300 0.144 

Violet 0.108 0.622 -0.162 -0.414 

Black 0.367 -0.276 0.222 0.231 

% var. 31.0 48.3 63.3 73.4 

 
Caudal PC1 PC2 PC3 PC4 

Red -0.479 0.155 -0.393 0.218 

Orange 0.405 -0.093 -0.326 0.441 

Yellow 0.491 -0.200 0.381 -0.210 

Green 0.156 0.639 0.157 0.209 

Blue 0.099 0.661 0.179 0.088 

Magenta -0.236 -0.027 0.626 0.060 

Violet 0.071 0.284 -0.310 -0.804 

Black -0.520 -0.035 0.222 -0.112 

% var. 30.2 52.2 66.7 78.6 

 
Fin spots PC1 PC2 

Red 0.134 -0.912 

Orange 0.676 0.368 

Yellow -0.749 0.174 

% var. 59.2 97.5 

 
Table S3.5. PCA loading matrices from 
experiment 2, with the cumulative amount of 
variance accounted for per PC. All PC’s were 
calculated independently for each section.
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 Fish Body Dorsal fin Caudal fin Anal fin 

PC1 t(419) = -1.75• t(419) = -1.55 t(429) = -3.69***  t(429) = -4.45***  t(461) = 1.42 
PC2 t(429) = 0.60 t(429) = 0.56 t(429) = 5.38***  t(429) = 0.48 t(419) = -2.62** 
PC3 t(419) = 5.36*** t(419) = -2.73**  t(429) = -2.72** t(429) = -2.34*  t(461) = 2.06* 
PC4 t(419) = 0.53 t(419) = -2.07* t(429) = -4.09***  t(429) = 4.74***  t(429) = -4.44***  

 
Table S3.6. Continued colour change – Fish continued to change colour throughout the experiment, as 
evidenced by the significance of ‘date’ in nearly all analyses. t-values and degrees of freedom presented from 
linear mixed models; ***indicates P < 0.001, **indicates P < 0.01, *indicates P < 0.05, • indicates P < 0.1. 

 
 
 
 
 
 

 
Figure S3.1. Natural and experimental light conditions – Experimental light environments were created 
to mimic natural light conditions experienced by P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’ at 
Python Islands, Lake Victoria. Vertical lines indicate the peak sensitivities of the three main Pundamilia 
photoreceptors: SWS2a (453nm), RH2 (531nm), LWS (565nm) (Carleton et al., 2005). 
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Figure S3.2. Interspecific colour differences – Interspecific differences in coloration, presented as 
principal components (PC1-PC4), for body and each fin. Error bars represent 95% CI, ***indicates P < 
0.001, **indicates P < 0.01, *indicates P < 0.05, • indicates P < 0.1. 
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Figure S3.3. Increased green coloration in each species group – There was 
no evidence of species-specific response to the light manipulations, as all three 
species groups exhibited increased green colour in the deep light condition. 

 
 

 
Figure S3.4. Species-specific coloration in each light condition – Species-specific coloration was 
unaffected by our light treatments (the interaction between species and light was non-significant in all 
analyses). 
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Figure S3.5. Fish coloration (whole fish PC3) during 100 days after switching light conditions 
(experiment 2) - There was a significant three-way interaction between species, treatment, and date 
for ‘whole fish’ PC3. However, colour differed little between control (SS/DD) and switched fish 
(SD/DS). Error bars represent 95% CI.
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Figure S3.6. Fish coloration (body PC4) during 100 days after switching light conditions 
(experiment 2) – There was a significant three-way interaction between species, treatment, and date 
for ‘body’ PC4. However, change across the 100-day period differed little between control (SS/DD) 
and treatment fish (SD/DS). Error bars represent 95% CI.
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Abstract 
 
Sensory adaptation to the local environment can contribute to speciation. Aquatic 
environments are well suited for studying this process: the natural attenuation of light through 
water results in heterogeneous light environments, to which vision-dependent species must 
adapt for communication and survival. Sympatric sister species with blue or red male nuptial 
coloration in the cichlid genus Pundamilia are found at many rocky islands in southern Lake 
Victoria. The sympatric species tend to be depth-differentiated, entailing different visual 
habitats, more strongly at some islands than others. Differential extents of visual adaptation 
to these environments has been implicated as a major factor in the divergence of the sister 
species P. pundamilia and P. nyererei, that show strong differentiation in the gene sequence 
of several visual pigments (opsins). Here, we characterize patterns of opsin gene expression 
across multiple replicate species pairs, to examine how different mechanisms of visual tuning 
contribute to adaptation. We find that opsin expression is species- and island-dependent and 
does not align with species differences in opsin allele frequencies. Moreover, we find 
differences in opsin expression between sympatric forms. In two locations with relatively 
clear waters, the red species expresses more of the long-wavelength sensitive opsin but the 
opposite holds in two other locations, with turbid water. Visual modeling suggests that this 
distribution of opsin expression phenotypes across visual habitats is suboptimal. This may be 
due to the short evolutionary history of the study populations, recent changes in visual 
conditions, and/or aspects of visual adaptation not measured here. 
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Introduction 
 
Sensory adaptation to divergent environmental conditions can be consequential for speciation 
when it affects both ecological performance and sexual communication. This is particularly 
true of aquatic systems, where environmental light is strongly depth-dependent and mediated 
by the physical properties of water itself, as well as its dissolved and suspended content. 
Thus, for aquatic organisms reliant on vision for communication and survival, selection on 
the visual systems is often strong. Indeed, habitat-associated visual adaptation has been 
documented in both freshwater (Bowmaker et al., 1994; Fuller et al., 2003; Ehlman et al., 
2015; Veen et al., 2017) and marine environments (Partridge et al., 1989; Lythgoe et al., 
1994; White et al., 2004; Shand et al., 2008). The haplochromine cichlids of East Africa are 
a species-rich lineage exhibiting habitat- and ecology-associated variation in the expression 
of colour sensitive visual pigments (opsins: Van der Meer & Bowmaker, 1995; Carleton & 
Kocher, 2001; Carleton et al., 2005; Hofmann et al., 2009; Carleton, 2009; Smith et al., 2011), 
as well as variation in the coding sequence of opsin genes (Terai et al., 2002; Carleton et al., 
2005; Terai et al., 2006; Seehausen et al., 2008; Hofmann et al., 2009; Carleton, 2009). 
Cichlid colour vision has been shown to affect ecological performance (foraging: Jordan et 
al., 2004) and, as male colour is important in female mate choice (Seehausen & van Alphen, 
1998; Jordan et al., 2003; Stelkens et al., 2008; Selz et al., 2014), it may also influence sexual 
selection. Together, these observations suggest that colour vision can play an important role 
in cichlid speciation (Seehausen et al., 1997; Maan & Seehausen, 2010, 2011). Here, we 
characterize patterns of opsin expression in Pundamilia cichlids from southeastern Lake 
Victoria, aiming to understand how opsin sequence variation and opsin expression together 
shape visual adaptation.  

In fish (and vertebrates in general), visual sensitivity 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. The rod opsin (RH1) functions in low light, while 
cone opsins mediate colour vision in bright light. The cichlid cone opsins include (Carleton 
et al., 2008): the short-wavelength sensitive opsins: SWS1 (359 ± 6 nm), SWS2b (427 ± 8), 
SWS2a (456 ± 5), the rhodopsin-like opsins: RH2b (483 ± 9), RH2aβ & RH2aα (529 ± 12), 
and the long-wavelength sensitive opsin: LWS (595 ± 22; in Pundamilia: 544 ± 3, 559 ± 1; 
Seehausen et al., 2008)). Typically, cichlids express a subset of three cone opsins at a time. 
In Lake Malawi cichlids, expression falls into distinct profiles (Carleton, 2009): the ‘UV’ 
profile (SWS1, RH2b, RH2a) confers greater UV/short-wavelength sensitivity, a ‘violet’ 
profile confers more short to middle-wavelength sensitivity (SWS2b, RH2b, RH2a), and a 
‘blue’ profile (SWS2a, RH2a, LWS) confers greater long-wavelength sensitivity. In Lake 
Victoria, the ‘blue’ profile dominates; all 7 species studied so far express SWS2b, SWS2a, 
RH2a, and LWS (Hofmann et al., 2009).  

Pundamilia pundamilia (Seehausen et al., 1998) and Pundamilia nyererei (Witte-
Maas & Witte, 1985) form one of the best studied pairs of closely related rock-dwelling 
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species with blue versus red male nuptial coloration. This pair occurs at rocky islands in 
southeastern Lake Victoria, including the northeastern Mwanza Gulf, and similar sympatric 
Pundamilia species pairs (P. sp. ‘pundamilia-like’ & P. sp. ‘nyererei-like’) occur at other 
places, including the southern Mwanza Gulf (Meier et al., 2017; 2018). The species with red 
vs. blue male coloration tend to have different depth distributions – the blue species occur in 
shallow waters while the red species extends to greater depths (Seehausen, 1996; Seehausen 
et al., 2008). Males of the sympatric species are distinguished by their nuptial coloration; P. 
pundamilia and P. sp. ‘pundamilia-like’ are blue/grey, whereas P. nyererei and P. sp. 
‘nyererei-like’ are bright orange or red dorsally and yellow on the flanks; all males have black 
vertical bars on the flanks. Females of both species are yellow/grey (Seehausen, 1996). High 
turbidity in Lake Victoria results in a shift of the light spectrum toward longer wavelengths 
with increasing depth, so the red species tend to inhabit an environment largely devoid of 
short-wavelength light (Maan et al., 2006; Seehausen et al., 2008; Castillo Cajas et al., 2012). 
Previous work has shown that, in comparison to P. pundamilia, P. nyererei has greater 
behavioural sensitivity to long wavelength light (Maan et al., 2006). In line with this, both 
red species, P. nyererei and P. sp. ‘nyererei-like’, carry LWS alleles that confer a more red-
shifted sensitivity, compared to the allele that dominates in the blue species, P. pundamilia 
and P. sp. ‘pundamilia-like’ (Carleton et al., 2005; Seehausen et al., 2008).  

Information on opsin expression in Pundamilia is limited. Measurements are based 
on few individuals, and these originate from different species pairs that differ in evolutionary 
history and visual habitat (Carleton et al., 2005; Hofmann et al., 2009). Moreover, these were 
all laboratory-bred fish. Given that levels of opsin expression are subject to phenotypic 
plasticity (Fuller et al., 2005; Shand et al., 2008; Hofmann et al., 2010; Smith et al., 2012; 
Sakai et al., 2016; Veen et al., 2017), laboratory-housed fish may have different expression 
levels than those sampled in the natural habitat. To establish how variation in opsin 
expression contributes to divergent visual adaptation, it is necessary to determine expression 
patterns in a representative sample of wild fish from divergently adapted species at multiple 
locations.  

In this study, we characterize the opsin expression profiles of wild caught blue and 
red Pundamilia from multiple islands in the open lake and the Mwanza Gulf of southeastern 
Lake Victoria. We predict that SWS expression will be higher at the clearer water locations, 
where short-wavelength light penetrates deeper than in more turbid locations (Seehausen et 
al., 1997; Maan et al., 2006; Hofmann et al., 2009). We also predict that within island 
locations, LWS expression will be higher in the red species and SWS expression will be 
higher in the blue species, in line with their respective visual habitats. Finally, we quantify 
whether variation in opsin expression, within and among islands, covaries with variation in 
the visual environment and opsin allele frequencies, and we use visual modeling to test 
whether the observed patterns of opsin expression may be adaptive.  
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Methods 
 
Fish - In 2014 (September – November), we sampled Pundamilia of both sympatric 
species/morphs from five rocky islands in the open lake and Mwanza Gulf of Lake Victoria 
(Fig. 4.1a). We sampled males of both forms from: Luanso (-2.6889, 32.8842), Kissenda (-
2.5494, 32.8276), Python (-2.6238, 35.8566), Anchor (-2.5552, 32.8848), and Makobe 
Islands (-2.3654, 32.9228). Until population genomic analyses permitted a detailed 
understanding of the phylogenetic, demographic, and adaptive history of this species group, 
all red populations were thought to belong to P. nyererei and all blue populations to P. 
pundamilia. However, this is not the case; the populations in the western and southern 
Mwanza Gulf (i.e. Python and Kissenda Islands) represent a separate speciation event (Meier 
et al., 2017; 2018). Importantly, the alleles at the LWS, SWS2B and SWS2A loci in the 
species pair P. sp. ‘pundamilia-like’ / P. sp. ‘nyererei-like’ have arrived in these populations 
from introgression from P. pundamilia / P. nyererei, whereas much of the rest of the genome 
is unrelated to the latter species pair (Meier et al., 2018).  
 

 
Figure 4.1. Sampling locations – (A) Blue and red Pundamilia males were sampled from five island 
locations in the open lake and Mwanza Gulf, in southeastern Lake Victoria. (B) Irradiance spectra at four 
of the sampling locations (irradiance was not measured at Anchor Island). Vertical lines indicate the spectral 
midpoint at one-meter depth: the wavelength at which the total intensity (measured as µmol / (m2*s)) in the 
short-wavelength range (400-549 nm) is equal to the total intensity in the long-wavelength range (550-700 
nm). 

    
The blue species at Anchor Island has not previously been studied. It is referred to 

as Pundamilia ‘red chest’ (Seehausen, 1996) and resembles the other blue species in ecology 
(occupying shallow habitat around ~1-2 meters of depth) and morphology, but it has an 
orange-red area on the operculum/behind the pelvic fin (Seehausen, 1996). At Luanso, 
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finally, we categorized individuals of the variable but panmictic population into blue, 
intermediate, or red colour morphs by visually scoring coloration. As in previous studies, we 
used the mean colour scores of multiple observers (Dijkstra, Hekman, et al., 2007; Dijkstra, 
Seehausen, et al., 2007; Seehausen et al., 2008). Intermediate phenotypes at other locations 
(Python and Kissenda) occur at very low frequencies and were not included in the analyses 
(see supplementary information for opsin expression data of a few Python and Kissenda 
individuals morphologically categorized as ‘intermediate’). For clarity, we use ‘island’ to 
denote our different sampling locations, ‘phenotype’ to signify the blue or the red species (or 
intermediates), and 'population' for phenotype-island combinations.  

Fish were caught by angling and gill netting, noting capture depth. They were then 
transported alive to the Tanzania Fisheries Research Institute (TAFIRI - Mwanza Centre). At 
the institute, fish were euthanized with 2-Phenoxyethanol (~2.5ml/L), the eyes extracted and 
preserved in RNAlater™ (Ambion), and the samples were later shipped to the University of 
Groningen, the Netherlands for analyses. To maximize RNA yield and minimize differences 
due to circadian variation in opsin expression (Halstenberg et al., 2005), all fish were 
euthanized in the early evening on the day of capture (~17:00-20:00). Sampling was 
conducted with permission of the Tanzania Commission for Science and Technology 
(COSTECH - No. 2013-253-NA-2014-117). 
 
Opsin mRNA expression - We used real-time polymerase chain reaction (qPCR) to determine 
the relative amount of each cone opsin gene expressed (Carleton et al., 2005). From preserved 
eye samples, we removed the retina and isolated total RNA using Trizol (Ambion). We 
reverse transcribed one microgram of total RNA using Oligo(dT)18 primer (Thermo 
Scientific) and RevertAid H Minus Reverse Transcriptase (Thermo Scientific) at 45oC to 
create retinal cDNA. Duplicate qPCR reactions were set up for each cone opsin (SWS2b, 
SWS2a, RH2, LWS) using TaqMan chemistry (Applied Biosystems) and gene specific 
primers and probes (Table S4.1). As in previous studies, we collectively measured the 
functionally and genetically similar RH2Aα and RH2Aβ as RH2 (Carleton et al., 2005, 2008; 
Spady et al., 2006; Hofmann et al., 2009). Fluorescence was monitored with a CFX96 Real-
Time PCR Detection System (Bio-Rad) over 50 cycles (95oC for 2 min; 95oC for 15 sec; 
60oC for 1 min).  

We used LinRegPCR (Ramakers et al., 2003) to determine the critical threshold 
cycle numbers (Ct) for all four opsin genes. This approach examines the log-linear part of the 
PCR curve for each sample, determining the upper and lower limits of a ‘window-of-
linearity’ (Ramakers et al., 2003). Linear regression analysis can then be used to calculate 
the individual PCR efficiency and to estimate the initial concentration (N0) from a line that 
best fits the data (Ramakers et al., 2003). In this way, N0 values can be estimated without 
having to assume equal PCR efficiencies between amplicons (Ramakers et al., 2003). All 
samples were run in duplicate and for consistency between technical replicates, we applied 
specific quality control parameters: PCR efficiency 75-125% and Ct standard deviation ≤ 0.5. 
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We used the mean of the replicate N0  estimates to calculate relative expression levels for 
each sample (described below). 

On each plate, we included a serially diluted construct (of known concentration) 
containing one fragment of each of the four opsin genes ligated together. From this, we used 
linear regression to examine the relationship between Log(concentration) and Ct values of 
the construct, enabling us to calculate the slope (m) and intercept (b) of the regression. Using 
these values, we calculated relative cone opsin expression as: 
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where N0i/N0all is the expression for a given opsin gene relative to the total expression of all 
measured opsin genes, Cti is the critical threshold value for the focal sample, and b and m are 
the intercept and slope values derived from the construct linear regression (as detailed in: 
Gallup, 2011). This approach differs from previous work on Pundamilia opsin expression, 
where only the slope (efficiency) of the construct was considered (Carleton et al., 2005: see 
supplementary information for a comparison of both approaches). 
 
Light measurements - In 2010, we measured the downwelling irradiance (in µmol/(m2*s)) at 
each island (Fig. 4.1b) using a BLK-C-100 spectrometer and F-600-UV-VIS-SR optical fiber 
with CR2 cosine receptor (Stellar-Net, FL). Measurements were collected between 8:00 and 
12:00h at 0.5m depth increments, starting at 0.5 m depth and going down until approximately 
6 meters (deeper at less turbid locations). We collected 3 independent measurement series 
from Luanso (29 May, 7 June, 17 June) and Kissenda Islands (17 May, 1 June, 9 June) and 4 
independent measurement series from Python (21 May, 26 May, 4 June, 5 June) and Makobe 
Islands (22 May, 27 May, 3 June, 10 June). Irradiance measurements were not conducted at 
Anchor Island. Within every measurement series, we averaged a minimum of two irradiance 
spectra for each depth and then took the mean of the depth measurements across sampling 
days (thus, the mean of 2 measurements at each depth and then average of means across 
multiple days).  
 To quantify depth-associated changes in visual conditions, we calculated the orange 
ratio (OR) – the ratio of light transmitted in the 550-700 nm range over the transmittance in 
the 400-549 nm range. We assigned population-level OR values based on the depth 
distributions reported for each population by Seehausen et al. (2008). Since spectral 
measurements at Anchor Island were unavailable, we estimated OR as the median of the 
ratios observed at Python and Makobe Islands (Fig. 4.2) - water transparency at Anchor 
Island is intermediate to these two locations (Bouton et al., 1997; Mrosso et al., 2004). 
Spectral measurements at Luanso Island were only available down to four meters depth (light 
intensity is too low in deeper waters), so we used linear regression to estimate OR 
experienced by fish caught deeper (~5 meters).   
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Figure 4.2. Light environments at the study locations – Orange ratio (OR) 
increases with depth at all islands; Luanso, the most turbid location (Secchi disk: 
~55cm), has the highest OR. Irradiance spectra for Anchor Island were unavailable, 
so OR values were estimated as the median of the OR values at Makobe and Python 
Islands. At Luanso Island, spectra were only available to 4 meters depth, thus linear 
regression (grey dashed line) was used to estimate OR at greater depths. 

 
Quantum catch - To assess whether the observed opsin expression profiles maximize visual 
performance, we calculated quantum catch values (the amount of light captured by the visual 
system in a given light environment: Kelber et al., 2003) for both sympatric species at 
Makobe and Python Islands. We chose to compare these two islands as previous work has 
shown similar LWS opsin allele frequency distributions at both islands (Seehausen et al., 
2008). LWS is the most variable visual pigment among Lake Victoria cichlids (Terai et al., 
2002; Spady et al., 2005) and there is evidence for strong parallel divergent selection on 
LWS, both between P. pundamilia and P. nyererei and between P. sp. ‘pundamilia-like’ and 
P. sp. ‘nyererei-like’ (Seehausen et al., 2008; Meier et al., 2018). As such, we assume 
reciprocal fixation of LWS allele type within each pair and examine variation in visual 
performance due to differential opsin expression alone. Quantum catch estimates were 
obtained for each opsin by multiplying expression of that opsin with the population-specific 
irradiance spectrum (obtained using the depth distribution of each population from Seehausen 
et al. (2008), as described above for OR): 
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where I(λ) is the normalized irradiance spectrum for the distribution-weighted mean depth of 
each phenotype at each island (normalized to account for light intensity differences), R(λ) is 
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the photoreceptor sensitivity (based on the equations of: Govardovskii et al., 2000), and Ni 
is the relative opsin expression for each individual. Absorbance values were calculated 
separately for the two LWS alleles: (P. nyererei: λmax = 559nm; P. pundamilia: λmax = 544nm; 
Seehausen et al., 2008), while λmax for the other three pigments were constant (SWS2b λmax 
= 425nm, SWS2a λmax = 455nm, RH2 λmax = 528nm; Spady et al., 2006; Carleton, 2009). We 
then summed the quantum catch values for each opsin gene to calculate total quantum catch 
as: 
 

𝑄STS<= 	= 	𝑄UVW +	𝑄YZ[ +	𝑄WVW[< +	𝑄WVW[\ 

 
Statistical analysis 
 
Between-island variation in opsin expression - Prior to analyses, data were filtered for 
outliers, calculated as 1.5 * the interquartile range (IQR). This was done separately for each 
opsin/population combination. The remaining samples (n = 112; 17 samples did not pass the 
filter) were then used in a principal component analysis (PCA) on the correlation matrix of 
the relative expression levels of all four opsin genes to obtain composite variables of opsin 
expression (Table S4.2). Using generalized linear modeling (GLM), we explored differences 
between populations and species, and relationships with OR. The significance of fixed effect 
parameters was determined by likelihood ratio tests (LRT) via the drop1 function and 
minimum adequate statistical models were selected using statistical significance (Crawley, 
2002; Nakagawa & Cuthill, 2007). We used the Anova function in the car package (Fox et 
al., 2017) to estimate the parameters of significant fixed effects. In the case of more than two 
categories per fixed effect parameter (i.e. islands), we used post hoc Tukey tests (glht - 
multcomp package: Hothorn et al., 2008) to obtain parameter estimates. With all analyses 
(here and below), results using PC scores were confirmed by testing each opsin individually. 
Figures present the actual opsin expression patterns; PCA figures are provided in the 
supplementary information. 
 
Within-island variation in opsin expression - To examine opsin expression patterns within 
islands, we calculated new PC scores for each (Table S4.3). We used the same approach as 
above to explore how opsin expression differed between sympatric species and morphs.  
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Results 
 
Patterns of opsin expression differed significantly between islands and populations. Species 
differences were found at all islands, but the direction of differences between the blue and 
red phenotypes differed. We first present between-island variation in expression patterns, 
then highlight species differences, both within and between islands. 
 
Geographic variation in opsin expression – Across the Mwanza Gulf, opsin expression 
covaried with turbidity (Fig. 4.3a). In both blue and red phenotypes, SWS2b expression was 
highest at Makobe Island (clear water) but essentially zero at more turbid locations (Luanso, 
for example); supporting our first prediction. For the other opsins, expression also covaried 
with turbidity, but the patterns were variable and differed between the phenotypes. Within 
the blue phenotypes, LWS expression was lowest at clear water Makobe and increased with 
turbidity (χ2 (1) = 23.31, P < 0.001) while RH2 displayed the opposite pattern (χ2 (1) = 17.09, 
P < 0.001). For the red phenotypes, LWS was stable across locations (P = 0.7) but RH2 
expression increased with turbidity (χ2 (1) = 4.56, P = 0.032). 
 
Species-specific variation in opsin expression between islands – We also found significant 
island-by-phenotype interactions, indicating that the differences between islands were 
variable for the blue and red species (Fig. 4.3 & Fig. S4.1). For PC1, there was a significant 
interaction between island and phenotype (P = 0.004): Tukey post hoc test revealed that P. 
pundamilia had higher PC1 scores at Makobe (i.e. lower LWS) than the blue phenotypes at 
the other islands (Python: Z = 5.05, P < 0.001; Kissenda: Z = 3.95, P < 0.001; P. ‘red chest’ 
at Anchor: Z = 3.76, P = 0.001; blue morph at Luanso: Z = 4.97 P < 0.001). Among the red 
phenotypes, PC1 scores were higher at Makobe (Z = 3.18 P = 0.012), Python (Z = 2.80 P = 
0.038), and Kissenda (Z = 3.21 P = 0.01) compared to Anchor Island but did not differ 
otherwise (P > 0.25). For PC2, we again found a significant island by phenotype interaction 
(P < 0.001): post hoc showed significantly lower P. nyererei PC2 scores (i.e. lower RH2, 
higher SWS2b) at Makobe compared to the red phenotypes at all other islands (P < 0.02 for 
all). There were no differences in PC2 scores of the blue phenotypes between islands (P > 
0.46). The interaction between island and phenotype was non-significant for PC3 (P = 0.6) 
but post hoc analysis suggested that PC3 scores of the blue species tended to be higher at 
Makobe than at Kissenda (Z = 2.64, P = 0.061; all other comparisons were non-significant, 
P > 0.3). The red phenotype did not differ in PC3 scores between islands (P > 0.5).  
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Figure 4.3. Geographic variation in opsin expression – (A) Opsin expression covaries with photic 
conditions: for both phenotypes, SWS expression was higher in clearer waters (low spectral midpoint), 
while in the blue phenotype, LWS expression was higher in turbid conditions (higher spectral 
midpoint). The relationship between RH2 and photic conditions was in opposite directions for red and 
blue phenotypes. Anchor Island is not included here, as spectral measurements were unavailable. 
Shading represents 95% confidence intervals. (B) Red and blue phenotypes show different patterns of 
opsin expression across islands. Sample sizes are indicated above each bar and error bars represent ± 
standard error. ***indicates P < 0.001, **indicates P < 0.01, *indicates P < 0.05, • indicates P < 0.1, 
from analyses using individual opsins. 

 
Species differences in opsin expression within islands – We found support for our second 
prediction - higher LWS expression in the red phenotype - but only at islands were the red 
species is P. nyererei (Makobe and Anchor). These are also the islands with the clearest 
waters. At the more turbid locations, Python and Kissenda, the blue phenotype (P. sp. 
‘pundamilia-like’) had higher LWS expression than the red phenotype (P. sp. ‘nyererei-like’; 
Fig. 4.4 & Fig. S4.2). The results presented here use island-specific principal components 
(unlike above, where PCs were calculated for all fish, from the entire Gulf).  
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 At Makobe Island, PC1 scores (50.5% total variance, negative association with 
LWS, positive with RH2/SWS2a) were higher in P. pundamilia than in P. nyererei (χ2 (1) = 
4.21, P = 0.04). PC2 and PC3 scores did not differ between the species (P > 0.19).  

P. ‘red chest’ and P. nyererei at Anchor Island did not differ in PC1 (P = 0.41) or 
PC2 (P = 0.64) but P. nyererei tended to have higher PC3 (5.6% variance, positive association 
with SWS2a, negative with RH2; χ2 (1) = 3.73, P = 0.053).  

At Python Island, P. sp. ‘nyererei-like’ had significantly higher PC1 scores than P. 
sp. ‘pundamilia-like’ (49.0% total variance, negative association with LWS, positive with 
RH2; χ2 (1) = 16.38, P < 0.001) but there were no differences in PC2 and PC3 (P > 0.2).  
 At Kissenda Island, both PC1 (56.7% total variance, negative association with 
LWS) and PC2 scores (28.1% variance, positive association with RH2) tended to be higher 
in P. sp. ‘nyererei-like’ (PC1: χ2 (1) = 3.43, P = 0.063; PC2:  χ2 (1) = 2.78, P = 0.095). There 
were no differences in PC3 (P = 0.6). 

The two colour morphs and intermediates at Luanso Island did not differ in PC1 (P 
= 0.55) but did differ in PC2 scores (23.9% variance, positive association with RH2; χ2 (2) = 
8.12, P = 0.017). Post hoc test showed that the red morph had significantly higher PC2 scores 
than the blue morph (i.e. higher RH2; Z = 2.66, P = 0.02), while all other comparisons were 
non-significant (P > 0.23). PC3 scores did not differ (P = 0.7).  

Taken together, we found differences in expression profiles between the shallow-
living and deep-living Pundamilia at all sampled locations, but not always in the same 
direction nor in the same opsin. Species pairs residing at locations with clearer waters – 
Makobe and Anchor – showed similar differences in expression profile (higher LWS 
expression in the red species), that differed from the pairs residing in more turbid water – 
Python and Kissenda (higher LWS expression in the blue species). Finally, at Luanso Island, 
the two morphs did not significantly differ in opsin expression.  
 

 
Figure 4.4. Within-island, between-species variation in opsin expression – Species differences in opsin 
expression varied across islands. Sample sizes are indicated above each bar.  ***indicates P < 0.001, **indicates 
P < 0.01, *indicates P < 0.05, • indicates P < 0.1, error bars represent ± standard error. P-values are from analyses 
using individual opsins. 

 
Light environment – To evaluate whether opsin expression profiles could be predicted by the 
specific light environment that the fish experience, we examined the relationship between 
population-level expression and OR. Population-level opsin expression was taken as the 
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mean for each species/island, while population-level OR was derived from previously 
reported depth distributions that were based on larger numbers of fish (Seehausen et al., 
2008). Anchor Island was not included in the prior study, so we used unpublished data (27 
fish collected by OS; 1991/1992) in combination with our own collection efforts (16 fish) to 
establish an Anchor distribution (see Fig. S4.3). We assigned OR values based on the mean 
depth distributions for each population, weighted by the number of individuals sampled at 
each depth. As seen in figure 4.5, the slope of the difference in LWS expression between blue 
and red phenotypes at Makobe and Anchor was positive, while the same slope at Python and 
Kissenda was negative (Fig. 4.5a). RH2 expression was opposite (Fig. 4.5b): the slope at 
Makobe/Anchor was negative but at Python/Kissenda, it was positive. SWS2a expression 
was less variable between species and islands (Fig. 4.5c), while SWS2b was expressed at 
Makobe only (Fig. 4.5d).   
 
Relationship between LWS genotype and expression profile - Visual performance is 
influenced by both opsin genotype and opsin expression. To explore how differentiation 
between sympatric blue and red species in one of these components was related to 
differentiation in the other one, we summarized population-specific LWS allele frequency 
distributions into an LWS genotype score for each population. This score was calculated as 
the wavelength of peak absorbance of each allele (‘P’ = 544nm and ‘H’ = 559nm, Seehausen 
et al., 2008; ‘M3’ is described as a recombinant or intermediate form, thus we assigned a 
value of 551nm), multiplied with its relative frequency in each population (from Seehausen 
et al., 2008; excluding Anchor Island). As seen in figure 4.6, the differentiation in opsin 
expression between the blue species (low LWS genotype score) and red species (high LWS 
genotype score) at Python and Kissenda were similar: negative slopes for RH2 expression; 
positive slopes for LWS expression (Fig. 4.6ab). However, the blue and red species at 
Makobe showed the opposite pattern of differentiation (the higher LWS genotype score of 
the red species coincided with higher LWS expression and lower RH2 expression). 
Differentiation in SWS2a and SWS2b expression was less pronounced and more consistent 
between locations (Fig. 4.6cd). Thus, the consistent pattern of differentiation in LWS 
genotype between blue and red species at each of these populations (Seehausen et al., 2008) 
coincides with different patterns of divergence in opsin expression between clear-water 
(Makobe) and turbid-water sites (Python and Kissenda). 



Chapter 4 

 80 

 
Figure 4.5. The relationship between OR and differentiation in opsin expression of sympatric blue and 
red species – (A) The difference in LWS expression between sympatric species at Makobe/Anchor had a 
positive slope, while at Python/Kissenda, the slope was negative. (B) The pattern was reversed for RH2 
expression: the slope was negative at Makobe/Anchor but positive at Python/Kissenda. (C) SWS2a 
expression was less variable between the species pairs and (D) SWS2b was expressed at Makobe only. 
Colours indicate species (P. pundamilia / P. sp. ‘pundamilia-like’ / P. ‘red chest’ or P. nyererei / P. sp. 
‘nyererei-like’). Population-level OR values were derived from depth distribution data presented in 
Seehausen et al. (2008) and, for Anchor Island, from unpublished field data (collected by OS in 1991/1992 
and by DSW in 2014). Error bars represent ± standard error. 
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Figure 4.6. Differentiation in LWS genotype score (frequency-weighted peak absorbance) and opsin 
expression between sympatric species – The direction of differentiation in (A) SWS2b and (B) SWS2a 
opsin expression was consistent between LWS genotype scores at different locations. (C) RH2 expression 
was negatively related with LWS differentiation at Makobe Island (p), but positively at Python (�) and 
Kissenda (n). (D) Differentiation in LWS expression was positively related with differentiation in LWS 
genotype score at Makobe, but negatively at Python and Kissenda. All Luanso Island fish (u) had the ‘P’ 
allele type. Colours indicate phenotype (blue, intermediate, red). LWS genotype scores were derived from 
data presented in Seehausen et al. (2008). Error bars represent ± standard error. 

 
Visual performance – If the variation in expression reported above is adaptive, we predict 
that the observed combinations of opsin genotype and opsin expression maximize quantum 
catch in their local environment. To test this prediction, we compared total quantum catch 
values of fish from Python and Makobe Islands. The different sympatric species at these two 
islands are nearly fixed for alternative LWS allele types, that are the same between the two 
pairs (P. nyererei and P. sp. ‘nyererei-like’ with ‘H’ and P. pundamilia and P. sp. 
‘pundamilia-like’ with ‘P’; Seehausen et al. 2008). Yet, the habitats of the fish differ in visual 
conditions (Python Island has more turbid waters) and the species pairs differ in the direction 
of divergence in opsin expression (see above). Thus, we were able to evaluate whether each 
species maximized its quantum catch at each island: does, for example, the expression profile 
of P. sp. ‘nyererei-like’ at Python generate greater quantum catch than the profile of P. 
nyererei from Makobe would, when placed in the Python environment? We found that this 
is the case; the Python opsin expression profiles (of both species) generated higher Qc values 
(P. sp. ‘nyererei-like’ vs. P. nyererei: χ2 (1) = 6.61, P = 0.010; P. sp. ‘pundamilia-like’ vs. P. 
pundamilia: χ2 (1) = 12.58, P < 0.001; Fig. 4.7a). Surprisingly, however, the expression 
profiles of Python fish would also generate significantly higher Qc at Makobe, compared to 
the expression profiles actually observed at Makobe (P. sp. ‘nyererei-like’ vs. P. nyererei: χ2 
(1) = 7.46, P = 0.006; P. sp. ‘pundamilia-like’ vs. P. pundamilia: χ2 (1) = 12.17, P < 0.001; 
Fig. 4.7b). Thus, the expression profiles at Makobe do not maximize quantum catch. 
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Figure 4.7. Visual system light capture – Total photon capture for P. pundamilia / P. sp. ‘pundamilia-
like’ and P. nyererei / P. sp. ‘nyererei-like’ at (A) Python Island and (B) Makobe Island. Lighter colours 
indicate the hypothetical quantum catch that would be achieved by reciprocal transplant (e.g. Python fish 
at Makobe Island). For both species pairs, the Python phenotype maximizes quantum catch – at both 
islands. Quantum catch (Qc) calculations incorporate population-specific LWS genotype (H vs. P allele), 
opsin expression profile, and light conditions. ***indicates P < 0.001, **indicates P < 0.01, *indicates P 
< 0.05, error bars represent ± standard error. 

 
Discussion 
 
Divergent adaptation to alternative visual habitats has been implicated in cichlid speciation. 
Specifically, previous work in Pundamilia has revealed correlations between the local light 
environment and the frequency of different LWS opsin alleles across populations (Seehausen 
et al., 2008). The contribution of differential opsin expression to visual adaptation remained 
to be addressed: haplochromine species and populations (in Pundamilia and other genera) 
differ in opsin expression (Carleton et al., 2005; Parry et al., 2005; Spady et al., 2006; 
Hofmann et al., 2009, 2010; Carleton, 2009; Smith et al., 2011) but a systematic exploration 
of this variation in Pundamilia was lacking. Here, we report that opsin expression profiles 
differ markedly between populations and do not covary with opsin genotype in a consistent 
fashion. The observed variation can only partly be explained by variation in environmental 
light and may be related to the evolutionary histories of the species pairs. 
 
High LWS expression - In general, we found high levels of LWS expression (~76%), 
followed by RH2 (~14%), SWS2a (~8%), and SWS2b (~2%). These results follow the 
previously reported expression patterns for Lake Victoria cichlids (Hofmann et al., 2009) and 
other fishes; turbid environments tend to correlate with high LWS expression (Lythgoe et al., 
1994; Ehlman et al., 2015; Torres-Dowdall et al., 2017). This is in contrast with the patterns 
observed in cichlids from Lake Malawi (clear water), where LWS expression is lower, but 
SWS and RH2 expression are higher (Carleton & Kocher, 2001; Hofmann et al., 2009; Smith 
et al., 2011).  
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Geographic variation in opsin expression - Across Lake Victoria species, Hoffmann et al. 
(2009) reported higher SWS expression in species inhabiting environments where it was 
likely to capture the most light. Our results conform to this pattern. At Makobe Island, where 
short wavelength light is more abundant than at the more turbid locations further south, 
SWS2b expression was high in both phenotypes. For the other opsins, patterns of opsin 
expression were both phenotype and turbidity dependent (Fig. 4.3a). LWS expression in the 
blue types tended to increase with turbidity, while LWS expression in the red types was more 
stable across populations. RH2 expression in the red phenotypes increased in turbid waters 
while in the blue phenotypes, RH2 expression was lower at more turbid locations.  

Patterns of opsin expression also clustered by location, as revealed by population 
level analyses of the relationship between opsin expression and OR. At Makobe and Anchor 
Islands, the difference in LWS expression between the sympatric species had a negative 
slope, while at Python and Kissenda, the slope was positive (Fig 4.5a). Patterns of RH2 
expression were opposite; at Makobe/Anchor the slope was positive, while at 
Python/Kissenda the slope was negative (Fig. 4.5b). Our results also show that similar light 
environments occur at multiple islands, yet expression profiles differ (see Fig. S4.4). 
Moreover, populations that are nearly fixed for the same LWS alleles were found to have 
different opsin expression profiles (see e.g. Fig. 4.6ab). Taken together, these findings show 
that patterns of opsin expression are not tightly correlated with opsin genotype, nor are they 
necessarily matched to the visual environment.  
 
Species differences in opsin expression - At all studied locations, we found differences in the 
expression profiles between the local blue and red species. At Makobe Island, red P. nyererei 
tended to express more LWS, while blue P. pundamilia expressed more RH2. This follows 
our prediction. A similar pattern was observed at Anchor Island between P. nyererei and P. 
‘red chest’. However, the pattern was reversed in the species pair P. sp. ‘pundamilia-like’/ P. 
sp. ‘nyererei-like’ at Python and Kissenda Islands: LWS expression was higher in P. sp. 
‘pundamilia-like’ and RH2 was higher in P. sp. ‘nyererei-like’. This is in opposition to our 
prediction but in agreement with results of Hofmann et al. (2009), who also observed higher 
LWS expression in the red types of the species pair P. pundamilia and P. nyererei from Senga 
Point (also clear water) but higher LWS expression in the blue types for P. sp. ‘pundamilia-
like’ and P. sp. ‘nyererei-like’ sampled at Kissenda and Python Island, respectively. Finally, 
at the most turbid location in our study, Luanso Island, we found hardly any differentiation 
in expression profile between blue and red morphs. This is consistent with their lack of 
genetic differentiation and overlapping depth ranges as documented earlier (Seehausen et al., 
2008; Meier et al., 2017).  

Taken together, we find differentiation in opsin expression profiles at all studied 
locations where blue and red species are genetically differentiated, but not where they are 
not. The direction of differentiation between blue and red species, though, was heterogeneous 
between the two clearer-water sites (Makobe and Anchor - occupied by P. pundamilia or P. 
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‘red chest’ and P. nyererei) versus the two more turbid-water sites (Python and Kissenda - 
occupied by P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’).  
 
Visual performance - To explore how opsin expression affects visual system performance in 
differing light conditions, we compared fish from Makobe and Python Islands. These two 
islands differ in photic conditions (Python is more turbid) but have similar LWS genotypes: 
the red species are nearly fixed for the H allele (long-wavelength shifted) and the blue species 
are nearly fixed for the P allele (short-wavelength shifted), at both islands. Here, we reported 
species differences in expression profile at both locations, but in opposite directions (see 
above). By incorporating all of this information into a model of visual perception, we 
estimated visual system light capture. We found higher quantum catch values for the Python 
phenotypes: at both islands, Python fish would achieve higher Qc than Makobe fish. This 
seems to suggest that opsin expression at Makobe Island is suboptimal (compared to Python). 
We provide three, non-mutually exclusive hypotheses for this result. 

The first is that our visual model, while inclusive of many factors (opsin expression, 
LWS genotype, light environment), does not incorporate all aspects of visual perception. For 
example, cichlids can use either Vitamin A1- or Vitamin A2-based chromophores (Torres-
Dowdall et al., 2017). Chromophore ratios might differ between our study populations and 
this would influence visual sensitivity (Dartnall & Lythgoe, 1965; Hárosi, 1994; Toyama et 
al., 2008). Moreover, quantum catch is a relatively crude measure of visual perception, that 
may not reflect actual performance at relevant visual tasks in nature, such as object-
background discrimination (Guthrie, 1986). Possibly, the different light environments (in 
terms of both spectral composition and light intensity) in the clear- vs. turbid-water locations 
select for different visual strategies, that are not captured in quantum catch estimates.  

A second explanation concerns the short evolutionary history of the Lake Victoria 
cichlid species flock, and recent or ongoing gene flow. Meier et al. (2017) found that the most 
likely scenario of Pundamilia speciation involves divergence of P. pundamilia and P. 
nyererei outside of the Mwanza Gulf, with settlement of both species at Makobe Island. P. 
pundamilia then colonized the Mwanza Gulf (including Python Island). Many generations 
later, this population received gene flow from P. nyererei leading to a renewed speciation 
event in which a ‘nyererei-like’ species with red males and a ‘pundamilia-like’ species with 
blue males emerged from the original P. pundamilia population at Python, within the past 
500 years (Meier et al., 2017; 2018). This distinct evolutionary history (as well as possible 
mixing with other species in the Mwanza Gulf) may have resulted in different, better-adapted 
expression profiles. This might explain why the Python forms have higher quantum catch at 
both islands.  

Finally, recent environmental change (i.e. increased eutrophication: Seehausen et 
al., 1997; van Rijssel & Witte, 2013) could have contributed to our findings. Changes in 
water transparency in the (recent) past might have affected the extent of hybridization - 
eutrophication alters visual conditions, which affects the opportunity for both depth 
segregation and divergent sexual selection based on male nuptial coloration (Seehausen, van 
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Alphen, et al., 1997; Seehausen, Witte, et al., 1997; Seehausen & Magalhaes, 2010) – thereby 
impacting the current distribution of visual system genotypes (i.e. more recent hybridization 
within the Mwanza Gulf, perhaps even with other species). It is also possible that the current 
geographical gradient in turbidity may have moved recently, such that turbidity increased in 
the previously very clear offshore regions such as around Makobe Island, not allowing 
enough time for species to adapt. It is likely that some combination of all three factors (other 
visual components, gene flow, environmental change) have played a role in the patterns we 
report.  
 
Conclusion - The results presented here provide a detailed profile of the opsin expression 
patterns of wild-caught Pundamilia cichlids from several locations and depth ranges in Lake 
Victoria. In general, LWS expression decreased and SWS expression increased with water 
transparency. Opsin expression differed between species and islands, and replicate 
populations of species pairs from clear waters were similar to each other but distinct from 
species pairs inhabiting turbid waters. These patterns could not be explained by variation in 
visual environments and did not correlate with opsin genotype. They may hence reflect 
different evolutionary histories, with different modes of visual adaptation. Taken together, 
these results highlight the need to explore additional visual tuning mechanisms, but also more 
sophisticated ways of measuring visual performance, to understand how different 
components of the visual system adapt and co-evolve during the rapid speciation of Lake 
Victoria cichlid fish.  
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Supplementary information 
 
Calculating opsin mRNA expression – Previous studies (Carleton et al., 2005; Hofmann et 
al., 2009) calculated relative opsin expression as: 
 

𝑇;
𝑇<==

= 	
(1 +	𝐸;)_`SB
∑(1 +	𝐸;)_`SB

 

 
where Ti/Tall is the relative gene expression, Ei is the PCR efficiency of each gene, and Cti is 
the critical threshold (or cycle number). PCR efficiency was determined from a construct 
containing all genes ligated together. Here, we also used a reference construct of all four 
opsin genes ligated together. However, we used linear regression to examine the relationship 
between Log(concentration) and Ct values of the construct, enabling us to calculate not only 
the slope (m) but also the intercept (b) of the regression. Using both these values, we 
calculated relative expression as: 
 

𝑁:;
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where N0i/N0all is the expression for a given opsin gene relative to the total expression of all 
measured opsin genes, Cti is the critical threshold value for the focal sample, and b and m are 
the intercept and slope values derived from the construct linear regression (also described in: 
Gallup, 2011). Expression patterns using both calculation methods were similar (see Figure 
S4.5).  
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Table S4.1. Gene specific primers and probes – Sequences of the primers/probes used in qPCR 
reactions. 

 

 
 
 

Mwanza Gulf 

 PC1 PC2 PC3 

SWS2b 0.293 -0.779 0.517 

SWS2a 0.391 -0.340 -0.822 

RH2 0.562 0.514 0.226 

LWS -0.666 -0.109 -0.063 

% Var. 55.4 24.4 20.2 
 

Table S4.2. Between island PCA loading matrix - PCA loading matrix 
for between-island variation, with the cumulative amount of variance 
accounted for per PC. 

 

 
 

SWS2b 

Primer (F) GCGCTGCACTTCCACCTC 

Primer (R) GGCCACAGGAACACTGCAT 

Probe FAM-TTGGATGGAGCAGGTATATCCCAGAGGG-TAMRA 

SWS2a 

Primer (F) CAAGATYGAAGGTTTCATGGTA 

Primer (R) CGCTCGAAAGCTATCACAGC 

Probe FAM-ACTCGGTGGTATGGTAAGCCTGTGG-TAMRA 

RH2A 

Primer (F) TTCTGTGCWATTGAGGATTC 

Primer(R) CCAGGACAACAAGTGACCAGAG 

Probe FAM-TGGCCACACTWGGAGGTGAAGTTGC-TAMRA 

LWS 

Primer (F) CTGTGCTACCTTGCTGTGTGG 

Primer (R) GCCTTCTGGGTTGACTCTGACT 

Probe FAM-TGGCCATCCGTGCTGTTGC-TAMRA 
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Makobe Island 

 PC1 PC2 PC3 

SWS2b -0.025 -0.938 0.133 

SWS2a 0.423 -0.035 -0.857 

RH2 0.600 0.249 0.483 

LWS -0.677 0.233 -0.112 

% Var. 50.5 27.9 21.6 
 
 

Anchor Island 

 PC1 PC2 PC3 

SWS2b 0.439 -0.894 -0.082 

SWS2a 0.504 0.179 0.788 

RH2 0.512 0.314 -0.600 

LWS -0.538 -0.262 0.099 

% Var. 83.3 11.1 5.6 
 
 

Python Island 

 PC1 PC2 PC3 

SWS2b 0.052 -0.676 -0.734 

SWS2a 0.109 -0.706 0.667 

RH2 0.691 0.204 -0.111 

LWS -0.712 0.039 -0.059 

% Var. 49.0 31.9 19.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Kissenda Island 

 PC1 PC2 PC3 

SWS2b 0.378 -0.551 0.742 

SWS2a 0.359 -0.628 -0.659 

RH2 0.565 0.491 0.044 

LWS -0.638 -0.244 0.108 

% Var. 56.7 28.2 15.1 
 
 

Luanso Island 

 PC1 PC2 PC3 

SWS2b 0.367 -0.628 -0.682 

SWS2a 0.449 -0.463 0.695 

RH2 0.517 0.586 -0.209 

LWS -0.629 -0.215 -0.074 

% Var. 60.1 23.9 16.0 
 

 
Table S4.3. Within-island PCA loading 
matrices - PCA loading matrices for within-
island variation, with the cumulative amount 
of variance accounted for per PC. These PCs 
were calculated separately for each island 
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Figure S4.1. Geographic variation in opsin expression (PCA) - Blue and red phenotypes show different 
patterns of opsin expression across islands (PC loadings in table S4.2). Sample sizes are indicated above each 
error bar. ***indicates P < 0.001, **indicates P < 0.01, *indicates P < 0.05, • indicates P < 0.1, error bars 
represent ± standard error. 

 
 
 
 
 

 
Figure S4.2. Within-island, between-species variation in opsin expression (PCA) – Species differences in 
opsin expression varied across islands (PC scores are calculated for each island; table S4.3).  Sample sizes are 
indicated above each error bar. **indicates P < 0.01, *indicates P < 0.05, • indicates P < 0.1, error bars 
represent ± standard error. 
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Figure S4.3. Depth distribution of sampled fish – (A) Mean ± se capture depth of fish used in this study 
compared to (B) depth distributions (calculated as weighted averages) reported by Seehausen et al. (2008). 
Anchor Island depth distributions from unpublished field data (collected by OS in 1991/1992), in 
combination with our sampling efforts for this study. 

 
 
 
 

 
Figure S4.4. Different opsin expression profiles in similar light environments – 
Despite similar light conditions (OR values) for several sampled populations across 
the Mwanza Gulf, opsin expression varied (illustrated here by individual PC1 scores 
(table S4.2)). Colours indicate phenotypes (blue, intermediates, red) and shapes 
represent islands (p Makobe, u Anchor, � Python, n Kissenda, Ü Luanso). 
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Figure S4.5. Within-island, between-species variation in opsin expression, including intermediate 
phenotypes – Species differences in opsin expression varied across islands. Sample sizes are indicated above 
each bar. Intermediates at Python and Kissenda Island are based on morphological classification (and by colour 
scores at Luanso Island). ***indicates P < 0.001, **indicates P < 0.01, *indicates P < 0.05, • indicates P < 0.1, 
error bars represent ± standard error. P-values are from analyses using individual opsins. 

 
 
 
 
 
 

 
Figure S4.6. Expression patterns calculated as in Carleton et al. (2005) – Opsin expression patterns when 
calculated according to previously published methods (Carleton et al., 2005). Sample sizes are indicated above 
each bar. *indicates P < 0.05, error bars represent ± standard error. 
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Abstract 
 
Aquatic environments provide a natural laboratory for studying visual adaptation. The 
attenuation of light through water creates distinct photic environments to which vision-
dependent species must adapt. As such, divergent sensory drive has been implicated as a 
diversifying force in several fish species. Here, we experimentally test whether visual 
adaptation directly leads to divergent mate preferences in cichlid fish, potentially providing 
a rapid route to ecological speciation by sensory drive. Blue and red phenotypes of 
Pundamilia cichlids co-occur at many rocky island locations across southeastern Lake 
Victoria. The species pairs inhabit different photic conditions - blue types are found in 
shallower waters, while red types occur deeper - and each phenotype has visual system 
properties that are ‘tuned’ to the local light environment. Previously, we documented that 
rearing the fish under different light conditions influences female mate preference for blue 
and red males. Here, we examine to what extent this can be explained by underlying visual 
system properties, thereby testing the causal link between visual adaptation and female 
preference. We found that light conditions significantly influenced opsin expression, and that 
opsin expression tended to correlate with female preference. However, we could not infer a 
causal relationship. We also found that allelic variation in the long-wavelength sensitive 
opsin gene (LWS) covaried with female preference, but only in one of two light treatments. 
Together, our findings confirm a role of visual perception in shaping female preference in 
Pundamilia, consistent with speciation by sensory drive. However, identifying the 
mechanistic link between visual perception and mate choice requires additional manipulative 
experiments.  
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Introduction 
 
Sensory drive – the hypothesis that sensory systems, signals, and communication behaviour 
coevolve in concert with local environmental conditions (Endler, 1992) – has been implicated 
as a mechanism of divergence in a number of species. Many examples come from aquatic 
environments (Cummings & Endler, 2018), as the natural attenuation of light through water 
results in variable photic environments. Vision-dependent aquatic species often possess 
visual systems, mating signals, and mating behaviour correlated to the local light 
environment, implicating sensory drive-like processes (e.g. 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), swordtails (Kolm 
et al., 2012), surfperch (Cummings, 2007), pygmy perch (Morrongiello et al., 2010), and 
cichlids (Maan et al., 2006; Seehausen et al., 2008)). Here, we use two species of Lake 
Victoria cichlids to experimentally test the hypothesis that divergent visual adaptation 
directly affects mating preferences, providing a possible mechanism for rapid ecological 
speciation.  

Theory suggests that ecological speciation is promoted when divergent adaptation 
immediately coincides with changes in mating patterns, such that individuals with the same 
adaptations mate among each other (Kirkpatrick & Ravigné, 2002). The traits that would 
mediate such a 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). Sensory 
adaptation might function as a magic trait, mediating not only ecological adaptation but also 
the perception and assessment of potential mates (Boughman, 2002; Maan & Seehausen, 
2010). Alternatively, assortative mating among individuals with the same sensory 
adaptations would come about by indirect selection, driven by variation in offspring fitness. 
This process would rely on the build-up and maintenance of linkage disequilibrium between 
the loci underlying sensory adaptation and mating preferences (Kirkpatrick & Barton, 1997; 
Maan & Seehausen, 2012; Servedio & Boughman, 2017). 

Pundamilia pundamilia (Seehausen et al., 1998) and Pundamilia nyererei (Witte-
Maas & Witte, 1985) are two closely related species of cichlid fish found at rocky islands in 
southeastern Lake Victoria. Similar sympatric Pundamilia species pairs (P. sp. ‘pundamilia-
like’ & P. sp. ‘nyererei-like’) also occur at other rocky islands in southeastern portions of the 
lake (Meier et al., 2017, 2018). Males of the sympatric species are distinguished by their 
nuptial coloration; P. pundamilia and P. sp. ‘pundamilia-like’ are blue/grey, whereas P. 
nyererei and P. sp. ‘nyererei-like’ are orange/red dorsally and yellow on the flanks; all males 
have black, vertical bars on their flanks. Females are yellow/grey (Seehausen, 1996). The 
species pairs tend to be depth differentiated – the blue species is found in shallower waters 
while the red species extends to greater depths (Seehausen, 1996; Seehausen et al., 2008). 
High turbidity in Lake Victoria results in a shift of the light spectrum toward longer 
wavelengths with increasing depth, so the red species tend to inhabit an environment largely 
devoid of short-wavelength light (Maan et al., 2006; Seehausen et al., 2008; Castillo Cajas et 
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al., 2012). Previous work has shown that 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).  

Colour sensitivity in vertebrates 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; one rod opsin (RH1 - functions in 
low light) and six cone opsins that mediate colour vision in bright light. The cone opsins 
include (Carleton et al., 2008): the short-wavelength sensitive opsins: SWS1 (359 ± 6 nm), 
SWS2b (427 ± 8), SWS2a (456 ± 5), the rhodopsin-like opsins: RH2b (483 ± 9), RH2aβ & 
RH2aα (529 ± 12) and the long-wavelength sensitive opsin: LWS (595 ± 22; in Pundamilia: 
544 ± 3, 559 ± 1; Seehausen et al., 2008). Typically, cichlids express a subset of three cone 
opsins at a time, the relative proportions of which influence colour vision (Carleton, 2009). 
In Lake Victoria, all seven species studied so far express SWS2b, SWS2a, RH2a, and LWS 
(Hofmann et al., 2009).  

Light-induced changes in opsin expression have been observed in several 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). Such phenotypic plasticity 
provides an experimental opportunity to test the causal relationship between colour vision 
and colour-mediated mate choice: if changes in colour vision directly affect mating decisions, 
divergent visual adaptation could provide a rapid route to speciation (Boughman, 2002; Maan 
& Seehausen, 2011, 2012; Servedio et al., 2011). We have previously shown that wild 
populations of blue and red Pundamilia differ in opsin expression, both within and between 
locations (chapter 4 of this thesis). Populations also differ in LWS genotype (Seehausen et 
al., 2008). Behavioural tests revealed that 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). Correspondence between these factors – differences in the photic environment, visual 
system properties, male coloration, and female colour preference – have implicated sensory 
drive as the mechanism of divergence between these two species (Maan & Seehausen, 2010). 
However, experimental tests are required to establish a causal relationship between visual 
adaptation and mate preference.  

In this study, we aim to explore how visual adaptation to the local light environment 
can influence visually mediated mate preference, thereby affecting reproductive barriers 
between the species. Concurrently, we characterize light-induced phenotypic plasticity in 
opsin expression in Pundamilia. To do this, we recreated the shallow vs. deep light 
environments of Python Island, Lake Victoria and reared each species in both light 
conditions. In a prior study, we found that these manipulations influenced female mate 
preference: shallow-reared females (of both species) preferred blue males, while deep-reared 
females tended to prefer red males (chapter 2; Wright et al., 2017). This was not due to 
changes in male colour signaling, as nuptial colour (blue/red) was unaffected by our light 
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manipulations (chapter 3; Wright et al., 2018). Here, we investigate whether the change in 
female preference can be ascribed to variation in visual system characteristics.  
 
Methods 
 
Experimental fish - F1 offspring of wild caught P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-
like’ (hereafter referred to as the blue or red phenotypes), collected in 2010 and 2014 at 
Python Islands (-2.6237, 32.8567) in the Mwanza Gulf of Lake Victoria, were reared in light 
conditions mimicking those in shallow and deep waters at Python Islands (described in detail 
below). Fish collected in 2010 were first transported to the Eawag Institute at Kastanienbaum, 
Switzerland; in September 2011 they were relocated to the University of Groningen, The 
Netherlands. Light conditions were the same for both locations - described in detail below. 
F1 families (hybrid and non-hybrid) were created opportunistically as reciprocal crosses, with 
25 dams and 20 sires. Thirty-two crosses (11 red x red; 7 blue x blue; 7 red x blue; 7 blue x 
red) resulted in a test population of 85 fish from 30 families (two red x red and two red x blue 
crosses were full-sibs; family details provided in table S5.1). We included hybrids because 
their heterozygosity (particularly at loci influencing visual properties and mate preference) 
could allow us to more clearly observe an effect of our environmental manipulations, which 
may be obscured by strong genetic effects in the parental species. Hybridization occurs with 
low frequency at Python Islands (Seehausen et al., 2008) and can be accomplished in the lab 
by housing females with heterospecific males. Pundamilia are maternal mouth brooders; to 
reduce the opportunity for imprinting (Verzijden & ten Cate, 2007) fertilized eggs were 
removed from brooding females approximately 6 days after spawning (mean ± se: 6.3±0.5 
days post-fertilization; eggs hatch at about 5-6 dpf) and split evenly between light conditions. 
Fish were maintained at 25±1oC on a 12L: 12D light cycle and fed daily a mixture of 
commercial cichlid flakes, pellets, and frozen food (artemia, krill, spirulina, black and red 
mosquito larvae). This study was conducted under the approval of the Veterinary Office of 
Kanton Lucerne (01/10) and the Institutional Animal Care and Use Committee of the 
University of Groningen (DEC 6205B; CCD105002016464).  
 
Experimental light conditions - Experimental light conditions were created to mimic the 
natural light environments of blue and red species at Python Islands, Lake Victoria (described 
in greater detail in: Maan et al., 2017). Briefly, we used halogen light bulbs filtered with a 
green light filter (LEE #243, Andover, UK). In the ‘shallow’ condition, mimicking the blue 
species habitat, the spectrum was supplemented with blue light (Paulmann 88090). In the 
‘deep condition’, mimicking the red species habitat, short wavelength light was reduced by 
adding a yellow light filter (LEE #015). Our experimental light conditions were designed to 
mimic in particular the spectral variation, and only partly recreated depth differences in light 
intensity (the deep condition had a light intensity of ~70% of that of the shallow condition; 
at Python Islands, light intensity in the deep environment (measured in 2010) was 34.15 ± 
3.59% of that in the shallow environment; Fig. S5.1). 
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Opsin mRNA expression - Most fish used in this study (n = 59) were sacrificed with an 
overdose of MS-222 and the eyes extracted and preserved in RNAlater™ (Ambion). Mean 
(±se) age at sampling was 829.2 ± 44.6 days (min/max = 186/1827 days). To maximize RNA 
yield and minimize differences due to circadian variation in opsin expression (Halstenberg 
et al., 2005), all fish were sacrificed at approximately the same time in the early evening 
(~16:00-18:00). A smaller number of fish (n = 17) were sampled opportunistically, from 
individuals that died for reasons unrelated to the experiment (e.g. aggression). Information 
on sample type (sacrificed vs. found dead) was not recorded for 9 fish. We sampled 37 males 
(14 from deep, 23 from shallow) and 38 females (18 from deep, 20 from shallow; 25 of which 
were previously tested for mate preference: Wright et al., 2017); sex was not recorded for 10 
fish (3 from deep, 7 from shallow).  

We used real-time polymerase chain reaction (qPCR) to determine the relative 
amount of each cone opsin gene expressed (Carleton et al., 2005). From preserved eye 
samples, we removed the retina and isolated total RNA using Trizol (Ambion). We reverse 
transcribed one microgram of total RNA using Oligo(dT)18 primer (Thermo Scientific) and 
RevertAid H Minus Reverse Transcriptase (Thermo Scientific) at 45oC to create retinal 
cDNA. Duplicate qPCR reactions were set up for each cone opsin (SWS2b, SWS2a, RH2, 
LWS) using TaqMan chemistry (Applied Biosystems) and gene specific primers and probes 
(table S5.2). As in previous studies, we collectively measured the functionally and genetically 
similar RH2Aα and RH2Aβ as RH2 (Carleton et al., 2005, 2008; Spady et al., 2006; Hofmann 
et al., 2009). Fluorescence was monitored with a CFX96 Real-Time PCR Detection System 
(Bio-Rad) over 50 cycles (95oC for 2 min; 95oC for 15 sec; 60oC for 1 min).  

We used LinRegPCR (Ramakers et al., 2003) to determine the critical threshold 
cycle numbers (Ct) for all four opsin genes. This approach examines the log-linear part of the 
PCR curve for each sample, determining the upper and lower limits of a ‘window-of-
linearity’ (Ramakers et al., 2003). Linear regression analysis can then be used to calculate 
the individual PCR efficiency and to estimate the initial concentration (N0) from a line that 
best fits the data (Ramakers et al., 2003). In this way, N0 values can be estimated without 
having to assume equal PCR efficiencies between amplicons (Ramakers et al., 2003). All 
samples were run in duplicate and for consistency between technical replicates, we applied 
specific quality control parameters: PCR efficiency 75-125% and Ct standard deviation ≤ 0.5. 
We used the mean of the replicate N0  estimates to calculate relative expression levels for each 
sample (described below). 

On each plate, we included a serially diluted construct (of known concentration) 
containing one fragment of each of the four opsin genes ligated together. From this, we used 
linear regression to examine the relationship between Log(concentration) and Ct values of 
the construct, enabling us to calculate the slope (m) and intercept (b) of the regression. Using 
these values, we calculated relative cone opsin expression as: 
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where N0i/N0all is the expression for a given opsin gene relative to the total expression of all 
measured opsin genes, Cti is the critical threshold value for the focal sample, and b and m are 
the intercept and slope values derived from the construct linear regression (as detailed in: 
Gallup, 2011).  
 
LWS sequence variation - We sequenced the LWS gene of females previously assessed for 
mate preference (Wright et al., 2017). The Python Island population harbours two forms of 
the LWS gene: the ‘H’ allele, with peak sensitivity at 559 ± 1nm and the ‘P’ allele, with peak 
sensitivity at 544 ± 3nm (Seehausen et al., 2008). The ‘H’ allele type occurs predominantly 
in P. sp. ‘nyererei-like’, while the ‘P’ allele type occurs predominantly in P. sp. ‘pundamilia-
like’, but hybridization results in a small number of ‘mismatched’ allele types (P. sp. 
‘nyererei-like’ that are heterozygous for the ‘H’ and ‘P’ allele, for example). The two alleles 
differ in only three amino acid positions (216, 230, 275), located on the fourth and fifth exons 
(Terai et al., 2006; Seehausen et al., 2008). We sequenced (Sanger sequencing, GATC 
Biotech) exons 4 and 5 (407bp; Forward primer: GTTTGGTGTGCTCCTCCCAT; Reverse 
primer: CAGAGCCATCGTCCACCTGT) and categorized individuals as ‘H’ if: 216Y, 
230A, 275C and ‘P’ if: 216F, 230T, 275I (as in: Seehausen et al., 2008). The sequencing 
results for some fish (e.g. hybrids) were mixed (multiple peaks at polymorphic sites) so we 
also categorized fish as ‘heterozygous’. In total, we sequenced 65 females, allowing us to 
assign LWS genotype to 77 (using pedigree information). 24 of these females were also 
measured for opsin expression (table S5.3; we lack expression data for the remainder of the 
females).    
 
Statistical analyses 
 
Variation in opsin expression - Prior to analyses, expression data were filtered for outliers, 
calculated as 1.5 * the interquartile range (IQR). This was done separately for each 
opsin/species/rearing light combination. The remaining samples (n = 85; 28 omitted from 
filtering) were then used in a principal component analysis (PCA) on the correlation matrix 
of the relative expression levels of all four opsin genes to obtain composite variables of opsin 
expression (table S5.4). Using linear mixed modeling (lmer function in the lme4 package: 
Bates et al., 2014), we explored how opsin expression was influenced by the effects (and 
interactions) of rearing light (deep vs. shallow) and species group (red, blue, hybrids), as well 
as the effect of sex (male vs. female). Random effects included maternal and paternal identity 
and age to account for: 1) shared parentage among sampled fish (see table S5.1) and 2) age 
differences at sampling (all fish were sexually mature adults; min/max: 183/2601 days). The 
optimal random effect structure was determined by AIC comparison (Sakamoto et al., 1986) 
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and the significance of fixed effect parameters was determined by likelihood ratio tests (LRT) 
via the drop1 function. Minimum adequate statistical models (MAM) were selected using 
statistical significance (Crawley, 2002; Nakagawa & Cuthill, 2007). We then used the 
KRmodcomp function in the pbkrtest package (Halekoh & Højsgaard, 2014) to test the MAM 
against a model lacking the significant parameter (s), which allowed us to obtain the 
estimated effect size of the fixed effect parameters under the Kenward-Roger (KR) 
approximation. In the case of more than two categories per fixed effect parameter (i.e. 
species), we used post hoc Tukey (glht - multcomp package: Hothorn et al., 2008) to obtain 
parameter estimates. With all analyses (here and below), results using PC scores were 
confirmed by testing each opsin individually. For clarity, figures present the actual opsin 
expression patterns; PCA figures are provided in the supplementary information. 
 
Do visual system characteristics covary with female preference? – To examine the 
relationship between female preference behaviour and 1) LWS genotype, 2) opsin 
expression, and 3) the combination of the two, we calculated new PCs for the subsample of 
females measured for opsin expression (table S5.5) and then used the same linear mixed 
modeling approach as described above. 

Our prior study (Wright et al., 2017) used a two-way mate preference design to 
assay female preference for blue vs. red males. Each female was reared in one of two light 
treatments (mimicking shallow or deep habitats) and then tested repeatedly under both light 
conditions. We scored female response to male courtship behaviours: lateral display (LD) 
and quiver (Q) – the first two behaviours in the haplochromine courtship ritual (Seehausen, 
1996). Preference scores ranged from -1 to 1, with positive scores indicating a preference for 
red males and negative scores indicating a preference for blue males (see supplementary 
information for a more complete description of mate preference trials).   
 
Results 
 
Species differences in opsin expression – Independent of our light treatments, we found 
species-specific opsin expression: blue phenotypes expressed relatively more LWS, while 
red phenotypes expressed relatively more RH2 (Fig. 5.1a/Fig. S5.2a). LWS differences were 
highlighted by PC1 (F2, 19.58 = 4.19, P = 0.03; PC1 explained 49.0 % of the total variance and 
had a strong, negative association with LWS): Tukey post hoc revealed the highest PC1 
scores (lowest LWS expression) in the red species, differing significantly from the blue 
species (Z = 4.07, P < 0.001) and hybrids (Z = 2.95, P = 0.008). PC2 (26.6% variance, strong, 
negative association with SWS2a) also differed among species (F2, 17.05 = 7.10, P = 0.005): 
blue PC2 scores were significantly lower (thus higher SWS2a) than both red (Z = -4.11, P < 
0.001) and hybrids (Z = -3.24, P = 0.003). PC3 (24.3% variance, positive association with 
RH2) followed the same pattern (F2, 18.80 = 4.64, P = 0.023); blue species had the lowest scores 
(lowest RH2 expression), differing from hybrids (Z = -3.31, P = 0.002) but not from the red 
species (P = 0.13). These observations closely resemble the species-specific expression 
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patterns of wild caught males from the same location (Fig. 5.1b/Fig. S5.2b; see also chapter 
4). 
 

 
Figure 5.1. Opsin expression profiles – (A) Lab-reared fish closely mimicked the expression profiles of (B) 
wild caught males from Python Island. Opsin expression data for wild fish are from chapter 4. Asterisks 
denote statistically significant differences, derived from analyses of relative expression of individual opsins; 
***indicates P < 0.001, **indicates P < 0.01, *indicates P < 0.05, • indicates P < 0.1. Sample sizes are given 
above each bar and error bars represent ± standard error. 

 
Sex-specific opsin expression – We found differences in opsin expression between males and 
females, predominantly in SWS (Fig. 5.2a). PC2 differed significantly between the sexes; 
females had higher PC2 (lower SWS2a) than males (F1, 46.49 = 6.75, P = 0.012). Analyses with 
the individual opsins supported the PC interpretation: SWS2a expression was higher in males 
(F1, 54.99 = 4.72, P = 0.034), while SWS2b expression tended to be higher in females (F1, 65.57 

= 3.72, P = 0.057). PC1 and PC3 scores did not differ between the sexes (P > 0.7 for both). 
Sex differences within each species group were similar (Fig. 5.2b) and the interaction 
between rearing light and sex was non-significant for all three PCs (P > 0.25). All species-
specific (above) and light-induced effects (below) are independent of sex (sex was included 
as a co-variate in all models). 
 

 
Figure 5.2. Sex-specific opsin expression – SWS expression differed between the sexes: males expressed 
more SWS2a and females tended to express more SWS2b. (A) All fish; (B) separated by species. *indicates 
P < 0.05, • indicates P < 0.1. Error bars represent ± standard error. Sample sizes are indicated above each bar. 

 
Rearing light influences opsin expression – We found that the rearing light environment 
significantly influenced relative opsin expression (Fig. 5.3a/Fig. S5.3a). Deep-reared fish had 
significantly lower PC1 scores (negative association with LWS; F1, 61.48 = 5.05, P = 0.028) 
and analyses with the individual opsins confirmed higher LWS expression in deep light (F1, 

61.52 = 5.26, P = 0.025). PC2 and PC3 did not differ between differently reared fish (both P > 
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0.15). Analyses with the individual opsins suggested an additional effect of rearing light on 
SWS2a expression: shallow-reared fish expressed significantly more than deep-reared fish 
(F1, 57.37 = 10.25, P = 0.002). There were no differences in RH2 (P = 0.51) or SWS2b (P = 
0.56). Thus, our light manipulations significantly influenced visual system development.   
  

 
Figure 5.3. Light-induced changes in opsin expression – (A) The relative expression of long (LWS) and 
short wavelength (SWS2a) opsins were significantly influenced by our light manipulations. (B) P. sp. 
‘nyererei-like’ was most strongly influenced by our light manipulations. **indicates P < 0.01, *indicates P < 
0.05. • indicates P < 0.1. Error bars represent ± standard error. Sample sizes are indicated above each bar. 

 
Stronger light effects in P. sp. ‘nyererei-like’ – Rearing light had similar effects across all 
three species groups (e.g. higher LWS in deep, see Fig. 5.3b/Fig. S5.3b). However, for PC3 
(positive association with RH2, negative with SWS2a/b), there was a significant interaction 
between rearing light and species (P = 0.035). Tukey post hoc revealed that PC3 scores in 
the red phenotypes tended to be higher in deep light, compared to shallow (Z = 2.64, P = 
0.08), while the blue phenotypes and hybrids did not differ (P > 0.9 for both). PC2 (negative 
association with SWS2a) was also influenced by a weak rearing light by species interaction 
(P = 0.085) but post hoc tests showed this to be due to the species-specific differences 
reported above; there were no within-species differences (P > 0.49). Finally, PC1 (negative 
association with LWS) was unaffected by the rearing light by species interaction (P = 0.12), 
although post hoc tests suggested a difference in the red phenotypes: shallow-reared, red fish 
had higher PC1 scores (lower LWS expression) than their deep-reared counterparts (Z = 3.15, 
P = 0.019). Thus, it seems that light treatments influenced opsin expression more strongly in 
the red phenotypes than in the blue phenotypes and hybrids. 
 
Does female mate preference covary with opsin expression? – A subset of females (n = 25) 
tested for mate preference (Wright et al., 2017) allowed us to explore the link between opsin 
expression and female preference behaviour. Using new PCs for opsin expression of these 
females (table S5.5), we asked if the variation in opsin expression reported above covaried 
with female preference scores. This was not the case (for all females combined, i.e. pooling 
the blue species, red species and hybrids; P > 0.36 for all PCs and both preference measures). 
The fact that females were tested under different light conditions did not impact this result; 
test light was always non-significant (P > 0.42).  
 The repeatability of individual preference behaviour in our prior study was low 
(females were tested multiple times; see Fig. S5.4), thus, subtle relationships between female 
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preference and opsin expression may have been masked by within-female variability. 
Therefore, we also calculated mean preference scores for each female and repeated the 
analyses (again, all females combined). We found a weak, positive relationship between PC1 
(52.1% total variance, positive association with LWS) and mean quiver preference (R2 = 
0.12, df= 23, P= 0.085; Fig. 5.4a). Importantly, however, this relationship was not caused by 
the light manipulation: it was present in both deep- and shallow-reared females (Fig. 5.4b; 
the interaction of rearing light and PC1 was non-significant, P = 0.61) and there was no light-
induced change in preference, as observed in our prior study (Wright et al., 2017). For this, 
we would have expected the two slopes in figure 5.4b to be shifted along the Y axis (the 
intercept of the slope for deep-reared females should have been higher than the intercept of 
the slope for shallow-reared females; it was not). Analyses with PC2 and PC3 were both non-
significant (P > 0.37) but RH2 did have a weak, negative correlation with female preference 
(Fig. 5.4c). Once again, patterns were consistent between deep- and shallow-reared females 
and there was no evidence of light-induced changes in preference (Fig. 5.4d). Together, these 
results suggest a weak association between relative opsin expression and female mate 
preference, that was independent of the light treatments.  
 
Distribution of LWS genotypes – Of the 91 females tested for preference behaviour, we were 
able to assign LWS genotype to 77 (Fig. 5.5). Thirty-one hybrid females were heterozygous, 
while four hybrids (all with blue dam, red sire) were homozygous ‘PP’. Within the red species 
(both parents red); twelve females were ‘HH’ but ten were heterozygous. Finally, all blue 
phenotype females (both parents blue) were homozygous ‘PP’ (n = 20). Genotypes were 
distributed equally between both light treatments. Opsin expression for each 
genotype/species combination is provided in the supplementary information (Fig. S5.5).  
 
Does preference covary with LWS genotype? – For all females (non-hybrids and hybrids of 
all genotypes), LWS genotype, as a single effect, did not significantly covary with female 
preference (P > 0.41 for both preference measures; also true for mean preference scores, P > 
0.12). However, female preference (LD) was influenced by an interaction between LWS 
genotype and test light (P = 0.009, Fig. 5.6a). Tukey post hoc revealed a significant difference 
between ‘HH’ and ‘PP’ genotypes when tested in shallow light (Z = 2.89, P = 0.041): ‘PP’ 
females preferred blue males (the intercept differed significantly from zero; P = 0.03) while 
‘HH’ females preferred red males (the intercept also differed from zero, P = 0.05). All other 
comparisons, including those from deep test light, were non-significant (P > 0.16). Quiver 
preference was unaffected (the same interaction was non-significant; P = 0.68), though the 
trends were similar (Fig. 5.6b). These results suggest that LWS genotype may directly 
influence female preference, though we cannot exclude other (species-specific) factors that 
may be linked to LWS genotype. We revisit this topic below.  
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Figure 5.4. Opsin expression covaries with female preference – Mean female preference had a weak, 
positive relationship with (A) LWS expression and a weak, negative relationship with (C) RH2 
expression. (B & D) Similar relationships were exhibited by both deep- and shallow-reared females, 
indicating that the relationship between preference and expression was not due to the light manipulations. 
• indicates P < 0.1. 

 

 
Figure 5.5. Distribution of LWS genotypes between species and light treatments – LWS genotypes for 
77 females. Sample sizes are indicated in each bar. 
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Figure 5.6. Association between LWS genotype and preference – Mean female (LD) preference 
was influenced by an interaction of test light and LWS genotype. In shallow test light, ‘PP’ females 
preferred blue males and ‘HH’ females preferred red males. When tested in deep light, there was no 
difference between genotypes. *indicates P < 0.05, • indicates P < 0.1. Error bars represent 95% C.I. 
and sample sizes are given within each circle. 

 
Combined effect of opsin expression and LWS genotype - When considering each rearing 
light + test light combination separately, it was apparent that the ‘HH’ females (all of which 
were P. sp. ‘nyererei-like’) responded more strongly to our light treatments (Fig. 5.7/Fig. 
S5.6). Therefore, we also examined a possible interaction effect between opsin genotype and 
opsin expression on female preference. We used the 24 females that were both LWS 
genotyped and measured for opsin expression, which included: 5 ‘HH’ (all red), 7 ‘PP’ (6 
blue, 1 hybrid), and 12 heterozygotes (8 hybrids, 4 red). There was no indication that female 
preference was influenced by the interaction of LWS genotype and opsin expression (P > 
0.41). Also, within the ‘HH’ females, that were most variable in preference, relative opsin 
expression had no influence on preference (LD: P > 0.38; Q: P > 0.34; see Fig. S5.7).  
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Figure 5.7. ‘HH’ females responded more strongly to light treatments – ‘HH’ females (all P. sp. 
‘nyererei-like’) responded more strongly to the treatments (light conditions during rearing and during 
mate-choice testing) than the other two groups. Colours indicate genotype (‘PP’, heterozygous, ‘HH’). 
*indicates P < 0.05, • indicates P < 0.1. Error bars represent 95% C.I. and sample sizes are given within 
each circle.    

 
Other species-specific factors – The results presented above suggest that both opsin 
expression and LWS genotype might influence female preference. However, it is also 
possible that these patterns are the result of other, species-specific factors not measured here. 
Low sample size (n = 25) hampered our ability to specifically explore these effects in the 
opsin expression – preference analyses. However, if species-specific factors (other than opsin 
expression) had generated these results, we should have seen a negative correlation between 
LWS expression and female preference (high LWS expression is characteristic of the blue 
species, yet we observed an association between high LWS expression and positive 
preference scores, i.e. preference for red males). We also saw similar preference slopes in 
differentially reared fish (Fig. 5.4bd) and within each species group (Fig. S5.7b). Together, 
these results suggest that the preference-expression relationship we observed cannot be 
explained by species-specific genetic effects on opsin expression or preference alone.   
 When exploring covariation between female preference and LWS genotype, our 
dataset did not permit us to include both LWS genotype and species type in the same model. 
Thus, we repeated the analyses above using species instead of LWS genotype and found no 
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significant differences in the response to test light (interaction between species and test light: 
P > 0.15), while the interaction with genotype was significant (see above).  

Finally, to explore how species identity and/or LWS genotype interact with opsin 
expression to influence female preference, we compared models containing either variable, 
plus their interaction with opsin expression. In this way, we compared the model fits (∆AIC) 
of: preference~expression:genotype vs. preference~expression:species for all three PCs and 
both male courtship behaviours (LD and Q). In all comparisons, ∆AIC was small (≤ 1.86), 
indicating that we cannot distinguish which factor – species identity or LWS genotype – 
better predicts the relationship between opsin expression and female preference (see also Fig. 
S5.7ab).    
 
Discussion 
 
Sensory drive, the hypothesis that sensory perception, communication signals, and behaviour 
co-evolve in concert with the local environment, has been implicated as a diversifying 
mechanism in several fish species. To experimentally test for a causal relationship between 
visual adaptation and mate preference, we reared two young sister species of Lake Victoria 
cichlids – P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’ – in light environments 
mimicking the shallow and deep photic conditions of Lake Victoria. We had previously 
shown that our light manipulations influence female mate preference and here, we report 
effects on relative opsin expression. We also found a weak correlation between female 
preference and opsin expression, but there was no evidence for a causal relationship between 
light-induced changes in expression and preference. Finally, we observed that allelic 
variation in the LWS opsin gene covaried with female preference, but only in one of the two 
light conditions used. These results provide correlative evidence for the role of visual 
adaption in visually mediated mate choice but fall short of demonstrating a causal link 
between the two.  
 
Light influences opsin expression – Our results show that relative opsin expression is 
influenced by the light environment experienced during development. In particular, it is the 
opsins at either end of the spectrum that are affected: deep-reared fish expressed relatively 
more LWS and shallow-reared fish expressed more SWS2a. This follows previous work 
showing plasticity in cichlid visual development (Van der Meer, 1993; Hofmann et al., 2010; 
Smith et al., 2012a; Nandamuri et al., 2017). However, in contrast with prior studies, our 
light manipulations were relatively subtle, mimicking the natural spectral differences in Lake 
Victoria. More extreme light manipulations may have induced greater changes in opsin 
expression. Our results also follow the general patterns we reported in wild caught fish in 
chapter 4 of this thesis and those of Hofmann et al. (2009): SWS expression was higher in 
environments where it is beneficial (i.e. the shallow light environment), which may be due 
to genetic effects and/or phenotypic plasticity. Such plasticity in visual development may 
help the species cope with environmental variation across space and time.  
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When examining species-specific responses to the light manipulations, we found 
the largest differences in the red phenotypes, again at the spectrum extremes. Deep-reared P. 
sp. ‘nyererei-like’ expressed more LWS while shallow-reared individuals expressed more 
SWS2a/SWS2b. Hybrids differed only in SWS2a expression (higher in shallow-reared fish), 
while P. sp. ‘pundamilia-like’ did not show significant differences between light conditions. 
This suggests that opsin expression in the red phenotypes is more plastic. Seehausen et al. 
(2008) reported that the depth range of P. sp. ‘nyererei-like’ at Python Island is 0-5 meters, 
while P. sp. ‘pundamilia-like’ occurs no deeper than 2 meters. Thus, opsin plasticity in the 
red phenotypes could be related to the fact that they naturally experience a wider range of 
light environments (as shown in Figure 4 in: Castillo Cajas et al., 2012). It is also possible 
that plasticity in opsin expression contributed to the origin of the red species: individuals with 
greater visual plasticity might have been more likely to colonize and persist in the deeper 
waters not exploited by the blue phenotypes. Other studies have also reported variability in 
the plasticity of opsin expression between different cichlid species (Hofmann et al., 2010; 
Nandamuri et al., 2017), possibly suggesting a role for visual plasticity evolution in cichlid 
adaptation and speciation.   

 
Opsin expression covaries with mean female preference – To test for a causal link between 
female preference behaviour and relative opsin expression, we used 25 females that were 
each tested multiple times for blue-red preference. We found no relationship between 
preference and opsin expression based on the raw preference scores obtained in replicate 
trials. However, we did find that LWS and RH2 expression were weakly correlated with mean 
preference scores. We attribute this discrepancy to the low repeatability of female preference 
behaviour in the prior study: behavioural variation within females may have masked the 
relatively subtle relationship with opsin expression. Importantly however, deep- and shallow-
reared females displayed similar relationships between expression and preference and there 
was no light-induced differentiation in the preference slopes (the intercept of the slope for 
deep-reared females was not higher than the intercept of the slope for shallow-reared 
females). This implies that although rearing light influenced female mate preference 
(shallow-reared females preferred blue males, deep-reared preferred red males), as well as 
opsin expression (deep-reared fish expressed more LWS and less SWS), evidence for a causal 
link between light-induced changes in opsin expression and preference is lacking. Thus, we 
do not find support for the hypothesis that variation in opsin expression serves as a ‘magic 
trait’ in Pundamilia speciation, pleiotropically affecting both visual adaptation and 
assortative mating. 
   
Variation in LWS genotype – We successfully assigned LWS genotype to 77 (of 91) females 
tested in the prior preference study (Wright et al., 2017). From Seehausen et al. (2008), we 
expected P. sp. ‘nyererei-like’ females to have the ‘HH’ genotype and P. sp. ‘pundamilia-
like’ females to have the ‘PP’ genotype. Seehausen and colleagues also reported a small 
percentage of individuals with mismatched allele types (e.g. P. sp. ‘nyererei-like’ with a ‘P’ 
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allele), which we also expected to be present in our sample. Our sequencing results were 
largely as expected: all blue females were ‘PP’ and most red females were ‘HH’. Ten red 
females were classified as heterozygotes and four hybrid females were ‘PP’. Using the 
pedigree of the experimental females, we can deduce that this variation was due to two wild 
caught P. sp. ‘nyererei-like’ individuals (1 male and 1 female) that were heterozygous and 
perhaps one male P. sp. ‘nyererei-like’ with a ‘PP’ genotype. 
 We found an environment-dependent influence of the LWS genotype on female 
preference (see Fig. S5.6). A significant interaction between LWS genotype and test light 
showed that, when tested in shallow light, ‘HH’ females (all P. sp. ‘nyererei-like’) preferred 
red males and ‘PP’ females (predominantly P. sp. ‘pundamilia-like’) preferred blue males. 
This finding suggests that LWS genotype, or genetic factors that are linked to it, influences 
female preference – but only when light conditions permit full-spectrum colour signaling. 
This corresponds to prior studies in Pundamilia, documenting species-assortative female 
preferences for male colour in broad-spectrum light but not in green or red-shifted light 
(Seehausen & van Alphen, 1998; Haesler & Seehausen, 2005; Selz et al., 2014). When 
considering the different rearing light - test light combinations for all genotypes (Fig. 5.7), 
we found more light-dependent preference variation in the ‘HH’ females than the other two 
groups (note: the overall effect of rearing light was present also in this reduced dataset). This 
is interesting, as we also found stronger evidence of opsin expression plasticity in P. sp. 
‘nyererei-like’ (all ‘HH’ females were P. sp. ‘nyererei-like’). This may suggest that, if only 
in the red phenotypes, several aspects of visual perception (expression, LWS genotype, and 
visual environment during mate assessment) interact to influence female preference.  
 
Expression genotype interaction - Interactions between opsin expression and LWS genotype 
never influenced female preference. Also, in the red phenotypes, mostly ‘HH’ genotypes that 
were more variable in both preference and opsin expression, this was not the case. This may 
be due to low statistical power – we had expression data for only 24 genotyped females, 5 of 
which were ‘HH’. Therefore, future studies would benefit from testing this interaction in a 
larger number of fish. 
 
Visual adaptation and mate choice in Pundamilia – From prior work (Carleton et al., 2005; 
Hofmann et al., 2009), we assumed that, across Pundamilia populations, the red species 
expressed more LWS and the blue species more SWS. On this basis, we designed this 
experiment to manipulate opsin expression and test its effect on female mate preference. We 
now know that at Python Island (and neighbouring Kissenda Island), the blue species 
expresses more LWS than the red species (see Fig. 5.1 and chapter 4), implying a mismatch 
between species-specific opsin expression and preference: high LWS expression is not 
associated with preference for red males. Nonetheless, we found this relationship in our 
experimental females – preference for red males was (weakly) correlated with higher LWS 
expression (Fig. 5.4a) – suggesting that relative opsin expression influences female 
preference, independent of other species-specific factors. For LWS genotype, species 



Chapter 5 

 110 

differences are consistent between populations (at all locations, red species have the 'H' allele, 
blue species the 'P' allele; Seehausen et al., 2008), which matches our results – ‘HH’ females 
preferred red males, ‘PP’ females preferred blue males (see Fig. 5.6a).  

Together, these results are consistent with a role of visual perception in shaping 
female preference for differently coloured males. This could imply that correlations between 
visual system properties and mate preference, as documented at the population level (Haesler 
& Seehausen, 2005; Seehausen et al., 2008; van der Sluijs et al., 2008; Selz et al., 2014), 
have evolved through indirect selection: assortative mating among individuals with similar 
visual adaptations is favoured by selection for higher offspring fitness (Maan & Seehausen, 
2012). Alternatively, a direct link between vision and mate choice may exist - constituting a 
‘magic’ trait speciation scenario - but further manipulative, QTL mapping, or GWAS studies 
are required to uncover this link.   

Finally, the results of this study also highlight the complexity of the relationship 
between visual system properties and visually mediated mate choice. Here, we focused on 
two aspects of visual perception (opsin expression and opsin genotype), but there are other 
mechanisms involved in visual tuning and preference determination. For example: 
differential chromophore usage can influence visual perception (cichlids can use either 
Vitamin A1- or Vitamin A2-based visual pigments; Torres-Dowdall et al., 2017), while 
higher-level neural processing may influence the evaluation of potential mates (Rosenthal, 
2018). Neither of these factors have been examined in Pundamilia but could have also been 
affected by our light treatments.  
 
Sexually dimorphic opsin expression – We found that males had higher SWS2a expression 
while females tended to express more SWS2b (Fig. 5.2a). These patterns were largely 
independent of our light treatments and were consistent between P. sp. ‘pundamilia-like’ and 
P. sp. ‘nyererei-like’ (though slightly more pronounced in P. sp. ‘nyererei-like’). Sex 
differences in opsin expression have been observed in other taxa, e.g. butterflies (Arikawa, 
2005; Sison-Mangus, 2006; Everett et al., 2012; McCulloch et al., 2016) and birds (Bloch, 
2015), but we are aware of only one example in fish (guppies; Laver & Taylor, 2011) and 
none in cichlids. Possibly, these observed differences are related to ecological differences 
between the sexes: males defend territories at the lake bottom while females of P. sp. 
‘nyererei-like’ often shoal in the water column (Seehausen, 1996). It is possible that higher 
SWS2b expression helps females forage on small prey items in the water column, as 
documented with UV sensitivity and foraging in sticklebacks (Rick et al., 2012) and Lake 
Malawi cichlids (Hofmann et al., 2009). Given the novelty of this result, sexually dimorphic 
opsin expression in cichlid fish deserves more attention.  

 
Conclusion – Here, we tested sensory drive speciation in Pundamilia cichlids, examining the 
causal relationship between divergent visual adaptation and divergent female mate 
preferences. Together, these processes could serve as a powerful mechanism of rapid 
ecological speciation. We found light-induced changes in relative opsin expression, 
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indicating that phenotypic plasticity may contribute to visual adaptation in cichlid fish. 
Female preference was weakly correlated with relative opsin expression but we could not 
demonstrate a causal relationship between light-induced changes in opsin expression and 
preference. We also found that LWS genotype covaried with female preference, but only in 
particular light environments. Together, the results of this study confirm the role of visual 
perception in shaping female preference for differently coloured males, but do not establish 
a mechanistic link between visual system properties and mate choice. Further manipulative, 
QTL, or GWAS experiments are required to unequivocally confirm or disprove such a link.   
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Supplementary information 
 
Mate preference trials (as in Wright et al., 2017) 
Female fish were scored for their responses to each male courtship event (positive or 
negative). Following previous studies in Pundamilia (Seehausen & van Alphen, 1998; Maan 
et al., 2004; Haesler & Seehausen, 2005), positive female response was classified by an 
observable interest in male behaviour – moving toward males and/or remaining engaged in 
interaction (i.e. still trying to gain access to the male through the plastic partition following 
male courtship). Negative responses were classified as a general disinterest – moving away 
and/or not responding to male behaviour. Females were tested repeatedly under both shallow 
and deep light conditions different combinations of stimulus males (matched as much as 
possible for standard length). Trials were considered successful if 20 minutes of interaction 
time was recorded within one hour and each male had performed at least three Quiver 
displays.     
 
Female positive and negative responses to each male courtship behaviour was totaled for 
each trial and female preference scores were calculated as the difference in the proportions 
of positive responses to male courtship between the two males. For example, lateral display 
(LD) based preference was calculated as follows:  
 

𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒	𝐿𝐷 = 		
(𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒	𝑡𝑜	𝑟𝑒𝑑	𝐿𝐷)
(𝑇𝑜𝑡𝑎𝑙	𝑟𝑒𝑑	𝐿𝐷) 	−	

(𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒	𝑡𝑜	𝑏𝑙𝑢𝑒	𝐿𝐷)
(𝑇𝑜𝑡𝑎𝑙	𝑏𝑙𝑢𝑒	𝐿𝐷)  

 
The result is a measure of preference ranging from -1 to 1, with positive scores indicating a 
preference for red males and negative scores indicating a preference for blue males. Quiver 
(Q) based preference was calculated in an analogous manner. 
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P. ‘nyererei-like’ Hybrid P. ‘pundamilia-like’ 

family D S family D S family D S family D S 
  NN1 1 2  NP2 1 2   PN1b 2 3  PP1d 3 3 
  NN3a 3 2  NP31f 1 1   PN5 1 1  PP2d 1 4 
  NN51b 1 1  NP4 2 1   PN7 2 2  PP3e 1 3 
  NN6b 1 -  NP5  1 1   PN84a 1 2  PP4f 0 1 
  NN71b 1 2  NP62  1 1   PN9 1 1  PP7e 1 4 
  NN14c 1 -  NP75g 1 1   PN104 1 -  PP113 2 2 
  NN162c - 1  NP85g 1 1   PN11 - 1  PP13 1 1 
  NN18c - 1           
  NN19 1 2          
  NN215c - 2          
  NN285 1 1          

            
Total 10 14 Total 8 8 Total 8 10 Total 9 18 

 
Table S5.1. Families sampled for opsin expression – Sample size for each cross, separated by family 
and by deep (D) and shallow (S) rearing light. Family names are expressed as mother x father, such that 
‘NP’ indicates P. sp. ‘nyererei-like’ female x P. sp. ‘pundamilia-like’ male. NP and PN families are 
collectively grouped as hybrids. Superscripted numbers indicate families with the same mothers; 
superscripted letters indicate families with the same fathers. 

 
 

 
Table S5.2. Gene specific primers and probes – Sequences of the primers/probes used in qPCR 
reactions. 

 

SWS2b 

Primer (F) GCGCTGCACTTCCACCTC 

Primer (R) GGCCACAGGAACACTGCAT 

Probe FAM-TTGGATGGAGCAGGTATATCCCAGAGGG-TAMRA 

SWS2a 

Primer (F) CAAGATYGAAGGTTTCATGGTA 

Primer (R) CGCTCGAAAGCTATCACAGC 

Probe FAM-ACTCGGTGGTATGGTAAGCCTGTGG-TAMRA 

RH2A 

Primer (F) TTCTGTGCWATTGAGGATTC 

Primer(R) CCAGGACAACAAGTGACCAGAG 

Probe FAM-TGGCCACACTWGGAGGTGAAGTTGC-TAMRA 

LWS 

Primer (F) CTGTGCTACCTTGCTGTGTGG 

Primer (R) GCCTTCTGGGTTGACTCTGACT 

Probe FAM-TGGCCATCCGTGCTGTTGC-TAMRA 
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P. ‘nyererei-like’ Hybrid P. ‘pundamilia-like’ 

family D S family D S family D S family D S 
  NN3a 3 1 NP2 1 -   PN1b - 1   PP1d - 1 
  NN51b 1 - NP5 - 1   PN5 1 -   PP2d - 1 
  NN6b 1 -      PN7 1 1   PP3e - 1 
  NN71b 1 2      PN84a - 2   PP7e 1 2 
        PN9 1 1    

            
Total 6 3 Total 1 1 Total 3 5 Total 1 5 

 
Table S5.3. Females measured for both mate preference and opsin expression – Of the 85 fish 
measured for relative opsin expression, 25 were females that were previously assessed for mate 
preference (Wright et al., 2017).   

 
 
 
 

 PC1 PC2 PC3 

SWS2b 0.065 0.504 -0.859 

SWS2a 0.369 -0.742 -0.385 

RH2 0.591 0.440 0.334 

LWS -0.713 0.026 -0.002 

% Var. 49.0 26.6 24.4 
 
Table S5.4. PCA loading matrix - PCA loading matrix for 
relative opsin expression, with the cumulative amount of 
variance accounted for per PC. 

 
 
 
 

 PC1 PC2 PC3 

SWS2b -0.407 0.255 -0.875 

SWS2a 0.180 -0.856 -0.318 

RH2 -0.662 0.016 0.340 

LWS 0.602 0.447 -0.123 

% Var. 52.1 29.1 18.8 
 
Table S5.5. PCA loading matrix: mate preference females 
- PCA loading matrix for relative opsin expression of female 
fish used in the previous mate preference study (Wright et 
al., 2017), with the cumulative amount of variance accounted 
for per PC. 
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Figure S5.1. Natural and experimental light conditions – Experimental light environments were created 
to mimic natural light conditions experienced by P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’ at Python 
Islands, Lake Victoria.  Vertical lines indicate the peak sensitivities of the three main Pundamilia 
photoreceptors: SWS2a (453nm), RH2 (531nm), LWS (565nm) (Carleton et al., 2005). 

 
 

 
Figure S5.2. Opsin expression profiles (PCA) – (A) Lab-reared fish closely mimicked the expression 
profiles of (B) wild caught males from Python Island. Opsin expression data for wild fish is from chapter 4. 
Note that the PCs were calculated independently for each dataset (lab vs. wild). ***indicates P < 0.001, 
**indicates P < 0.01, *indicates P < 0.05, • indicates P < 0.1. Error bars represent ± standard error. 

 
 

 
Figure S5.3. Light-induced changes in opsin expression (PCA) – (A) The relative expression of long 
(LWS) and short wavelength (SWS2a) opsins were significantly influenced by our light manipulations. (B) 
P. sp. ‘nyererei-like’ was more strongly influenced by our light manipulations. **indicates P < 0.01, 
*indicates P < 0.05. • indicates P < 0.1. Error bars represent ± standard error. Sample sizes are indicated 
above each error bar. 
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Figure S5.4. LWS and female preference, incorporating individual replicate trials - 
Repeatability of female preference behaviour in our prior study (Wright et al., 2017) was 
low, as indicated by the preference scores of repeatedly tested females. Colours indicate 
individual females (n = 25) and shapes indicate species type (p P. sp. ‘nyererei-like, � 
Hybrid, ¢ P. sp. ‘pundamilia-like’). 

 
 

 
Figure S5.5. Opsin expression profiles of LWS genotyped females – (A) Within P. sp. ‘nyererei-like’, 
opsin expression was influenced by LWS genotype: ‘HH’ types expressed more LWS than heterozygous 
types. Within hybrid females, however, LWS genotype did not influence the opsin expression. (B) Within 
the ‘PP’ genotypes, species identity also influenced opsin expression: P. sp. ‘pundamilia-like’ had higher 
LWS expression. However, for heterozygous allele types, species identity had little influence on opsin 
expression. Error bars represent ± standard error and sample sizes are indicated above each error bar. 
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Figure S5.6. LWS genotype is a better predictor of female response to the light manipulations – 
‘HH’ females (all P. sp. ‘nyererei-like’) had a stronger response to the light treatments than ‘PP’ and 
heterozygous females (including both P. sp. ‘pundamilia-like’ and hybrids). Colours in (A) indicate LWS 
genotype (PP, heterozygous, HH) but in (B) colours indicate species (P. sp. ‘pundamilia-like’, hybrid, P. 
sp. ‘nyererei-like’). *indicates P < 0.05, • indicates P < 0.1. Error bars represent 95% C.I and sample 
sizes are given within each circle. 
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Figure S5.7. Influence of LWS genotype and species identity on the expression-preference 
relationship – Neither LWS genotype nor species identity better predicted the relationship between 
female preference and opsin expression. (A) The interaction of expression and genotype on preference 
was non-significant (P > 0.4); ‘PP’ and ‘HH’ allele types displayed similar, positive relationships between 
LWS expression and mate preference, while heterozygotes had a flat relationship. (B) Classifying 
individuals by species identity showed a very similar pattern: the interaction of expression and species 
identity on preference was non-significant as well (P > 0.18) and P. sp. ‘pundamilia-like’ / P. sp. 
‘nyererei-like’ displayed similar relationships that were different from hybrids
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Abstract 
 
Divergent sensory drive implies divergent natural selection on sensory systems, tuned to 
optimize communication and survival in a given environment. For aquatic organisms, this 
often involves visual adaptation, as the natural attenuation of light through water results in 
distinct photic conditions. As such, visual adaptation has been implicated as a diversifying 
mechanism in many fish species. Here, we explore the fitness consequences of visual 
divergence in Pundamilia cichlids from southeastern Lake Victoria. Sympatric blue and red 
morphs occur at many rocky island locations and are typically depth-differentiated - each 
inhabits different photic conditions, that correlate with differences in male colour, female 
mate preference, and visual system characteristics. In this study, we test whether the observed 
correlation between visual conditions and visual system properties in the wild is due to 
divergent natural selection for environment-dependent visual performance. We quantified 
foraging performance of both species in light conditions mimicking their natural habitats and 
found that foraging performance was highest when fish were tested in their ‘natural’ light 
environments, consistent with divergent visual adaptation. We also manipulated the light 
conditions during development, inducing changes in visual system traits, to test for a causal 
relationship between vision and foraging. There was no interaction between rearing and test 
light, precluding the inference of a causal relationship between plastic changes in the visual 
system and variation in foraging performance. Finally, we found that hybrids outperformed 
non-hybrids, suggesting disruptive natural selection mediated by foraging performance does 
not explain the maintenance of reproductive isolation. Together, the results of this study are 
consistent with divergent sensory drive in Pundamilia but also suggest the involvement of 
additional factors. 
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Introduction 
 
The natural attenuation of light through water results in distinct light environments to which 
aquatic organisms must adapt. This is both depth- and turbidity-dependent: short wavelengths 
penetrate to greater depths in clear water while in turbid water, long wavelengths often 
penetrate deeper. Consequently, species residing at different depths and/or different turbidity 
levels often display correlated differences in visual system characteristics. This is illustrated 
by numerous examples from both marine (Partridge et al., 1989; Lythgoe et al., 1994; White 
et al., 2004; Shand et al., 2008) and freshwater fishes (Bowmaker et al., 1994; Fuller et al., 
2003; Ehlman et al., 2015; Veen et al., 2017). For taxa that use visual cues in intraspecific 
communication, variation in visual environments and visual system properties often 
correlates with aspects of sexually selected coloration traits, suggesting a role for divergent 
sensory drive in population divergence (Endler, 1992); see e.g. 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), swordtails (Kolm 
et al., 2012), surfperch (Cummings, 2007), and pygmy perch (Morrongiello et al., 2010). 
However, comprehensive evidence for sensory drive requires not only demonstrating the 
coevolution of signals and sensory properties, but also a causal link between sensory 
properties and habitat-dependent fitness. Here, we test this component of sensory drive by 
quantifying light-dependent foraging performance in cichlid fishes from Lake Victoria.  
 The effect of the local light environment on foraging behaviour has been the subject 
of many studies in fish, predominantly focusing on variation in light intensity or turbidity. 
Results have shown that foraging performance is generally not affected by light intensity 
(Galis & de Jong, 1988; Ryer & Olla, 1999; Richmond et al., 2004; Vollset et al., 2011; 
Schwalbe & Webb, 2015), whereas turbidity effects are often prey dependent (De Robertis 
et al., 2003; Granqvist & Mattila, 2004; Ranåker et al., 2012). Variation in the spectral 
composition of light has been studied in the context of aquaculture, mainly as it relates to 
growth (as reviewed by: Villamizar et al., 2011), and a few studies have demonstrated effects 
of UV light on foraging (Jordan et al., 2004; Leech & Johnsen, 2006; Leech et al., 2009; Rick 
et al., 2012). Together, these studies demonstrate that light-dependent foraging performance 
in fish can be quantified in a laboratory setting.    

Pundamilia pundamilia (Seehausen et al., 1998) and Pundamilia nyererei (Witte-
Maas & Witte, 1985) are two closely related species of cichlid fish found at rocky islands in 
southeastern Lake Victoria. At locations with relatively low water transparency, similar 
sympatric Pundamilia species pairs occur (P. sp. ‘pundamilia-like’ & P. sp. ‘nyererei-like’). 
Males of the sympatric species are distinguished by their nuptial coloration; P. pundamilia 
and P. sp. ‘pundamilia-like’ are blue/grey, whereas P. nyererei and P. sp. ‘nyererei-like’ are 
orange/red dorsally and yellow on the flanks; all males have black vertical bars on the flanks. 
Females of both species are yellow/grey (Seehausen, 1996). Male colour is important in both 
inter- and intraspecific female mate choice (Seehausen & van Alphen, 1998; Maan et al., 
2004; Haesler & Seehausen, 2005; Stelkens et al., 2008; Selz et al., 2014). The species pairs 
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tend to be depth differentiated – the blue species is found in shallower waters while the red 
species extends to greater depths (Seehausen, 1996; Seehausen et al., 2008). High turbidity 
in Lake Victoria results in a shift of the light spectrum toward longer wavelengths with 
increasing depth, so the red species tend to inhabit an environment largely devoid of short-
wavelength light (Maan et al., 2006; Seehausen et al., 2008; Castillo Cajas et al., 2012). The 
species have diverged in visual system properties, consistent with their different light 
environments (Carleton et al., 2005; Seehausen et al., 2008), which is also associated with 
different sensitivity to blue vs. red light (Maan et al., 2006). Correspondence between these 
traits – differences in visual system characteristics, the photic niche, male coloration, and 
female preference - suggest a role for sensory drive in the divergence of blue and red 
populations (Maan & Seehausen, 2010). Recently, blue vs. red phenotypes were shown to 
have different survival rates in manipulated light environments; both species survived less 
well in ‘unnatural’ conditions (Maan et al., 2017). This suggests that the observed correlation 
between visual conditions and visual system properties in Pundamilia is due to divergent 
natural selection, resulting in light-dependent visual performance. Here, we experimentally 
test this hypothesis by quantifying foraging performance of both species under ‘natural’ and 
‘unnatural’ light conditions.  

To establish a causal relationship, we also manipulated the developmental light 
environment. Many fish species, including cichlids, show phenotypic plasticity in visual 
system development when reared in experimental light conditions (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). Working from this knowledge, we reared the blue and red phenotypes under light 
conditions mimicking the shallow vs. deep light environments of Lake Victoria and then 
tested foraging performance under both light conditions. We have previously shown that 
these light manipulations induce changes in the relative expression levels of visual pigment 
genes (chapter 5 of this thesis).   

In this study, we address three predictions. The first is that each species should have 
visual properties ‘tuned’ to maximize foraging in their natural light environment. Therefore, 
the blue phenotypes should forage better when tested in shallow light and the red types better 
when tested in deep light. As we also manipulated the developmental light environment, our 
second prediction is that ‘matched’ light conditions (e.g. shallow-reared, shallow-tested) 
would lead to higher foraging performance compared to ‘mismatched’ light conditions (e.g. 
shallow-reared, deep-tested). Finally, we predict that the species-specific response to the light 
treatments may be strongest in the blue phenotypes. The red fish naturally reside in deep 
(narrow-spectrum) light and may perform equally well in shallow (broad-spectrum) light. 
The blue types, on the other hand, may suffer from being reared and/or tested in deep light.  
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Methods 
 
Experimental fish - F1 offspring of wild caught P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-
like’ (hereafter referred to as blue and red phenotypes, respectively), collected in 2010 and 
2014 at Python Islands (-2.6237, 32.8567) in the Mwanza Gulf of Lake Victoria, were reared 
in light conditions mimicking those in shallow and deep waters at Python Islands (described 
in detail below). F1 families (hybrid and non-hybrid) were created opportunistically as 
reciprocal crosses, with 11 dams and 13 sires. Twenty-one crosses (7 red x red; 6 blue x blue; 
3 red x blue; 5 blue x red) resulted in a test population of 33 fish from 19 families (2 red x 
blue and 2 blue x red crosses were full-sibs; family details provided in table S6.1). We 
included hybrids because their heterozygosity (particularly at loci influencing visual 
properties and/or foraging behaviour) could allow us to more clearly observe an effect of our 
environmental manipulations, which may be obscured by strong genetic effects in the 
parental species. Hybridization occurs with low frequency at Python Islands (Seehausen et 
al., 2008) and can be accomplished in the lab by housing females with heterospecific males. 
Pundamilia are maternal mouth brooders; to reduce the opportunity for imprinting (Verzijden 
& ten Cate, 2007) fertilized eggs were removed from brooding females approximately 6 days 
after spawning (mean ± se: 6.3±0.5 days post-fertilization; eggs hatch at about 5-6 dpf) and 
split evenly between light conditions. Fish were maintained at 25±1oC on a 12L: 12D light 
cycle and fed daily a mixture of commercial cichlid flakes, pellets, and frozen food (artemia, 
krill, spirulina, black and red mosquito larvae). This study was conducted under the approval 
of the Institutional Animal Care and Use Committee of the University of Groningen (DEC 
6205B; AVD105002016464). 
 
Experimental light conditions - Experimental light conditions mimicked the natural light 
environments of the blue and red phenotypes at Python Islands, Lake Victoria (described in 
greater detail in: Maan et al., 2017). Light spectra were created in the laboratory (Fig. S6.1) 
by halogen light bulbs filtered with a green light filter (LEE #243, Andover, UK). In the 
‘shallow’ condition, mimicking the habitat of the blue phenotype, the spectrum was blue- 
supplemented with Paulmann 88090 compact fluorescent 15W bulbs. In the ‘deep’ condition, 
mimicking the habitat of the red phenotype, short wavelength light was reduced by adding a 
yellow light filter (LEE #015). In our light treatments, we prioritized mimicking spectral 
differences rather than intensity differences. Light intensity in the deep treatment was ~70% 
of that in the shallow treatment (at Python Islands in 2010, the mean (± se) light intensity in 
the deep environment was 34.15 ± 3.59% of that in the shallow environment; Fig. S6.1). 
  
Experimental setup – During experimental trials, individual Pundamilia males were kept in 
aquaria (25 x 40 x 25 cm), interspersed by smaller ‘neighbour tanks’ (23 x 36 x 24 cm) 
containing two female Haplochromis pyrrhocephalus and a solid rock barrier to prevent 
males from seeing one another (see example in Fig. S6.2). Neighbour tanks were intended to 
prevent aggression between subject males (as it would likely distract from foraging), while 
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still providing social context. Each test male had visual access to one neighbour tank; the 
opposite was blocked by an opaque barrier. All tanks had a thin layer of fine sand on the 
bottom, a continuously running, internal filter, and a heater. Fish were maintained at 25 ± 
1oC on a 12L: 12D light cycle; lighting was as described above (see experimental light 
conditions) and could be readily switched between shallow and deep conditions.  
   
Foraging trials – Foraging trials took place over a two-year period, from March 2016 to 
March 2018. For each round of foraging trials, fish were moved from their housing tanks into 
the experimental tanks, with light conditions matching their rearing environment (H. 
pyrrhocephalus were reared in standard fluorescent aquarium light). The next 2-3 weeks 
served as an acclimation period; fish were fed twice daily, until normal feeding behaviour 
was observed (as in the housing tanks: foraging immediately when offered food). With the 
onset of normal feeding, fish were switched to live prey (Chaoborus sp. – purchased 
commercially) and were again fed twice daily until normal feeding was observed (~1-2 
weeks). In this way, fish were allowed to habituate to the new, live prey items (none had 
experienced this food previously). We chose to use Chaoborus larvae because insect larvae 
are a natural prey of both species at Python Island (Bouton et al., 1997) and they were 
consistently available from local suppliers. Additionally, the transparent Chaoborus larvae 
should be visually demanding (Giguère & Dunbrack, 1990), as opposed to red Chironomid 
larvae (also used, described in more detail below). For clarity, we will refer to the Chaoborus 
larvae as white and the Chironomid larvae as red.  
 Prior to experimental trials, fish were not fed for 24 hours. At the beginning of each 
trial, the heater and filter were removed from the experimental tank and a camera was set up 
in front. Fish were given ten minutes to habituate before 25 live white larvae were introduced 
(pilot trials identified 25 as a number that could be easily consumed in 10 minutes). Trials 
lasted for 13 minutes (from the first feeding attempt); the first 10 minutes with only the white 
larvae and then final 3 minutes with an additional small number (~5) of red larvae. This three-
minute extension was intended to confirm that a lack of feeding attempts during the prior 10 
minutes was due to disinterest and not due to being unable to see the white prey (the red 
larvae are very well visible while the white larvae are semi-transparent). In the analyses, we 
include only white larvae feeding attempts - there were never any instances of fish not 
responding to the white larvae but feeding on the red larvae. At the conclusion of each trail, 
the remaining prey items were removed with a fine mesh net.  

All fish were tested a total of four times, two times each under shallow and deep 
light (the first trial always under light that matched the rearing environment, alternating 
thereafter), with a maximum of two trials per day (morning: ~9:00-11:00 and afternoon: 
~15:00-17:00). Fish that failed to forage in three successive trials (no attempts for white or 
red larvae) were excluded from the experiment. Trials were video recorded in high resolution 
(1080p, 48fps) using a GoPro Hero 4 Silver camera (GoPro Inc., California, USA) and 
monitored remotely via the GoPro smart phone app (v4.5.1) so as not to influence feeding 
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behaviour. In total, we tested 33 fish: 15 reared in deep light (5 each of blue, red, and hybrids) 
and 18 reared in shallow light (6 each of blue, red, and hybrids).     
 
Foraging behaviour – From videos, we scored foraging behaviour in BORIS (Friard & 
Gamba, 2016), categorizing each feeding attempt as successful or unsuccessful, depending 
on whether the prey item was captured during the attempt. Ambiguous attempts (prey item 
not visible to the observer) were not scored. From this, we calculated (for each trial): the 
number of successful attempts, the success rate (successful attempts / total attempts), latency 
to the first attempt (from the introduction of the white prey), and the rate of feeding (estimated 
as the mean time between the first 5 successful foraging attempts). To account for potential 
species differences in foraging strategy, we also scored the vertical location of each feeding 
attempt (‘bottom’, ‘middle’, or ‘top’; horizontal location was not scored) and the amount of 
time fish spent interacting with neighbours (i.e. approaches, bites, lateral displays) or at ‘rest’ 
(not moving for more than 10 seconds). These observations showed that both species and 
their hybrids responded similarly to the experimental paradigm (see Fig. S6.3 and 
supplementary methods for complete details).  
 
Prey behaviour - Variation in foraging performance could be due to light-induced differences 
in prey activity. To test this, we measured the movement frequency of the Chaoborus larvae 
in 10 randomly selected trials (5 each in deep and shallow light). For each trial, we randomly 
selected three individual larvae and counted the number of movements in one minute; starting 
from 30 seconds after the prey were introduced into the tank. We found no difference in 
movement frequency between larvae in the shallow and deep light conditions (t = -0.15, df = 
26.88, P = 0.87). Thus, light-induced differences in prey activity are unlikely to have 
contributed to the results presented here.  
   
Body and eye size – Foraging performance could be size-dependent, so all fish were 
measured for body size (SL) prior to being used in foraging trials. At the conclusion of the 
experiment, fish were also measured for eye size (length & depth, as in: Barel et al., 1976; 
van Rijssel et al., 2018). This was done from standardized photographs, in ImageJ (Schneider 
et al., 2012), and eye size was corrected for body size - dividing each measurement by a 
second measure of SL (taken from the same photographs). Four fish were excluded from this 
analysis because they died prior to photography (two deep-reared hybrids, one shallow-reared 
hybrid, and one shallow-reared P. sp. ‘nyererei-like’). 
 
Statistical Analysis 
  
Using linear mixed modeling (lmer function in the lme4 package: Bates et al., 2014) in R 
(v3.5.0; R Development Core Team), we tested foraging behaviour for the influence (and 
interactions) of: rearing light (shallow vs. deep), test light (shallow vs. deep), and species 
(blue, red, or hybrid), plus the individual effect of trial number. We included trial number as 
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a covariate in all models as fish may have habituated to the experiment and foraged better in 
later tests (when ‘trial’ was significant, we report parameter estimates accounting for this 
effect). Random effects included fish identity, parental identity, and aquaria position to 
account for: 1) repeated sampling, 2) shared parentage among fish (table S6.1), 3) different 
tank positions within the experimental setup. The optimal random effect structure of models 
was determined by AIC comparison (Sakamoto et al., 1986) and the significance of fixed 
effect parameters was determined by likelihood ratio tests (LRT) via the drop1 function. 
Minimum adequate statistical models were selected using statistical significance (Crawley, 
2002; Nakagawa & Cuthill, 2007). We used the Anova function in the car package (Fox et 
al., 2017) to estimate the effect size of fixed effect parameters and report values based on F-
tests, with Kenward-Roger degrees of freedom (Kenward & Roger, 1997, 2009). In the case 
of more than two categories per fixed effect parameter (i.e. species), we used post hoc Tukey 
(glht - multcomp package: Hothorn et al., 2008) to obtain parameter estimates. 
 For analyses of body and eye size, we used generalized linear modeling (glm), to 
test the influence of rearing light and species. Model simplification followed the same 
procedure as above, except that we report Chi-square values from the Anova function.  
 
Results 
 
Test light influences foraging performance – We predicted that each species (non-hybrids) 
would maximize foraging performance in their natural light environment: blue fish should 
forage better in shallow and red fish better in deep. We found that overall, males tested in a 
‘natural’ light environment caught more prey (F1, 64.01 = 4.01, P = 0.049; Fig. 6.1a). The 
feeding rate (mean time between the first 5 successful attempts) was also slightly faster in 
naturally tested males (F1, 64.01 = 2.82, P = 0.097). Other measures of foraging performance 
were not significantly affected by test light category (P > 0.14). 

These results were further supported by a significant interaction of species and test 
light (F1, 63.00 = 4.00, P = 0.049; Fig. 6.1b). Tukey post hoc revealed no significant differences 
for shallow vs. deep test light within each species (blue: P = 0.8; red: P = 0.18) but patterns 
for both went in the directions we expected (i.e. red fish caught more prey in deep light). 
Feeding rate was also influenced by a weak species, test light interaction (F1, 63.01 = 2.80, P = 
0.098), though pairwise comparisons were again non-significant (P > 0.34). Still, patterns 
were in the expected directions (each species fed more quickly in its natural light 
environment). Success rate (P = 0.9) and latency (P = 0.16) were not affected by the same 
interaction and there was no overall influence of test light as an individual effect (P > 0.37 in 
all analyses).  
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Figure 6.1. Naturally tested fish caught more prey – (A) Fish tested in a ‘natural’ light environment (red 
fish in deep and blue fish in shallow) caught more prey than those tested in an ‘unnatural’ light environment 
(red fish in shallow and blue fish in deep). (B) This was supported by a significant interaction between species 
and test light. (C) Hybrid prey capture did not differ between test light environments (P = 0.8; there was also 
no overall effect of test light). Error bars represent ± standard error and sample sizes are indicated above each 
bar. *indicates P < 0.05. 

 
Foraging performance not influenced by rearing light, test light interaction – Our second 
prediction was that foraging performance would be influenced by an interaction between 
rearing and test light, such that fish would do better when tested in light conditions that 
matched the rearing environment. However, this was not the case – the two-way interaction 
did not significantly influence total prey capture, success rate, or the rate of feeding (P > 0.26; 
Fig. 6.2). Only for the latency to forage did we find an interaction (F1,96.74 = 4.75, P = 0.031); 
Tukey post hoc showed that that deep-reared, deep-tested fish were slightly faster to forage 
than deep-reared, shallow-tested fish (Z =2.38, P = 0.07). All other comparisons were far 
from significant (P > 0.6). We also specifically compared match vs. mismatch situations but 
once again, only the latency to forage was affected; fish reared and tested in matched 
conditions were quicker to forage (F1,97.73 = 4.07, P = 0.046). All other measures of foraging 
performance were unaffected (P > 0.31 for all). When repeating the analyses without hybrids, 
we found that none of the measures of foraging performance differed between match and 
mismatch situations (P > 0.25). 
 

 
Figure 6.2. Rearing light, test light treatment combinations – The interaction between rearing light and 
test light was non-significant but, as shown here, variable among species. Error bars represent ± standard 
error and sample sizes are indicated above each bar. Matched conditions are indicated with a white 
background, mismatched with a grey background. 
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Overall effect of rearing light treatment – Independent of test light, fish reared in the deep 
environment tended to capture more prey than their shallow-reared counterparts (F1, 30.89 = 
2.98, P = 0.093, Fig. 6.3a). The total number of feeding attempts (successful + unsuccessful 
attempts) was also slightly higher in deep-reared fish (F1, 31 = 3.07, P = 0.089) but the success 
rate did not differ (P = 0.23). Latency to feed (P = 0.68) and the rate of feeding (P = 0.23) 
were also unaffected by differential rearing. As with test light, we also recategorized the 
rearing environments as ‘natural’ vs. ‘unnatural’ for each species (again, hybrids excluded) 
but found no influence (P > 0.55 for all). Thus, fish reared in their ‘natural’ light environment 
did not perform better. 
 

 
Figure 6.3. Deep-reared fish captured more prey – (A) Overall, deep-reared fish tended to catch more prey 
than shallow-reared fish. (B) In each of the three species groups, fish reared in deep light tended to catch 
more prey, though all differences were non-significant (Tukey post hoc: P > 0.6). Error bars represent ± 
standard error and sample sizes are indicated above each bar. • indicates P < 0.1. 

 
Response to the light treatments not strongest in the blue phenotypes – Our third prediction 
was that P. sp. ‘pundamilia-like’ would be more strongly influenced by the light treatments, 
as it naturally resides in shallow (broad-spectrum) light. Therefore, rearing and/or testing in 
deep (narrow-spectrum) light would likely impact foraging performance. This was not the 
case: blue fish were not more strongly influenced by test light (Fig. 6.1) and for rearing light, 
non-significant patterns suggest the blue species foraged slightly better in deep conditions 
(opposite of our prediction; Fig. 6.3). The interaction of the treatment lights was also non-
significant (Fig. 6.2).  
 
Species-specific foraging performance – Independent of the light treatments, we observed 
species differences in foraging performance. The species groups tended to differ in the 
number of successful foraging attempts (F2, 30.04 = 3.22, P = 0.053; Fig. 6.4a); Tukey post hoc 
revealed significantly higher prey capture in hybrids compared to the red phenotypes (Z = 
2.53, P = 0.03) but there were no differences between hybrids vs. blue or red vs. blue (P > 
0.3). The rate of feeding was also significantly different between species (F2, 30.05 = 3.76, P = 
0.034, Fig. 6.4b): hybrids were significantly faster than the red phenotypes (Tukey post hoc: 
Z = 2.58, P 0.026) and tended to be faster than blue phenotypes (Z = 2.09, P = 0.09). Finally, 
the latency to forage tended to differ between species as well (F2, 30.03 = 2.76, P = 0.078; Fig. 
6.4c); hybrids were slightly faster to start foraging than red types (Z = 2.24, P= 0.064) but 
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did not differ from blue types (P = 0.18). Success rate did not differ among the three species 
groups (P = 0.28).  
 

 
Figure 6.4. Hybrids caught more prey – (A) Independent of the light treatments, hybrids caught more prey 
than both parental species; significantly more than the red phenotypes. (B) Hybrids were also quicker to catch 
prey, indicated here as the feeding rate: the mean amount of time between the first five successful attempts. 
(C) Finally, hybrids were also quicker to start foraging. Sample sizes given above each bar and error bars 
represent ± standard error. *indicates P < 0.05, • indicates P < 0.1. 

 
Size influence – Body size (SL) did not differ between rearing environments (P = 0.6) and 
did not covary with total prey capture (P = 0.35). Eye size, however, was related to foraging 
performance: there was a nearly significant, negative relationship between total prey capture 
and relative eye length (F1, 26.95 = 4.17, P = 0.0508). This is probably due to the fact that deep-
reared fish tended to catch more prey (see above) and had smaller relative eye size (eye 
length: χ2 (1) = 7.14, P = 0.007; eye depth: χ2 (1) = 4.05, P = 0.044, Fig. S6.4a). The 
relationship between total prey capture and relative eye depth was non-significant (P = 0.25). 
Absolute eye size (not corrected for SL) did not influence prey capture (P > 0.3 for both 
measures) and did not differ between light environments (P > 0.3). 

Between species, there was a very weak trend for differences in SL (χ2 (2) = 4.62, P 
= 0.099; blue fish were somewhat larger than red fish, hybrids were intermediate) but all 
pairwise comparisons were non-significant (P > 0.14). Relative eye size did not differ 
between species (P > 0.9 for both measurements) but absolute eye size was largest in the blue 
phenotypes - for both measures, blue types had significantly larger eyes than red types (P < 
0.03), while hybrids were intermediate.  
 
Discussion 
 
Sensory drive predicts that visual adaptation to the local light environment should increase 
the efficiency of visually mediated behaviour. In this way, divergent visual adaptation can 
influence both communication and survival, directly impacting reproductive isolation 
between differently adapted populations. Previous work in Pundamilia has implicated visual 
adaptation as a diversifying mechanism between populations inhabiting different depth 
ranges, resulting in distinct morphs or species with either blue or red male coloration and 
associated female preferences (Seehausen et al., 2008; Maan & Seehausen, 2010). Here, we 
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explicitly tested one facet of this hypothesis: visual adaptation should influence foraging 
performance in a light environment-specific fashion.  
 
Test light influenced prey capture – Our first prediction was that each species has visual 
systems tuned to maximize foraging performance in their natural environments. We found 
support for this: fish tested in their natural light environment caught more prey. We also 
found a significant species, test light interaction and patterns (though non-significant) went 
in the directions we expected. The effects we find are small, but they suggest that species-
specific characteristics, presumably in the visual system, influence foraging performance in 
a visual-environment-dependent way. This corresponds with the finding that each species 
survives better when reared in their natural light environment (Maan et al., 2017) and is 
consistent with the predictions of divergent sensory drive. 
 
No rearing by test light interaction – Our second prediction was that fish reared and tested in 
the ‘matched’ light conditions would forage better than fish reared and tested in ‘mismatched’ 
light conditions. We found no evidence for this prediction: the interaction between rearing 
and test light never influenced foraging performance. The only indication of an interaction 
was for latency to forage – deep-reared, deep-tested fish were slightly faster to forage than 
deep-reared, shallow-tested fish – but shorter latency did not translate into increased 
performance. In a similar study in bluefin killifish, the test light environment was found to 
have an immediate effect on the proportion of bites directed at coloured disks, but this 
changed depending on which light environment the fish experienced during development 
(Fuller et al., 2010). We expected to see similar patterns in this study, but this was not the 
case. These results highlight the complex nature of visual adaptation and it is likely that the 
joint effects of different visual system components (i.e. opsin genotype and relative 
expression), plus foraging experience in a particular environment (i.e. our aquarium setup), 
have influenced the results presented here.  
  
Higher prey capture in deep-reared fish – Though we found no evidence to support our second 
prediction, we did find an overall effect of rearing light. Deep-reared fish tended to catch 
more prey than shallow-reared fish (for all species). This effect was weak, but consistent with 
our previous studies; we also found an influence of rearing light on female mate preference 
(chapter 2; Wright et al., 2017) and relative opsin expression (chapter 5). Fish reared in the 
deep light treatment express relatively higher levels of the long wavelength sensitive (LWS) 
opsin and, though we did not measure opsin expression of the fish used in this study, we 
assume similar expression patterns. Motion detection in fish has been attributed to long 
wavelength sensitivity (Schaerer & Neumeyer, 1996; Krauss & Neumeyer, 2003), so fish 
reared in the deep light environment may be more sensitive to prey movement due to higher 
LWS expression, facilitating prey capture. Earlier work in Lake Malawi cichlids found 
similar results; fish reared in a red-shifted light environment had increased LWS expression, 
which correlated with performance in optomotor tests (Smith et al., 2012a). 
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 Previous work in cichlids has also shown effects of rearing light on retinal 
development. Van der Meer (1993) observed that rearing fish in light environments lacking 
short-wavelength light lead to a loss of single (short wavelength sensitive) cones and an 
enlargement of double (including long wavelength sensitive) cones. A similar pattern was 
observed in a historical comparison of wild populations: fish collected after increased 
eutrophication in Lake Victoria (resulting in a more red-shifted light environment) had fewer 
single cones than those collected prior (Van der Meer et al., 2012). Thus, higher foraging 
performance in deep-reared fish could be due to an increase in double cones, resulting in 
higher LWS sensitivity and better motion detection.  
  
Blue fish not more strongly affected by light – P. sp. ‘pundamilia-like’ naturally resides in 
broad-spectrum light, so our third prediction was that rearing and/or testing the blue fish in 
deep light would negatively impact foraging performance. However, this was not the case. 
Testing the blue fish in different light environments had no influence on foraging 
performance and differential rearing had only a weak influence (deep-reared, blue fish did 
slightly better). Thus, P. sp. ‘pundamilia-like’ were not more strongly influenced by the light 
treatments than P. sp. ‘nyererei-like’ or hybrids.   
 
Hybrids captured more prey than parental species – Independent of the light manipulations, 
we found that hybrids tended to catch more live prey, have less time between each successful 
attempt, and start foraging faster. This seems to suggest that, at least for our measures of 
foraging performance, hybrids suffered no ill consequences. This correlates with our previous 
finding that hybrid survival did not differ from the parental species (Maan et al., 2017) and 
with those of Van der Sluijs et al. (2008), showing that hybrids suffered no intrinsic fitness 
reduction. In chapters 4 and 5, we showed that hybrids have opsin expression profiles 
intermediate to the parental species; a pattern we also expect of the hybrids used here. This 
would imply that, unlike the parental species, foraging performance in hybrids is not reduced 
by a mismatch between the visual system and visual environment and that visual system 
characteristics alone do not determine hybrid fitness. Thus, while our results are consistent 
with divergent selection on visual system properties (non-hybrids do better when tested in 
natural light), they also suggest that the evolution and maintenance of reproductive isolation 
between the two types in nature involves additional factors. These factors are likely excluded 
in our laboratory setting. This was also seen in sticklebacks, where benthic/limnetic hybrids 
(morphologically intermediate) were shown to have high fitness in a lab setting, but when 
transplanted to field enclosures, hybrid growth was inferior to both parental types (Hatfield 
& Schluter, 1999).  
 
Size influence - Body size did not influence foraging performance but there was a weak, 
negative relationship between eye size and prey capture. This relationship is interesting but 
we are reluctant to infer a causal link. We measured eye size at the completion of all 
experimental trials – resulting in a time lag of nearly 2 years for some fish, but only a few 
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months for others. So, it is likely that allometric differences explain this result. To establish 
a causal link, eye size should have been measured at the time of testing. 
 Perhaps more interesting is the light-induced difference in eye size itself: deep-
reared fish had smaller eyes (relative to SL), while body size did not differ. In historical 
cichlid samples from Lake Victoria, eye size decreased after eutrophication but this is 
probably due to rapid adaptation to larger prey, involving changes in head morphology (Van 
der Meer et al., 2012; van Rijssel & Witte, 2013). In our experimental population, differences 
in eye size must be due to phenotypic plasticity, most likely in response to the light 
treatments. The effect is present across datasets, as we also found smaller eye size in the 
deep-reared fish (Fig. S6.4b) used in a prior study (chapter 3; Wright et al., 2018). As 
discussed above, changes in eye size may coincide with changes in cone density and/or 
number. The consequences of these changes for visual functioning are unknown and deserve 
further study.  
 
Sample size – It must be noted that our main conclusions are based on only marginally 
significant results; testing more fish may have yielded stronger patterns. In two years, we 
tested 50 males, 33 of which were successful and included here. Thus, the experiment was 
not necessarily limited by the success rate (~66%), but instead by the long periods of 
habituation and acclimatization prior to conducting foraging trials (up to 2 months). Future 
studies may benefit from developing methods that reduce this time. 
 
Conclusion - The results presented here are consistent with the predictions of divergent 
sensory drive. We found behavioural evidence for species-specific visual adaptation 
influencing foraging performance: non-hybrids caught more prey when tested in visual 
conditions that mimic their natural habitat. However, we observed no light-dependent 
consequences of foraging performance for hybrids, suggesting that other factors may be 
involved. We also found some effects of the developmental light environment, possibly 
mediated by increased LWS expression in deep light, allowing superior motion detection and 
thereby prey capture. Together, the results of this study provide evidence that sensory 
divergence has environment-specific fitness consequences, but establishing the contribution 
of different visual system components requires further study. 
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Supplementary information 
 
Supplementary methods  
 
For each foraging attempt, we scored the vertical location as ‘bottom’, ‘middle’, or ‘top’ 
(horizontal location was not scored). ‘Bottom’ was defined as a feeding attempt within one 
body depth’s distance from the bottom of the tank. Similarly, ‘top’ was defined as a feeding 
attempt within one body depth of the surface of the water. Location of the remaining feeding 
attempts was categorized as ‘middle’. We also scored the total amount of time fish spent 
interacting with neighbours (i.e. approaches, bites, lateral displays) and the time spent at 
‘rest’ (not moving for more than 10 seconds). 

 
For all species and treatment combinations, foraging attempts were predominantly in the 
lower regions of the tank (see Fig. S6.3). The total number foraging attempts was 
significantly influenced by location (F2, 361 = 391.72, P < 0.001); post hoc tests revealed that 
most attempts occurred at the bottom of the tank, followed by the middle, then the top (P < 
0.001 for all comparisons). The number of successful attempts followed the same pattern: 
location significantly influenced successful attempts (F2, 369,47 = 360.01, P < 0.001; bottom > 
middle > top; P < 0.001 for all comparisons). These results indicate that our foraging assay 
did not preferentially favor either species; all fish foraged equally well in the lower and 
middle regions locations. 
 
The amount of time spent interacting with neighbours was influenced by a very weak rearing 
light-by-species interaction (P = 0.096) but post hoc revealed no significant differences (P > 
0.16). The individual effects of rearing light, test light, and species group had no influence 
on neighbour interaction (P > 0.3 for all). The same was true for time spent at rest (P > 0.14 
for all).   
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P. ‘nyererei-like’ Hybrid P. ‘pundamilia-like’ 
family D S family D S family D S family D S 

 NN18a 1 1 NP6 - 2 PN1 1 - PP93 - 2 
 NN20a - 2 NP71e 1 - PN85 - 1 PP114e - 1 
 NN211a 1 1  NP81e 1 1 PN105 1 - PP12f 1 1 
 NN242b - 1    PN113g 1 1 PP13f 1 1 
 NN251b - 1       PN123g - 1 PP143 1 1 
 NN262c 1 -          PP154 2 - 
 NN281c 2 -           

Total 5 6 Total 2 3 Total 3 3 Total 5 6 
 
Table S6.1. Test male families – Sample size for each cross, separated by family and by deep (D) 
and shallow (S) rearing light. Family names are expressed as mother x father, such that ‘NP’ 
indicates P. sp. ‘nyererei-like’ female x P. sp. ‘pundamilia-like’ male. NP and PN families are 
collectively grouped as hybrids. Superscripted numbers indicate families with the same mothers; 
superscripted letters indicate families with the same fathers. 

 
 

 

 
Figure S6.1. Natural and experimental light conditions – Experimental light environments were created 
to mimic natural light conditions experienced by P sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’ at Python 
Islands, Lake Victoria. Vertical lines indicate the peak sensitivities of the three main Pundamilia 
photoreceptors: SWS2a (453nm), RH2 (531nm), LWS (565nm) (Carleton et al., 2005). 
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Figure S6.2. Experimental set-up – Subject Pundamilia males were housed next to ‘neighbour tanks’ 
containing heterospecific females (Haplochromis pyrrhocephalus). Subject males were visually 
isolated from each other by a solid, rock barrier inside the neighbour tanks and had visual access to 
only one neighbour tank; the opposite was blocked by an opaque barrier. Each tank had a continuously 
running, internal filter and heater. 

 

 
 
 
 
 
 

 
Figure S6.3. Foraging attempts predominantly low in the tank – Across all treatment combinations 
and species, most successful foraging attempts were in the bottom and middle regions of the tank. Here, 
circles indicate the mean number of successful attempts, with the success rate (%) given below each. 
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Figure S6.4. Shallow-reared fish have larger eyes – (A) Eye size (relative to body size, SL) was 
significantly larger in shallow-reared fish in this experiment. This was consistent across species, but 
slightly stronger in P. sp. ‘pundamilia-like’ (post hoc comparison of shallow- vs. deep-reared blue fish: 
Z = 2.74, P = 0.065; all other comparisons P > 0.21). (B) This pattern was also present in the fish used 
in chapter 3. **indicates P < 0.01, *indicates P < 0.05. Error bars represent ± standard error. 
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Sensory adaptation to divergent environmental conditions can be consequential for 
speciation, affecting both ecological performance and sexual communication. Aquatic 
environments have provided a natural arena to study these processes, as the attenuation of 
light through water results in distinct light environments, to which vision-dependent species 
must adapt. Many studies have explored visual adaptation in a number of fish species, from 
both marine and freshwater environments. In this thesis, I built upon such work, to test the 
role of visual adaptation in the speciation of Pundamilia cichlids from Lake Victoria.  
 Over the past two decades, great strides have been made to detail many aspects of 
visual perception and sexual selection in Pundamilia. Field and lab studies have combined to 
generate a wealth of knowledge, resulting in strong correlative evidence to suggest that visual 
adaptation to the local light environment is a source of divergent selection between 
sympatrically occurring blue and red forms (see Fig. 7.1). However, experimental evidence 
linking individual visual properties to behaviour and fitness is lacking. This was the goal of 
my thesis – to experimentally test how visual adaptation to the local light environment can 
drive species divergence. In the chapter that follows, I summarize the results of this work and 
discuss their implications. To end, I provide directions for future research.    
 

 
Figure 7.1. Pundamilia sp. in the Mwanza Gulf, Lake Victoria - Blue and red phenotypes of Pundamilia occur 
at many rocky island locations throughout the Mwanza Gulf. In this thesis, we focused on the species pair P. sp. 
‘pundamilia-like’ and P. sp. ‘nyererei-like’ from Python Island. 
 
 
 
 

• Males differ in nuptial coloration (blue vs. red); 
females are cryptically coloured (Seehausen, 1996)

• The blue species resides in shallow water, the 
red species tends to occur deeper (Seehausen, 1996; 
Seehausen et al., 2008)

• Shallow habitats have broad-spectrum light, 
while deeper habitats lack short-wavelength 
light. Thus, each species occupies different 
light environments (Maan et al., 2006; Seehausen et al., 
2008; Castillo Cajas et al., 2012)

• Evidence suggests each species has visual 
systems ‘tuned’ to local light conditions (Carleton 
et al., 2005; Maan et al., 2006; Seehausen et al., 2008)

• Male colour is important for mate choice 
(Seehausen & van Alphen, 1998; Haesler & Seehausen, 2005; 
Stelkens et al., 2008; Selz et al., 2014)

• Correspondence between these observations 
implicate speciation by divergent sensory drive 
(Seehausen et al., 2008; Maan & Seehausen, 2010)

P. sp. ‘pundamilia-like’   

P. sp. ‘nyererei-like’   
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Developmental effects of environmental light on female preference 
 
By rearing both species, P. sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’, under light 
conditions mimicking the shallow vs. deep light environments of Python Island, Lake 
Victoria, we sought to provoke changes in visual system development, taking advantage of 
light-induced phenotypic plasticity in the expression of colour-sensitive opsin genes 
(common in fish). In chapter 2, we tested a behavioural consequence of this light 
manipulation: female mate preference. Prior work in Pundamilia had shown that male colour 
was important for female choice (Seehausen & van Alphen, 1998; Maan et al., 2004; Haesler 
& Seehausen, 2005; Stelkens et al., 2008; Selz et al., 2014; Svensson et al., 2017), which 
correlated with species differences in colour sensitivity (Maan et al., 2006) and visual system 
properties (Carleton et al., 2005; Seehausen et al., 2008). Thus, by manipulating visual 
development, our goal was to examine the link between changes in visual perception and 
female colour preference.  

We found that the light environment significantly influenced female mate 
preference: shallow-reared females (both species and hybrids) preferred blue males and deep-
reared females tended to prefer red males. We also found that species-assortative preferences 
broke down when females were reared unnaturally (blue females in deep or red females in 
shallow). Female preferences were relatively weak (compared to prior studies) but our 
behavioural measures appear to be good predictors of female mate choice (see Box 1). Thus, 
our results were consistent with the predictions of divergent sensory drive, suggesting that 
female preference, and thereby reproductive isolation, is causally linked to heterogeneity in 
the local light environment. This means that divergence in visual properties might indeed 
have caused divergence in mate preference as a by-product, as hypothesized for Pundamilia. 
This also has implications for natural systems: changes in local conditions (by environmental 
change or migration) could influence sexual preferences and disrupt species barriers. 
However, as we found no effect of test light (females were tested in both light environments), 
we cannot say that these results were due solely to differences in visual perception - if they 
were, we would have expected an interaction between rearing light and test light (though the 
results of chapter 5 suggest visual perception is involved in preference determination; 
discussed in more detail below). It is also possible that other aspects of our experimental 
design – selective survival of differentially reared fish (Maan et al., 2017) and/or prior female 
experience with male phenotypes (e.g. deep-reared females developed in an environment 
where the perception of blue coloration was not possible prior to experimental trials) – 
contributed to these results. Nonetheless, chapter 2 highlights how the local light environment 
experienced during development can affect reproductive isolation between species.   
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Box 1 – Does female preference predict mate choice? 
Previous work in Pundamilia has shown that male coloration is important for female preference in both 
species (Seehausen & van Alphen, 1998; Maan et al., 2004; Haesler & Seehausen, 2005; Stelkens et al., 2008; 
Selz et al., 2014; Svensson et al., 2017). These studies have used behavioural preference (the observer scores 
female response to male courtship behaviour) and mate choice designs (preference is deduced from choice of 
spawning partner), with consistent results from both approaches. In chapter 2, we also used a mate preference 
design but found relatively weak preferences, with high inter-female variability, and no significant difference 
between species (prior studies found strong species-assortative preference). We attributed this to the fact that, 
in contrast to earlier studies, we reared females in manipulated light environments and removed eggs from 
brooding females ~6 days post fertilization (thus, little opportunity for imprinting; Verzijden & ten Cate, 
2007). Nonetheless, this raises the question whether our preference measure was a reliable indicator of 
subsequent mate choice. To explore this, I designed a new experimental set-up to test if our assessment of 
female preference corresponds with mating decisions.   

As in the prior study, I used a two-way preference design to assay female preference for blue vs. 
red males. However, I altered the partitions separating males and females to allow interaction. Males were 
confined behind a two-part barrier; a fixed partition made of rubber coated ‘chicken wire’ and a removable 
sheet of transparent plastic. Jointly, the two parts of the barrier mimicked the setup of the prior mate 
preference study - fish could see each other and exchange chemical cues but not physically interact. When 
the plastic divider was removed, females could enter the male compartments but males could not exit (the 
holes in the ‘chicken wire’ were too small). Thus, the setup allowed sequential testing of female mate 
preference and female mate choice in the same experimental trial. As in chapter 2, I tested each female for 
preference behaviour (~20 minutes observation time). I then removed the solid divider to allow the fish to 
mate (for the remainder of the day). Subject females were chosen based on their gravidity status (on a scale 
1-5 as in Seehausen & van Alphen (1998); only 4+ were used) and were tested in light conditions matching 
their rearing environment (female species identity was random). I tested 27 females, 5 of which spawned with 
one of the stimulus males (within ~8 hours).  

In 4 of 5 trials, females spawned with one of the two males, while in the fifth, the camera failed 
before mating occurred. For this trial (open circle in Fig. 7.2), I inferred the female spawning decision from 
the observation that the brooding female was in the compartment with the blue male (had they not spawned, 
I would have expected the male to be aggressively courting the female – he was not). Female choice matched 
preference in all cases, except one female that showed an inconsistent preference (for blue in the lateral 
display-based measure and for red in the quiver-based measure). These results suggest that female preference, 
as assessed in our setup, is a good predictor of mate choice.  
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Developmental effects of the environmental light on male coloration 
 
In addition to light-induced changes in preference, there might be phenotypic plasticity in the 
expression of male colours, which could be adaptive. For example, males may optimize 
detectability in their present environment (as shown in other fish: Fuller & Travis, 2004; 
Lewandowski & Boughman, 2008; Hornsby et al., 2013), thereby influencing mate choice 
dynamics (and reproductive isolation) in heterogeneous light environments. In chapter 3, we 
tested for plasticity in male nuptial coloration. From standardized photographs, we assessed 
the colour of differentially reared males (of both species and hybrids) and found little 
evidence for colour plasticity. We also moved adult males between the two light 
environments but again found no indications of colour change. Importantly, the species-
specific colours, blue vs. red, did not change in response to the light treatments. These results 
are consistent with the predictions of sensory drive; male colour signals, which are subject to 
divergent selection by female choice, do not change.  

 
Visual pigment expression covaries with light environment in wild fish  
 
Before examining the underlying visual system properties of our light-manipulated 
population, it was first necessary to characterize natural variation in opsin expression of wild 
caught fish and to establish how this variation contributes to divergent visual adaptation. 
Prior work in Pundamilia had detailed allelic variation in the long-wavelength sensitive 
(LWS) opsin gene (Carleton et al., 2005; Terai et al., 2006; Seehausen et al., 2008) but a 
systematic analysis of opsin expression patterns was lacking. Only two studies had previously 
examined Pundamilia opsin expression, both of which used few, lab-bred fish, from different 
populations (Carleton et al., 2005; Hofmann et al., 2009). In chapter 4, I sampled blue and 
red Pundamilia males from multiple island locations across southeastern Lake Victoria and 
reported patterns of opsin expression, in relation to the local light environment and variation 
in LWS allele type.  

We found that species-specific patterns of opsin expression were variable and could 
not be explained by variation in the light environment. At clearer water locations (i.e. Makobe 
Island), the deeper occurring, red phenotypes expressed relatively more LWS but at more 
turbid locations (i.e. Python Island), the shallow-residing, blue phenotypes expressed more 
LWS. This is despite the fact that LWS genotype differentiation is consistent between the 
blue and red species at the different locations (Seehausen et al., 2008). Estimates of visual 
performance by visual modeling showed that the reversal in opsin expression in turbid waters 
may be beneficial - the Python Island phenotypes (both species) captured more light than the 
Makobe phenotypes, at both locations - suggesting that the expression profiles in the Makobe 
phenotypes are suboptimal. However, recent work has given us a better understanding of the 
(short) evolutionary history of the populations surveyed in chapter 4 (Meier et al., 2017, 
2018); our results may reflect this variable history. The blue and red forms at Python Island 
represent a secondary speciation event, following the hybridization of P. pundamilia and P. 
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nyererei from locations outside the Mwanza Gulf (i.e. Makobe Island). Subsequent 
divergence into a ‘pundamilia-like’ blue phenotype and ‘nyererei-like’ red phenotype likely 
corresponded with visual adaptation to turbid photic conditions of the Mwanza Gulf (plus 
potential hybridization with other Gulf-adapted species). Thus, the results of chapter 4 
highlight the need to explore other mechanisms of visual tuning, as well as more sophisticated 
ways to assess visual performance, to better understand how visual properties adapt and co-
evolve in particular environments.  

 
Linking opsin expression, opsin genotype, and mate preference  
 
Having characterized the natural opsin expression profiles of wild caught fish from Lake 
Victoria, the focus of chapter 5 returned to our light-manipulated population, to explore the 
causal link between visual perception and female preference behaviour. As stated above, 
heterogeneity in the local light environment corresponds with differences in male colour, 
female mate preference, and visual system properties in Pundamilia, thereby implicating 
sensory drive (Seehausen et al., 2008; Maan & Seehausen, 2010). In chapter 5, we tested for 
experimental evidence of this hypothesis. 

In our lab population, the blue phenotypes expressed relatively more LWS and the 
red phenotypes expressed relatively more RH2 (middle wavelength sensitive opsin; hybrid 
expression was intermediate). These patterns were consistent with the species-specific 
expression profiles we reported for wild fish from Python Island in chapter 4. Independent of 
species, the light manipulations influenced opsin expression; deep-reared fish expressed 
more LWS and shallow-reared fish expressed more SWS (short wavelength opsin; the effect 
for both opsins was strongest in the red types). This result suggests that plasticity in opsin 
expression may be adaptive, as the expression patterns were reflective of the locally available 
light (e.g. increased LWS expression in the long wavelength-shifted light environment). 
However, opsin expression plasticity may not be enough to compensate for underlying 
genetic differences, as each species (non-hybrids) survived less when reared in the ‘wrong’ 
light environment (blue fish in deep or red fish in shallow; Maan et al., 2017).   

There was a weak, positive relationship between mean female preference for red 
males and LWS expression, suggesting a role for opsin expression in preference 
determination. This pattern, however, was inconsistent with the species-specific expression 
profiles; the red phenotypes expressed less LWS. At Python Island, male coloration is both 
necessary and sufficient for assortative mating (Selz et al., 2014), thus our results indicate 
that species differences in opsin expression and mate preference do not align. We also found 
that deep- and shallow-reared females displayed similar relationships between LWS 
expression and preference and that light-induced differences in the preference slopes were 
absent in the females tested for preference behaviour. This suggests that our light 
manipulations influenced female mate preference (shallow-reared females preferred blue 
males, deep-reared preferred red males) and opsin expression (deep-reared fish expressed 
more LWS and less SWS) but that we lack evidence for a causal link between light-induced 
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changes in expression and preference. We, therefore, did not find support for the hypothesis 
that variation in opsin expression serves as a ‘magic’ trait in Pundamilia speciation, 
pleiotropically affecting both visual adaptation and assortative mating (i.e. Smith, 1966). 
Other visual system components, however, have shown a more consistent relationship with 
female preference behaviour. LWS genotype, nearly fixed in each species, has been 
consistently associated with assortative female preference at multiple locations throughout 
the Mwanza Gulf (Seehausen et al., 2008). Thus, in chapter 5, we also explored the link 
between allelic variation in LWS and female preference.  

From prior work (Seehausen et al., 2008), we expected two forms of the LWS gene 
in our experimental population, which is indeed what we found: blue types were 
predominantly homozygous for the ‘P’ allele and red types for the ‘H’ allele. Female 
preference was significantly associated with LWS genotype, but only in the shallow light 
treatment (there was no preference variation in deep test light). This result suggests that LWS 
genotype (or genetic factors that are linked to it) influences female preference but only when 
light conditions permit full-spectrum colour signaling (prior studies observed similar results: 
Seehausen & van Alphen, 1998; Haesler & Seehausen, 2005; Selz et al., 2014). When 
considering the different combinations of rearing light and test light for all genotypes, we 
found more light-dependent preference variation in the ‘HH’ genotypes, all of which were 
red females. As mentioned above, we also found stronger evidence of opsin expression 
plasticity in the red fish (all ‘HH’ genotypes were red types). Thus, our results may indicate 
that, if only in the red phenotypes, several aspects of visual perception interact to influence 
preference. We tested the combined influence of opsin expression and LWS genotype on 
female preference but found no significant indications of this interaction. However, we had 
opsin expression data for only 5 ‘HH’ females, thus exploring this interaction in more fish 
could provide greater statistical power to detect an interaction.  
 Taken together, the results of chapter 5 confirm a role of visual perception in 
determining female preference for differently coloured males. However, they also highlight 
the complexity of the relationship between visual adaptation and visually mediated mate 
choice. We did not find experimental evidence for opsin expression serving as a ‘magic trait’ 
but it does not mean that one does not exist. LWS genotype, on the other hand, may be more 
influential, as it was significantly associated with female preference. It is also possible that 
visual properties do not directly influence mate preference - the correlation between visual 
properties and mate preference (as demonstrated at a population level: Haesler & Seehausen, 
2005; Seehausen et al., 2008; van der Sluijs et al., 2008; Selz et al., 2014) may have evolved 
indirectly, by selection favouring assortative mating among individuals with similar visual 
adaptations (Maan & Seehausen, 2012). To test these alternative scenarios, further 
manipulative studies, potentially incorporating other aspects of visual perception (e.g. 
differential chromophore usage, higher-level neural processes), are required. The availability 
of techniques to target specific visual loci  (as recently demonstrated in medaka: Homma et 
al., 2017) also raises the possibly of manipulating the opsin genotype (discussed in more 
detail at the end). 
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Environmental light influences foraging performance  
 
The sensory drive hypothesis not only predicts correspondence between signals and 
preferences in a given environment, but also natural selection for sensory systems that are 
properly tuned for the local conditions - a mismatch between visual system properties and 
the visual environment should result in lower fitness. In chapter 6, I tested this aspect of 
sensory drive by measuring foraging performance.  
 Prior work in Pundamilia had documented consistent correlations between visual 
system characteristics and the local light conditions (Seehausen et al., 2008), with each 
species surviving best in its natural light environment (Maan et al., 2017). Together, these 
studies imply species-specific, visual adaptation. The results of chapter 6 were consistent 
with this – non-hybrids tested in ‘natural’ light (blue fish in shallow or red fish in deep) 
caught more live prey than their ‘unnaturally’ tested counterparts (blue fish in deep or red 
fish in shallow). Thus, we have evidence to support the hypothesis that species differences in 
visual properties are adaptive (or are the result of divergent adaptation). However, we also 
found that hybrids suffered no ill consequences. This is consistent with other laboratory 
studies: hybrid survival did not differ from the parental species (Maan et al., 2017) and 
hybrids suffered no intrinsic fitness reduction (Van der Sluijs et al., 2008). So, while our 
results are consistent with divergent selection on visual system properties, they also suggest 
that other factors may be involved. To further explore the role of divergent visual adaptation, 
future studies may benefit from inducing stronger fitness-related consequences. This could 
be accomplished by creating a more challenging foraging environment (mean success rate in 
chapter 6 was ~85%) by using different prey items or by altering the light conditions 
(discussed more at the end).  
 We also found a weak effect of the developmental light environment; deep-reared 
fish tended to capture more prey. These results are consistent with the developmental light 
effects reported in chapters 2 (female mate preference) and 5 (relative opsin expression). This 
effect could be due to higher LWS expression in deep-reared fish, which could have aided 
prey capture. However, as we did not measure opsin expression in fish tested for foraging 
performance, this has yet to be confirmed. Interestingly, we also found that deep-reared fish 
had smaller eyes and that foraging performance was negatively related to eye size. We could 
not infer causality in this relationship but light-induced changes in eye size are intriguing. 
Plasticity in eye size may represent another form of visual adaptation, perhaps related to light-
induced changes in retinal development (as documented in other cichlids: Van der Meer, 
1993). In box 2, I explore light-induced differences in eye size further.   
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Box 2: Light influences eye size 
In a recent meta-analyses of ray-finned fishes, Caves et al. (2017) found that eye size was positively correlated 
with visual acuity. This is not surprising; in many species, larger eyes are associated with higher visual ability. 
Caves and coauthors also reported an influence of the local light environment –visual acuity was highest in 
clear, bright water – but an underlying covariance with size complicated their interpretations – body and eye 
size were typically smaller in turbid and dark environments (Caves et al., 2017). In chapter 6, we also found 
that eye size was light-dependent; deep-reared fish had smaller eyes. Here, I explored this relationship further, 
also incorporating data from chapter 3 (Wright et al., 2018).  

The combined dataset included 91 fish (31 blue, 29 red, 31 hybrid), split evenly between the rearing 
environments (≥14 for each species, from each light condition). As in chapter 6, I used eye measurements 
corrected for body size (SL); body size did not differ between differentially reared fish (P = 0.28) or species 
(P = 0.21). Rearing light significantly influenced relative eye length (χ2 (1) = 9.25, P = 0.002) and depth (χ2 
(1) = 10.55, P = 0.001); across species, deep-reared fish had smaller eyes (Fig. 7.2). Consistent with recent 
data from wild caught fish (van Rijssel et al., 2018), relative eye size did not differ between the species groups 
(P > 0.27). Light-induced differences in absolute eye size (not corrected for SL) was greatest in larger fish 
(Fig. 7.3).  
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Figure 7.2. Light influences eye size – (A) Relative eye length and (B) relative eye depth was smaller in 
deep-reared fish. This effect was consistent across species, though strongest in the blue phenotypes.  
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Though light-induced changes in eye size have not been studied in Pundamilia, Van der Meer 
(1993) did report light-induced effects on retinal development in a different species of Lake Victoria cichlid. 
Fish reared in light environments lacking short-wavelength light had reduced photoreceptor density, with 
fewer single (short wavelength sensitive) cones and enlarged double (including long wavelength sensitive) 
cones (Van der Meer, 1993). I did not measure cone density/composition of fish used in this thesis, but it is 
possible that our light manipulations induced similar changes. Deep-reared fish expressed more LWS and 
less SWS - consistent with the patterns reported by Van der Meer (1993). Possibly, the changes in opsin 
expression we observed also coincided with changes in photoreceptor density. These patterns are intriguing 
but, at this point, speculative. Nonetheless, my results here are consistent with the patterns reported Caves et 
al. (2017) and potentially highlight another form of visual adaptation. Further work is required to confirm 
these predictions and to assess their role in visual functioning.  

 
What is the role of visual adaptation in speciation? 
 
This thesis has used an integrative approach to answer the question: what is the role of visual 
adaptation in speciation? Using Pundamilia cichlids from Lake Victoria, we tested 
predictions of the sensory drive hypothesis with behavioural assays (chapters 2 & 6), colour 
analysis (chapter 3), visual system characterization (chapters 4 & 5), and field surveys 
(chapter 4). Each chapter provided evidence to support the role of visual adaptation in the 
divergence of the blue and red phenotypes. Both foraging and mate preference were 
influenced by the light environment experienced during development and species-specific 
visual properties, thereby providing experimental evidence that visual adaptation to the local 
light environment can act as a source of divergent selection. However, the mechanistic link 
between visual perception and reproductive isolation remains unresolved. As this thesis has 
shown, it is likely that the relationship is complex, involving multiple aspects of visual 
tuning. Future work may benefit from integrating multiple visual system elements and by 
further manipulating particular aspects of visual perception. I end by highlighting a few of 
these research opportunities: 
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Figure 7.3. Relationship between eye and body size – Light-induced differences in absolute eye size 
were greatest in larger fish.  
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1) Can plasticity in visual development be ‘pushed’ further? – The light treatments 
used in this thesis were designed to mimic the light environments experienced by each 
species at Python Island. These ‘natural’ treatments allowed us to test realistic 
scenarios of environment-dependent performance and the consequences of fish 
migrating between environments. As discussed above, our treatments were successful 
in manipulating opsin expression and influencing visually mediated behaviours but 
did not allow us to identify underlying causal links. This could be due to the fact that 
the changes in expression we observed were relatively subtle (though still significant). 
More dramatic changes in opsin expression, achieved by rearing fish in more extreme 
light manipulations (i.e. larger differences between treatments), may help future 
studies to better explore the link between expression and visual performance.   

 
2) How do opsin expression and LWS genotype combine to influence visual 

perception? – Prior work in Pundamilia has documented a consistent relationship 
between LWS genotype and female mate preference (Seehausen et al., 2008); a pattern 
we also observed in chapter 5. In chapters 4/5, we also explored the relationships 
between opsin expression and 1) LWS genotype and 2) mate preference but found that 
species differences in expression did not consistently align with either. This creates a 
situation where similar blue and red phenotypes from different locations (and visual 
environments; turbid vs. clear water) are nearly fixed for the same LWS genotype (‘P’ 
in blue, ‘H’ in red) and exhibit strong female preferences for male colour but differ 
dramatically in their opsin expression profiles. Thus, a new question arises: how do 
opsin genotype and opsin expression together shape visual performance in a 
particular environment? To address this question, future studies would benefit from 
isolation and manipulation of the LWS genotype. LWS knockdown has been 
successfully employed in medaka (Homma et al., 2017), which has direct effects on 
mate preference (Kamijo et al., 2018). In Pundamilia, these techniques could be used 
to manipulate LWS genotype, so as to disrupt the consistent relationship between 
genotype and preference. Researchers could then isolate the role of LWS in preference 
determination and explore the consequences of manipulating the relationship between 
opsin expression and LWS genotype.   

 
3) How does differential chromophore usage contribute to visual perception? – 

Visual tuning in cichlids is accomplished by at least three mechanisms: changes in 
relative opsin expression, sequence variation within the opsin genes, and differential 
usage of vitamin-A based chromophores. While the first two elements have been 
explored in detail (previous work, plus the results presented within this thesis), the last 
– chromophore usage – has not been measured in Pundamilia. Cichlids can use either 
Vitamin A1- or Vitamin A2-based chromophores (Torres-Dowdall et al., 2017) and 
shifts between the two can greatly influence visual sensitivity (Dartnall & Lythgoe, 
1965; Hárosi, 1994; Toyama et al., 2008). Future studies should measure differential 
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chromophore usage and how visual perception is influenced by its interaction with the 
other mechanisms of visual tuning. It may be that the blue and red phenotypes (or 
shallow- vs. deep-reared fish) preferentially use different chromophores, which may 
help to resolve the mismatch between opsin expression and preference we discussed 
above.   

 
4) What makes a mate attractive? – Throughout this thesis, we have assumed that a 

given mate characteristic (e.g. colour) is attractive because it maximally stimulates the 
sensory (visual) system. While this is most certainly true, it also tends to diminish the 
complexities of a mating interaction. Mates must first be detected at a distance and 
then, after initial attraction, inspected at closer ranges. It is likely that these different 
contexts, as well as the different background environments over which this can take 
place, greatly influence the attractiveness of a mate. To assume that any single aspect 
of visual perception completely explains mate preference, without accounting for 
other environmental (and visual) factors, is naïve. This thesis has provided tangible 
directions for future research: LWS genotype is a key factor in preference 
determination, while opsin expression appears less influential. More sophisticated 
visual modeling, incorporating LWS genotype and other visual/environmental factors, 
may aid future researchers in their quest to better understand the dynamics of visual 
perception and mate choice.   
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Speciation – the process by which new species are formed – has been the subject of intense 
scientific research for many years. Though evolutionary biologists have made great strides 
toward understanding the many intricacies of this process, numerous exciting hypotheses 
remain unexplored. The research contained within this thesis examines how ecological 
adaptation can initiate or contribute to speciation; focusing, in particular, on how it influences 
sexual communication and female choice.  

Speciation entails the formation of barriers that prevent the exchange of genes 
between populations (i.e. gene flow). The local environment can play an important role in 
this process. Individuals and populations must be able to cope with local environmental 
conditions; those better adapted to the environment will better survive and reproduce. If 
environmental conditions vary between populations, then local adaptation may lead to 
population differentiation and act as a barrier to gene flow. Ecological adaptation, therefore, 
can be a potent force in speciation, serving as a major initiator of isolation.  

Even in the presence of environmental differences, individuals from separate 
populations may still interbreed. This can hamper local adaptation, as favorable, population-
specific combinations of genes are disrupted. However, if mating is assortative, i.e. locally 
adapted individuals mate only with one another, favorable combinations of genes can be 
maintained, allowing local adaptation and population divergence to proceed. This can create 
a strong association between local adaptation and non-random mating that cannot be broken 
by interbreeding and gene flow. The combined influence of ecological adaptation and 
assortative mating is well-supported; some of the strongest indications are from studies of 
sensory drive, where sensory abilities influence both performance in the local environment 
and the perception of potential mates. 

 The sensory drive hypothesis predicts that the sensory conditions of the local 
environment ‘drive’ evolution in a particular direction; sensory systems, display signals, and 
signaling behaviour co-evolve with the local environment. This hypothesis predicts that 
individuals will mate more often with partners that they can more easily detect and that 
mating preferences may be stronger for display signals that stand out in the local 
environment. Any change in the sensory systems could result in a change in preference, by 
making different signals more or less attractive. The local environment can also affect the 
signal directly; individuals possessing signals better adapted for transmission and perception 
in a given environment will be more successful. Both factors are important, but theory 
suggests that environmental effects on preferences may be more powerful in changing mating 
patterns and, thereby, the evolution of reproductive isolation.  

Most examples of sensory drive come from aquatic animals and visual adaptation, 
since in water, the ambient light environment changes with increasing depth or turbidity. This 
pronounced and stable variation in visual conditions naturally drives aquatic species to adapt 
their signals and visual functioning. Aquatic environments, therefore, provide a natural 
laboratory to study sensory drive. Fish have provided some of the strongest examples of this; 
past research has implicated sensory drive in guppies, sticklebacks, killifish, swordtails, 
surfperch, and pygmy perch. Sensory drive has also been implicated in the rapid speciation 
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of the colourful cichlid fishes from Lake Victoria. Here, cichlids have radiated into as many 
as 500 different species (in only ~15,000 years) and male coloration and visual adaptation 
are thought to have played an important role. In this thesis, I experimentally test the link 
between vision and mate selection in Lake Victoria cichlids.  

Fish, like humans, possess visual pigments in their retinas, comprised of a light-
sensitive chromophore, bound to an opsin protein. There are several distinct classes of opsins; 
each maximally sensitive to different wavelengths of light (colour). The relative expression 
levels of these different opsins dictate colour vision. In many fish species (including cichlids), 
prior studies have shown light environment-induced changes in opsin expression, 
corresponding to changes in visually-mediated behaviour. I used this phenomenon as an 
experimental approach to explore the link between visual perception and visual behaviour in 
Pundamilia cichlids.    

Pundamilia pundamilia and Pundamilia nyererei are two closely related species of 
rock-dwelling cichlids that co-occur at open-water and offshore rocky islands in southeastern 
Lake Victoria. Males of the two species are brightly coloured (P. pundamilia are blue, P. 
nyererei red), while females of both species are yellow/grey. At some locations, the two 
species have mixed and then again speciated into similar blue and red forms, known as: P. 
sp. ‘pundamilia-like’ and P. sp. ‘nyererei-like’. At all locations, the two forms differ 
ecologically: the blue species lives in shallow waters, while red species extends to greater 
depths. Due to high turbidity in Lake Victoria, the ambient light environment shifts toward 
longer wavelengths with increasing depth, so the red species tend to live in an environment 
largely absent short-wavelength (blue) light. Male coloration is important for female mate 
preference in both species (females choose conspecific males based on blue vs. red 
coloration) and behavioural tests of visual sensitivity correspond with male colour; the red 
species (P. nyererei) is more sensitive to long wavelength (red) light and the blue species (P. 
pundamilia) is more sensitive to short wavelength (blue) light. These differences correlate 
with species-specific variation in visual system properties: red P. nyererei / P. sp. ‘nyererei-
like’ typically possess an opsin that is more red-sensitive than the corresponding opsin found 
in blue P. pundamilia / P. sp. ‘pundamilia-like’. Together, these factors - differences in visual 
environments, male coloration, female mate preferences, and visual properties - implicate 
sensory drive as a mechanism of speciation in Pundamilia. 

As shown above, there have been several studies of mate choice and visual 
perception in Pundamilia. However, the observed correlation between the visual environment 
and species-specific visual properties and mating preferences may have come about in a 
number of ways. For example: visual adaptation may function as a ‘magic trait’, 
simultaneously affecting both ecological performance and mate choice. On the other hand, 
the correlation between visual properties and mate preference may have developed by 
indirect selection, where assortative mating among locally adapted individuals results in 
increased offspring fitness, thereby favouring the evolution of species-assortative mating 
preferences. Here, I sought to experimentally explore the mechanistic link between visual 
perception and reproductive isolation, testing the role of sensory drive as a cause of divergent 
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mating preferences between blue and red forms of Pundamilia. To do this, I manipulated the 
visual environment of both species in the laboratory, to induce changes in visual system 
development. I then tested the consequences of this response, by examining its influence on 
visually-mediated behaviour and by quantifying changes in the visual system. 

In chapter 2, we examined how the local light environment influenced female 
preference for differently coloured males. We reared females of both species, as well as 
hybrids of the two, in shallow- and deep-mimicking light environments and then tested 
female mate preference for blue vs. red males. Results showed that the rearing light 
environment significantly influenced preference: females reared under light conditions 
mimicking the shallow environment of Lake Victoria preferred blue males, while females 
reared under light conditions mimicking the deep environment tended to prefer red males. As 
a result, species-assortative preferences were absent when females were reared in an 
‘unnatural’ light environment (e.g. females of the blue species reared in the deep environment 
did not prefer blue males). This suggests that changes in visual perception can directly 
influence mate preference, providing behavioural support for the sensory drive hypothesis. 

Our experimental light manipulations could have also influenced the male colour 
signal, so in chapter 3 we asked if there were changes in male coloration. Species-specific 
coloration (blue vs. red) was not influenced by differential rearing, nor did coloration change 
when males were switched between light conditions as adults. This is in line with predictions 
of sensory drive: species differences in male colour signals, which are the subject of female 
mate choice, do not change in response to environmental conditions. This is, however, not to 
say that male colour is entirely fixed. We observed a small, but significant difference in green 
coloration; deep-reared males were greener. Perhaps, this subtle colour plasticity aids male 
signaling in a dark or narrow-spectrum light environment.    

To establish how variation in opsin expression contributes to visual adaptation, 
chapter 4 examined natural patterns of opsin expression in wild caught fish. During 
fieldwork in Lake Victoria, I sampled blue and red males from multiple island locations, with 
different light conditions, and then compared relative opsin expression between species at all 
locations. We found that opsin expression differed between the species, but this difference 
was inconsistent between islands. At two locations with clear water, the red species expressed 
more of the long wavelength (red) sensitive opsin (LWS) than the blue species, but at the two 
locations with turbid water, this pattern reversed. Prior work had already identified LWS 
polymorphisms, which I later confirmed in my sample of fish: the blue species (from multiple 
locations) share a version that differs from the form found in the red species. Thus, our results 
show that species differences in opsin genotype do not consistently align with species 
differences in opsin expression. This result not only raises questions about how opsin 
genotype and opsin expression together shape visual performance, but it also has implications 
for our light-manipulated lab population. Fish used in our experiment came from a location 
where, in contrast to expectation, the blue species expresses more LWS than the red species. 
Our light manipulation was aimed to induce correlated shifts in opsin expression and colour 
preference, based on the assumption that higher expression of e.g. LWS would correlate with 
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female preferences for red males. Given these newly observed patterns of species-specific 
opsin expression, this assumption may not be true for our experimental population.  
 In chapter 5, we returned to our lab population to specifically explore the genetic 
mechanisms linking visual perception to reproductive isolation. As in chapter 4, we measured 
the relative opsin expression of fish reared in our two light environments. We found that the 
light manipulations significantly influenced opsin expression; e.g. deep-reared fish expressed 
more of the red-sensitive pigment. Higher LWS expression also tended to correlate with 
female preference for red males (from chapter 2) but, as noted above, this is in opposition to 
the population level patterns observed in our fish (in the blue species, we observe higher 
LWS expression and female preference for blue males). However, the expression-preference 
relationship was independent of the light-induced changes in expression, so we were unable 
to infer a direct, causal relationship. We also genotyped the LWS opsin of females tested for 
preference behaviour and found that it too covaried with female preference, but only when 
females were tested in the shallow (full-spectrum) light environment. Together, these 
findings confirm that visual perception plays a role in female preference behaviour, but they 
fall short of establishing a causal relationship between the two. However, our inability to 
establish visual adaptation (i.e. relative opsin expression) as a ‘magic trait’ does not preclude 
the existence of such a mechanism. It is possible that other visual properties (e.g. opsin 
genotype) serve this function.   

Visual adaptation to different light environments implies that a mismatch between 
the visual system and the local light environment should result in decreased performance in 
visually mediated tasks. In chapter 6, I tested this hypothesis. I examined the foraging 
performance of fish tested in their ‘natural’ (blue fish in shallow, red fish in deep) and 
‘unnatural’ (blue fish in deep, red fish in shallow) light environment and found that ‘natural’ 
testing resulted in higher prey capture. This suggests that each species is visually adapted to 
maximize foraging performance in their respective environment. To establish a causal link 
between visual perception and performance, I also examined the effect of our rearing light 
manipulations. I found weaker effects: fish reared in the deep light environment caught 
slightly more prey than their shallow-reared counterparts. This suggests that environment-
induced changes in opsin expression (as observed in chapter 5) do not strongly affect visual 
performance. Together, the results of chapter 5 and 6 highlights the importance of species-
specific (visual) factors, presumably genetic, for visually-mediated tasks.   
  This thesis used an integrative approach to examine the role of visual adaptation in 
speciation. We used behavioural assays, colour analysis, visual system characterization, and 
field surveys to test predictions of the sensory drive hypothesis in Pundamilia cichlids. Our 
light manipulations affected both visually-mediated behaviour (female mate preference) and 
visual system development (relative opsin expression), but we were unable to establish a 
causal relationship between the two. We also genotyped females for variation in the LWS 
opsin and found that it too covaried with female preference behaviour. In wild populations, 
we found that species-specific patterns of opsin expression do not consistently align with 
opsin genotype, male colour, and female preference. Together, these results suggest that 
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opsin genotype, rather than expression, may act as the causal link between colour perception 
and mate preference. Future research will benefit from exploring this link further, making 
use of the available techniques to manipulate the opsin genotype. 
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Soortvorming – het proces waarbij nieuwe soorten worden gevormd – is al vele jaren het 
onderwerp van intensief wetenschappelijk onderzoek. Hoewel evolutiebiologen grote 
stappen hebben gemaakt in het beter begrijpen van de complexiteit van dit proces, blijven 
veel spannende hypothesen onontgonnen. Het onderzoek in dit proefschrift bestudeert hoe 
ecologische adaptatie soortvorming kan initiëren of eraan kan bijdragen, met speciale 
aandacht voor seksuele communicatie en partnerkeuze.  

Soortvorming behelst het ontstaan van barrières die de uitwisseling van genen 
tussen populaties voorkomen. De lokale omgeving kan in dit proces een belangrijke rol 
spelen. Individuen en populaties moeten het hoofd bieden aan lokale omstandigheden; zij die 
beter zijn aangepast aan de omgeving zullen beter overleven en reproduceren. Als 
omgevingsomstandigheden variëren tussen populaties, zal lokale adaptatie leiden tot 
differentiatie tussen populaties en zorgen voor barrières voor genenuitwisseling. Ecologische 
adaptatie kan daarom een krachtige factor zijn in soortvorming en functioneren als een 
belangrijke initiator van isolatie. 

Zelfs wanneer verschillen in de omgeving aanwezig zijn kunnen individuen van 
afzonderlijke populaties nog steeds kruisen. Dit kan lokale adaptatie belemmeren, omdat 
gunstige, populatiespecifieke combinaties van genen worden verstoord. Echter, als paring 
assortatief is, dat wil zeggen dat lokaal aangepaste individuen alleen met elkaar paren, 
kunnen gunstige combinaties van genen worden behouden, waardoor lokale adaptatie en 
differentiatie tussen populaties kunnen plaatsvinden. Zo kan een sterke associatie tussen 
lokale adaptatie en niet-willekeurige paring ontstaan, die niet kan worden doorbroken door 
kruising en genenuitwisseling. De gezamenlijke invloed van ecologische adaptatie en 
assortatieve paring is goed onderbouwd; enkele van de sterkste indicaties komen van studies 
naar sensory drive, waarin de capaciteiten van de zintuigen zowel het functioneren in de 
lokale omgeving als de perceptie van potentiële partners beïnvloeden. 

De sensory drive hypothese voorspelt dat de sensorische omstandigheden in de 
lokale omgeving evolutie in een bepaalde richting ‘drijven’; zintuigen, baltssignalen, en 
baltsgedrag co-evolueren met de lokale omgeving. Deze hypothese voorspelt dat individuen 
vaker zullen paren met een partner die ze gemakkelijker detecteren en dat paringsvoorkeuren 
sterker zullen zijn voor baltssignalen die opvallen in de lokale omgeving. Elke verandering 
in de zintuigen kan resulteren in een verschil in voorkeur, omdat deze verandering signalen 
meer of minder aantrekkelijk kan maken. De lokale omgeving kan het signaal ook direct 
beïnvloeden; individuen met signalen die beter zijn aangepast voor transmissie en perceptie 
in een bepaalde omgeving zullen succesvoller zijn. Beide factoren zijn belangrijk, maar de 
theorie suggereert dat omgevingseffecten op voorkeuren mogelijk krachtiger zijn in het 
veranderen van paringspatronen en daarmee de evolutie van reproductieve isolatie. 

De meeste voorbeelden van sensory drive komen van visuele adaptatie in aquatische 
organismen, omdat het omgevingslicht in water sterk verandert met toenemende diepte of 
troebelheid. Deze uitgesproken en stabiele variatie in visuele condities vereist aanpassingen 
in de signalen en visuele eigenschappen van aquatische soortenaan te passen. Aquatische 
omgevingen bieden daarom een natuurlijk laboratorium om sensory drive te bestuderen. 
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Enkele van de sterkste voorbeelden hiervan zijn te vinden in vissen; eerder onderzoek heeft 
sensory drive aangetoond in guppy’s, stekelbaarsjes, killivissen, zwaarddragers, en 
verschillende baarsachtigen. Sensory drive is ook in verband gebracht met de snelle 
soortvorming in de kleurrijke cichliden uit het Victoriameer. Cichliden zijn hier uitgewaaierd 
in maar liefst 500 verschillende soorten (in slechts ~15000 jaar), en de kleur van mannetjes 
en visuele adaptatie worden verondersteld hierin een belangrijke rol te hebben gespeeld. In 
dit proefschrift test ik experimenteel de link tussen gezichtsvermogen en partnerselectie in 
cichliden uit het Victoriameer. 

Vissen hebben, net als mensen, visuele pigmenten in hun netvliezen, bestaand uit 
een lichtgevoelige chromofoor gebonden aan een opsine-eiwit. Er zijn verschillende klassen 
van opsines, elk maximaal gevoelig voor verschillende golflengten van licht (kleur). De 
relatieve expressieniveaus van deze verschillende opsines bepalen de kleurwaarneming. 
Eerdere studies hebben aangetoond dat in veel vissoorten (waaronder cichliden) 
lichtomgeving-geïnduceerde veranderingen in opsine expressie mogelijk zijn, met gevolgen 
voor visueel gedrag,. Ik heb dit fenomeen gebruikt als een experimentele aanpak om de link 
tussen visuele perceptie en visueel gedrag in Pundamilia cichliden te onderzoeken. 

Pundamilia pundamilia en Pundamilia nyererei zijn twee nauwverwante soorten 
rotscichliden die samen voorkomen in het open water en langs rotsachtige eilanden in het 
zuidoostelijke deel van het Victoriameer. Mannetjes van de twee soorten zijn helder gekleurd 
(P. pundamilia blauw, P. nyererei rood), terwijl vrouwtjes van beide soorten geel/grijs 
gekleurd zijn. De soorten hebben zich op sommige locaties vermengd en daarna opnieuw 
gesplitst in vergelijkbare blauwe en rode vormen, bekend als P. sp. ‘pundamilia-like’ en P. 
sp. ‘nyererei-like’. De twee vormen vertonen ecologische verschillen op alle locaties: de 
blauwe soort leeft in ondiep water, terwijl de habitat van de rode soort zich uitstrekt naar 
grotere diepten. Vanwege de hoge troebelheid van het Victoriameer verschuift het 
omgevingslicht met toenemende diepte richting langere golflengtes, zodat de rode soort in 
een omgeving leeft die grotendeels verstoken is van korte golflengtes (blauw licht). De kleur 
van mannetjes is belangrijk voor de voorkeur van vrouwtjes voor mannetjes in beide soorten 
(vrouwtjes kiezen voor mannetjes van dezelfde soort gebaseerd op blauwe tegenover rode 
kleur), en gedragstesten voor visuele sensitiviteit corresponderen met de kleur van het 
mannetje; de rode soort (P. nyererei) is gevoeliger voor licht met een lange golflengte (rood) 
en de blauwe soort (P. pundamilia) is gevoeliger voor licht met een korte golflengte (blauw). 
Deze verschillen correleren met soortspecifieke variatie in de eigenschappen van het visuele 
systeem: de rode P. nyererei / P. sp. ‘nyererei-like’ bezitten veelal een opsine dat gevoeliger 
is voor rood licht dan de corresponderende opsine van de blauwe P. pundamilia / P. sp. 
‘pundamilia-like’. Deze factoren – verschillen in visuele omgevingen, de kleur van 
mannetjes, de voorkeur van vrouwtjes voor bepaalde mannetjes – wijzen samen in de richting 
van sensory drive als een mechanisme van soortvorming in Pundamilia. 

Zoals hierboven besproken zijn er meerdere studies gedaan naar partnerkeuze en 
visuele perceptie in Pundamilia. De geobserveerde correlatie tussen de visuele omgeving en 
soortspecifieke visuele eigenschappen en paringsvoorkeuren kan echter op verschillende 
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manieren tot stand zijn gekomen. Visuele adaptatie kan bijvoorbeeld functioneren als een 
zogeheten ‘magisch kenmerk’, dat tegelijkertijd zowel de ecologische prestaties als de 
partnerkeuze beïnvloedt. Anderzijds, de correlatie tussen visuele eigenschappen en 
partnervoorkeur kan zijn ontwikkeld door indirecte selectie, waarbij assortatieve paring 
tussen lokaal geadapteerde individuen leidt tot nakomelingen met een verhoogde fitness, 
waardoor de evolutie van soortassortatieve paringsvoorkeuren wordt gestimuleerd. In dit 
proefschrift heb ik geprobeerd om de mechanistische link tussen visuele perceptie en 
reproductieve isolatie te verkennen, en de rol van sensory drive als een oorzaak van de 
verschillende paringsvoorkeuren tussen blauwe en rode vormen van Pundamilia te testen. 
Om dit te doen heb ik de visuele omgeving van beide soorten in het laboratorium 
gemanipuleerd om veranderingen in de ontwikkeling van het visuele systeem te induceren. 
Vervolgens heb ik de gevolgen van deze veranderingen getest door de invloed ervan op 
visueel gemedieerd gedrag te onderzoeken en veranderingen in het visueel systeem te 
kwantificeren. 

In hoofdstuk 2 onderzochten we hoe de lokale lichtomgeving de voorkeur van 
vrouwtjes voor verschillend gekleurde mannetjes beïnvloed. We hebben vrouwtjes van beide 
soorten, evenals hybriden van de twee soorten, gekweekt in ondiep- en diep-nabootsende 
lichtomgevingen en testten daarna de partnervoorkeur van vrouwtjes voor blauwe tegenover 
rode mannetjes. De resultaten lieten zien dat het licht van de kweekomgeving de voorkeur 
significant beïnvloedt: vrouwtjes gekweekt in lichtomstandigheden die de ondiepe omgeving 
van het Victoriameer nabootsen gaven de voorkeur aan blauwe mannetjes, terwijl vrouwtjes 
gekweekt onder lichtomstandigheden die de diepe omgeving nabootsen waren geneigd een 
voorkeur te hebben voor rode mannetjes. Als gevolg hiervan waren soortassortatieve 
voorkeuren afwezig in de vrouwtjes die waren gekweekt in een ‘onnatuurlijke’ 
lichtomgeving (bijvoorbeeld: vrouwtjes van de blauwe soort gekweekt in de diepe omgeving 
hadden geen voorkeur voor blauwe mannetjes). Dit suggereert dat veranderingen in visuele 
perceptie partnervoorkeur direct kunnen beïnvloeden, en verstrekt daarmee, voor wat betreft 
het gedrag, ondersteuning voor de sensory drive hypothese. 

Onze experimentele lichtmanipulaties kunnen ook de kleursignalen van mannetjes 
hebben beïnvloed. Daarom onderzochten we in hoofstuk 3 of er verschillen waren in de kleur 
van mannetjes. Soort-specifieke kleuring (blauw tegenover rood) werd niet beïnvloed door 
differentiële kweek, noch veranderde de kleur wanneer de mannetjes tijdens volwassenheid 
werden verplaatst naar de andere lichtomstandigheden. Dit komt overeen met voorspellingen 
van sensory drive: verschillen in kleursignalen van mannetjes tussen soorten, die het 
onderwerp van partnerkeuze van vrouwtjes zijn, veranderen niet als reactie op 
omgevingsomstandigheden. Dit betekent echter niet dat de kleur van mannetjes volledig 
vastligt. We observeerden een klein maar significant verschil in groene kleuring: diep-
gekweekte mannetjes waren groener. Deze subtiele plasticiteit in kleur kan mannetjes kan 
misschien helpen bij het opvallen in een donkere omgeving of in een omgeving met een 
beperkt lichtspectrum.  
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Om te testen hoe variatie in opsine expressie bijdraagt aan visuele adaptatie 
onderzoekt hoofdstuk 4 natuurlijke patronen van opsine expressie in wild gevangen vissen. 
Gedurende veldwerk in het Victoriameer bemonsterde ik blauwe en rode mannetjes van 
verschillende eilanden, met verschillende lichtomstandigheden, en vergeleek de relatieve 
opsine expressie tussen soorten op alle locaties. We vonden dat opsine expressie verschilde 
tussen de soorten, maar dit verschil was niet consistent tussen eilanden. Op twee locaties met 
helder water bracht de rode soort meer van het lange golflengte opsine (LWS; rood-gevoelig) 
tot expressie dan de blauwe soort, maar dit patroon was omgekeerd op twee locaties met 
troebel water. Eerder werk had al LWS polymorfismen geïdentificeerd, die ik later bevestigde 
in mijn monsters: de blauwe soorten (afkomstig van meerdere locaties) delen een versie die 
verschilt van de vorm gevonden in de rode soorten. Onze resultaten laten dus zien dat 
verschillen tussen soorten in opsine genotype niet consistent overeenkomen met verschillen 
tussen soorten in opsine expressie. Dit resultaat roept niet alleen vragen op over hoe het 
genotype en de expressie van opsines samen de visuele vermogens bepalen, maar heeft ook 
implicaties voor onze licht-gemanipuleerde lab populatie. Vissen die in ons experiment 
gebruikt werden waren afkomstig van een locatie waar, tegen de verwachting in, de blauwe 
soort meer LWS tot expressie brengt dan de rode soort. Onze lichtmanipulatie was gericht op 
het induceren van gecorreleerde verschuivingen in opsine expressie en kleurvoorkeur, 
gebaseerd op de aanname dat een hogere expressie van bijvoorbeeld LWS zou correleren met 
de voorkeur van vrouwtjes voor rode mannetjes. Gezien deze nieuw geobserveerde patronen 
van soortspecifieke opsine expressie is deze aanname wellicht niet correct voor onze 
experimentele populatie. 

In hoofdstuk 5 keerden we terug naar onze laboratoriumpopulatie om specifiek de 
genetische mechanismen te onderzoeken die visuele perceptie verbinden met reproductieve 
isolatie. Net als in hoofdstuk 4 hebben we de relatieve opsine expressie gemeten van vissen 
die waren gekweekt onder twee verschillende lichtomgevingen. We vonden dat de 
lichtmanipulaties opsine expressie significant beïnvloedden; diep-gekweekte vissen brachten 
bijvoorbeeld meer rood-gevoelig pigment tot expressie. Een hogere LWS-expressie was 
zwak gecorreleerd met de voorkeur van vrouwtjes voor rode mannetjes (uit hoofdstuk 2). 
Echter, zoals hierboven beschreven is dit in tegenstelling tot de patronen geobserveerd op 
populatieniveau in onze vissen (in de blauwe soort zien we een hogere LWS-expressie en een 
voorkeur van vrouwtjes voor blauwe mannetjes). Bovendien was het verband tussen 
expressie en voorkeur  onafhankelijk van de licht-geïnduceerde veranderingen in expressie, 
en dus kunnen we geen direct, causaal verband afleiden. We hebben ook het  LWS opsine 
genotype vastgesteld van de vrouwtjes die getest waren voor voorkeursgedrag, en vonden dat 
ook LWS genotype verband hield met voorkeur - maar alleen wanneer vrouwtjes getest 
waren in de ondiepe (breedspectrum) lichtomgeving. Deze bevindingen bevestigen samen 
dat visuele perceptie een rol speelt in het voorkeursgedrag van vrouwtjes, maar ze schieten 
tekort in het vaststellen van een causaal verband tussen de twee. Ons onvermogen om te 
bewijzen dat visuele adaptatie (dat wil zeggen, relatieve opsine expressie) een ‘magisch 
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kenmerk’ is sluit het bestaan van zo’n mechanisme echter niet uit. Het is mogelijk dat ander 
visuele eigenschappen (bijvoorbeeld opsine genotype) deze rol vervullen. 

Visuele adaptatie aan verschillende lichtomgevingen impliceert dat een discrepantie 
tussen het visuele systeem en de lokale lichtomgeving zou moeten leiden tot een verlaagde 
prestatie in visuele taken. Ik testte deze hypothese in hoofdstuk 6. Ik onderzocht de 
foerageerprestaties van vissen, getest in hun ‘natuurlijke’ lichtomgeving (blauwe vissen in 
ondiep, rode vissen in diep) en ‘onnatuurlijke’ lichtomgeving (blauwe vissen in diep, rode 
vissen in ondiep) en vond dat de ‘natuurlijke’ omgeving leidde tot een hogere prooivangst. 
Dit suggereert dat elke soort visueel is aangepast om de foerageerprestaties te maximaliseren 
in hun eigen omgeving. Om een causaal verband tussen visuele perceptie en prestatie te 
leggen heb ik ook het effect van onze manipulaties van kweeklicht onderzocht. Ik vond 
zwakkere effecten: vissen gekweekt in de diepe lichtomgeving vingen een beetje meer prooi 
dan hun ondiep-gekweekte tegenhangers. Dit suggereert dat omgevingsgeïnduceerde 
veranderingen in opsine expressie (zoals gezien in hoofdstuk 5) de visuele prestaties niet 
sterk beïnvloeden. Samen wijzen de resultaten van hoofdstuk 5 en 6 op het belang van 
soortspecifieke (visuele) factoren, vermoedelijk genetisch, voor visuele taken. 

Dit proefschrift gebruikte een integratieve aanpak om de rol van visuele adaptatie 
in soortvorming te onderzoeken. We gebruikten gedragsanalyses, kleuranalyses, 
karakterisering van het visuele systeem, en veldonderzoek om de voorspellingen van de 
sensory drive hypothese te testen in Pundamilia cichliden. Onze lichtmanipulaties 
beïnvloedden zowel visueel gemedieerd gedrag (partnervoorkeur van vrouwtjes) als de 
ontwikkeling van het visuele systeem (relatieve opsine expressie), maar we waren niet in 
staat een causaal verband tussen deze twee te leggen. We genotypeerden ook vrouwtjes voor 
variatie in het LWS opsine en vonden dat het genotype covarieerde met het voorkeursgedrag 
van vrouwtjes. In wilde populaties vonden we dat soortspecifieke patronen van opsine 
expressie niet consistent overeenkomen het opsine genotype, de kleur van het mannetje, en 
de voorkeur van het vrouwtje. Samen suggereren deze resultaten dat in plaats van opsine 
expressie, het genotype fungeert als het oorzakelijk verband tussen kleurperceptie en 
partnervoorkeur. Toekomstig onderzoek zal profiteren van het verder verkennen van dit 
verband, gebruikmakend van de beschikbare technieken om het opsine genotype te 
manipuleren. 
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