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Abstract 

Signal reception and production form the basis of animal communication, and are largely 

constrained by environmental biophysical factors such as environmental light. However, 

the role of environmental light in producing variation in either signal reception or 

production has not been fully investigated. Using two distinct environmental light 

treatments, as well as a third treatment for a sampling of adults, I recorded corneal 

electroretinograms, lens transmission, and spectral reflectance of the body pattern of 

juvenile and adult Nile tilapia to chart the effect of environmental light on visual 

sensitivity and body colouration throughout ontogeny. Environmental light had an age-

dependent effect on spectral sensitivity and an age-independent effect on spectral 

reflectance. Spectral sensitivity in juveniles reared under a broad-spectrum light 

treatment and a red-shifted light treatment differed mostly at short wavelengths, where 

the irradiance of the two environmental light treatments differed the most. In contrast, 

adults reared under the two environmental light treatments did not differ in spectral 

sensitivity. Lens transmission did not differ significantly between environmental light 

treatments, indicating that differences in spectral sensitivity of juveniles originated in the 

retina. Both juveniles and adults reared under the two environmental light treatments 

differed in spectral reflectance, and adults transferred to the third environmental light 

treatment differed in spectral reflectance from their counterparts reared under the two 

original treatments. These results demonstrate that environmental light plays a large role 

in shaping signal reception in juveniles and signal production throughout ontogeny, 

suggesting that environmental light has the capacity to drive ecological speciation. 
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Chapter 1 

General Introduction and Literature Review 

1.1 Speciation and the African Cichlids 

 Speciation is a fundamental aspect of evolutionary biology. Historically, scientists 

were chiefly concerned with natural selection and the factors that influence species 

divergence. Acting on variation within the population, natural selection produces 

individuals best suited to their environment (Darwin, 1859). These individuals are more 

likely to survive to maturity and reproduce because their selected characters make them 

better competitors for resources. Over generations, and within a population, allelic 

frequencies shift in favour of beneficial traits. In traditional speciation models, barriers to 

gene flow such as reduced migration between populations, or fragmented landscapes, 

then lead isolated populations to evolve independently of each other (Coyne and Orr, 

2004). This independent evolutionary pressure can lead to separate selection pressures on 

populations, and therefore to speciation.  

Natural selection is a strong evolutionary force, with some advocates citing it as 

the most important selection force as it leads to adaptation (e.g. Dawkins, 1976; but see 

Gould and Lewontin, 1979). It has the capacity to drive unidirectional, nonrandom 

change towards one phenotype over another, but it does not always act alone. Natural 

selection often acts in concert with sexual selection, where traits and characters in one 

sex evolve under the guiding hand of the other’s discrimination (Darwin, 1859; 1871). 

Here, environmental pressure drives adaptation for survival, but a trade-off develops as 



2 

 

individuals (usually males) evolve desirable traits through another’s (usually females) 

selection for the rights to reproduce (Darwin, 1871; Moore and Moore, 1999; van Doorn 

et al., 2009). It is critical that these two evolutionary drivers act together in populations 

where one sex dictates mating success. Left unchecked, sexual selection operating alone 

can lead to runaway selection, also called the Fisherian process, where the scrutinized sex 

will continually develop traits that win mates at the potential cost of environmental 

adaptability (Fisher, 1915; Lande, 1981; 1982). However, in a population where factors 

such as predation, environmental stressors, or competition drive evolution, the Fisherian 

process will likely not happen to such an extreme degree because it could produce 

populations that are unfit to their environment. Many of the selected traits will have been 

exclusively sexually selected at the potential cost of those naturally selected ones (i.e. 

individuals may lose the ability to rapidly evade predators, etc.). Indeed, this scenario 

would not be evolutionarily stable (Dawkins, 1976; Maynard Smith, 1982), and thus 

would not be expected to occur. Moreover, most populations experience some degree of 

at least one of those factors that would therefore constrain the effect of runaway sexual 

selection; natural selection would counter the balance. A pivotal question arises then: 

what process is more important in speciation? Although a conclusive answer to this will 

likely never be reached, a rough estimate can be obtained by looking at studies that deal 

with discrete species populations, and those that deal with populations of individuals that 

occupy different environmental niches. 

 Species with discrete populations that inhabit different environments likely 

experience differing selection pressure. This does not necessarily imply only those 



3 

 

populations in allopatry, as those in sympatry can also experience differing 

environmental conditions conducive to differing selection pressure (Schluter, 1994; 

Dieckmann and Doebeli, 1999). The net effect in a population experiencing both natural 

and sexual selection is the potential for varying phenotypes constrained by those 

characters that the choosy sex selects. In allopatry and sympatry, traits may begin to 

diverge due, in part, to differential natural selection, and in part to how those traits 

interact with, and balance out, those being sexually selected. In sum, the process of 

speciation is kick-started, and over time new species may arise.  

It is easier to imagine this scenario in allopatry, as physical barriers such as rivers 

or mountain ranges nullify potential gene flow because they restrict access to separate 

populations; thus, separate populations evolve independently (e.g. Hoskin et al., 2005; 

Grant and Grant, 2009). However, should the barrier breakdown, the previously isolated 

populations may experience secondary contact. In these scenarios, and if the populations 

are not significantly differentiated (i.e. pre- and post-zygotic factors do not influence 

zygotic viability (e.g. Sambatti et al., 2012)), assortative mating, where like mates with 

like, is usually the rule rather than the exception (Seehausen and van Alphen, 1998; van 

Oppen et al., 1998; Verzijden and ten Cate, 2007). This does not rule out hybridization 

between populations. However, where hybridization occurs, hybrids are usually penalized 

as their fitness is usually not optimized for either parental population, a process known as 

reinforcement (Foote and Larkin, 1988; Hoskin et al., 2005; Hendry et al., 2009; but see 

Raeymaekers et al., 2010). Thus, through reinforcement, hybrids are selected against. 
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A similar situation can arise in sympatry, albeit without the physical barriers that 

once hindered access between populations. For example, sympatric populations may 

experience differential selection due to a difference of occupancy in the ecological niche 

(e.g. McPhail, 1984). Although populations may exist simultaneously and in close spatial 

proximity, their ecology dictates that they are still relatively isolated from one another. 

Thus, although contiguous, populations do not usually interact; if they do, it is usually 

brief. A notable exception to this is in the cichlid fishes (Cichlidae) of the African Great 

Lakes in the East African Valley, where thousands of species have evolved in close 

proximity over the past 5 million years (Fryer and Iles, 1972; Liem, 1991; Barlow, 2000; 

Schluter, 2000; Kocher, 2004; Seehausen, 2006; Carleton, 2009). As in allopatry, 

populations may begin to diverge over time, eventually leading to reproductive isolation.  

 In the cichlid fish radiation, considered one of the greatest, most recent and best 

known examples of adaptive radiation among vertebrates (Fryer and Iles, 1972; Schluter, 

2000), the majority of species within the lakes readily interact with each other. Yet, 

different species likely experience variation in selection pressure as the radiation 

produced species that occupy nearly every available niche (Seehausen and van Alphen, 

1998; Seehausen et al., 1999). As might be expected with a speciation event on such a 

scale, cichlids have developed myriad behaviours, foraging methods,  and habitat 

dwellings, in addition to an impressive array of colouration; moreover, many of these 

traits appear to be species specific (Hofmann et al., 2009). Indeed, their visual 

sensitivities also vary dramatically between species (Parry et al., 2005; Spady et al., 

2005) and even conspecifics (Sabbah et al., 2010). 
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It has been suggested that a series of water-level fluctuations occurring over time 

in the African Great Lakes acted as a species pump (Rossiter, 1995), encouraging 

reproductive isolation (Danley et al., 2012). Following a decrease in water levels, 

reinforcement between populations may have occurred due to the corresponding 

reduction in water volume, thus eliminating gene flow between potential hybrids and 

therefore increasing progress towards and encouraging reproductive isolation 

(Sturmbauer, 1998; Sturmbauer et al., 2001; Salzburger et al., 2002; Salzburger, 2009). 

With rising water levels, increased water volume may have promoted further adaptation 

and specialization to an increasing number of ecological niches, again promoting 

reproductive isolation (Salzburger, 2009). While this hypothesis helps explain how some 

new cichlid species may have emerged via ecological opportunity (e.g. Seehausen, 2006), 

its strength lies in its explanation of how reproductive isolation might have been 

maintained in the African Great Lakes during the rise and fall of the water level rather 

than the impressive adaptive radiation.  

Natural and sexual selection are both assumed to drive evolution. For example, 

Endler (1983) found that both play a crucial role in maintaining a stable population 

among South American guppies (Poeciliidae). While both have presumably mediated the 

evolutionary success of the cichlid radiation, sexual selection has been implicated as a 

significant driving factor in promoting species richness (Kocher, 2004; Seehausen and 

Schluter, 2004; Dijkstra et al., 2005). Sensory drive is a model of speciation that 

emphasizes differential selection acting on the sensory systems of organisms (Endler, 

1992). Moreover, sensory drive is a model of ecological speciation (Rundle and Nosil, 
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2005). Ecological speciation argues that ecological and environmental factors alone are 

enough to drive speciation; barriers to gene flow are not required. Sensory drive and its 

sensory biology-based selection pressure is an important model of speciation (e.g. 

Boughman, 2002; Gray and McKinnon, 2007), and working in tandem with variation in 

environmental biophysics and constraints on animal communication, it eventually leads 

to reproductive isolation (Endler and McLellan, 1988; Ryan and Wilczynski, 1988; 

Endler, 1992; Scott, 2001; Maan et al., 2006; Kawata et al., 2007; Miyagi et al., 2012). 

Seehausen et al. (Seehausen et al., 2008) applied this framework to the cichlid radiation, 

and identified molecular and ecological bases for divergence amongst the visual systems 

in cichlids, which was hypothesized to lead to the striking divergence within the cichlids. 

This implies that the evolution of the visual system is a major component in the 

speciation process, and factors that shape the visual system are of primary concern if we 

are to gain a better understanding of the speciation process. 

1.2 Vision 

 Vision, the perception of position, form and movement of objects in the 

environment (Knowles and Dartnall, 1977), is one of the most important sensory 

modalities for many animals, and depends on light. As a means of information transfer, 

light is a better medium than most due to the extraordinary high speed with which it 

travels. As it applies to vision, light is a highly efficient means of information transfer 

because it is abundant in the majority of environments, and the tiny packets of 

information packed into light, quanta, are enough to elicit a photochemical reaction 

within the photosensitive structures located in the eye (Knowles and Dartnall, 1977). The 
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visual ability to accurately judge, from some distance, friend from foe or food from 

fatality, carries with it direct fitness implications and consequences. Visually-guided 

behaviours such as mate selection and other inter- and intrasexual social interactions, 

habitat and nest selection, and foraging are all paramount to an individual’s survival. 

Thus, in many species, vision is likely one of the most important selective characters. To 

perform these tasks, a robust visual system is needed to extract relevant information from 

the environment and filter out extraneous noise.  

 In vertebrates, the visual system begins with the eye. Light enters the eye, and is 

then focused by a lens onto the retina, where various cells work to decipher and transmit 

the light signal to higher-order processing areas in the brain. This process forms the basis 

of visual signal reception in animal communication models (Endler, 1993). Although the 

structure and mechanics of these components vary among taxa, their function remains the 

same. In fish and other aquatic organisms, environmental light is more complex relative 

to the environmental light encountered by terrestrial organisms because it must travel 

through the atmosphere and water, a medium that further disrupts, scatters and otherwise 

attenuates the original light waveform (Lythgoe, 1979; S. Sabbah, N. F. Troje, S. M. 

Grey, and C.W. Hawryshyn; unpublished data). Because of this, fish have evolved a 

spherical lens with a suspensory organ that pulls and pushes the lens in order to better 

focus the incoming light onto the retina (Sivak, 1990). This reduces spherical aberration, 

a term that describes waves of light that are not focused onto one point along a horizontal 

axis, the result of which is a blurred image (McIlwain, 1996). Optical properties of the 

lens, such as the transmission of light, constrain the visual capabilities of fish, as the 
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range of light available to the retina is limited by the spectrum passed through the lens 

(Chou and Hawryshyn, 1987; Douglas and McGuigan, 1989; Jacobs, 1992; Goldsmith, 

1994; Douglas et al., 1998; Siebeck and Marshall, 2001). However, once through the 

lens, light is focused onto the retina where a suite of photo-activated cells begin the 

processing of light stimuli. It is here where the first stages of vision occur, and where 

much research has been invested. 

 The vertebrate retina is neural tissue, and thus is considered part of the central 

nervous system. Its importance in the evolution of vertebrates must be considered highly 

adaptive, as basal vertebrate taxa such as lamprey (Petromyzontidae), evolving some 500 

million years ago, possess a retina that is not considerably different than our own (Lamb 

et al., 2007).  

The vertebrate retina consists of three layers, housing various cell bodies. In 

order, they are i) the outer nuclear layer, comprised of the photoreceptors, ii) the inner 

nuclear layer, comprised of the horizontal, bipolar and amacrine cells, and iii) the 

ganglion cell layer, comprised of the ganglion cells (Ali and Klyne, 1985). The 

photoreceptors, the rods and cones, are composed of membranous discs, each lined with 

thousands of photoactive structures, the visual pigments. Visual pigments are composed 

of a protein moiety, opsin, bound to a derived form of vitamin A, the chromophore 

(Bowmaker, 1990). In a limited number of taxa, namely amphibians and fish (but see 

Provencio et al., 1992), this can be further divided into vitamin A1, or 11-cis retinal, and 

vitamin A2, or, 3,4-didehydroretinal (Dartnall et al., 1961; Bowmaker, 1990; 1995). 

Chromophore composition has a direct effect on the absorption maximum, λmax, of a 
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given visual pigment. A chromophore consisting of either a mixed A1/A2 state, or 

exclusively A2, displays an effective shift in λmax towards longer wavelengths (Dartnall 

and Lythgoe, 1965; Amora et al., 2008). This effect is most dramatic in the long-

wavelength sensitive visual pigment (Bowmaker, 1990; Hàrosi, 1994). Additionally, 

point mutations in the amino acid sequence of the opsin protein can also change the λmax 

(Yokoyama and Radlwimmer, 1999; Yokoyama, 2000). Cone visual pigments mediate 

colour vision, as different cone visual pigments actively distinguish differing 

wavelengths of light to allow for colour discrimination (Jacobs, 1981; Nathans, 1999; 

Pichaud et al., 1999). Detailed information on anatomical and physiological aspects of 

the fish retina, including horizontal, amacrine and ganglion cells can be found elsewhere 

(Douglas and Djamgoz, 1990; Djamgoz and Yamada, 1990); however, retinal bipolar 

cells are briefly discussed below. 

Retinal bipolar cells are responsible for relaying incoming stimuli from 

photoreceptors to the ganglion cells, which feed information to the optic nerve. In the fish 

retina, there are at least nine different types, and a single bipolar cell can receive input 

from as few as one, to as many as 15 or more photoreceptors (Djamgoz and Yamada, 

1990; Kolb et al., 2011). Bipolar cells are also tasked with separating the ON and OFF 

responses, referring to light stimulation and lack of light stimulation respectively, and 

initiating the centre-surround organization, referring to the spatial integration of incoming 

light stimuli (Kaneko, 1970; 1973). In addition, they also play a role in colour encoding 

(Djamgoz and Yamada, 1990). Thus, retinal bipolar cells play essential roles in providing 

contrast, and shape and colour discrimination. 
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1.3 Environmental Light 

 Environmental light here is defined as the prevailing spectrum of light found in a 

given environment. Environmental light varies considerably with habitat (Lythgoe, 

1979), and thus also varies among and between taxa. Environmental light likely varies 

the greatest amongst fish, the most specious vertebrate class of animals (Oleksiak, 2010). 

Due to the aforementioned complexity in light as it passes through water, fish arguably 

deal with the harshest environments in relation to vision and visually-guided behaviours. 

The spectral composition of environmental light is severely truncated with increasing 

depth, producing an environment rich in short-wavelength light (approximately 470 nm) 

in deep water (Loew and McFarland, 1990; Bowmaker et al., 1994). However, closer to 

the surface, the environment is generally illuminated with broad-spectrum light 

(McFarland and Munz, 1975a). Likely due to this dichotomy, fish that reside in medium 

to shallow water tend to have a greater number of visual pigments than do fish that reside 

in deeper water (Lythgoe and Partridge, 1989; Herring, 1996). Thus, depth distribution 

among fish is a reliable indicator of the visual pigments likely to be found in fish (Loew 

and Lythgoe, 1978). Other factors that influence this, however, include water turbidity 

and the relative abundance of suspended organic matter. Turbidity and suspended organic 

matter tend to selectively absorb and scatter short-wavelength light; thus, these water 

bodies tend to show a characteristic tea-stained colour, and their environmental light 

spectra are referred to as “right shifted” due to their rich long-wavelength content (Jerlov, 

1976). Eutrophication is another term used to describe water bodies that are particularly 

rich in suspended organic matter. Global climate change and anthropogenic habitat 
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fragmentation are other drivers of eutrophic and red-shifted water bodies, and higher 

temperatures tend to increase the amount of plant production and the short-wavelength 

absorbing phytoplankton that benefit from such increases (Taner et al., 2011; Zhai et al., 

2011). 

 Vision can only function if the radiance reflected from some object in an 

environment is illuminated first by the irradiance provided by its light environment. Thus, 

environmental light is the ultimate constraint on visual processes, as it dictates the 

spectral quality and composition, and therefore also the likely visual pigments to be 

found (Loew and Lythgoe, 1978; Lythgoe et al., 1994). This has a snowball effect as it 

also must dictate what colouration will be found in any given environment. Two 

overlapping hypotheses have been proposed to address the issue of visual pigments, 

environmental light, and body colouration: the sensitivity hypothesis, and the contrast 

hypothesis. The sensitivity hypothesis states that the λmax of a given visual pigment 

should match the prevailing background light (Crescitelli et al., 1985; Shand, 1993). In 

this case, contrast is not viewed as important; rather, the ability to maximize visual 

sensitivity according to the given environmental light is considered the main driver. 

While this explains the general trend between depth distribution and probability of 

finding a particular visual pigment, it says little about body colouration.  

 The contrast hypothesis builds on the sensitivity hypothesis by predicting that 

under certain circumstances, a given visual pigment should show a λmax offset from the 

prevailing environmental light (Lythgoe, 1968), as objects viewed against the background 

would produce high contrast and be easily seen. Thus, body colouration should also be 
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offset from the prevailing environmental light because the increase in contrast between 

the object and its viewing background will facilitate conspecific recognition (Lythgoe, 

1968; McFarland and Munz, 1975b; Munz and McFarland, 1977). This hypothesis 

assumes that the observer will have the necessary complement of visual pigments to 

allow detection and discrimination of both body- and background colour. For example, in 

an environment rich in long wavelengths, the contrast hypothesis predicts that individual 

body colouration should be comprised mainly of shorter wavelengths. However, the 

possible outcomes of body colouration are still mainly driven by sexual and natural 

selection (e.g. Endler, 1983; Gamble et al., 2003). Females will likely choose the males 

that best stand out among their peers and that best avoid detection from natural predators. 

This process is similar to how body colour patterns are thought to evolve (Endler, 1983). 

Although there is some evidence for this hypothesis, the reality likely depends on 

life history. In species where sexual selection, visual communication, and social 

hierarchies (determined through body colour) are important, the contrast hypothesis will 

likely appear to have driven body colouration. In species that rely on crypsis, predator 

evasion and avoidance, and social hierarchies that are not dependent upon body 

colouration, the contrast hypothesis will likely not appear to have driven body 

colouration. 

1.4 Tilapia 

An ancestral sister group to the African cichlids, tilapia have been variously 

described as specialists and generalists, but it is likely that the fish conform to whichever 

life strategy best suits their current needs and environments (Kolding, 1993). Generally, 
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tilapia are herbivorous or omnivorous, feeding on zooplankton as larvae (Bowen, 1982) 

and graduating to a microphagous diet as adults, feeding on phytoplankton and detritus 

(El Sayed, 2006). Nile tilapia Oreochromis niloticus feed most often during the day, and 

evidence from demand feeders, where fish are free to feed when they wish, substantiates 

this (Toguyeni et al., 1997). As in most cichlids, mouthbrooding, where the fertilized 

eggs are held within the mouth of parental fish, is commonplace within the Nile tilapia. 

However, unlike some species that are variously known as tilapia, in Nile tilapia it is the 

female that performs the mouthbrooding behaviour (El Sayed, 2006), typically depositing 

~ 800 eggs during a given oviposition (Komolafe and Arawomo, 2007).  Additionally, 

they are of considerable value as a food source, and are a growing presence in laboratory 

research (El-Sayed, 2006; Njiru et al., 2006). 

Tilapia are found in shallow waters as juveniles but move to deeper waters with 

maturation (Bruton and Boltt, 1975). These markedly different environments give rise to 

different light environments, and likely are at least partly responsible for ontogenetic 

changes to the visual pigment complement (Spady et al., 2006; Carleton et al., 2008; 

Sabbah et al., 2012). Nile tilapia have been shown to be reliant upon visual signals for 

conspecific recognition and mate choice (Castro et al., 2009), despite possessing 

somewhat low visual acuity (Lisney and Hawryshyn, 2010); thus, Nile tilapia typify a 

model organism for investigations concerned with the importance of the visual system 

and visual cues. In addition, it is thought that tilapia possess dermal, opsin-based 

chromatophores that respond to light independent of the visual system (Ban et al., 2005; 

S-C Chen, R. M Robertson and C. W. Hawryshyn; unpublished data). This suggests that 
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apart from the potential to shape visual sensitivity, environmental light may also play a 

large role in shaping body colouration in this species, a major component of signal 

production in animal communication (Endler, 1993). Given that Nile tilapia are ancestral 

and closely related to the African cichlid species flocks (Schwarzer et al., 2009), as well 

as their dependence on visual signals, research into factors that shape their ability to 

produce and process signals could provide a great deal of insight into models of 

ecological speciation. 

1.5 Rationale for Study and Research Objectives 

Environmental light is the largest constraint on visual signal reception and 

production, two crucial components in animal communication (reviewed in Endler, 

1993). Despite this, its role in promoting variation and divergence in populations, and 

therefore in speciation, has not been fully investigated. To date, only a handful of studies 

have shown that environmental light has an effect on visual sensitivity. Shand et al. 

(2008) found that black bream Acanthopagrus butcheri increased long-wavelength 

sensitivity and reduced short-wavelength sensitivity when reared under a short-

wavelength deprived light environment. Similarly, Fuller et al. (2010) showed that 

bluefin killifish Lucania goodei reared under separate environmental light conditions 

showed distinct differences in visual sensitivity. Finally, Fuller and Claricoates (2011) 

discovered that bluefin killifish show rapid (i.e. after four weeks) changes in visual 

sensitivity when reared under separate lighting environments. While these studies show 

that environmental light clearly affects signal reception, they all used opsin gene 

expression as their metric for visual sensitivity. Spectral sensitivity, on the other hand, as 
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measured through electrophysiology, is a better approximation of the visual sensitivity of 

an organism than is opsin gene expression, as the recorded response originates directly 

from those visual pigments that are present in retina. Even fewer studies have shown the 

effect that environmental light has on signal production. Imanpoor and Abdollahi (2011) 

showed that rearing Caspian kutum Ritilus frisii kutum under separate environmental 

light treatments influenced body colouration. However, this study used colourimetric 

indices to quantify body colour, an anthropogenically-biased account of colouration. 

More recently, Kelley et al. (Kelley et al., 2012) used spectrometry to show that adult 

western rainbowfish Melanotaenia australis produced brighter reflectance, and increased 

short-wavelength reflectance, when reared under a short-wavelength-deprived light 

environment for two weeks.  

Environmental light and its importance in driving divergence among and between 

populations can be evaluated by manipulating the prevailing light environment and 

measuring how the sensory systems involved in signal reception and production respond. 

To this end, I used electrophysiological recordings from the ON-bipolar cells of the 

retina, and the light transmission of the lens, to determine how changes in environmental 

light alter signal reception as measured by spectral sensitivity, in Nile tilapia. 

Additionally, I used spectral reflectance, an unbiased measure of the wavelength 

distribution of reflected light, to quantify the effect of environmental light on Nile tilapia 

body colouration. Using these metrics at two developmental stages through ontogeny, the 

following questions were asked to determine the effect of environmental light on signal 

reception and production in a cichlid fish: 
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(1) Does environmental light affect visual sensitivity throughout ontogeny, as 

measured using spectral sensitivity? 

(2) Does environmental light affect the light transmission properties of the ocular 

media throughout ontogeny, as measured using lens transmission? 

(3) Does environmental light affect body colouration throughout ontogeny, as 

measured using spectral reflectance? 

The results of this study will provide significant evidence regarding the role of 

environmental light in altering visual signals. Therefore, these results should also have an 

impact on models of animal communication, which depend on environmental constraints 

and can drive variation and divergence between and among populations, possibly leading 

to ecological speciation.  
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Chapter 2 

Modulation of Environmental Light Alters Signal Reception and 

Production of Visual Signals in Nile Tilapia 

2.1 Introduction 

Ecological speciation has recently drawn increasing attention as its framework 

allows the evolution of reproductive isolation without the requirement of physical 

barriers to gene flow (e.g. Rundle and Nosil, 2005; Cadillo-Quiroz et al., 2012). One such 

model is the sensory drive model (Endler, 1992), which predicts that differential selection 

acting on sensory and signalling structures would produce premating isolation between 

populations, eventually leading to reproductive isolation and speciation. Perhaps one of 

the best examples of sensory drive promoting speciation is the adaptive radiation of Lake 

Victoria cichlids (Seehausen et al., 2008). There, two closely related species (Pundamilia 

pundamilia and P. nyererei) that occupy separate depths in the water column, were 

shown to diverge in the levels of the long-wavelength sensitive (LWS) visual pigment, 

and this was associated with light and water-depth gradients, and variation in body 

colouration (Seehausen et al., 2008). In this regard, the spectrum and intensity of 

environmental light place constraints on the visual system (Lythgoe, 1968; 1979), and 

influence the success of visual tasks such as mate choice (Sundin et al., 2010) and 

foraging (Maddocks et al., 2001). Nonetheless, while there is some evidence that 

environmental light can drive variation in signal reception (Shand et al., 2008; Fuller and 



18 

 

Claricoates, 2011; Fuller et al., 2010; Smith et al., 2012a), evidence for the ability of 

environmental light to drive variation in signal production is still limited.  

Signal reception is a key process in animal communication systems, whereby 

individuals make decisions based on behavioural displays or some other sensory 

information that has been received (Endler, 1993). The successful transfer of the visual 

signal is dependent ultimately upon the design of the receiver’s signal reception 

capabilities. However, signal production also plays a large role in animal communication, 

and it is constrained by a number of environmental and biophysical limitations (reviewed 

in Endler, 1992; 1993). Thus, variation in signal production among individuals, such as 

body colouration, works in tandem with variation in signal reception. This ultimately 

provides natural and sexual selection many facets to act upon, creating greater probability 

for divergence between populations (Ryan, 1990). 

Here, our objective was to evaluate whether environmental light has the capacity 

to drive variation in signal reception and signal production, and whether this effect varies 

throughout ontogeny. To this end, we measured spectral sensitivity and spectral 

reflectance in juvenile and adult Nile tilapia Oreochromis niloticus (L.). Nile tilapia form 

an ancestral outgroup to the lacustrine African cichlids (Kocher, 2004), are of 

considerable value as a food source, and are a growing presence in laboratory research 

(El-Sayed, 2006). Cichlid fish show variation in signal reception, as visual pigment 

complements show a great range of natural variation (Carleton and Kocher, 2001; Parry 

et al., 2005; Sabbah et al., 2010; O’Quinn et al., 2010). Additionally, cichlids are 

notorious for their variation in signal production, showing myriad behaviours (Barlow, 
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2000) and body colourations (Kornfield and Smith, 2000), many of which are species-

specific (Hofmann et al., 2009). When these sources of variation are coupled with 

changes in the spectral quality of available environmental light, which for example, occur 

as water depth varies (e.g. Sabbah et al., 2011), the basic requirements for sensory drive 

are met. However, the role of environmental light in these sources of variation, 

particularly signal production, remains somewhat elusive. 

Nile tilapia have been shown to differentially express seven visual pigments 

through ontogeny: SWS1 (360 nm), SWS2b (425 nm), SWS2a (456 nm), Rh2b (472 nm), 

Rh2aβ (518 nm), Rh2aα (528 nm), and LWS (561 nm) (Spady et al., 2006). Juveniles 

predominantly express SWS1, SWS2b, Rh2b, Rh2a (a combination of Rh2aβ and Rh2aα, 

as their λmax substantially overlap) and LWS visual pigments (Carleton et al., 2008). 

Adults predominantly express SWS2a, Rh2a and LWS (Carleton et al., 2008), although 

evidence for a fourth violet-sensitive (VS) visual pigment (380 – 420 nm) in adults has 

also been shown (Lisney et al., 2010; Sabbah et al., 2012). Additionally, Nile tilapia 

possess dermal chromatophores, thought to be comprised of opsin-based light-sensitive 

pigments (Ban et al., 2005), suggesting that Nile tilapia may have the ability to alter body 

colouration independently of the visual system. 

We implemented two environmental light treatments for juveniles and adults: one 

that comprised a broad spectrum, and one that comprised a reduced short-wavelength 

(400-470 nm), or red-shifted, spectrum. Both were illuminated by UV-Blue fluorescent 

bulbs. We later implemented a third environmental light treatment for adults, where a 

sampling of fish from each original treatment was reared under a broad spectrum 
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illuminated with full-spectrum white fluorescent bulbs. We recorded corneal 

electroretinograms (ERGs) and measured the spectral reflectance of the body pattern of 

fish to characterize the effect of environmental light on spectral sensitivity and body 

colouration, respectively. ERG was recorded from a whole fish preparation. Thus, we 

also measured the transmission of the ocular media, largely determined by lens 

transmission in Nile tilapia (Douglas and McGuigan, 1989), in order to tease apart retinal 

vs. non-retinal effects of environmental light on spectral sensitivity. We hypothesized 

that if environmental light altered the visual world of Nile tilapia by shaping signal 

production and signal reception, then i) fish reared under different environmental light 

treatments would show differences in spectral sensitivity, ii) fish reared under different 

environmental light treatments would show differences in spectral reflectance, and iii) 

fish transferred from their original light treatments and reared under a third would show 

similar spectral sensitivity and spectral reflectance.  

We found that environmental light had an age-dependent effect on Nile tilapia 

spectral sensitivity and an age-independent effect on spectral reflectance. These results 

demonstrate that environmental light plays a key role in shaping signal reception in 

juvenile fish as well as in shaping signal production throughout ontogeny, suggesting that 

environmental light has the capacity to be a large driving force in models of animal 

communication, and possibly in ecological speciation. 
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2.2 Methods 

2.2.1 Fish Care and Handling Conditions 

Nile tilapia larvae (n = 80) Oreochromis niloticus (Northern Tilapia, Lindsay, 

ON, Canada) were held in our aquatic facility under a 12h:12h light-dark photoperiod. 

Fish were held at a temperature of 25±2
 
ºC with the aid of 300 W heaters (Aqueon, 

Franklin, WI, USA), and were fed 2 mm trout pellets once daily (Martin Mills, Elmira, 

ON, Canada). All experimental and animal care procedures were approved by Queen’s 

University Animal Care Committee under the auspices of the Canadian Council for 

Animal Care.  

2.2.2 Experimental Design 

Two 80 L plastic tanks were placed under an array of broad-spectrum blue 

fluorescent lamps (UV-Blue Actinic lamps, Full Spectrum Solutions, Jackson, MI, USA). 

Black coroplast (Coroplast, Cornwall, ON, Canada) was used to outline both tanks to 

minimize sidewelling light from contaminating either treatment tank. Tanks were fitted 

with UV-transmissible Plexiglas lids (ACRILYTE, Evonik Industries, NJ, USA). A 

yellow colour film (Rosco, Markham, ON, Canada) was fixed to one of the lids, which 

effectively reduced the amount of short-wavelength light entering the tank. The other 

tank was left with only the Plexiglas lid, providing a broad spectrum of environmental 

light. Thus, we created two environmental light treatments: (i) a broad-spectrum light 

treatment that may simulate an open, clear water body (T1), and (ii) a reduced short-

wavelength (red-shifted) spectrum that may simulate a turbid water body (T2). Figure 
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2.1A shows irradiance spectra for both tanks. Eighty individuals were randomly divided 

between the two light treatments (nT1 = 40, nT2 = 40), and were considered juveniles once 

experiments could begin (body mass approximately 1.5 g, 2-3 months post fertilization).  

Upon completion of the measurements from juveniles, two additional experimental tanks 

were created to further study how rapid and plastic are the effects of environmental light 

on spectral sensitivity and reflectance. These two new tanks were placed under an array 

of broad-spectrum white fluorescent lamps (BlueMax lamps, Full Spectrum Solutions, 

Jackson, MI, USA; Figure 2.1B), and were not isolated from each other. Ten fish from T1 

were placed into T3, and 10 fish from T2 were placed into T4. Experiments resumed 

once fish reached sexual maturity (6 months post fertilization; El-Sayed, 2006). 

Spectral irradiance was measured from the centre-bottom of each tank using a 

spectroradiometer (QE65000; Ocean Optics, Dunedin, FL, USA) connected to a 2 m 

optical fiber (QP600-2-UV/VIS; Ocean Optics) that was fitted with a cosine corrector 

(CC-3-UV; Ocean Optics). The spectroradiometer setup was calibrated for absolute 

irradiance using a NIST (National Institute of Standards and Technology, Gaithersberg, 

MD, USA) calibrated Halogen-Deuterium dual light source (200-1000 nm, DH-2000-

CAL; Ocean Optics).  
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Figure 2.1 Spectral irradiance in experimental tanks. 

(A) Irradiance in tanks 1 and 2 (T1 and T2) differed at short wavelengths (300 – 470 nm). 

Inset. Irradiance difference curve (T1 – T2) shows that the peak irradiance difference falls 

between 400 and 440 nm. (B) Irradiance in Tanks 3 and 4 (T3 and T4) was similar; however, 

irradiance at wavelengths shorter than 350 nm was too low to be considered reliable, and thus, is 

not presented. 

 

 

 

 

 

 

 

 

 

 

 



24 

 

2.2.3 Measurement of Spectral Sensitivity 

Fish preparation 

To estimate spectral sensitivity, we recorded electroretinograms (ERGs) from the 

cornea of juveniles and adults. Prior to ERG recordings, fish were sampled haphazardly 

and immersed in a solution of 125 mg L
-1

 tricaine methanesulfonate (MS-222) until they 

reached stage III anaesthesia (Ramsden et al., 2008). A general anaesthetic (metomidate 

hydrochloride; 0.3 mg g
-1

 body mass; Maranil; Syndel Laboratories, Qualicum Beach, 

B.C., Canada) and an immobilizing agent (pancuronium bromide; 0.05 mg g
-1

 body mass; 

Conier Chem and Pharma, Chongqing, China) were injected subcutaneously. Test fish 

were placed in a holding cradle inside a Faraday cage and irrigated with aerated fresh 

water (temperature = 20±1°C, flow rate = 0.2 L min
-1 

for juveniles, 0.35 L min
-1

 for 

adults).  

2.2.4 ERG Experimental Apparatus 

The optical system and recording apparatus have been described in detail 

elsewhere (Parkyn and Hawryshyn 2000, Hawryshyn et al. 2003, Sabbah et al. 2010). 

Two background channels using 250 W halogen lamps (24V ELC, Eiko, Kansas City, 

KS, USA) provided constant background illumination to light adapt the eye. A bifurcated 

optical fiber (fused silica, numerical aperture, NA= 0.22; Fiberoptic Systems, Simi 

Valley, CA, USA) guided light from the two background channels to the 

electrophysiology rig. The intensity and spectral composition of background illumination 

were manipulated using interference cutoff filters and neutral density filters (Corion, 
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Franklin, MA, USA). The stimulus channel used a 300 W xenon arc lamp and 

monochromator (Newport Oriel, Irvine, CA, USA; 300 W bulb, Ushio, Cypress, CA, 

USA). The wavelength, intensity, and duration of the stimulus were manipulated using a 

0-3 optical density (OD) neutral density wedge (fused silica; Melles-Griot, Rochester, 

NY, USA) and an electronic shutter (UniBlitz D122 Shutter, Vincent Associates, 

Rochester, NY, USA). An optical fiber (fused silica; NA = 0.55; Fiberoptic Systems) 

guided light from the stimulus channel to the electrophysiology rig. The background and 

stimulus optical fibers were fit to a beam splitter to produce a stimulus beam (diameter 

0.5 cm at the plane of the fish eye) contained within the background beam (diameter 1 

cm). 

ERG electrode configuration  

A glass electrode (1.5 mm outer diameter, 1 mm inner diameter, borosilicate 

glass; World Precision Instruments, Sarasota, FL, USA) was pulled to a tip diameter of 

80-125 μm (P-97 Flaming/Brown Micropipette puller; Sutter Instruments, Novato, CA, 

USA), loaded with saline (0.68 M sodium chloride), and inserted into a saline-filled 

chlorided AgCl half-cell (A-M systems, Sequim, WA, USA). The electrode tip was 

placed on the corneal surface of the right eye. A ground electrode was placed on the 

caudal fin and a Teflon-coated chlorided-silver reference electrode (0.5 mm, A-M 

Systems, Carlsborg, WA, USA) was placed on the head of the fish.  

ERG recording procedure 

The duration of the light stimulus was 500 ms with an interstimulus interval of 5 

s. The recorded signal was amplified and filtered using band-pass filter settings (10 Hz 
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low pass, 100 Hz high pass) via an isolated bioamplifier (BMA-200, CWE Incorporated, 

Ardmore, PA, USA). This amplified signal was analyzed with a 16-bit A/D data 

acquisition system (Micro 1401; Cambridge Electronic Design, Cambridge, UK) and 

Signal 4.0 software. Spectral sensitivity was measured in 10 nm increments, from 340 nm 

to 700 nm, in a staggered wavelength presentation to prevent adaptation to specific 

spectral regions. At each wavelength, the ERG response to eleven stimulus intensities 

(irradiance levels) was determined. A third-order polynomial was fit to the response 

versus irradiance (RI) curve and the threshold irradiance that corresponded to a response 

criterion of 15 μV was interpolated (Hawryshyn et al., 2010; Appendix A; Figure A.1). 

Sensitivity was estimated as the reciprocal of this threshold irradiance. Log relative 

sensitivity curves were created by normalizing the log absolute sensitivity values to the 

maximum sensitivity across the spectrum (Sabbah et al., 2010).  

The amplitude of the b-wave of the ERG waveform, mainly representing the 

response of ON-bipolar cells to the onset of light (Slaughter and Miller, 1981), was 

measured under a short wavelength isolating background condition. This condition was 

designed to chromatically adapt the LWS cone mechanism, thus accentuating the 

response of the short-wavelength sensitive cone mechanisms (Appendix B; Table B.1). 

The background illumination light-adapted the fish eye for 30 min prior to the start of, 

and during, the experiment. The number of photons collected by the various cone 

pigment classes under the background condition was estimated using a quantum catch 

model:         
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where Qi denotes the quantum catch of cone visual pigment i summated over the 

range of wavelengths 300-800 nm, Ai (λ) represents the absorption coefficient of cone 

visual pigment i at wavelength λ, and E (λ) represents the photon irradiance of the 

background light field at wavelength λ. Spectral irradiance delivered under this 

background illumination was measured at the plane of the fish eye using the 

spectroradiometer setup described above for the measurement of the irradiance of 

experimental tanks. Absorbance spectra were generated for the seven cone pigments 

reported in Nile tilapia using absorbance templates (Govardovskii et al., 2000). The 

wavelength of absorbance maxima (max) of visual pigments with an A1 chromophore 

were: SWS1 (360 nm), SWS2b (425 nm), SWS2a (456 nm), Rh2b (472 nm), Rh2aβ (518 

nm), Rh2aα (528 nm), and LWS (561 nm) (Spady et al., 2006). Because of the substantial 

spectral overlap between Rh2aα and Rh2aβ, we treated these two visual pigments 

together (hereafter referred to as Rh2a) and used the mean max (523 nm) for subsequent 

analyses. Quantum catch monotonically increased when moving from the UVS to LWS 

visual pigments (all units are photons cm
-2

 s
-1

: SWS1: 1.56 x 10
4
, SWS2b: 2.44 x 10

6
, 

SWS2a: 7.11 x 10
7
, Rh2b: 5.08 x 10

8
, Rh2a: 1.08 x 10

11
, LWS: 4.47 x 10

11
). 

2.2.5 Visual Pigment Template Fitting 

To relate spectral sensitivity to cone visual pigments, normalized spectral 

sensitivity curves were fitted with visual pigment templates (Govardovskii et al., 2000). 

Visual pigments are composed of a protein moiety, opsin, that is bound to a 
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chromophore, a light-activated derivative of vitamin A. In fish and amphibians, the 

chromophore can exist in two states (but see Provencio et al., 1992), vitamin A1 (11-cis 

retinal) and vitamin A2 (3,4-didehydroretinal) (Dartnall et al., 1961; Bowmaker, 1990, 

1995). Juveniles were assumed to receive input from visual pigments whose opsin gene 

expression levels surpassed a threshold of 5% (Carleton et al., 2008). Thus, juveniles 

were assumed to receive input from five visual pigments (SWS1, SWS2b, Rh2b, Rh2a, 

LWS) and adults from four visual pigments (VS, SWS2a, Rh2a, LWS) (Lisney et al., 

2010; Carleton et al., 2008). The max of each visual pigment exhibits a defined 

wavelength shift as the A2 proportion changes (Hàrosi, 1994). This shift and the 

transmission of the lens (measured following Sabbah et al., 2010; Appendix C) were 

taken into account when generating the absorbance spectra of visual pigments for varying 

A2 proportions. We combined absorbance spectra for visual pigments with an A1 and A2 

chromophore. The proportion of the A2 state was presented using a fraction parameter, a 

(0 ≤ a ≤ 1) and therefore, the absorbance spectrum of a given visual pigment exhibiting 

an A2 proportion of (a) was calculated as:   

 

aaa  21 A  )-(1A  )A(               (2) 

 

Because spectral sensitivity in Nile tilapia is dominated by LWS in both juveniles and 

adults (Carleton et al., 2008), we determined the A2 proportion (a) by fitting the template 

of the LWS visual pigment to spectral sensitivity by allowing a custom Microsoft Excel 

macro to minimize the sum of the squared differences between data and template. 
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Thereafter, we used this A2 proportion for fitting the remainder of the visual pigment 

templates, while a parameter representing the weight of each cone pigment (k) was left 

unrestricted, free to vary while the macro found the best fit.  

2.2.6 Measurement of Spectral Reflectance 

Fish preparation 

 To estimate Nile tilapia body colouration, spectral reflectance (an approximation 

of the biologically-relevant body colouration) was measured. The procedure closely 

followed Gray et al. (Gray et al., 2011). Fish were sampled haphazardly and immersed in 

water and anaesthetized with MS-222. Once Stage III anaesthesia was reached, fish were 

transferred into an open, black, water-filled chamber for recordings to take place. Fish 

were transferred to a bucket containing aerated water immediately upon completing the 

reflectance measurement. All fish recovered within 5 min; fish were then returned to their 

respective tanks with no mortalities observed. Due to sampling limitations, all 

measurements were taken with prior knowledge of the treatment group that each fish 

belonged to. It should thus be acknowledged that the possibility of unconscious 

experimenter bias may have factored into our measurements. 

Reflectance measurement apparatus and procedure 

Spectral reflectance measurements were taken using a USB2000 

spectroradiometer (Ocean Optics) connected to a 2 m bifurcated fiber optic cable 

(BIF600-2- UV/Vis bifurcated fibre optic cable, Ocean Optics) and a Deuterium-Halogen 

balanced light source (Ocean Optics). The spectroradiometer utilized a 2048-element 

linear silicon CCD array and was configured with a 50 μm slit and a grating (groove 
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density = 600 mm
-1

; blaze wavelength = 400 nm; grating #2, Ocean Optics) resulting in 

an effective spectral resolution of 2.06 nm (FWHM) between 200 and 950 nm. The 

spectroradiometer was connected to a laptop computer, and data were recorded using 

SpectraSuite software. The reflectance probe was fitted with a 3 cm black sheath that 

extended 1 cm from the tip of the probe, and was cut at an angle of 45º; a thin, black 

piece of felt was placed over the tip of the sheath to reduce damage to the skin, as well as 

to block extraneous environmental light. This ensured that all measurements were taken 

at the same distance and angle, thus reducing experimental-error and increasing the 

likelihood of measuring diffuse spectral reflectance rather than specular reflectance. 

Unlike specular reflection, diffuse reflection does not change with distance or angle 

because all surfaces being measured are equally likely to reflect light at any angle 

(Fleishman et al., 2006). Fish skin was assumed to act as a diffuse reflector.  

Prior to each measurement session, a measurement of a Spectralon diffuse 

reflectance standard (WS-1-SL, Ocean Optics) was taken, representing 100% reflection. 

This was followed by a dark reading that represented 0% reflection. Reflectance 

recordings were always taken in the same place and under the same lighting conditions, 

and fish were always kept on their left side, with the ventral surface facing the observer. 

Due to the small size of juveniles when measurements began, four focal reflectance 

patches were used across fish; this carried over for adults.  

2.2.7 Statistical Analysis 

Prior to statistical analyses, all data were assessed for normality using the 

Shapiro-Wilk test, and for homogeneity of variance using Bartlett’s test (Quinn and 
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Keough, 2001). Briefly, body mass (g) violated normality; thus, the non-parametric 

Mann-Whitney test was performed. T50 values met underlying assumptions; thus, the 

Student’s t test was performed. Reflection patch loadings violated normality; thus, the 

non-parametric Kruskal-Wallis test was used.  

Reflectance spectra correlated with each other, and each spectrum comprised of a 

large number of data points. Therefore, we have used principal components analysis 

(PCA) to reduce the redundancy in the reflectance dataset (Smith, 2002). The loadings of 

each spectrum onto the number of substantially contributing PCs, determined using a 

threshold criterion that compared the standard deviation of all PCs to the standard 

deviation of the first PC (Tong and Crowe, 1995), were then separated by their respective 

treatment, and were used to test for differences between treatments.  

To estimate the effect of environmental light on the spectral reflectance of fish, 

randomization tests were performed on the PCA loadings (Edgington 1995, Adams and 

Anthony 1996), with the difference between the means of any two treatment groups as a 

test statistic. The observed test statistic was compared to the null distribution estimated 

from 10,000 replicates, where PCA loadings were randomly permutated while 

maintaining the original sample sizes. Two-tailed 95% confidence intervals were also 

computed by bootstrapping the data (10, 000 replicates).  If differences between two 

treatment groups were found significant, Tukey multiple comparisons post-hoc tests were 

run to determine what reflection patch, if any, contributed most to the variation.  

 To test whether modulation of environmental light affected lens transmission, 

using MATLAB (TheMathworks, 2009), we calculated the wavelength of half-maximum 
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lens transmission (T50) that is useful for estimating the degree of short-wavelength light 

reaching the retina (Douglas and McGuigan, 1989). T50 values were compared between 

treatment groups using two-sample t-tests. In addition, to test if lens transmission differed 

across the entire spectrum, we used PCA and randomization tests as described above. All 

statistics were performed in R version 2.13.2 (R Core Development Team, 2009). 

Significance level was taken as α = 0.05. 

2.3 Results 

Spectral sensitivity, lens transmission, and spectral reflectance were measured in 

juvenile and adult Nile tilapia. Juveniles and adults were reared under two different 

environmental light treatments, a broad spectrum and a reduced short-wavelength (red-

shifted) spectrum. A third environmental light treatment was created for a sampling of 

adults to test the possibility of short-term plasticity in spectral sensitivity, lens 

transmission, and spectral reflectance. Neither juveniles nor adults from the different 

treatment groups differed significantly in body mass (Table 2.1), indicating that 

comparisons between treatments could justifiably be made. 

2.3.1 How Does Environmental Light Affect Spectral Sensitivity Throughout 

Ontogeny? 

 To investigate how environmental light affects spectral sensitivity, and how this 

effect varies during ontogeny, we measured spectral sensitivity from juveniles and adults 

reared under different environmental light treatments. Spectral sensitivity was measured 

under a short-wavelength isolating background that adapted the LWS cone mechanism.   
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Table 2.1. Body mass of juvenile and adult Nile tilapia. 

A. Body mass (g) 

Experimental tank Juveniles Adults 

T1 2.2±0.96 51.0±22.6 

T2 1.9±0.94 50.6±18.6 

T3  64.0±11.5 

T4  68.0±25.8 

B.  Mann-Whitney test results 

Experimental tanks Life stage U d.f. P 

T1 vs. T2 Juvenile 8.50 13 0.314 

T1 vs. T2 Adult 1.50 8 0.841 

T3 vs. T4 Adult 0.50 8 1.00 

T1,T2 vs. T3,T4 Adult 19.0 18 0.166 

 

(A) Variation in body mass (average ± s.d.) between experimental tanks. (B) To study the 

variation in body mass between experimental tanks, the non-parametric Mann-Whitney test was 

used. The U statistic, degrees of freedom (d.f.), and p-value (P) are presented.  
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Spectral sensitivity in juveniles reared under the broad-spectrum treatment (T1, nT1 = 5) 

and the red-shifted treatment (T2, nT2 = 5) differed slightly at long wavelengths (690-700 

nm), but mostly between 420 and 440 nm (Figure 2.2A). The latter difference in 

sensitivity agreed well with the peak difference in spectral irradiance between 

environmental light treatments (Figure 2.1A). Five distinct peaks could be detected in the 

sensitivity spectra of juveniles. These sensitivity peaks corresponded well to the A1-

reconstitued visual pigments reported in Nile tilapia juveniles: SWS1 (360 nm), SWS2b 

(425 nm), SWS2a (456 nm), Rh2b (523 nm) and LWS (561 nm) (Spady et al., 2006; 

Carleton et al., 2008). See Figures 2.2B,C and Table 2.2 for summary of results of visual 

pigment fitting.  

Spectral sensitivity in adults (nT1 = 5, nT2 = 5, nT3 = 5, nT4 = 5) reared under all 

environmental light conditions was similar (Figure 2.3). Differences apparent between T1 

and T2 as juveniles disappeared in the adult stage. Three distinct peaks could be detected 

in the sensitivity spectra sensitivity of adults; these peaks did not correspond well to the 

A1-reconstituted visual pigments reported in Nile tilapia adults: SWS2a (456 nm), Rh2a 

(523 nm) and LWS (561 nm) (Carleton et al., 2008; Spady et al., 2006). See Figures 

2.3B,C,E,F and Table 2.2 for results of visual pigment fitting. 

2.3.2 How Does Environmental Light Affect Lens Transmission Throughout 

Ontogeny? 

 To investigate how environmental light affects the transmission of the fish lens, 

and how this effect changes during ontogeny, we compared the wavelength of half- 

 



35 

 

 

Figure 2.2 Spectral sensitivity and visual pigment template fits for juvenile Nile tilapia. 

(A) Spectral sensitivity differed between juveniles from T1 (nT1 = 5) and T2 (nT2 = 5). Note the 

prominent short wavelength (410 – 440 nm) sensitivity difference between the two groups. (B) 

Visual pigment templates fit to spectral sensitivity of juveniles from T1. Coloured lines represent 

the five visual pigments found in juvenile Nile tilapia: SWS1 (violet), SWS2b (dark blue), Rh2b 

(blue), Rh2a (green), LWS (red). (C) Visual pigment templates fit to spectral sensitivity of 

juveniles from T2. Error bars denote ±1 s.e.m. 
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Table 2.2 Results of fitting visual pigment templates to spectral sensitivity curves. 

Life stage Experimental 

tank 

Visual 

pigment 

Fit spectral 

range (nm) 

Estimated λmax 

(nm) 

R
2
  k* Normalized 

k 

A2 

proportion 

Juvenile T1 SWS1 340 – 390 382 0.570  0.518 0.485 0.49 

  SWS2b 410 – 430 433 0.800  0.502 0.501  

  Rh2b 470 – 490 481 0.452  0.628 0.375  

  Rh2a 490 – 540 542 0.580  0.242 0.761  

  LWS 540 – 670 597 0.464  0.003 1.000  

 T2 SWS1 340 – 390 378 0.952  0.507 0.563 0.46 

  SWS2b 410 – 460 432 n.a.  0.765 0.305  

  Rh2b 450 – 490 480 0.367  0.712 0.358  

  Rh2a 500 – 550 542 0.334  0.227 0.843  

  LWS 530 – 680 593 0.682  0.070 1.000  

Adult T1 SWS2a 430 – 480 465 n.a.  0.584 0.496 1.00 

  Rh2a 490 – 560 559 0.702  0.415 0.665  

  LWS 550 – 650 627 0.816  0.080 1.000  

 T2 SWS2a 430 – 550 465 0.930  0.454 0.648 0.82 

  Rh2a 490 – 560 551 0.669  0.391 0.711  

  LWS 540 – 650 615 0.812  0.102 1.000  
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 T3 SWS2a 440 – 480 465 0.030  0.795 0.383 0.86 

  Rh2a 470 – 570 554 0.742  0.504 0.674  

  LWS 540 – 640 621 0.780  0.178 1.000  

 T4 SWS2a 430 – 500 467 0.140  0.909 0.341 1.00 

  Rh2a 490 – 560 561 0.752  0.712 0.538  

  LWS 500 – 660 627 0.790  0.250 1.000  

 

*k represents the automatically selected shift of a given visual pigment template along the sensitivity (ordinate) axis to allow for the best 

fit between empirical spectral sensitivity and template. Accordingly, k = 0 represents maximum possible contribution of the visual pigment in 

concern to the observed sensitivity; and the larger the k, the smaller is the contribution of the concerned visual pigment to spectral sensitivity. For 

simplicity, we subtracted 1 from all k values and normalized the resulted value to the maximum value in each treatment group, such that 

normalized k = 1 indicates the largest possible contribution of a given visual pigment. 
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Figure 2.3 Spectral sensitivity and visual pigment template fits for adult Nile tilapia. 

(A) Sensitivity differences that were evident between T1 (nT1 = 5) and T2 (nT2 = 5) as juveniles 

disappeared in adults. (B) Visual pigment templates fit to spectral sensitivity of adults from T1. 

Coloured lines represent the three visual pigments found in adult Nile tilapia: SWS2a (blue), 

Rh2a (green), and LWS (red). (C) Visual pigment templates fit to spectral sensitivity of adults 

from T2. (D) Sensitivity in T3 (nT3 = 5) and T4 (nT4 = 5) was similar. (E) Visual pigment 

templates fit to spectral sensitivity of adults from T3. (F) Visual pigment templates fit to spectral 

sensitivity of adults from T4. Note that the LWS visual pigment template could describe well the 

entire sensitivity spectrum for adults reared in all tanks (B, C, E, F). Error bars denote ±1 s.e.m. 
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maximum lens transmission (T50) between environmental light treatments for juvenile 

and adult Nile tilapia. In addition, we employed principal components analysis (PCA) to 

test for differences across the entire spectrum, between environmental light treatments, 

for juveniles and adults. We tested the effect of environmental light treatment on the 

loadings of each of the principal components (PCs) that collectively accounted for > 99% 

of the variation (tolerance criterion = 0.1; Hubert et al., 2005); however, for each 

treatment, we stopped our analysis once non-significant results were obtained. 

Lens transmission in juveniles did not differ significantly between environmental 

light treatments (Figure 2.4A), either in respect to the T50 values (t-test, t = -0.253, d.f. = 

8, P = 0.816) or across the entire spectrum (randomization test, PC1: P = 0.880, 

confidence interval 2.5%-97.5% - CIT1 = 0.32 – 0.34, CIT2 = 0.32 – 0.34, nT1 = 4, nT2 = 

5). Similarly, lens transmission in adults from T1 and T2, as well as in adults from T3 

and T4 did not differ significantly (Figure 2.4B), either in respect to the T50 values (t-

testT1:T2, , t = -0.412, df = 6, P = 0.720; t-testT3:T4, t = 0.967, d.f. = 8, P = 0.405) or across 

the entire spectrum (randomization testT1:T2, PC1: P = 0.060, CIT1 = 0.38 – 0.41, CIT2 = 

0.35 – 0.37, nT1 = 4, nT2 = 3; randomization testT3:T4, PC1: P = 0.122, CIT1 = 0.38 – 0.39, 

CIT2 = 0.36 – 0.38, nT3 = 3, nT4 = 4).  

2.3.3 How Does Environmental Light Affect Spectral Reflectance Throughout 

Ontogeny? 

 To investigate how environmental light affects spectral reflectance of fish, and 

how this effect changes during ontogeny, we measured the spectral reflectance from four 

focal patches on the bodies of juvenile and adult fish, reared under different  
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Figure 2.4 Lens transmission of juvenile and adult Nile tilapia. 

Spectral lens transmission did not differ considerably between environmental light treatments for 

(A) juveniles (nT1 = 4, nT2 = 5) or (B) adults (nT1 = 4, nT2 = 3, nT3 = 3, nT4 = 4). However, lens 

transmission differed substantially throughout ontogeny, both in shape and the wavelength of 

half-maximum lens transmission (T50). The increase in lens transmission towards longer 

wavelengths was gradual in juveniles, but rather abrupt in adults, with the largest slope around 

400 nm. Additionally, T50 in adults was significantly larger than in juveniles (randomization test: 

P < 0.0001, CIJuveniles = 357 – 376, CIAdults = 399 – 405, nJuveniles = 10, nAdults = 18). That is, the lens 

of adult Nile tilapia was less transmissive of UV/short wavelengths. The barely noticeable grey 

shading (±1 s.e.m.) around the transmission curves suggests that lens transmission varied only 

slightly within treatment groups (max s.e.m. across the spectrum: juveniles, T1 = ±0.017, T2 = 

±0.025; adults, T1 = ±0.020, T2 = ±0.020, T3 = ±0.024, T4 = ±0.024). 
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environmental light treatments. See Figure 2.5 for photographs of representative adults 

from all experimental light treatments, and for the location of the four focal patches. We 

used PCA to break down the variation into smaller vectors representing the loadings of 

the PCs that are responsible for most variation in the data. 

Spectral reflectance in juveniles differed significantly between environmental 

light treatments, i.e., T1 (nT1 = 3) vs. T2 (nT2 = 5) (randomization test, PC1: P < 0.0001, 

CIT1 = 0.21 – 0.29, CIT2 = 0.03 – 0.10, nT1 = 3, nT2 = 5; PC2: P = 0.0002, CIT1 = -0.04 – 

0.15, CIT2 = -0.19 – -0.11, nT1 = 3, nT2 = 5; PC3: P = 0.222, CIT1 = -0.98 – 0.04, CIT2 = -

0.18 – -0.02, nT1 = 3, nT2 = 5). Juvenile fish raised under a red-shifted light treatment 

typically showed lower reflectance between 470 and 800 nm (Figures 2.6A-D). However, 

an exception to this trend was the reflectance measured above the pectoral fin that was 

lower across the spectrum under the red-shifted light treatment. No reflection patch 

accounted for the observed variation more than any of the other patches, for both 

environmental light treatments (Kruskal-Wallis, T1 PC1: H = 3.41, d.f. = 3, P = 0.33; T2 

PC1: H = 3.08, d.f. = 3, P = 0.38).  

Spectral reflectance in adults differed significantly between environmental light 

treatments, i.e., T1 (nT1 = 5) vs. T2 (nT2 = 5) (randomization test, PC1: P < 0.0001, CIT1 = 

0.02 – 0.04, CIT2 = 0.21 – 0.24; PC2: P < 0.182, CIT1 = -0.12 – -0.03, CIT2 = -0.09 – 

0.07). Spectral reflectance varied considerably between adults. Nonetheless, fish reared 

under the two light treatments showed clear differences in reflectance between 390 and 

440 nm as well as between 470 and 800 nm (Figures 2.6E-H).  
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Figure 2.5 Photographs of representative adults from all experimental light treatments. 

Green circles in top-left photograph indicate the approximate location of reflection focal patches 

used across all fish, for juveniles and adults. Visual inspection of fish photographs reveals that 

fish from T1 generally showed more yellows, while T2 generally showed more blues. Fish from 

T3 and T4 were generally more silver-coloured. Scale bar in top-right photograph indicates 2 cm 

and applies to all photographs. 
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Figure 2.6 Averaged raw reflection spectra for juvenile and adult Nile tilapia. 

(A-D) Juveniles from T1 (nT1 = 3) and T2 (nT2 = 5) differed significantly in spectral reflectance. 

(E-F) Adults from T1 (nT1 = 5) and T2 (nT2 = 5) differed significantly in spectral reflectance, both 

between treatments, and between their juvenile counterparts. (I-L) Adults from T3 (nT3 = 5) and 

T4 (nT4 = 5) did not differ significantly in spectral sensitivity, but fish tested against the treatment 

they came from did differ significantly. See text for detailed statistics. Grey shading denotes ±1 

s.e.m. in all panels. 
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One or more reflection patches accounted for the observed variation more than the others 

in T2, but not in T1 (Kruskal-Wallis, T2 PC1: H = 12.85, d.f. = 3, P = 0.005; T1 PC1: H 

= 3.78, d.f. = 3, P = 0.29).For T2, patches 3 (above the anal fin) and 2 (above the pectoral 

fin), as well as patches 4 (the caudal peduncle) and 2, differed significantly (Tukey 

contrasts, P < 0.0001 for both pairs).  

To test whether the effect of environmental light on spectral reflectance depended 

on the life stage of the fish, adults from T1 and T2 were compared against their juvenile 

counterparts. Adults and juveniles from T1 differed significantly in spectral reflectance, 

as did adults and juveniles from T2 (randomization test, PC1: P < 0.0001 for T1 and T2). 

Adults from T3 (nT3 = 5) and T4 (nT4 = 5) did not differ significantly in spectral 

reflectance (randomization test, PC1: P = 0.351, CIT3 = 0.14 – 0.18, CIT4 = 0.13 – 0.16, 

nT3 = 5, nT4 =5; Figures 2.6I-L). To test whether the spectral reflectance of adults from T3 

and T4 differed from the spectral reflectance of adults reared under the light treatments 

that they were originally reared under, adults from T3 and T4 were compared against 

adults from T1 and T2, respectively. Adults from T1 and T3 as well as adults from T2 

and T4 differed significantly in spectral reflectance (randomization test, PC1: P < 0.0001 

for both pairs). 

2.4 Discussion 

This study provides evidence for an important role of environmental light in 

shaping signal reception and signal production throughout ontogeny. Our results show 

that environmental light can influence spectral sensitivity, but only during an age-

dependent time-window. In addition, environmental light appears to influence spectral 
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reflectance (an approximation of the biologically-relevant body colouration) regardless of 

age. These results highlight the important role modulation of environmental light has in 

body colouration plasticity.  

2.4.1 Effect of Environmental Light on Signal Reception Throughout Ontogeny 

 We hypothesized that if modulation of environmental light altered the visual 

world of Nile tilapia by shaping signal reception, then fish reared under a short-

wavelength-deprived (red-shifted) light spectrum would show different spectral 

sensitivity compared to those reared under broad-spectrum environmental light. We also 

hypothesized that if spectral sensitivity is affected rapidly in response to modulation of 

environmental light, then fish reared under the two original environmental light 

treatments, and then transferred to a third would show similar spectral sensitivity.  

Our results show that juveniles reared under a red-shifted light spectrum were less 

sensitive to short-wavelength light (mostly between 420 and 440 nm) compared to 

juveniles reared under a broad spectrum. Interestingly, the spectral location of this 

difference in sensitivity matched that of the peak difference in spectral irradiance 

between environmental light treatments. Further, we found that environmental light had 

no influence on lens transmission regardless of life stage, indicating that the changes in 

the spectral sensitivity of juveniles observed under the two environmental light 

treatments likely stemmed from changes occurring in the retina. Thus, the reduction in 

short wavelength sensitivity among juveniles was likely driven by a localized effect on 

the levels of the SWS2b visual pigment that is maximally sensitive to short wavelengths 

(425-433 nm; dependent on chromophore composition). This suggestion is corroborated 
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by our results from fitting visual pigment templates procedures that showed that the 

normalized weight of the SWS2b visual pigment in fish reared under the red-shifted light 

treatment was lower than in fish from the broad-spectrum light environment. These 

results are consistent with the idea that the level of a visual pigment is inversely 

proportional to the irradiance level at the spectral range that maximally excites it. For 

example, Hofmann et al. (Hofmann et al., 2010a) found that 3 of 4 Lake Malawi cichlids 

reared in the lab under a UV-deprived light treatment showed decreased expression of the 

opsin gene that encodes a UV-sensitive visual pigment (SWS1) compared to wild-caught 

fish (exposed to natural levels of UV light). This implies that the visual system is able to 

respond to the spectral quality and availability of light and tune itself accordingly. 

One must take into consideration, however, that the error bars representing the 

standard error of the mean do not represent the 95% confidence intervals. Rather, each 

data point must be added and subtracted to the calculated standard error of the mean 

multiplied by 1.96. As such, the interpretation of the spectral sensitivity figures should 

not include use of the phrase “statistically significant”. 

In contrast to juveniles, adults showed similar spectral sensitivity regardless of the 

environmental light treatment they were reared under, including those transferred to a 

third treatment. Adults were previously reported not to possess the SWS2b visual 

pigment (Carleton et al., 2008), supporting the observed lack of response of spectral 

sensitivity in adults to modulation of environmental light. It would be important to test if 

other environmental light treatments, differing in the irradiance level at spectral ranges 

that maximally excite visual pigments found in adults, would alter spectral sensitivity in 
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adult fish. Interestingly, A2 proportion was found to change between juveniles and adults, 

with A2 proportion ranging between 0.46 and 0.49 in juveniles and between 0.82 and 1.00 

in adults. Such ontogenetic variation in A2 proportion was previously reported in 

salmonids and was suggested to prepare the fish for migration from the freshwater to the 

marine environment (Temple et al. 2006). Shifts in A2 proportion were also reported to 

correlate with seasonal changes in temperature (Allen and McFarland, 1973; Tsin and 

Beatty, 1977) and with changes in photoperiod and light spectrum (Allen, 1971). 

However, the functional significance of plasticity in the A2 proportion of Nile tilapia is 

unclear at present. Moreover, spectral sensitivity in adults was dominated by contribution 

of the LWS visual pigment. This was most evident from the results of the visual pigment 

template fitting, where the LWS visual pigment template gave a close approximation of 

the entire sensitivity spectrum in adults. Although this outcome may indicate limited 

sensitivity of the visual pigment template fitting procedure, such an outcome might be 

expected as the expression of the LWS opsin gene was reported to account for 80% of 

total opsin gene expression in adults (Carleton et al., 2008). We are currently developing 

a method that will allow accurate estimation of the contributions of visual pigments based 

on sensitivity spectra. Additionally, despite the lack of effect of environmental light 

observed on spectral sensitivity in adults, the capacity of environmental light to shape 

signal reception in such a way that would influence adults and sexual selection does exist 

(see Fuller and Noa, 2010), and thus is worth continued investigation.  
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2.4.2 Effect of Environmental Light on Signal Production Throughout Ontogeny 

 If environmental light shaped signal production, we hypothesized that fish reared 

under different light treatments would differ in spectral reflectance. Additionally, if 

environmental light has the capacity to induce a rapid and reversible effect on signal 

production, we hypothesized that fish transferred from their original light treatments and 

reared under a third would show similar spectral reflectance. Our results show that 

juveniles reared under a red-shifted light spectrum produced different spectral reflectance 

compared to juveniles reared under a broad spectrum, tending to show reduced 

reflectance between 470 and 800 nm. Moreover, adults reared under a red-shifted light 

spectrum produced different spectral reflectance compared to adults reared under a broad 

spectrum, tending to show greater reflectance between 390 and 440 nm and lower 

reflectance between 470 and 800 nm, compared to adults reared under a broad spectrum. 

Adults differed in spectral reflectance also compared to their juvenile counterparts. 

Finally, fish from the original light treatments that were transferred to a third did not 

show differences in spectral reflectance, but were different still from the light treatments 

they were originally reared under. Together, these results strongly suggest that spectral 

reflectance is progressively and continuously shaped by environmental light, highlighting 

its role in body colour plasticity. 

 We found that juveniles and adults reared under a red-shifted light spectrum 

typically showed lower reflectance across the middle- and long-wavelength spectral 

regions (470-800 nm) compared to their counterparts reared under a broad spectrum. 

Adults reared under a red-shifted light spectrum also tended to show higher reflectance 
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across the UV and short-wavelength spectral regions (330-450 nm) (Figure 2.6); this 

strong effect of environmental light on the spectral reflectance of adults stands in a 

marked contrast to the absence of effect of environmental light on spectral sensitivity. 

These findings are in agreement with the contrast hypothesis (Lythgoe, 1968). In 

environments where short-wavelength light is reduced (as in our red-shifted spectrum 

light treatment), it may be beneficial for conspecific recognition if body colour is offset 

relative to the prevailing background light (showing increased reflectance at short 

wavelengths), as this may increase the contrast of the fish against the water background 

without the need for a shift in spectral sensitivity. This prediction is consistent with our 

findings. Additionally, Sabbah and colleagues have shown that adult Nile tilapia exhibit 

lower sensitivity to long-wavelengths compared to fry (Sabbah et al., 2012). They argued 

that lower long-wavelength sensitivity might facilitate conspecific recognition by 

increasing contrast against a red-shifted light environment. Thus, an observer with low 

long-wavelength sensitivity coupled with individuals showing high UV and short-

wavelength spectral reflectance would result in very high contrast, and would likely 

facilitate conspecific recognition. 

We also found that spectral reflectance varied during ontogeny. It is well known 

that body colouration is highly variable among cichlids; the vast array of colour morphs 

is likely a result of strong sexual selection (Salzburger, 2009). However, less is known 

about ontogenetic body colour variation. The African cichlid Haplochromis burtoni was 

reported to show ontogenetic colour changes; the timing of these changes depended on 

social status (Fernald and Hirata, 1979). In the Central American firemouth cichlid 
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Thorichthys meeki, 16 different colour morphs were observed as fish matured, possibly a 

result of a suite of age-dependent selective forces and developmental constraints 

(Beeching and Pike, 2010). The adaptive value of ontogenetic body colour variation was 

also explored in the tropical python Morelia viridis. Wilson and colleagues found that 

ontogenetic body colour differences in pythons reflect a changing foraging paradigm 

between juveniles and adults, suggesting an adaptive mechanism that camouflages both 

life stages from avian predators (Wilson et al., 2007). Our results demonstrate that 

environmental light shapes body colouration throughout ontogeny; however, the extent to 

which this may represent an adaptive response is currently unknown and demands further 

investigation. 

Finally, spectral reflectance in adults that were reared under the two original light 

treatments, and as juveniles, transferred to a third environmental light treatment showed a 

rapid and reversible effect of environmental light. That is, spectral reflectance in adults 

reared under the third light treatment differed markedly from their counterparts reared 

under the two original light treatments, and became almost indistinguishable. These 

adults showed little variation in reflectance from each other (Figures 2.6I-L), and were 

more silver in colour than adults from either of the other treatments (Figure 2.5). This 

result demonstrates the rapid and continuous influence of environmental light on body 

colouration.  

Nile tilapia are thought to possess dermal chromatophores with opsin-based light-

sensitive pigments (Ban et al., 2005). Unlike visual cells that respond to light through 

changes in the membrane potential (hyperpolarization among vertebrates, depolarization 
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among invertebrates), tilapia dermal chromatophores do not require such changes to 

initiate a photoresponse. Instead, chromatophore response is likely driven by changes in 

cAMP levels, through a G-protein photocascade event (Ban et al., 2005). This suggests 

that tilapia chromatophores can respond to light independently of the visual system, 

unlike the well-known cuttlefish Sepia officinalis, which receives information about its 

surroundings visually and aggregates or disperses the pigment granules in its 

chromatophores accordingly (Barbosa et al., 2007; Mäthger et al., 2008). The spectral 

composition of the prevailing environmental light changes dramatically with water depth 

(McFarland and Munz, 1975a; Sabbah et al., 2011), and the spectrum of underwater light 

is typically red-shifted in turbid water bodies (Utne-Palm, 2002), resembling our red-

shifted environmental light treatment. Thus, it is possible that modulation in 

environmental light associated with variation in water depth and clarity plays a role in 

determining body colouration, at least in fish with dermal chromatophores. However, 

additional work that considers these factors should be carried out, especially in systems 

where dermal chromatophores are thought to be able to detect and respond to light 

independently of the visual system.  

2.4.3 Conclusions 

We provide experimental evidence that plasticity in signal reception, likely 

through decreased frequency of the SWS2b visual pigment, can be induced by 

modulation of environmental light at the juvenile life stage; plasticity in signal 

production, through body colouration, could be induced and progressively molded 

throughout ontogeny. We show that these are products solely of the prevailing light 
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environment. This does not imply that environmental light will alter female choice, or 

that plasticity observed in juveniles is important for adults in other events not associated 

with mate choice. However, other studies using colour filters in guppies (Poecilia 

reticulate) (Long and Houde, 1989) and bluefin killifish (Lucania goodie) (Fuller and 

Noa, 2010) have shown that a typical response in a female choice paradigm is an altered 

male colour preference. Taken together, we found that environmental light influences 

spectral sensitivity in an age-dependent manner, and body colouration in an age-

independent manner, but does not influence lens transmission. These results support the 

growing body of work that suggests environmental light has the capacity to be a large 

driving force in models of animal communication, which in turn may influence 

ecological speciation such as the adaptive radiation of Lake Victoria cichlid species 

flocks. 
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Chapter 3 

General Conclusions and Future Directions 

 

Vision and visual signals are undoubtedly important for the survival of many 

animals, and studies that relate visual sensitivity to body colouration, and factors shaping 

them, are required to gain a better understanding of the evolution of signal reception and 

signal production. The purpose of this study was to examine the role of environmental 

light in altering animal signals. This was achieved through implementation of two distinct 

environmental light treatments used to raise juveniles, followed by a third light treatment 

to examine environmental light-induced plasticity. Effects on environmental light were 

charted throughout ontogeny, and were measured using electrophysiological, 

spectroradiometric, and spectrophotometric methodologies. 

The major findings from this research show that environmental light shapes 

spectral sensitivity in an age-dependent manner and spectral reflectance in an age-

independent manner. Juvenile Nile tilapia raised under a red-shifted light environment 

showed reduced sensitivity to short-wavelength light, likely through reduced frequency 

of the SWS2b cone visual pigment, as compared to juveniles raised under a broad 

spectrum. While adults failed to show any differences in spectral sensitivity, this is likely 

a product of natural ontogenetic cone loss, as adults lose the SWS2b visual pigment 

(Carleton et al., 2008). The logical next step in this research would be to replicate the 

design using a light environment that corresponds to visual sensitivity maxima in adults 

(e.g. reduce the spectral region corresponding to the SWS2a λmax). While I found no 
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evidence that environmental light has the capacity to drive signal reception variation 

among adults, I suggest that the possibility does exist. These spectral sensitivity results 

indicate that environmental light should be considered as a fairly significant factor in 

models of ecological speciation. Typical mate choice paradigms show that female choice 

is dramatically altered when environmental light is altered (see Discussion), and male 

courtship behaviour has been shown to change when light intensity is varied (Endler, 

1987). Additionally, cone frequency has been shown to be affected by differences in the 

spectral composition of environmental light (Kroger et al., 1999), as has the optomotor 

response (Kroger et al., 2003). Given that environmental light depends on depth 

distribution (e.g. Sabbah et al., 2011), species pairs and populations that occupy separate 

depths in the water column may be under varying natural and sexual selection pressure 

stemming solely from the light environment. Thus, environmental light alone may be 

enough to jumpstart divergence. 

Juvenile Nile tilapia raised under a red-shifted light environment tended to show 

reduced reflection between 470 – 800 nm as compared to juveniles raised under a broad 

spectrum. This effect progressed throughout ontogeny, as adults differed from their 

juvenile counterparts, but moreover, adults from a red-shifted light environment showed 

greater reflection in the UV and short-wavelength spectral regions. This finding is in 

agreement with Kelley et al. (Kelley et al., 2012), and is particularly interesting because 

Nile tilapia have been reported to depend on vision for various behaviours (see 

Introduction). The contrast created from high UV and short-wavelength reflectance 

against a red-shifted background is markedly high, which would be conducive to vision-
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dependent behaviours such as conspecific recognition and mate choice. Thus, my results 

provide supporting evidence for the contrast hypothesis. Finally, adults from a third light 

environment showed similar reflectance, but differed from adults reared under the light 

treatment from which they came (i.e. T1:T3, T2:T4). This emphasizes the effect that 

environmental light has on shaping body colouration, and likely depends on dermal 

chromatophores embedded in tilapia skin. Research is currently being conducted in our 

lab regarding the wavelength-sensitivity dynamics of these possibly opsin-based 

chromatophores. 

Lens transmission was not greatly affected by environmental light, at either the 

juvenile or adult life stage. However, lens transmission differed significantly throughout 

ontogeny in Nile tilapia, with juveniles showing a much more UV-transmissive lens 

(lower T50 value) than adults. This supports a previous discovery from this lab (Sabbah et 

al., 2012). However, it also adds supporting evidence to a general trend observed in 

cichlids. Recently, it was noted that the more transmissive the fish lens (i.e. lenses that 

allowed UV light to pass), the greater the probability that fish expressed SWS2b 

(Hofmann et al., 2010b). Conversely, fish that showed higher expression of SWS2a also 

had lenses that were less transmissive (i.e. lenses allowed little to no UV light to pass) 

(Hofmann et al., 2010b). Juvenile Nile tilapia, compared to adults, show greater 

expression of SWS2b, and indeed, visual pigment template fittings support this. 

Conversely, Nile tilapia adults, compared to juveniles, show much greater expression of 

SWS2a. Visual pigment template fittings support this as well. It has been suggested that 

this ontogenetic shift in lens transmission and its relation with ontogenetic changes in 
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visual pigment complement is adaptive (Hofmann et al., 2010), allowing for optimal 

visual system functioning for ontogenetic diet changes (Sabbah et al., 2012). It is 

interesting that my environmental light treatments did not affect the transmission of the 

lens in any clear capacity, but greatly affected juvenile spectral sensitivity. However, if 

the ontogenetic changes observed in the light transmission of the lens are adaptive, it 

might be expected that environmental light would not influence the ocular media. 

Altering the prevailing light environment as I have done, the relative proportion of 

distinct spectral regions was shifted, and as a result there were corresponding changes in 

spectral sensitivity. Although the spectral composition was altered, the available 

environmental light still contained some short-wavelength light. Thus, if juveniles require 

short-wavelength light to better see their prey (e.g. Sabbah et al., 2012), it would be 

potentially maladaptive to alter lens transmission. Future endeavours should test this by 

raising fish in many different altered light environments and then testing the transmission 

of the lens the same way I have done, using T50 values, and across the entire visual 

spectrum. 

One aspect that should be examined for all of these metrics in future 

investigations is sex differences. My results are general; pooled estimates from both 

sexes due to a small sample size. Had sex been considered, these sample sizes would in 

turn be much smaller for analyses. It would be especially interesting if studies could 

show that environmental light affects one sex differently than the other, as suggested by 

the sensory bias theory (Houde and Endler, 1990). 
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 Taken together, my results add support to the sensory drive model of speciation, 

which states that variation in the physical characteristics of the environmental constrain 

and place differential selection pressure on signalling structures. However, mate choice 

experiments and other projects that investigate the outcome of visual behaviour under an 

altered environmental light treatment are needed to fully understand how the prevailing 

environmental light affects different facets of animal survival and reproduction. 
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Appendix A 

ERG Waveform 

A.1. Electroretinogram Waveform 

The electroretinogram (ERG) waveform consists of three main characteristic 

peaks. First is an initial hyperpolarization (the a-wave), corresponding to the response of 

the photoreceptors to the onset of light. Following this is a large depolarization (the b-

wave), corresponding to the response of the ON-bipolar cells to the onset of light. 

Following this is a secondary depolarization (the d-wave), corresponding to the response 

of the OFF-bipolar cells to the absence of light. 
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Figure A.2. Example of an electroretinogram waveform from a juvenile Nile tilapia at 

580 nm.  

Light stimulus lasted 5 s (black bar above x-axis). The a-wave and b-wave are shown, 

representing the response to the onset of light of the photoreceptors (a.w.) and the ON-bipolar 

cells (b.w.). The response of the OFF-bipolar cells is shown following both initial waveforms. 
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Appendix B 

Background Light Adaptation Conditions 

B.1. Chromatic Background Light Adaptation 

The background light adaptation is critical to the integrity of the experiment, as it 

dictates the spectral composition of light delivered to the eye. A chromatic background 

light adaptation was used, which manipulated discrete spectral regions from both 

background light channels to ensure that the spectral composition of light reaching the 

eye would be one that adapted the long-wavelength sensitive cone mechanism, thus 

isolating the short-wavelength cone mechanism. This technique is based on the 

assumption that sensitivity is inversely proportional to the intensity of the background 

(Dedden, 2011). See Table A.1 for a description of filters used. 
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Table A.1. Filters used to create a long-wavelength cone mechanism adapting 

background (i.e. short-wavelength isolation). 

 

Condition Background channel 

Short-wavelength isolation Right channel Left channel 

Filters used ND
1
2, LP

2
600 ND1, ND0.5, LP550 

 
1
Neutral density 

 
2
Long pass 
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Appendix C 

Lens Transmission Measurement 

C.1 Lens Transmission 

 Following completion of an experiment, fish were sacrificed by spinal transection. 

Both eyes were enucleated and hemisected. Lenses from both eyes were placed in an 

Eppendorf tube containing phosphate buffered solution (PBS). Shortly (< 20 min.) after, 

the lenses were placed in a cuvette that was custom-fitted with a black, plastic core. Each 

lens was individually placed on a hollowed-out portion of the cuvette. To measure the 

transmission of light through the lens, I used a bench-top spectrophotometer (300 Cary 

Bio UV-Visible, Varian, Mississauga, Canada). The spectrophotometer was initially set 

up to include a blank (hollowed-out cuvette without a lens) and a dark (black cuvette with 

no hole) correction reading. At least three scans (800 – 300 nm) were performed for each 

lens; thus, each individual fish had at least six lens transmission measurements 

performed. These were averaged across light treatments. 

 

 

 


