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THESIS SUMMARY 

The geographic isolation of Australia has produced a high diversity of often endemic fauna 

uniquely adapted to the Australian landscape. While extensive research has been conducted on 

the ecology and phylogeny of Australian reptiles, their visual ecology has been neglected. To 

date, most studies on the visual ecology of reptiles have investigated colour vision in American 

species of geckoes and iguanids while other aspects of vision and other reptilian clades remain 

obscure. Prior studies suggest that compared to the diversity of colour vision observed in 

aquatic vertebrates, colour vision is broadly conserved in birds and reptiles across the photic 

conditions of the terrestrial environment. Here, I investigated the visual system of several 

Australian reptiles across ecological niches and phylogenetic relations to expand our 

understanding of visual ecology in poorly represented clades. I used microspectrophotometry 

and electroretinography to characterise colour vision and design-based stereology and 

immunohistochemistry to sample retinal cells and investigate retinal organisation.  

In chapter two, I investigated the retinae of six closely related species of the Ctenophorus genus 

(Family Agamidae) across ecological niches to examine the pressures shaping retinal 

organisation. The genus consists of a group of lizards completely endemic to Australia known 

for their use of complex visual signals for conspecific communication. They also have well 

established ecological niches and phylogenetic relationships. My research reveals that the 

specialised distribution of photoreceptors and retinal ganglion cells form a horizontal streak 

across the retinal equator with a centrally located fovea and higher photoreceptor density in 

the ventral retina compared to the dorsal retina in all species. Although main retinal 

specialisations are conserved across species, burrow users possess a significantly larger eye, 

higher total cell numbers, higher density of photoreceptors in the ventral relative to the dorsal 

retina and higher spatial resolving power than species that use rocks as shelters. These 

differences are stronger when the direct ancestor also burrowed for shelter, suggesting that 

phylogeny plays an important role in retinal organisation in this genus. 

In chapter three, I examined the retinae of Australian crocodiles to determine whether the 

colour vision in this ancient lineage exposed to both aquatic and terrestrial conditions would be 

similar to other reptiles. My investigation of the salt- and freshwater crocodiles 

(Crocodylus porosus and C. johnstoni, respectively) revealed that they possess three cone 

pigments and one rod pigment while lizards and birds possess four cone pigments and one rod 

pigment. Their photoreceptors were spectrally tuned to provide higher light sensitivity in the 

typical aquatic photic conditions of saltwater (C. porosus) and freshwater (C. johnstoni), 

respectively. In contrast, the distribution of retinal ganglion cells did not vary between species, 
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with a superficial horizontal fovea surrounded by a horizontal streak across the retinal meridian 

in both species.  

In chapter four, I investigated the colour vision and photoreceptor distribution of the sleepy 

lizard, Tiliqua rugosa to determine whether it is likely for the use of UV conspecific signals to be 

correlated to enhanced UV sensitivity in scinciforms. It has been hypothesised that the spectral 

sensitivity of diurnal terrestrial lizards is adapted to the background radiance from green 

vegetation resulting in a relatively uniform spectral sensitivity across lizard subgroups. However, 

the only scinciform previously studied, a cordylid lizard Platysaurus broadleyi, revealed 

enhanced UV sensitivity which has been linked to the use of conspecific UV signals used to 

estimate the fighting ability of rival males. Hence, we examined the retina of T. rugosa to 

determine whether a second scinciform which also used UV signals to rival males would also 

possess enhanced UV sensitivity. The opsins expressed in T. rugosa are very similar to those 

observed in the American chameleon Anolis carolinesis with 30 out of 34 of the tuning sites in 

the SWS1, SWS2, RH1, RH2 and LWS opsins being exactly the same. The overall spectral 

sensitivity measured using electroretinography, peaks at 560nm which suggests that a high 

proportion of the cone population consists of LWS photoreceptors. The SWS2 photoreceptors 

respond strongly at slow (3Hz) flicker rates while LWS cones respond strongly at fast flicker 

rates (30Hz). The blue tongue of the lizards in the Tiliqua genus have high ultraviolet reflectance 

with a secondary peak at approximately 460nm. However, sleepy lizards do not possess a high 

ultraviolet sensitivity and the SW1 photoreceptors likely to be maximally sensitive to ultraviolet 

light only make up 6.6% of the total photoreceptor population. This suggests that spectral 

sensitivity of P. broadleyi is not common amongst scinciforms and supports the hypothesis that 

lizards across subgroups are likely to possess similar spectral sensitivities. 

The specialised distribution of photoreceptors and retinal ganglion cells varies greatly between 

dragon lizards, crocodiles and sleepy lizards. However, many of the main features of retinal 

specialisations are conserved across ecological niches in closely related species. Despite this 

overall similarity, the retina of closely related species, Ctenophorus species reveal subtle 

differences across phylogenetic groupings. In terms of colour vision, the Australian crocodiles 

have a lower number of spectrally distinct cones than other reptiles and demonstrate spectral 

tuning to the photic conditions of their aquatic environment while the sleepy lizard is similar to 

other lizards. The fine tuning of the visual system observed in the retinal organisation of 

Ctenophorus species and the colour vision of Australian crocodiles suggest that phylogeny plays 

an important role in shaping the visual system of reptiles.  
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1.1 The complex evolutionary history of reptiles 
The first recorded appearance of reptiles occurred in the Carboniferous era 338 million years 

ago (Smithson, 1989). About 88 million years later, the Permian-Triassic mass extinction event 

enabled the evolutionary radiation of reptiles which initiated the “Age of Reptiles” (Mantell, 

1831) also known as the Mesozoic era (252-66 million years ago). During this evolutionary 

radiation, reptiles conquered new ecological niches and underwent a burst of rapid 

diversification in size and form. Since then, reptiles have survived two more extinction events 

including the Triassic-Jurassic (201 million years ago) and the Cretaceous-Tertiary extinction 

event (66 million years ago). The survivors of these extinction events represent the ancestors of 

today’s reptiles. Some reptilians including tuatarans, crocodylids, and turtles (Fig. 1-1) have 

retained many of the features of their ancestors from the early Mesozoic era (~ 200 million 

years ago, Fig. 1-1). By contrast, orders such as Squamata (lizards and snakes) have diverged 

extensively and many changes in lifestyle and environmental conditions have occurred 

throughout their evolutionary timeline (Walls, 1942; Keogh, 1998; Melville et al., 2001; Lee and 

Scanlon, 2002).  

The sensory adaptations that have facilitated the survival and successful radiation of this group 

are poorly studied. The sensory structures of animals are shaped by their evolutionary history—

what it has inherited from its ancestors—but also tend to show specific adaptations in response 

to ecological selection pressures (Collin and Marshall, 2003; Litherland and Collin, 2008). Using a 

comparative approach, it is possible to correlate some of these selective pressures with specific 

morphological and/or physiological characteristics. This allows us to see how an animal has 

adapted to its ecological niche and to uncover clues as to how the highly derived sensory 

structures of modern vertebrates evolved from simpler structures in basal organisms. Due to 

the important role of vision in reptilian ecology, changes in lifestyle and environmental 

conditions are often reflected in the visual system resulting in a high diversity of ocular features 

and retinal adaptations (Walls, 1942). Past studies have thoroughly investigated the visual 

system of a few reptile subgroups, however due to the extensive evolutionary radiation of 

reptiles, many lineages remain poorly understood. Hence, the potential to use the visual system 

of reptiles to correlate sensory structures to environmental conditions and thus gain a better 

understanding of the ecological relevance of visual adaptations remains untapped.  



4 
 

 

Fig. 1-1.Schematic representation of the main groups of different reptiles. Dashed boxes 
indicate groups studied in this thesis. Branch lengths are arbitrary and only used to visualise the 
relationship between groups of interest (Uetz, 2016).   
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1.2 Spatial resolving power and retinal specialisations  

1.2.1 The vertebrate eye 
In a typical vertebrate eye, an image of the world is projected onto the retina by the cornea and 

lens. This image is sampled by a 2-dimensional array of light sensitive neurons, the 

photoreceptors. The light energy is captured by visual pigments located within the 

photoreceptor outer segments and transduced into biochemical signals (Yau, 1994). These 

signals are passed to downstream interneurons within the retina and processed before being 

transmitted to the visual centres of the brain by the retinal ganglion cells. 

There are a finite number of photoreceptors and retinal ganglion cells which make up the 

sampling array at the back of the eye. Due to the energetic cost of visual processing (Moran et 

al., 2015), the distribution of retinal neurons is often heterogeneous and specialised to optimise 

the use of neural resources. Visual areas of ecological relevance to an animal are prioritised and 

can usually be identified by higher neuron densities in the retinal areas that sample them. 

Therefore, the study of the distribution of retinal neurons can yield important clues about the 

visual information that is relevant to an animal in their ecological interactions.  

The ability of an eye to discriminate detail is often estimated by measuring the spatial resolving 

power of the eye. There are two main factors that determine the ability of an eye to resolve 

spatial detail: the optics of the eye and the sampling density of retinal elements (Snyder and 

Miller, 1977). The main optical factors that affect the ability of the eye to resolve fine spatial 

detail include pupil diffraction and photon noise (Snyder et al., 1977). Pupil diffraction 

determines the maximum spatial frequency of gratings that reaches the neural network and 

photon noise sets a threshold of intensity required to distinguish dark and bright patches in an 

image. Neural factors affecting spatial resolving power (SRP) mainly concern the ability to 

gather and send information to the brain (Pettigrew et al., 1988). Each cone samples a narrow 

area of the visual field. At high cone densities it is therefore possible to acquire a high resolution 

neural image of the surroundings (Snyder and Miller, 1977). Given a one to one ratio of 

photoreceptors to retinal ganglion cells, all the gathered information can then be sent to the 

brain and the highest possible spatial resolution of a given photoreceptor array is achieved. 

However, the retinal ganglion cell density is usually lower than photoreceptor densities resulting 

in the convergence of information from several photoreceptors onto a single retinal ganglion 

cell (Snyder et al., 1977). The retinal ganglion cells summate the responses from the receptors 

which converge onto it reducing the effective sampling frequency of the visual field to the 

receptive field of individual retinal ganglion cells (Williams and Coletta, 1987). The size of the 
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receptive field of the retinal ganglion cells is generally linked to their density and hence the 

density of retinal ganglion cells can be used to estimate the spatial resolving power of the eye 

(Pettigrew et al., 1988). 

Retinal specialisations to enhance SRP are usually mediated by increases in the density of 

photoreceptors and retinal ganglion cells within specific retinal regions to increase the spatial 

frequency of sampling the visual field in each area (Collin, 2008). Common retinal specialisations 

of this type include increased densities of visual neurons in a horizontal band across the retinal 

meridian known as a horizontal streak, a concentric increase in cell density known as an area, 

and an increase in the density of photoreceptors in a localised retinal region known as a fovea, 

which includes a physical invagination of the retina. To date, the most detailed studies of foveal 

formation have been accomplished in macaques and humans (Perry and Cowey, 1988; 

Sjöstrand et al., 1999). These studies revealed that a fovea is formed the centripetal movement 

of photoreceptors during early development (Yuodelis and Hendrickson, 1986). At the same 

time, the retinal ganglion cells are laterally displaced so that they are no longer spatially aligned 

with the photoreceptors (Sjöstrand et al., 1999). It is worth noting that in the primate fovea, 

one photoreceptor connects to multiple retinal ganglion cells (Perry and Cowey, 1988; Wässle 

et al., 1990) and thus, to estimate the spatial resolving power photoreceptor density is more 

suitable. If the retinal organisation of an animal is dominated by a specialisation such as the 

horizontal streak, that provide enhanced SRP over a wide angle of the visual field, it is deemed 

likely that this animal inhabits wide open spaces with little visual obstruction in its visual 

environment (Hughes, 1977). In contrast, if the retina is dominated by an area or a fovea, it is 

likely that emphasis is placed on close objects of interest within an obstructed visual 

environment (Hughes, 1977).  

1.2.2 Reptile retinal diversity and specialisations 
Variation in the morphology of the visual cells of the reptilian retina has been extensively 

studied and can usually be associated with the ecological needs of a species. For example, in 

reptiles that have adopted a nocturnal or fossorial lifestyle where there is less light available, 

the retina is dominated by rods. This can be observed in the retina of alligators (American 

alligator Alligator mississippiensis) which are nocturnal and basal snakes (Python Python regius) 

which are fossorial or closely related to fossorial species (Sillman et al., 1991; Sillman et al., 

1999). In the pure cone retina of geckoes, a subset of cones have undergone a transmutation as 

a result of evolutionary changes in the diel cycles of geckoes (Walls, 1942). The main changes 

observed in transmutated cells of the gecko are the lengthening of the cone outer segments 

into cylindrical rod-like outer segments and the configuration of the visual pigments shifting into 
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an intermediary state between cones and rods (Crescitelli, 1956), while the synaptic terminals 

have remained complex (typical of cones). By contrast, many strictly diurnal lizards possess a 

pure cone retina including iguanids (green anole Anolis carolinensis), skinks (Bouton’s skink 

Cryptoblepharus boutonii) and lacertids (European green lizard, Lacerta virilis) (Anh, 1968; Röll, 

2001b; Bowmaker et al., 2005). Across the different classes, reptiles show a great diversity of 

visual cells. The morphology of these visual cells and the proportion of rods to cones in the 

reptilian retina shows a strong correlation to the diel cycle of the species (Walls, 1942). 

Despite a good understanding of the variation of visual cell morphology across reptiles, it 

remains unknown how these cells are spatially distributed in the retina to prioritise relevant 

visual information in the visual field of reptiles. There is a total of 11 studies that have 

investigated the spatial distribution of the retinal ganglion cells in reptiles, these include three 

turtles (Oliver et al., 2000), one snake (Wong, 1989), three sea snakes (Hart et al., 2012) and 

four lizards (Wilhelm and Straznicky, 1992; El Hassni et al., 1997; Barbour et al., 2002; New and 

Bull, 2011). By contrast, no one has investigated the distribution of photoreceptors in any 

reptiles yet. All species studied so far possessed a horizontal streak with turtles displaying a 

strong reflex to stabilise the eye to the visual horizon indicating that there is a need for the 

optical axis that projects to the horizontal streak to be aligned to the visual horizon for it to be 

effective (Oliver et al., 2000). The horizontal streak thus aligned mediates enhanced visual 

acuity along the visual horizon enabling smaller objects of interest (e.g. landmarks) along the 

horizon to be resolved. By contrast, most lizards except for the sleepy lizard have a fovea (Fig. 

1-2) hinting that enhanced spatial resolving power is important to diurnal lizards.  
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Fig. 1-2. Variation in the foveal structure across lizards. A) The convexiclivate fovea of 
Ctenophorus ornatus (Barbour et al., 2002), B) The concaviclivate fovea of the collared dwarf 
gecko Sphaerodactylus glaucus, C) The shallow fovea of Adaman Island gecko Phelsuma 
andamanensis (Röll, 2001a). Scale bars indicate 100 µm in A and 50 µm in B and C; White 
arrows indicate the outer limiting membrane in B. PL: Photoreceptor layer, ONL: Outer nuclear 
layer, INL: Inner nuclear layer, IPL: Inner plexiform layer, GCL: Ganglion cell layer, VCL: Visual cell 
layer, PE: Pigment epithelium. 
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1.3 Photoreceptors and spectral sensitivity 

1.3.1 Rods and cones 
There are two main groups of photoreceptors (Fig. 1-3) which allow the retina to function under 

dim light (scotopic) conditions and bright light (photopic) conditions; these are the rods and 

cones, respectively. (Schultze, 1873). Rods and cones can be differentiated by morphological 

differences in the four components of the photoreceptors. These four components are the 

outer segment (Steinberg et al., 1980) where the absorbing component of the photoreceptor is 

located (visual pigments), the inner segment (Papermaster et al., 1985; Deretic and 

Papermaster, 1995), the nucleus, and the synaptic terminal. Rods usually have a cylindrical 

outer segment, free-floating membranous discs within an outer plasma membrane and a simple 

synaptic terminal (Schultze, 1873). By contrast, cones possess shorter, tapered outer segments, 

membranous discs fused to the outer plasma membrane and a complex synaptic terminal 

(Schultze, 1873).  

 

Fig. 1-3. Differences in cone and rod morphology (adapted from Tessier-Lavigne (2000)) 
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1.3.2 Visual pigments 
The spectral sensitivity of a visual pigment is its ability to absorb light from given regions of the 

light spectrum (MacNichol, 1986). The range and absorption properties of a visual pigment is 

determined by its components. Visual pigments are made of G-protein opsin moieties linked to 

either a retinal (vitamin A1) or a 3,4-dehydroretinal (vitamin A2) chromophore (Bowmaker and 

Hunt, 2006). The wavelength of peak sensitivity (λmax) of a visual pigment compound depends 

on the interaction between the expressed opsin and the chromophore (A1 or A2) to which it is 

bound (Kochendoerfer et al., 1999; Bowmaker and Hunt, 2008). Hence, the spectral sensitivity 

of a visual pigment can be tuned by changes in the amino acid sequences that make up the 

opsin moiety and/or changes in the chromophore used (e.g. from A1 to A2) (Kochendoerfer et 

al., 1999; Bowmaker and Hunt, 2006). Given the same base opsin protein, a visual pigment with 

an A2 chromophore is more sensitive to light at long wavelengths than a visual pigment with an 

A1 chromophore (Bowmaker and Hunt, 2006). There are five distinct opsin protein families 

found in the vertebrate retina, maximally sensitive at 355-440 nm (SWS1), 410-490 nm (SWS2), 

460-530 nm (RH1), 480-535 nm (RH2), and 490-570 nm (LWS), that form the basis of vertebrate 

visual pigments (Bowmaker and Hunt, 2008). RH1 opsins are usually found in rods while the 

SWS1, SWS2, RH2 and LWS opsins are found in cones. 

Once light is absorbed by the visual pigment, a change in the isomeric configuration of the 

chromophore initiates a phototransduction cascade that converts the light signal into an 

electrical signal (Tessier-Lavigne, 2000). The electrical signals from the photoreceptors are 

passed through interneurons which filter and transmit the signal to the retinal ganglion cells 

(Kolb, 2003). The axons of the retinal ganglion cells coalesce to form the optic nerve, which 

carries the signals to the visual centres of the brain. In reptiles, those signals travel to the optic 

tectum which is made of several layers that process different types of visual information 

(Shimizu and Karten, 1991; Casini et al., 1992). This visual information is then transmitted via 

the nucleus rotundus (thalamic region of the brain) to the telencephalon where the integration 

of different sensory modalities occur (Shimizu and Karten, 1991). Other visual pathways include 

projections of visual fibres to the lateral geniculate nucleus (De la Calle et al., 1985; Shimizu and 

Karten, 1991). These central visual pathways are similar to those found in amphibians and the 

brain structures are analogous to those found in the mammalian visual pathways (Shimizu and 

Karten, 1991). 
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1.3.3 Opsin expression, visual pigments and spectral sensitivity in 

reptiles  
The visual systems of reptiles (avian and non-avian) display some of the most complex colour 

vision amongst vertebrates. Most reptiles possess a specialised filter in front of the light-

sensitive region of their photoreceptors known as an oil droplet (Fig. 1-4, Fig. 1-5). These oil 

droplets selectively absorb light across the spectrum and act as long-pass filters which usually 

shift the spectral sensitivity of photoreceptors to longer wavelengths (Govardovskii, 1983; 

Vorobyev et al., 1998; Hart, 2001). Oil droplets are present in birds, turtles and lizards but are 

absent in crocodilians, geckoes and snakes (Walls, 1942). 

  

Fig. 1-4. Oil in the retinae of reptiles. (A & B) Oil droplets in the retina of the red-eared turtle 
Pseudemys scripta elegans (Ohtsuka, 1984) (A) under UV excitation and (B) under the light 
microscope. (C) Oil droplets in the Ornate dragon lizard Ctenophorus ornatus (Barbour et al., 
2002). IS: inner segment, OD: Oil droplet, YP: Yellow pigment, P: Pigment granules. Scale bar = 
10 µm for all panels.  
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Fig. 1-5. Cones associate with specific oil droplet types in a typical anoline lizard (iguanid 
subgroup, Fig. 1-1). LWS: long-wavelength-sensitive, MWS: middle-wavelength-sensitive, SWS: 
short-wavelength-sensitive, UVS: Ultraviolet sensitive. Y (yellow), C1 (transparent), C2 
(transparent), G1 (green), and G2 (green) are all classes of oil droplets as explained by Loew et 
al. (2002). The first photoreceptor is a double cone.The colour vision of non-avian reptiles, has 

been investigated through three main techniques; these include characterisation of expressed 

opsin genes, the measurement of the spectral sensitivity of single photoreceptors through 

microspectrophotometry (MSP) and the measurement of the spectral sensitivity of the eye 

using electroretinography (ERG). These techniques revealed that most reptiles possess either 

three opsins and three spectrally distinct photoreceptors (Liebman and Granda, 1971; Sillman 

et al., 1997; Davies et al., 2009; Yang, 2010; Nagloo et al., 2016) or five opsins (mainly lizards) 

and four spectrally distinct photoreceptors as RH1 and RH2 opsins are often indistinguishable 

during MSP measurements (Sillman et al., 1991; Kawamura and Yokoyama, 1998; Loew et al., 

2002; Martin et al., 2015). The only known exceptions to this are fossorial blindsnakes Anilius 

scylate which only express the RH1 gene and the fossorial lizards (Amphisbaenia spp.) which 

express four genes including SWS1, SWS2, RH2 and RH1 (Simões et al., 2015).  

The detection and discrimination of objects in the surrounding environment depends on the 

illumination of the surroundings, the absorption of light by the objects and the contrast 

between the objects and their background (McFarland and Munz, 1975; Lythgoe, 1988). Colour 

vision can be used to enhanced the detection of objects against their background, but it 

depends on the spectral sensitivity of the visual pigments in the retina (Bowmaker, 1995). In an 

aquatic environment, light is a scarce resource, thus for animals that use visual cues there is a 

high selective pressure for visual pigments that efficiently uses the available light (Marshall et 

al., 2015).  

Coloured dissolved organic matter (CDOM) from vegetation decay is commonly found in 

freshwater aquatic environments (Lythgoe, 1984). At higher concentrations, CDOM changes the 

transmission spectrum of freshwater so that longer wavelengths are preferentially transmitted 
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(Jerlov, 1976; Lythgoe, 1984; Muntz and Mouat, 1984). In contrast, despite temporal and 

geographical variations, the transmission spectrum of marine environments contains more 

short-wavelength light (Lythgoe, 1984). Differences in the transmission spectra of water bodies 

are strongly correlated to differences observed in the visual pigments of teleosts living in 

marine and freshwater habitats (Schwanzara, 1967; Lythgoe, 1972). Marine teleosts tend to use 

A1 chromophores while freshwater teleosts tend to tune their visual pigments to be sensitive to 

longer wavelengths by using A2 chromophores (Bowmaker, 1995). This well documented shift 

from A1-A2 visual pigments in teleosts is usually interpreted as the spectral tuning of visual 

pigments to the abundance of short- and long-wavelength light in the marine and freshwater 

aquatic environment, respectively (Bowmaker, 1995).  

A similar shift from A1-A2 pigments can be observed between marine and freshwater turtles 

(Liebman and Granda, 1971). The leatherback turtle Chelonia mydas (marine) uses pure A1 

visual pigments with a λmax of 440 nm, 505 nm, and 562 nm while the red-eared turtle 

Pseudemys scripta (freshwater) possesses A2 visual pigments with a λmax of 450 nm, 518 nm, and 

620 nm (Liebman and Granda, 1971). A shift in spectral sensitivity correlated with ambient 

lighting conditions can also be observed when comparing terrestrial snakes and sea snakes 

(evolved from terrestrial snakes, (Sanders et al., 2008)). Previous studies on basal and derived 

terrestrial snake species have revealed the same expression of SWS1, RH1 and LWS opsins with 

photoreceptor classes absorbing maximally at 357-360 nm, 482-495 nm and 549-551 nm 

(Sillman et al., 1997; Davies et al., 2009; Yang, 2010; Hart et al., 2012). Sea snakes also possess 

three spectrally distinct classes of photoreceptors (Hart et al., 2012). The maximal absorbance 

of their short wavelength photoreceptor, however, has shifted from UV (approximately 360nm) 

to violet (428-429 nm, (Hart et al., 2012)). This loss of UV sensitivity may reflect the low 

abundance of UV light in an aquatic environment or the absence of UV visual cues commonly 

used by several fish species (McFarland and Munz, 1975; McFarland and Loew, 1994; 

Bowmaker, 1995). 

In contrast to aquatic reptiles, semi-aquatic reptiles such as the alligator and the caiman possess 

pure A1 pigments even though they inhabit a freshwater environment (Sillman et al., 1991). The 

American alligator Alligator mississippiensis possesses pigments with a λmax of 443 nm, 501 nm, 

535 nm, and 566 nm (Sillman et al., 1991). The spectacled caiman, possesses the same 

pigments as the alligator except that the λmax is slightly short wavelength shifted (430 nm 

instead of 443 nm) in the short-wavelength sensitive photoreceptor and the retina lacks the 

long-wavelength-sensitive pigment (566 nm) (Govardovskii et al., 1988). Considering that the 

pigments are not long wave shifted as observed in the freshwater turtle, it appears that the 

crocodilians neither switch to A2 visual pigments nor switch opsins to tune their spectral 
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sensitivity to typical photic conditions of a freshwater aquatic environment. This suggests that 

the colour vision of crocodilians is not tuned to an aquatic environment. I test this prediction on 

Australian crocodiles Crocodylus porosus and C. johnstoni which are closely related yet inhabit a 

marine and freshwater habitat, respectively. 

Lizards possess the most complex colour vision of all reptiles, and do no not seem to tune their 

spectral sensitivity to the illumination spectrum of their environment. The opsins for two 

species of diurnal lizards were sequenced including the green anole Anolis carolinensis, and the 

Tawny dragon Ctenophorus decresii. Both species express all five vertebrate opsin genes SWS1, 

SWS2, RH2, LWS and RH1 and thus have four spectrally distinct photoreceptor classes (RH1 and 

RH2 are often indistinguishable in MSP measurements and are therefore often lumped together 

in the same class).  

Most lizards use A1 pigments while chameleons are known to have a mixture of A1 and A2 

pigments. There are two exceptions including the one iguanid and one lacertid known to use 

pure A2 visual pigments (Fig. 1-6) (Martin et al., 2015). The chameleons i.e. Chamaeleo dileptis, 

C. caliptratus, Furcifer pardalis, and F. lateralis, are a good example of visual pigments with A1 

and A2 chromophore mixtures as they display a range of λmax values for the LWS pigment, which 

depends on the ratio of A1 and A2 chromophores: the λmax of chameleon visual pigments range 

from 375-385 nm (UVS), 440-450 nm (SWS), 480-505 nm (MWS), and 555-610 nm (LWS) 

(Bowmaker et al., 2005). In contrast, most members of the anoline group uses mainly A1 

pigments, and have a λmax of 365 nm (UVS), 455 nm (SWS), 494 nm (MWS), and 564 nm (LWS) 

(Loew et al., 2002). Anolis carolinensis is unique in its use of pure A2-based visual pigments, 

which mediates peak sensitivities of 365 nm (UVS), 462 nm (SWS), 503 nm (MWS), and 625 nm 

(LWS). This use of 100% A2-based visual pigments in a terrestrial vertebrate has only been found 

in one other lizard i.e. the viviparous lizard Zootoca vivipara (a lacertid), which possesses peak 

sensitivities of 358 nm (UVS), 437 nm (SWS), 487 nm (MWS) and 614-624 nm (LWS). The 

spectral sensitivity of the individual photoreceptors does not vary much between species except 

for those which use A2 visual pigments. This may be due to the already numerous number of 

spectrally distinct photoreceptors in the retina of lizards which can cater to broad range of 

photic conditions.  

Unlike in aquatic reptiles, the role of A1 and A2 visual pigments is not clearly understood in 

diurnal lizards. Pigment sensitivity does not appear to be correlated to changes in the spectral 

properties of their surroundings (Fleishman et al., 1997). There also appears to be no 

correlation between the skin colour of body parts used in dynamic visual signals and the 

spectral sensitivity of lizards studied so far (Fleishman et al., 1997). Due to the lack of 
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comparative visual ecology studies in reptilians, it is hard to determine the pressures which 

affect spectral sensitivity. 

 

Fig. 1-6. Spectral sensitivity (λmax) of visual pigments of all lizard species for which MSP data are 
available to date. The data for Z. vivipara LWS pigments (pure A1 and pure A2) are designated by 
an asterisk. Figure from (Martin et al., 2015). 

Other than the absorbance of the individual visual pigments, several studies have also examined 

spectral tuning in lizards by recording the electrical responses of the whole eye 

(electroretinography, ERG) to coloured stimuli. Most of these ERG experiments were carried out 

in iguanids from the Anolis genus including six anolis species (A. gundlachi, A. pulchellus, 

A. cristatellus, A. krugi, A. startulus, and A. evermanni), two gecko species (Gekko gecko and 

Gonatodes albogularis), two spiny tree lizard species (Scleropus olivaceus and S. cyanogenyl), 

one collared lizard species (Crotaphytus collaris), one horned lizard species (Phrynosoma sp.), 

and one skink species (P. broadleyi) (Forbes et al., 1960; Crescitelli, 1966; Ellingson et al., 1995; 

Fleishman et al., 1997; Fleishman et al., 2011). These species have very similar sensitivity peaks 

in the long wavelength region of their overall spectral sensitivity curve with peaks around the 

550-580 nm range (Fleishman et al., 1997). Fleishman (1997) suggested that this may be due to 

the tuning of the visual system to the background radiance of green vegetation common to 

many lizards. However, the diurnal cordylid lizard P. broadleyi was an exception to this (Fig. 1-6) 

as it possessed elevated UV sensitivity compared to the other diurnal lizards (Fleishman et al., 

2011). The greater UV sensitivity displayed by P. broadleyi has been linked to its extensive use of 
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UV signals (Stapley and Whiting, 2006); however, to test this, a greater representation of lizards 

outside of the iguanid and chameleon subgroups is needed.  

1.4 Thesis outline 
As a group, reptiles display extreme diversity in habitat, behaviour, morphology and physiology 

(Huey, 1982). Well known evolutionary events include their mass proliferation in the Mesozoic 

era, several extinction events and being the first fully terrestrial vertebrates (Sumida and 

Martin, 1997; Harvey Pough et al., 2004; Vitt and Caldwell, 2013). Non-avian reptiles are the 

second most species rich group after birds and have colonised a range of harsh environments 

which exclude the poles (Rasmussen et al., 2011; Pincheira-Donoso et al., 2013). Species 

richness across reptiles is asymmetric with squamates accounting for 96.3% of species richness. 

Most reptile clades contain few lineages made up if monophyletic families and genera while a 

few families such as Scincidae and Colubridae contain a great number of paraphyletic lineages 

(Pincheira-Donoso et al., 2013). Furthermore, throughout the course of evolution, the visual 

system of reptiles has undergone cycles of adaptive specialisation that has resulted in several 

unique visual cells and adaptations not found in other vertebrate groups (Walls, 1942). These 

evolutionary properties make the visual system of reptiles ideal for the study of the 

phylogenetic influence and ecological pressures on retinal design. 

This thesis investigated the pressures which influence colour vision and retinal specialisations in 

reptilian subgroups. The spatial distribution of retinal neurons, absorbance of visual pigments 

and electrical response of the eye were investigated in closely related species across different 

ecological niches. This yielded the first comparative studies of retinal specialisations and colour 

vision in lizards and crocodilians, respectively. In addition, the focus of the thesis on endemic 

Australian species presents an opportunity to study visual adaptations amongst unique 

ecological interactions between endemic fauna and flora found nowhere else (Steffen et al., 

2009). The specific points of interest for each chapter are outlined below: 

In Chapter 2, I examined the spatial distribution retinal neurons in six species of Ctenophorus 

lizards. One group was made up of burrow-using, basal species which used relatively simple 

dynamic visual cues while the other was made up of rock-dwelling, derived species which used 

relatively complex dynamic visual cues. I asked whether the spatial distribution of neurons in 

the retina would differ between groups to reflect the different phylogenetic and ecological 

pressures of the two groups. 

Hypothesis: I expected both groups to possess similar retinal specialisations which consist of a 

fovea and visual streak due to their open habitat, diurnal lifestyle and close phylogenetic 
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relationships. However, due to the differences in the ecology of the two groups, I expected 

subtle variations in those specialisations.  

In Chapter 3, I examined the spectral sensitivity (using MSP) and retinal specialisations in the 

saltwater crocodile Crocodylus porosus and the freshwater crocodile C. johnstoni. The saltwater 

and freshwater crocodiles are both semi-aquatic reptiles which live in water bodies with 

differing spectral properties but share very similar ecological niches apart from this. I asked 

whether the spectral sensitivity of the two species would differ between species because of 

different spectral conditions and whether the retinal specialisations would be similar.  

Hypothesis: Based on the significant amount of time spent in the water by both species and 

previous observation of changes in the spectral sensitivity of aquatic reptiles (e.g. turtles), I 

expected the spectral sensitivities of freshwater crocodiles to be at longer wavelength relative 

to the spectral sensitivity of the saltwater crocodiles. I also expected very similar retinal 

specialisations in both species consisting of a visual streak due their visual field often being 

dominated by the riverbank at the visual horizon.  

In Chapter 4, I investigated photoreceptor subtypes and spectral sensitivity (using ERG) in the 

sleepy lizard, Tiliqua rugosa. The sleepy lizard is the second largest skink in Australia and 

possesses a blue tongue that has high UV reflectance that is used as a conspicuous visual signal. 

The only other scinciform in which colour vision has been investigated is the cordylid lizard 

Platysaurus broadleyi which also UV visual signals. The cordylid lizard possesses enhanced UV 

sensitivity relative to other diurnal lizards studied to date which suggest a potential link 

between spectral sensitivity and the spectral properties of the visual signals in this species. I 

asked whether the sleepy lizard would also possess enhanced UV sensitivity. If this was true, it 

would suggest that the correlation between spectral sensitivity and visual signals is more 

common in scinciforms than in other groups studied to date. I also asked whether similar 

photoreceptor subtypes could be found in the sleepy lizard compared to diurnal lizards studied 

so far.  

Hypothesis: Due to the phylogenetic closeness of the cordylid lizard and the use of UV visual 

cues in the sleepy lizard, I expect the sleepy lizard to possess enhanced UV sensitivity. This 

would be reflected by a high proportion of SWS1 photoreceptors in the retina to facilitate the 

detection of such visual signals from a distance. 
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2.1 Abstract 
Endemic Australian Ctenophorus lizards (Family Agamidae) use complex visual signals for 

conspecific communication. Their well-established ecological niches and phylogenetic relations 

render them ideal for the study of the evolutionary pressures that affect retinal organisation in 

reptiles. Here, we examined the retinae of six Ctenophorus species, which use different types of 

shelter to hide from predators, to determine whether retinal organisation differs across shelter 

types and associated habitats. Three species use burrows (C. pictus, C. gibba and C. nuchalis) 

and three species use rocks (C. ornatus, C. decresii and C. vadnappa) as shelter. We used design-

based stereology to sample both the photoreceptor array and neurons within the retinal 

ganglion cell layer to estimate areas specialised for acute vision. All species possessed two 

retinal specialisations mediating enhanced spatial acuity; A fovea in the retinal centre and a 

visual streak across the retinal equator. Compared to rock-using species, burrow-using species 

had significantly larger eyes, higher numbers of total retinal cells, higher photoreceptor 

densities in the ventral retina, and higher spatial resolving power than species that used rocks 

for shelter. Greater spatial summation in the ventral retina would mediate enhanced sensitivity 

in the dorsal visual field than in the dorsal visual field. Spatial summation seems higher in 

burrow-using species than rock-dwelling species indicating that there may enhanced is selected 

for in the burrow-using species of this study. High sensitivity in the dorsal visual field could be 

driven by dynamic visual signals that are harder to detect in the burrow-using species than in 

rock-dwelling species.  
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2.2 Introduction 
The relatively high energetic cost of encoding visual information means that there is always a 

need for efficient neural coding within the circuitry of the retina (Laughlin et al., 1998; Laughlin, 

2001). Given the strong selective pressure on visually-oriented species to find food and avoid 

predation, it is therefore expected that retinal circuitry is optimised to extract relevant and 

accurate information from the surroundings. One approach to assess the quality of information 

available to animals is to examine the distribution of photoreceptors and retinal ganglion cells 

(RGCs). The level of heterogeneity in the density of these neurons across the retina reflects 

variation in retinal function across the visual field (three-dimensional space that can be 

surveyed by the eye). The study of retinal topography also allows us to determine the location 

of retinal specialisations within the eye and therefore where in the visual field an image is 

differentially sampled with higher resolution (Collin, 2008).  

There have been repeated observations of strong correlations between the specialised 

distribution of retinal neurons and ecology in fish, mammals, and birds (Hughes, 1977; Shand et 

al., 2000; Coimbra et al., 2009). However, we also know that there are phylogenetic constraints 

to the packing density of neurons and retinal organisation (Reichenbach and Robinson, 1995). 

To date, several studies of retinal topography in lizards have identified three common 

specialised retinal regions (Detwiler and Laurens, 1920; Underwood, 1951; Fite and Lister, 1981; 

Röll, 2001a; Röll, 2001b; Barbour et al., 2002). These are: a horizontal band of elevated 

photoreceptor and RGC densities (horizontal streak), a concentric increase in photoreceptor 

and RGC densities (area centralis), and a steep increase in photoreceptor density accompanied 

by a lateral displacement of RGCs (foveal pit) (Curcio and Allen, 1990). These localised 

elevations in neuronal density are specialised for the discrimination of fine detail (spatial 

resolving power, SRP) within a specific region of the visual field. Although these studies provide 

some insights into the visual system of lizards, no study to date has investigated how retinal 

organisation in lizards varies across ecological niches.  

The Ctenophorus genus forms a monophyletic group of 28 lizard species endemic to semi-arid 

and arid Australia (Greer, 1989). Ecological differentiation within this genus is most apparent in 

the shelter type different species use as for refuge. Different species use either burrows, rocks, 

or hummock grasses for shelter (Thompson and Withers, 2005). Phylogenetic analyses suggest 

that the use of burrows represent the ancestral state of shelter type, whereas the use of rocks 

and hummock grasses as a refuge had occurred later during the evolution of shelter occupation 

in this genus (Melville et al., 2001). The microhabitat of burrow-using species includes sand 

ridges into which they dig their shelter, sparse vegetation where they forage, and elevated 
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areas, usually wood, where they bask in the sun (Greer, 1989). In contrast, species that shelter 

among rocks are mostly found on granite or sandstone rocky outcrops with sparse vegetation 

and forage and bask on rocks. The relatively open vegetation structure in both microhabitats 

leaves lizards exposed in a flat environment where the early detection of predators (usually 

achieved visually) is crucial (Greer, 1989). The two groups of lizards feed on insects, plant 

matter, and smaller lizards when available. Common predators include monitor lizards, snakes, 

legless lizards and a variety of birds, which strike from above (Pianka, 1971; Mitchell, 1973).  

Dragon lizards are also known for their extensive use of complex dynamic visual signals such as 

head-bobbing (HB), push-ups (PU), tail flicks (TF) and arm waving (AW) (Watt and Joss, 2003). 

34 out of the 78 species of agamids are known to use these dynamic visual cues to display 

courtship, aggression and territoriality (Ramos and Peters, 2015). In general, the dynamic 

signals of the burrow-using species used in this study appear slightly simpler than those used by 

species using rock shelters (Ramos and Peters, 2015). In the burrow-using group, C. gibba uses 

only HB, C. nuchalis uses HB and PU and C. pictus uses HB, PU and TF. In contrast, in the rock 

shelter group, C. ornatus uses HB and PU, C. decresii uses HB, PU, TF and AW while C. vadnappa 

uses HB, PU and AW. Due to their extensive use of complex visual signals during conspecific 

communication and the wealth of information about their phylogeny and ecology (LeBas and 

Marshall, 2000; LeBas, 2001), Ctenophorus lizards represent interesting models to study 

whether variations in microhabitat occupation and shelter preference are reflected in the 

topographic distribution of retinal neurons.  

To date, the retinal topography of only two Ctenophorus species has been examined. C. ornatus 

and C. nuchalis both have an area centralis located in the middle of a horizontal streak 

extending across the retinal equator (Wilhelm and Straznicky, 1992; Barbour et al., 2002). Using 

retinal cross sections of C. ornatus, Barbour et al. (2002) found a foveal pit associated with area 

centralis in this species. However, Wilhelm and Straznicky (1992) could not verify the presence 

of a foveal pit in wholemounts and sections of C. nuchalis. It is unknown if the lack of a fovea in 

C. nuchalis is a result of methodological issues or natural variation across species.  

In this study, I investigated the retinal organisation of three species that shelter in burrows (C. 

pictus, C. gibba, C. nuchalis) and three species that shelter under rocks (C. ornatus, C. decresii 

and C. vadnappa). While two of the burrow-using species, C. gibba and C. nuchalis, evolved 

from a burrow-using lineage, C. pictus re-acquired the burrow-using trait from an ancestor of 

equivocal shelter type (Melville et al., 2001). According to a mitochondrion segment divergence 

rate of 1.3% per million years of lineage separation, C. pictus re-acquired the use of burrows 

(Fig. 2-1) approximately 9 million years ago (Melville et al., 2001; Weisrock et al., 2001). In 

contrast, C. gibba and C. nuchalis have ancestrally inherited this shelter type (Fig. 2-1) from at 
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least 12 million years ago (Melville et al., 2001). I expect similar retinal specialisations in all 

species consisting of a fovea and a streak due to their open environment, diurnal lifestyle and 

phylogenetic closeness. However, due to differences in shelter type and the dynamic visual 

signals used, I expect subtle differences in similar retinal specialisations across species. 

 

Fig. 2-1 Shelter use across phylogeny for six Ctenophorus species. Modified from (Melville et al., 
2001) 

  



27 
 

2.3 Materials and Methods 

2.3.1 Animals 
We studied the retinas of six Ctenophorus species: C. ornatus (2 individuals, gender unknown), 

C. vadnappa (3 males, 1 female), C. decresii (2 males, 2 females), C. pictus (3 males, 1 female), 

C. nuchalis (3 males), and C. gibba (4 males, 1 female). Three species shelter in burrows: C. 

pictus, C. nuchalis and C. gibba, and three species shelter under rocks: C. vadnappa, C. ornatus 

and C. decresii. All individuals used in this study were mature adults with an average weight 

(± s.d.) of 12.7 ± 3.3 g. Animals were euthanized and perfused according to Hoops (2015) at the 

Australian National University (ANU) and the eyes subsequently shipped to the University of 

Western Australia (UWA). All procedures were approved either by the ethics committee of the 

ANU (A201149) or UWA (RA/3/100/1030). 

2.3.2 Histological preparations 
Once each specimen was euthanised, the periphery of the dorsal and nasal regions of its eyes 

were marked by the brief application of a cauteriser to the cornea (Coimbra et al., 2013). The 

eyes were then removed from its orbit and fixed by immersion in 4% paraformaldehyde in 0.1M 

phosphate buffer (PB, pH 7.2) for 24 hours. After fixation, the eyes were stored in 0.1 M PB plus 

0.01% azide. The axial length of each fixed eye was measured using a digital calliper. The 

corneas were then removed with a continuous lateral incision at the limbus until it could be 

lifted off. A small incision was made on each dorsal ora for later orientation. The lens and excess 

vitreous were removed and the retinal tissue isolated from other ocular media before being 

flattened by making a series of radial cuts that alleviated the tension across the hemisphere of 

the eyecup. Fifteen eyes were stained for Nissl substance and used for the analysis of the RGC 

layer (Table 2-1). Ten eyes were glycerol mounted and used for the analysis of the 

photoreceptor layer (Table 2-1). 
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Table 2-1. Number of individuals and retinae used to analyse the RGC and photoreceptor layer. 

Species Total number of 
individuals used in 

each species 

Number of Nissl- 
stained retinae – 

RGC layer 

Number of glycerol 
mounted retinae – 

Photoreceptor layer 

C. gibba 5 3 2 

C. nuchalis 3 2 2 

C. pictus 4 3 2 

C. ornatus 3 1 1 

C. decresii 4 3 2 

C. vadnappa 4 3 1 

    

Total 23 15 10 

 

2.3.3 Nissl staining of the retinal ganglion cell layer 
Retinae used for the analysis of the RGC layer were mounted on gelatinised slides and allowed 

to dehydrate overnight at room temperature in a chamber filled with formaldehyde vapours. 

This process increases adherence of the retina to the gelatinised slide and increases cell 

differentiation during staining (Stone, 1981). Retinae were then rehydrated through an alcohol 

series of descending concentrations and stained in 0.1 % aqueous cresyl violet solution before 

being dehydrated again through an alcohol series, cleared in xylene, mounted in Entellan New 

(Merck, Darmstadt, Germany) and cover slipped (Coimbra et al., 2006). Shrinkage and warping 

due to dehydration of tissue during staining were minimal and limited to the edges of the 

wholemount because the tissue remained attached to the slide all steps (Wassle et al., 1981; 

Peichl, 1992). Cell staining in the RGC layer was relatively uniform except for glial cells, which 

were more darkly stained. Glial cells were also differentiated on the basis of their small size and 

irregular soma shape (Fig. 2-2). Due to the similar appearance of displaced amacrine cells and 

small RGCs, the sampling procedure combined these two cell populations to estimate total 

neuron counts in the RGC layer (Fig. 2-2).  

2.3.4 Retinal wholemounts in glycerol 
Retinae used for the analysis of the density of photoreceptors were mounted on a non-

gelatinized glass slide in 80 % glycerol in 0.1 M PB plus 0.1% azide. To maintain a vertical 

orientation of the photoreceptor outer segments and reduce distortions in the wholemount, a 

frame of thin strips of filter paper was used between the slide and coverslip. Nail varnish was 
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used to seal the preparation to prevent dehydration and stabilise the retinal wholemount. The 

low refractive index of the glycerol allowed easy visualisation of the photoreceptor array, 

negating the need for staining prior to sampling. Double cones were easily identified by their 

large outer segments and were counted as a single functional unit (Fig. 2-2). There was no 

significant difference (p = 0.75, linear mixed effect model, n = 25, df = 1) in the retinal area of 

hydrated (for photoreceptor analyses) and dehydrated (for RGC analyses) retinae. This suggests 

that the effects of dehydration and any consequent shrinkage were kept at a minimum. 

 

 

Fig. 2-2 Histocriteria used to identify cell types in the photoreceptor layer and the retinal 
ganglion cell (RGC) layer. A) Photoreceptors in the retina of C. pictus, B) Photoreceptors at high 
foveal density in the retina of C. pictus, C) RGC layer neurons stained for Nissl substance in the 
peripheral retina of C. decresii, D) RGC neurons in the dorsal retina of C. decresii. sc: single 
cones, pm: principal member of a double cone, am: accessory member of a double cone, yp: 
yellow pigment in the inner segment of cones in the streak and central retina only, g: glial cells, 
n: neurons including RGCs and displaced amacrine cells.  

2.3.5 Designed-based stereology 
A 4x NA 0.17 objective lens, StereoInvestigator software (MBF Bioscience) and a motorised 

stage (MAC200; Ludl Electronics Products) were used to visualise retinae and digitise the outline 

of retinal wholemounts. The optical fractionator used by West et al. (1991) and modified by 
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Coimbra et al. (2009) for the retinal wholemount was used to sample the RGC and 

photoreceptor layers of all retinae. Due to a foveal pit being present in all retinae, sampling 

regimes of increasing resolution were used to accurately sample the rapidly changing cell 

densities in this region. This was accomplished using three sampling protocols over three 

sampling regions the RGC layer (Table 2-2). These regions were the peripheral retina 

(periphery), the area surrounding the fovea (perifovea) and sampling in to the foveal pit 

(foveola) (Table 2-2). By contrast, four sampling protocols over four regions were used for the 

photoreceptor layer (Table 2-3) (Coimbra et al., 2014; Coimbra et al., 2015). These regions 

included the peripheral retina (periphery), the peripheral area surrounding the fovea 

(perifovea), the proximal regions to the foveal pit (parafovea) and the foveal pit (foveaola) 

(Table 2-3). 
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Table 2-2. Sampling protocol for assessing the density of neurons in different regions of the 
retinal ganglion cell layer.  

Shelter type Specimen ID 
code 

Retinal 
region 

Retinal area 
(mm2) 

Counting 
grid (µm) 

Counting 
frame (µm) 

Number of 
sites 

sampled 

CE 

Burrows 

C. gibba 

 

CG04LE 

 

 

Periphery 73 550 45 240 0.06 

Perifovea 1.6 175 20 56 0.03 

Foveola 0.02 25 15 29 0.10 

C. nuchalis 

 

CN01LE 

 

 

Periphery 80 600 45 216 0.06 

Perifovea 1.6 175 20 52 0.03 

Foveola 0.02 25 15 34 0.06 

C. pictus 

 

CP04RE 

 

 

Periphery 45 450 45 219 0.06 

Perifovea 1.1 175 20 38 0.03 

Foveola 0.01 25 15 26 0.09 

Rocks 

C. ornatus 

 

CO03RE 

 

 

Periphery 45 450 45 224 0.05 

Perifovea 1.4 175 20 47 0.03 

Foveola 0.01 25 15 29 0.08 

C. decresii 

 

CD04LE 

 

 

Periphery 52 450 45 254 0.05 

Perifovea 2.2 175 20 76 0.02 

Foveola 0.01 25 15 28 0.09 

C. vadnappa 

 

CV03RE 

 

 

Periphery 62 500 45 246 0.05 

Perifovea 1.5 175 20 49 0.04 

Foveola 0.01 25 15 22 0.09 

Schaeffer’s Coefficient of Error (CE) associated with each sampling protocol (Glaser and Wilson, 

1998; Slomianka and West, 2005) 
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Table 2-3. Sampling protocol for assessing the density of photoreceptors in different retinal 
regions.  

Shelter type Specimen ID 
code 

Retinal 
region 

Retinal area 
(mm2) 

Counting 
grid (µm) 

Counting 
frame (µm) 

Number of 
sites 

sampled 

CE 

Burrows 

C. gibba 

 

CG06RE 

 

 

 

Periphery 62 500 20 244 0.05 

Perifovea 2 200 20 39 0.08 

Parafovea 0.37 100 15 38 0.08 

Foveola 0.03 50 15 18 0.14 

C. nuchalis 

 

CN01RE 

 

 

 

Periphery 78 600 20 210 0.05 

Perifovea 2.3 250 20 31 0.09 

Parafovea 0.22 100 15 21 0.07 

Foveola 0.04 50 15 20 0.09 

C. pictus 

 

CP03RE 

 

 

 

Periphery 50 450 20 240 0.04 

Perifovea 2.1 200 20 49 0.07 

Parafovea 0.19 100 15 19 0.13 

Foveola 0.03 50 15 15 0.17 

Rocks 

C. ornatus 

 

CO04LE 

 

 

 

Periphery 57 500 20 221 0.05 

Fovea 2.6 300 20 25 0.09 

Parafovea 0.38 150 15 16 0.09 

Foveola 0.02 40 15 15 0.13 

C. decresii 

 

CD03LE 

 

 

 

Periphery 58 500 20 225 0.04 

Perifovea 1.5 200 20 34 0.04 

Parafovea 0.2 100 15 19 0.13 

Foveola 0.02 50 15 8 0.15 

C. vadnappa 

 

CV05RE 

 

 

 

Periphery 48 450 20 224 0.04 

Perifovea 2.3 200 20 53 0.05 

Parafovea 0.32 100 15 31 0.07 

Foveola 0.04 50 15 18 0.08 

Schaeffer’s Coefficient of Error (CE) associated with each sampling protocol (Glaser and Wilson, 

1998; Slomianka and West, 2005) 
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2.3.6 Estimation of total cell number 
Within each square of a randomly placed, regular sampling grid, a sampling frame of predefined 

size was used to sample the retina and to represent the area covered by the square. Only 

neurons within the sampling frame that did not touch the exclusion borders were marked 

(Gundersen, 1977). The total number of markers that are both within the sampling frame and 

the outline of the retinal region were used to estimate the cell density and the total number of 

cells in each grid area (Equation 2-1). Cell counts at all grid locations were summed to estimate 

the total number of neurons.  

 

Equation 2-1 

𝑁𝑁 =  𝛴𝛴𝛴𝛴 ∗ 1/𝑎𝑎𝑎𝑎𝑎𝑎 (Coimbra et al., 2009) 

 

where asf is the area sampling fraction and ΣQ is the number of markers counted within a frame 

and N is the total number of cells estimated within the area represented by the grid. 

2.3.7 Average regional cell densities 
Cell density in the photoreceptor layer and the RGC layer was averaged over 20 micrometre 

intervals from the foveal centre to the retinal periphery in the dorsal, ventral, nasal and 

temporal regions. To make consistent comparisons of cell densities for both populations of 

neurons, retinal regions were examined at two eccentricities: central (< 1mm from the foveal 

centre) and peripheral (> 1mm and <=3.5mm from the foveal centre, Fig. 2-5).  

 

2.3.8 Statistical analysis 
All statistical analyses were conducted using R software (R Core Team, 2016). Linear mixed 

effects models in the lme4 package (Bates et al., 2015) were used to compare cell densities 

across regions and shelter type with individual included as a random effect to account for 

repeated measures. Stepwise factor selection was used to build final linear models which only 

contained factors significant at the 5% level. All p-values presented were tested against the final 

models. Normality of final residuals was checked using a combination of qqplots and shapiro-

wilk tests. Analysis of response variables where there were no repeated measures (axial length 

of the eye, retinal area, total number of neurons, peak neuron density and SRP), was carried out 
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using the base lm function for linear models in R (R Core Team, 2016). Effect size of shelter type 

on response variables was standardised and expressed as a proportion of pooled standard 

deviation (Cohen, 1988). For comparison across shelter types, we conducted analyses with C. 

pictus as a burrower, and with C. pictus grouped with rock using species due to its recent 

acquisition of burrows as shelters.  

2.3.9 Retinal maps  
A custom written Matlab (Mathworks, USA) script was used to extract the cell density 

(cells/mm2) data and retinal outline from the xml file generated by StereoInvestigator (MBF 

Bioscience). A thin plate spline was then used to interpolate cell density at 20 µm intervals with 

a second order polynomial and a lambda value of zero (Hemmi and Grünert, 1999; Garza-

Gisholt et al., 2014). A set of iso-density lines was then plotted on the retinal map to visualise 

the distribution of retinal neurons and fill the contours with a graded colour map. This allowed 

us to graphically represent retinal specialisation and compare specializations across species. 

2.3.10 Spatial resolving power 
The highest SRP is achieved in retinal regions with the highest RGC and photoreceptor densities. 

In these regions, the resolution is limited by the neuronal population (photoreceptor or RGC) 

with the lowest density (Wässle, 2004). This is usually the RGC population since there is more 

than one cone per RGC (Wässle, 2004). However, the lateral displacement of the RGCs by the 

fovea in all species of this study distorts the RGC density across the retina and makes the peak 

RGC density an unreliable measure for the spatial sampling frequency of the retina (Missotten, 

1974; Perry and Cowey, 1988). Furthermore, in some foveae (e.g. primates) the resolution is 

limited by photoreceptors instead of the RGC population as there are up to 4 RGCS : 1 

photoreceptor (Perry and Cowey, 1988; Wässle et al., 1990). Hence, in this study we use the 

peak photoreceptor density (Equation 2-2) and the posterior-nodal distance (Equation 2-3) to 

estimate the SRP. 

 

Equation 2-2 

𝑅𝑅𝑅𝑅𝑅𝑅 = 2𝜋𝜋𝜋𝜋𝑁𝑁𝜋𝜋/360 (Pettigrew et al., 1988) 

 

Equation 2-3 

𝑎𝑎𝑁𝑁 = 0.5 × 𝑅𝑅𝑅𝑅𝑅𝑅 ×  (2D
√3

)˄1/2 (Snyder and Miller, 1977) 
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Where 𝑎𝑎N is the Nyquist limit in cycles per degree, RMF is the Retinal Magnification Factor in 

micrometres per degree, D is the peak photoreceptor density in cells per mm2 and PND is the 

distance from the nodal point of the lens to the focal plane (in this case, the retina) also known 

as the posterior nodal distance in millimetres 
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2.4 Results 
The eyes of all six Ctenophorus species showed a band of diffuse yellow pigment across the 

equator of the retina and a central pit, which indicated the presence of a fovea. Double cones 

and single cones were confined to a single layer within the photoreceptor layer and reached a 

maximum cell density in the middle of a convexiclivate fovea (Fig. 2-3). In contrast, neurons in 

the RGC layer were stacked in 5-6 layers with maximum neuron density reached in the regions 

surrounding the fovea. The total number of photoreceptors was 2.1 times the total number of 

RGCs on average. Average axial length of the eye ranges from 4.9 - 6.6 mm across all species 

(Table 2-4). 

Table 2-4. Variation in eye size, cell number across species. 

Shelter type Species Axial length 

 (mm ± s.d.) 

Retinal area 

 (mm2 ± s.d.) 

Total number of photoreceptors 

 (± s.d.) 

Total RGCs (± s.d.) 

Burrows 

C. gibba 5.63 ± 0.39, n=4 66.8 ± 3.0, n=5 2,106,500 ± n/a, n=2 923,667 ± 119,236, n=3 

C. nuchalis 6.59 ± 0.32, n=3 84.8 ± 8.2, n= 3 3,095,500 ± n/a, n=2 1,302,000 ± n/a, n=2 

C. pictus 4.93 ± 0.31, n=4 51.6 ± 3.5, n=4 1,460,500 ± n/a, n= 2 736,000 ± 92,698, n=3 

Rocks 

C. ornatus 4.88 ± 0.25, n=3 53.5 ± n/a, n=2 1,257,000 ± n/a, n=1 613,000 ± n/a, n=1 

C. decresii 5.29 ± 0.56, n=4 53.6 ± 7.1, n=4 1,357,500 ± n/a, n=2 693,000 ± 116,503, n=3 

C. vadnappa 5.21 ± 0.32, n=4 58.5 ± 5.8, n=4 1,514,000 ± n/a, n=1 843,000 ± 78,734, n=3 

 Mean ± s.d. 5.42 ± 0.63 61.5 ± 12.7 1,798,500 ± 701,421 851,778 ± 246,404 

s.d. : Standard deviation, n/a: not applicable due to low sample size. 

2.4.1 Retinal specialisations  
The topographic maps of both photoreceptor and RGC density revealed a steep fovea located in 

the centre of a horizontal visual streak. This arrangement was consistent for both the 

photoreceptor and RGC layers across all species examined (Fig. 2-3, Fig. 2-4). There was a clear 

ventral extension of medium photoreceptor density (50,000 photoreceptors/mm2, Fig. 2-3 B-C) 

in C. nuchalis and C. gibba, which matched our findings below and supports the presence of a 

strong dorsoventral asymmetry in the photoreceptor layer (Fig. 2-5). This extension was not 

detected in any of the other species and did not occur for neurons within the RGC layer (Fig. 

2-4). 
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Fig. 2-3. Topographic maps of photoreceptor distribution across six species of Ctenophorus. N, T 
and V indicate the nasal, temporal and ventral regions of the retina, respectively. The black 
circular areas within the retinae illustrate the optic nerve head. All scale bars are at 1mm, as 
shown in F. Isodensity lines in maps and insets indicate cell density in cells/mm2 X 1000 and the 
insets share the same colourscale as the maps 
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Fig. 2-4. Topographic maps of retinal ganglion cell distribution across six Ctenophorus species. N, 
T and V indicate nasal, temporal and ventral regions of the retina, respectively, for orientation 
purposes. The black circular areas within the retina illustrate the optic nerve head. All scale bars 
are at 1mm, as shown in F. Isodensity lines in maps and insets indicate cell density in cells/mm2 

X 1000 and the insets share the same colourscale as the maps 
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2.4.2 Spatial resolving power 
Peak photoreceptor and RGC densities did not differ across shelter type (p = 0.92 and p = 0.90, 

respectively, Table 2-5 F and G). An average peak photoreceptor density of 401100 ± 31033 

photoreceptors/mm2 (mean ± s.d.) with an axial length of the eye of ranging from 4.8-6.4mm 

provided SRP estimates ranging from 19-26 cycles/degree across the six Ctenophorus species 

(Table 2-6). Although there was no change in peak photoreceptor density across shelter type, 

species that burrowed had a significantly longer axial length (6.04 ± 0.61 mm, p < 0.001, Table 

2-5 C, Fig. 2-6 F) and therefore higher SRP (24.5 ± 2.9 cycles/degree, p = 0.01, Table 2-5 H, Fig. 

2-6 C). 
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Table 2-5. Final models used for all statistical comparisons 

Model 
ID 

Retinal 
region 

Final model Model 
type 

Model 
terms 

DF Chi-
Square/F 

p-value 

A N/A Retinal area ~ 1, n = 25 LME Tissue 
treatment 1 0.10 0.75 

B N/A Retinal area ~ shelter type, 
n = 25 LME Shelter 

type 1 17.93 <0.001 

C N/A Axial length ~ shelter type, 
n = 22 LM Shelter 

type 1 19.497 <0.001 

D N/A Photoreceptor total ~ 
shelter type, n = 10 LM Shelter 

type 1 23.86 0.001 

E N/A RGC total ~ shelter type, n 
= 15 LM Shelter 

type 1 14.03 0.002 

F N/A Peak photoreceptor 
density ~ 1, n = 10 LM Shelter 

type 1 0.01 0.916 

G N/A Peak RGC density ~ 1, n = 
15 LM Shelter 

type 1 3.37 0.089 

H N/A SRP ~ shelter type, n = 10 LM Shelter 
type 1 10.92 0.011 

I 

Central 
Retina 

DV photoreceptor density 
~ region, n = 10 LME Retinal 

region 1 5.19 0.023 

J DV RGC density ~ 1, n = 15 LME Retinal 
region 1 0.182 0.667 

K NT photoreceptor density 
~ 1, n = 10 LME Retinal 

region 1 0.01 0.939 

L NT RGC density ~ 1, n = 15 LME Retinal 
region. 1 3.54 0.06 

M 

Peripheral 
retina 

DV photoreceptor density 
~ region, n = 10 LME Retinal 

region 1 18.54 <<0.001 

N DV RGC density ~ region, n 
= 15 LME Retinal 

region 1 38.12 <<0.001 

O NT photoreceptor density 
~ region, n = 10 LME Retinal 

region 1 11.98 <<0.001 

P NT RGC density ~ region, n 
= 10 LME Retinal 

region 1 11.98 0.541 

Q 
Peripheral 

retina 

DV photoreceptor 
difference ~ shelter type, n 

= 15 
LM Shelter 

type 1 36.75 <<0.001 

R DV RGC difference ~ 1, n = 
15 LM Shelter 

type 1 2.04 0.177 

LME: Linear mixed effect mode, LM: Linear model. Chi-Square values and F-values are given for 

the LME and LM, respectively. Random term in all linear mixed effect models: (1|individual). 

DV: dorsoventral, NT: nasotemporal, RGC: retina ganglion cells, SRP: Spatial resolving power 
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Table 2-6. Spatial resolving power calculated using peak photoreceptors 

Species Axial length 
(mm) 

PND1  
 (mm) 

RMF2 

 (mm/deg) 

Peak RGC density 

 (cells/mm2) 

Peak photoreceptor 
density 

 (cells/mm2) 

SRP3 from 
photoreceptors 

 (cycles/degree) 

C. gibba 5.64 3.78 0.07 83,167 397,800 22 

C. nuchalis 6.35 4.25 0.07 78,750 417,750 26 

C. pictus 4.83 3.23 0.06 71,667 453,300 20 

C.ornatus 4.88 3.27 0.06 65,000 364,400 19 

C. decresii 5.22 3.49 0.06 80,000 382,250 20 

C. vadnappa 5.36 3.59 0.06 70,000 391,100 21 

Mean 5.38 3.60 0.06 74,764 401,100 21 

s.d. 0.56 0.38 0.01 6,950 31,033 2 

PND: Post-nodal distance, RMF: Retinal magnification factor, SRP: Spatial resolving power, 
assuming hexagonal packing of neurons, s.d. : Standard deviation 

2.4.3 Average cell densities across retinal regions and shelter 

type 
There was pronounced retinal asymmetry in photoreceptor density along the dorsoventral axis 

of the peripheral retina (p<<0.001, Table 2-5 M, Fig. 2-5 E), which was greater in burrow-using 

species (p < 0.001, Table 2-5 Q, Fig. 2-6 A). In contrast, although a dorsoventral asymmetry was 

also observed in peripheral retina RGC density across all species (p = <<0.001, Table 2-5 N, Fig. 

2-5 G), it did not change across shelter type (p = 0.177, Table 2-5 R, Fig. 2-6 B). In the peripheral 

retina, photoreceptor densities in the ventral retina were 220% higher than in the dorsal retina, 

whereas the RGC densities were only 175% higher in the ventral compared to the dorsal retina. 

There was no difference in the peripheral retina along the nasotemporal axis in RGC density (p = 

0.541,Table 2-5 P) and only a slight difference in the photoreceptor layer with the nasal regions 

having significantly higher densities (by 18.7%) than the temporal region (p<<0.001, Table 2-5 

O, Fig. 2-5 F). 
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Fig. 2-5. The average density of neurons in the photoreceptor layer (grey) and the RGC layer 
(white) in the central (A-D) and peripheral regions (E-H) of Ctenophorus species, calculated from 
all individuals within groups. Vertical bars indicate standard error. The central retina displayed 
higher average photoreceptor and RGC densities and either small (p = 0.02, Table 2-5 I, Fig. 2-5 
E) or no (p = 0.94, p = 0.67, p = 0.06, Table 2-5 J-L, Fig. 2-5 F-H) differences across regions. 
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Fig. 2-6. Differences in retinal traits across shelter type from six Ctenophorus species. 
Dorsoventral (DV) difference in cell density relative to mean ventral cell density in the 
peripheral photoreceptor (A) and retinal ganglion cell (B) layers; and differences in axial length 
(C), retinal area (D), peak photoreceptor (E), and spatial resolving power (F). Vertical bars 
indicate standard error. Note the similarity of C. pictus retinal traits to rock using species. Y axes 
limits have been set from 0 to 2.5 times the value of rock groups so slopes can be compared 
between graphs.  
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2.5 Discussion 
All species examined possess a horizontal visual streak along the retinal meridian with a 

convexiclivate fovea in the centre and a strong dorsoventral asymmetry in photoreceptor 

density. The density of photoreceptors was higher in the ventral retina than in the dorsal retina, 

this was especially true in the region outside of the central fovea. The high number of 

photoreceptors in the ventral retina provided increased spatial summation which mediates 

higher sensitivity in the dorsal visual field relative to the ventral visual field. Burrow-using 

species possessed a significantly larger eye, higher total number of retinal neurons, higher 

ventral photoreceptor densities and higher SRP than rock-dwelling species. 

2.5.1 Retinal specialisations and their ecological relevance 
The location of the central fovea, combined with the lateral placement of the eyes, allows for 

high visual acuity in the central lateral visual field when the eye is in resting position. By 

contrast, the visual streak subtends a wider angle of the visual field but has a much lower peak 

SRP due to lower RGC and photoreceptor densities. The horizontal streak has been associated 

with animals that live in an unobstructed visual environment (Hughes, 1977) which accurately 

describes the arid and semi-arid environments inhabited by these lizards (Greer, 1989). Weak 

ocular muscles observed during enucleation of the eye of all species examined here suggest 

that frequent eye movements may not be commonly used in these species. This would increase 

the importance of having a specialisation like the streak as this adaptation allows for 

instantaneous sampling of wide range of the visual field at an enhanced SRP relative to the 

peripheral retina. The two specialisations (visual streak and fovea) observed in this study match 

the previous findings for C. ornatus (Barbour et al., 2002) and confirm the presence of a fovea in 

C. nuchalis (Wilhelm and Straznicky, 1992), (Fig. 2-3, Fig. 2-4). The high degree of similarity of 

the specialisations in the six species and across shelter types suggest that these specialisations 

are widely conserved and will be common in other Ctenophorus species. Although there are 

some studies on the lateralisation of visually mediated behaviour in lizards (Watt and Joss, 

2003; Hews et al., 2004) and independent eye movement in chameleons (Ott, 2001; Katz et al., 

2015), the functional relevance of specific regions of the visual field remains poorly understood. 

Now that there is a more information on the retinal specialisations of Ctenophorus species that 

subtend the different regions of the visual field, behavioural observations and experiments on 

the visually mediated behaviour in these regions of the visual field are sorely needed. 
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2.5.2 Spatial resolving power of lizards 

SRP mediated by the fovea ranges from 19 to 26 cycles/degree in all species, giving them the 

capacity to resolve minimum object sizes of 2.3 to 1.7mm at 0.5m given that they also have 

optimal contrast and luminance. This SRP is high enough for the detection of small insects, 

which make up most of their diet. However, we are using photoreceptors to estimate SRP since 

we do not know the convergence ratio between cones and RGCs due to the lateral 

displacement of RGCs at the fovea. If the convergence ratio of cones to retinal ganglion cells is 

higher than one at the fovea the SRP provided would be overestimated.  

Burrow-using species (excluding C. pictus) in this study, possess bigger eyes with similar 

photoreceptor densities compare to rock-dwelling species, giving them better spatial resolution. 

The only lizard species for which the SRP has been anatomically estimated prior to this study is 

the sleepy lizard (Tiliqua rugosa), where peak retina ganglion cell densities of 15,500 cells/mm2 

and a PND of 6.25 mm yielded an SRP of 7.3 cycles/degree (New and Bull, 2011). The SRP of 

other agamids has not been measured, however it is possible to estimate the SRP of similar 

small lizard; The green anole (Anolis carolinensis) has a peak photoreceptor density of 290,000 

cells/mm2 and a PND of 3.1mm (Makaretz and Levine, 1980) for an SRP of 16 cycles/degree. 

These limited examples suggest that high visual acuity is especially important for Ctenophorus 

species, and that compared to species with similar eye sizes (e.g. the green anole), peak density 

of photoreceptors is much higher. Interestingly, the peak photoreceptor density of the wedge-

tailed eagle Aquila audax, which possesses the highest known SRP amongst vertebrates (140 

cycles/degree) is only 17% higher than the lizards in this study (Reymond, 1985). This suggests 

that the density of photoreceptors in the Ctenophorus genus is likely to be amongst the highest 

amongst lizards of the same size. 

2.5.3 Functional relevance of having dorsoventrally asymmetric 

distributions of retinal ganglion cells and photoreceptors 
The higher number of retinal neurons in the ventral retina suggests that more visual 

information can be gathered and sent to the brain from the dorsal visual field compared to the 

ventral visual field. The proximity of these lizards to the ground naturally limits the number of 

relevant visual cues that can occur in the ventral visual field and this is reflected in the 

asymmetric distribution of RGCs and photoreceptors. Although there are higher densities of 

both RGCs and photoreceptors in the ventral retinal, the density of photoreceptors increases by 

a greater margin along the dorsoventral axis. This increases the convergence of photoreceptors 



46 
 

onto RGCs in the ventral retina which allows for increased spatial summation and sensitivity in 

the dorsal visual field. Increased densities of rods or RGCs specialised for predator detection in 

the ventral retina have been observed in a range of species (Müller and Peichl, 1989; Bruhn and 

Cepko, 1996; Kryger et al., 1998; Coimbra et al., 2015). Given the open environment and the 

associated predator pressure faced by Ctenophorus species (Thompson and Withers, 2005), it 

would not be surprising that the same function was fulfilled in the ventral retina of Ctenophorus 

species. Detection of prey items would also benefit from higher sensitivity; However, it is 

unknown whether prey items are preferentially located in the dorsal visual field. If prey position 

is highly variable, prey choice is unlikely to select for a strong dorsoventral asymmetry. In 

contrast, dynamic visual signals from conspecifics perched on high features will always occur in 

the dorsal visual field and provides a stable selection pressure for enhanced sensitivity in the 

dorsal visual field. In this study, the burrowers have a bigger dorsoventral asymmetry in the 

distribution of photoreceptors and thus a higher spatial summation in the ventral retina 

compared to rock-dwelling species. This may indicate that dynamic visual signals are harder to 

detect for species with the biggest asymmetry (C. gibba and C. nuchalis). Difficulties in signal 

detection could be caused by a high-noise environment (e.g. moving leaves which reduce 

contrast between signal and the background) or relatively small signals (e.g. head-bobbing 

compared to tail flicks) which both produce lower signal to noise ratios. This has been 

demonstrated in the Jacky dragon which exhibits lower strike accuracy in the presence of a 

noisy background (Ord et al., 2007; Woo et al., 2009). In the grass anole, Anolis auratus, past 

studies indicate that motion sensitive neurons are adapted to react better to signals atypical of 

background vegetation and to quickly adapt to repetitive motion in order to more easily detect 

relevant visual signals (Fleishman, 1986; Fleishman, 1992).  

The pressure to increase signal to noise ratio of dynamic visual cues also applies to the signalling 

individual. The initial signals are usually made up relatively higher amplitude movement which 

are designed to grasp the full attention of target individuals, followed by full displays of 

assertion (Fleishman, 1992). Lizards have been observed to speed up the motion of signals in 

noisy environment to increase signal detectability (Ord et al., 2007). Signal duration has also 

been observed to be important in initial displays (Peters and Evans, 2003). 
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2.5.4 Ancestral shelter type and retinal traits 
In the burrow-using group, the evolutionary lineage including C. gibba and C. nuchalis has used 

burrows as shelters throughout their evolutionary history while the C. pictus lineage has only 

recently re-acquired the use of burrows (Melville et al., 2001). It is thus interesting to note that 

C. pictus has the smallest eye, lowest number of retinal neurons and lowest SRP out of all the 

burrow-using species examined. These low values across retinal traits render the eye of C. pictus 

more similar to the eyes of rock-dwellers than burrow-users. This is demonstrated by an 

increase in the effect of shelter on retinal traits when C. pictus is grouped with rock using 

species instead of burrow-using species (Fig. 2-7). Shelter type has the strongest effect on the 

dorsoventral asymmetry and this effect approximately doubles when C. pictus is moved to the 

rock group. This could indicate inherited visual traits in C. pictus from an ancestor that did not 

burrow (Fig. 2-8). However, this is unlikely as previous models describe the time required for 

the evolution of the eye (364,000 generations) to be much shorter than the time of divergence 

(9 million years) from the non-burrow-using ancestor of C. pictus (Nilsson and Pelger, 1994; 

Melville et al., 2001).  

 

Fig. 2-7. The standardised effect size of shelter across retinal traits with C. pictus in the rock 
group or the burrow group of Ctenophorus species. Effect size has been standardised using the 
pooled standard deviation as described by Cohen (1988). 
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Fig. 2-8. Photoreceptor densities across species in the dorsal and ventral region and the 
difference between them. A) Average dorsal photoreceptor density, B) Average ventral 
photoreceptor density, C) Average dorsoventral difference in photoreceptor density. Black in A-
C is the mean photoreceptor density. CP: C. pictus, CG: C. gibba, CN: C. nuchalis, CO: C. ornatus, 
CD: C. decresii, CV: C. vadnappa. 
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2.6 Conclusion 
Our findings demonstrate that a central convexicilivate fovea and a horizontal streak across the 

retinal meridian are present in basal and derived Ctenophorus species. The occurrence of these 

two specialisations throughout the genus and their similarity across all six species suggest that 

they are an important feature of the visual system across the ecological niches of Ctenophorus. 

This study provides the first estimate of SRP in lizards with a fovea. Although shelter type is an 

ecological trait which clearly separates these species into two groups, species can also be 

separated by being basal or derived and by their use of simple or complex visual signals. It is 

likely that rather than shelter type, other ecological factors unique across shelter choice may 

affect retinal organisation in the Ctenophorus genus.  
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3.1 Abstract 
Crocodilians are apex amphibious predators that occupy a range of tropical habitats. In this 

study, we examined whether their semi-aquatic lifestyle and ambush hunting mode are 

reflected in specific adaptations in the peripheral visual system. Design-based stereology and 

microspectrophotometry were used to assess spatial resolving power and spectral sensitivity of 

saltwater (Crocodylus porosus) and freshwater crocodiles (Crocodylus johnstoni). Both species 

possess a foveal streak that spans the naso-temporal axis and mediates high spatial acuity 

across the central visual field. The saltwater crocodile and freshwater crocodile have a peak 

spatial resolving power of 9.0 cycles/degree and 8.0 cycles/degree, respectively. Measurement 

of the outer segment dimensions and spectral absorbance revealed five distinct photoreceptor 

types consisting of three single cones, one twin cone and a rod. The three single cones 

(saltwater/freshwater crocodile) are violet (424/426 nm λmax), green (502/510 nm λmax), and red 

(546/554 nm λmax) sensitive, indicating the potential for trichromatic colour vision. The visual 

pigments of both members of the twin cones have the same λmax as the red-sensitive single 

cone and the rod has a λmax of 503/510 nm (saltwater/freshwater). The λmax values of all types 

of visual pigment occur at longer wavelengths in the freshwater crocodile compared to the 

saltwater crocodile. Given that there is a greater abundance of long wavelength light in 

freshwater compared to a saltwater aquatic environment, the photoreceptors would be more 

effective at detecting light in their respective habitats. This suggests that the visual systems of 

both species are adapted to the photic conditions of their respective ecological niche. 
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3.2 Introduction 
Crocodilians are apex predators that have dominated the water-edge niche for approximately 

80 million years and, during this time, have become experts at ambushing prey while remaining 

concealed (Webb and Manolis, 1989; Nesbitt, 2011; Oaks, 2011). The Crocodylus genus has a 

wide distribution throughout the world’s tropical regions. Species that occupy both river and 

coastal ocean habitats have a varied diet that includes insects, amphibians, fishes and small 

mammals (Lang, 1987). Crocodilians exhibit a diversity of social behaviours, including inflated 

posturing and snout lifting, which are used during courtship and mating to visually simulate 

increased strength and/or a dominant position (Garrick and Lang, 1977). The purpose and 

complexity of these behaviours vary from one species to another but the same visual cues are 

present across species found in different habitats, which suggests that vision is important in the 

crocodilian lifestyle. Although the general features of the crocodilian eye are known, there is 

little information available on the retinal specialisations of this taxon.  

The crocodilian eye possesses a relatively large lens, a rod photoreceptor-dominated retina, and 

a guanine-based tapetum lucidum, all features commonly associated with optimised sensitivity 

in dim light environments (Abelsdorff, 1898; Laurens and Detwiler, 1921). The eye is also 

equipped with a mobile slit pupil, which provides a high degree of control over the amount of 

light that reaches the retina during the day (Walls, 1942). Previous studies have described the 

retinal fine structure of the spectacled caiman Caiman crocodilus and the American alligator 

Alligator mississippiensis (Tafani, 1883; Chievitz, 1889; Laurens and Detwiler, 1921) and 

measured the absorbance spectra of the visual pigments in C. crocodilus, A. mississippiensis and 

the Nile crocodile Crocodylus niloticus (Dartnall and Lythgoe, 1965; Govardovskii et al., 1988; 

Sillman et al., 1991).  

In this study, we have examined the only two species of crocodilian found in Australia: the 

world’s largest living reptile, the saltwater crocodile Crocodylus porosus, and the smaller 

freshwater crocodile Crocodylus johnstoni. These two crocodiles occupy overlapping geographic 

habitats, where variations in salinity, competitive ability and nesting methods have created 

separate ecological niches (Webb et al., 1983; Tucker et al., 1997; Kay, 2005). Crocodylus 

johnstoni is endemic to Australia's northern regions, is commonly found further upstream, is 

less aggressive (Brien et al., 2013), and has a much narrower snout than C. porosus (Pearcy, 

2011). Although both species are opportunistic feeders, C. johnstoni tends to eat smaller prey 

items and may hunt a higher proportion of fishes than C. porosus (Webb et al., 1983). 

Crocodilians have demonstrated the ability to adapt to environmental conditions at a 

physiological level in their salt glands (Taplin et al., 1985), here we investigate whether this 
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adaptability can be observed in the visual system. We examined aspects of retinal anatomy and 

physiology of C. porosus and C. johnstoni to identify adaptations for their specific visual-

ecological niche. We assessed the topographic distribution of retinal ganglion cells and 

compared anatomical estimates of spatial resolving power (SRP). The spectral absorbance of the 

visual pigments expressed within the different retinal photoreceptor types were measured 

using Microspectrophotometry (MSP). 

SRP, or acuity is a measure of the ability to distinguish two points in visual space as distinct from 

one another. It is one of the fundamental characteristics of the visual system, which has been 

shown to be under intense selection pressure (Hughes, 1977). SRP depends on eye size and the 

minimum cell to cell spacing of retinal neurons (typically either photoreceptors or ganglion 

cells). In most species, retinal ganglion cells represent a bottleneck where visual information 

converges before being sent to the visual centres of the brain and thus determine the upper 

limit of SRP. Detailed topographic information about retinal ganglion cell density provides 

insights into which areas of the visual field are attributed more neuronal resources and hence 

are potentially more relevant to the visual ecology of an animal. 

The shape and position of retinal regions of high ganglion cell density have been correlated to 

the visual environment and lifestyle of many animal groups including reptiles, birds and 

mammals (Hughes, 1977; Barbour et al., 2002; Coimbra et al., 2009). Both saltwater and 

freshwater crocodiles spend a significant proportion of their time waiting for the right time to 

ambush prey in a 'minimum exposure' posture with only the eyes and nostrils protruding above 

the water’s surface. This posture creates a flat visual environment, where relevant visual cues 

are compressed into a relatively small part of the visual field along the visual horizon. According 

to the terrain theory (Hughes, 1977), this kind of open environment is best sampled by a band 

of high retinal ganglion cell density that mediates high detail discrimination ability over an 

extended area. We thus expect both species to possess a well-defined horizontal streak of high 

SRP along the visual horizon. The saltwater and freshwater crocodiles hunt prey of similar 

taxonomy and size (Webb et al., 1983) and adopt similar hunting and social behavioural 

strategies (Garrick and Lang, 1977). These similarities reduce the likelihood of a difference in 

selection pressures on the visual system from factors such as prey choice and conspecific 

interactions. Hence, the retinal specialisations of the saltwater and freshwater crocodiles are 

expected to be very similar despite approximately 12 million years of independent evolution 

between the two species (Webb and Manolis, 1989). 

The spectral sensitivity of rod and cone photoreceptors and the number of different spectral 

types of cone photoreceptor influence both the absolute sensitivity of the visual system and the 

ability to extract chromatic information from the environment. The spectral sensitivity of 
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photoreceptors can be tuned to optimise visual function by selective filtering of the incident 

light (Hart et al., 2000) or by changing the spectral absorbance characteristics of the visual 

pigments (through alterations to either the opsin protein or chromophore) located in the 

photoreceptor outer segments (Lythgoe, 1972; Bowmaker and Hunt, 2006). The spectral 

sensitivity of the photoreceptor complement of an animal is 'shaped' by both environmental 

and phylogenetic pressure. Since the majority of freshwater crocodiles live upstream in non-

tidally affected freshwater rivers, the underwater light environment they experience will be 

relatively rich in long wavelength light compared to the more marine habitat inhabited by their 

saltwater counterparts (Lythgoe, 1972; Jerlov, 1976). Although saltwater crocodiles also spend 

some time in tidal rivers, which can have similar spectral properties to non-tidal rivers, they also 

venture out into the ocean, where shorter wavelength light is more abundant. If the 

predominant photic conditions in which both species of crocodile are found plays an important 

enough role in their visual ecology, the visual pigments of freshwater crocodile photoreceptors 

would be predicted to have a higher photon catch than the saltwater crocodile photoreceptors 

in a stereotypical freshwater environment. 

In this study, we investigated the topographic distribution of retinal ganglion cells and the 

spectral absorption characteristics of retinal photoreceptor visual pigments to determine 

whether differences in the ecological niches of each species are reflected in the visual system. 

Ecological adaptations of the visual system in both species are discussed. 
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3.3 Materials and Methods 

3.3.1 Animals 
Two-year old (juvenile) saltwater (Crocodylus porosus, Schneider 1801) and freshwater 

(Crocodylus. johnstoni, Krefft 1987) crocodiles weighing 1.77 ± 0.35 kg (mean +/- s. d.; n = 15) 

and 1.68 ± 0.79 kg (mean +/- s. d., n = 4), respectively, were obtained from commercial 

breeders. Animals were kept in an indoor facility (12h : 12h light : dark; temperature : 30oC) for 

up to five weeks and were euthanised using a lethal dose of sodium pentobarbital (150 mg/kg, 

intraperitoneal injection). All procedures were approved by The University of Western Australia 

Animal Ethics Committee (RA/3/100/1030). 

3.3.2 Histological preparation of retinal wholemounts 
One eye was collected from each of three saltwater and two freshwater crocodiles for 

histological preparation of retinal wholemounts to assess the topographic distribution of retinal 

ganglion cells. After euthanasia, the eye was immediately removed from the orbit and the axial 

length (AL) along the optic axis measured using a digital vernier caliper. The cornea was 

removed before the open eyecup was immersion fixed in 4% paraformaldehyde in 0.1M 

phosphate buffer (pH 7.2). After overnight fixation, retinae were dissected free of the retinal 

pigment epithelium and scleral eyecup. Radial cuts were made to allow the retina to be 

flattened. Retinae were wholemounted on gelatinised slides and left overnight in chambers 

filled with formaldehyde vapours to dry (Coimbra et al., 2014). The retinal ganglion cell layer 

was then stained as described by Coimbra (2006). Briefly, once adhered to the slide, retinae 

were rehydrated through a series of descending alcohol concentrations, stained with cresyl 

violet (0.5% in distilled water) and again dehydrated through a series of ascending alcohol 

concentrations before being cleared in xylene and cover slipped in Entellan New (Merck, USA). 

3.3.3 Histological criteria for the differentiation of retinal 

ganglion cells 
Nissl-stained ganglion cells were differentiated from amacrine cells and glial cells situated within 

the ganglion cell layer by their staining characteristics, size and shape. Amacrine cells were 

consistently smaller than ganglion cells and had a more uniform and paler staining profile. Glial 

cells had an irregular shape and stained very darkly (Fig. 3-1). The somas of retinal ganglion cells 
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were the largest and revealed a granular cytoplasm with a frequently visible nucleus. Displaced 

retinal ganglion cells (within the inner nuclear layer) were not counted. 

 

Fig. 3-1.Nissl-stained cells in the dorsal region of the crocodile retina (C. johnstoni). a: amacrine 
cells, g: glial cells, gc: retinal ganglion cells, scale bar = 20 microns. 

3.3.4 Stereological sampling and estimation of retinal ganglion 

cell number 
The outline of the retina was digitised using a X4 NA 0.17 objective lens and a motorised stage 

(MAC200; Ludl Electronics Products) attached to a computer running Stereo Investigator 

software (MBF Bioscience). The optical fractionator probe (West et al., 1991) modified for the 

retina (Coimbra et al., 2009) was used to sample the retinal ganglion cell layer with a X60 NA 

1.35 oil immersion lens. Briefly, a counting grid was superimposed on the digitised outline of the 

retina giving a sampling location for each grid point within the outline. Each sampling location 

represented the area of one square of the grid but only a fraction of that area was sampled by 

using a sampling frame of set size at each location. All retinal ganglion cells within the area of 

the sampling frame were counted by focussing through the retinal ganglion cell layer. Each 



60 
 

count was used to estimate the number of retinal ganglion cells for each grid location (Equation 

3-1). 

 

Equation 3-1 

𝑁𝑁 =  𝛴𝛴𝛴𝛴 ∗ 1/𝑎𝑎𝑎𝑎𝑎𝑎 (Coimbra et al., 2009) 

 

Where ΣQ is the sum of the retinal ganglion cells counted in each sampling location, asf is the 

ratio of the sampling frame area to the counting grid area used in this sampling regime and N is 

an estimate of the retinal ganglion cell number in the area represented by the sampling frame. 

The sum of all retinal ganglion cell estimates from all grid locations provides an estimate of the 

total number of retinal ganglion cells. All counts were then expressed as standardised densities 

in cells/mm2 by dividing by the cell size of the sampling grid (Coimbra et al., 2014; Garza-Gisholt 

et al., 2014).  

Initial counts revealed a region of high cell density surrounding a furrowed line across the retina 

spanning the naso-temporal axis. This high-density region, referred to hereafter as the foveal 

region, was resampled at double the resolution using a secondary sampling protocol (Coimbra 

et al., 2013) to more efficiently assess with the steep gradient and high cell densities within this 

region ( Table 3-1). 

3.3.5 Mapping of retinal ganglion cells 
R statistics software (R Development Core Team, 2015) was used for all mapping and 

interpolation. A thin plate spline was used to interpolate cell density (cells/mm2) data between 

sampling locations and establish a series of iso-density lines, which were used to construct a 

topographic map of the retina (Hemmi and Grünert, 1999; Garza-Gisholt et al., 2014). The thin-

plate spline is a geometric function that allows simultaneous interpolation and smoothing of the 

data. The extent of smoothing can be controlled by two parameters. The first is the power of 

the polynomial used to fit the function to the sampling location values and the second is the 

lambda value, which changes the roughness penalty of the function (Garza-Gisholt et al., 2014). 

In this case, the tps function from the fields package was used for the thin plate spline (Douglas 

Nychka et al., 2015) with a second order polynomial fitting and the lambda value determined by 

general cross validation. 
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3.3.6 Spatial Resolving Power (SRP) 
The spatial resolving power was calculated according to the Nyquist sampling theorem (Williams 

and Coletta, 1987) using anatomical measures. The Nyquist sampling theorem states that a 

signal can be sampled and reconstructed without aliasing if the highest signal frequency does 

not exceed 1/2s, where s is the distance between receptors (samples). This limits the spatial 

resolving power that can be obtained from a given sampling array of retinal ganglion cells and is 

known as the Nyquist limit of the sampling array (Williams and Coletta, 1987). The two eye 

measures used for calculating the spatial resolving power of the eye from anatomy were the 

posterior nodal distance (PND) and the peak retinal ganglion cell density. Since it was not 

possible to directly measure the PND, it was estimated by multiplying the measured AL by 0.57; 

the ratio between axial and post-nodal distance, which has previously been defined for 

cathemeral and crepuscular animals by Pettigrew (1988). These measures were used to 

calculate image magnification in the eye (retinal magnification factor, RMF) and spatial resolving 

power (Equation 3-2 and Equation 3-3, respectively). 

A hexagonal lattice array was assumed as that would give the minimal cell to cell distance and 

therefore the maximum SRP regardless of cell distribution (Williams and Coletta, 1987). 

 

Equation 3-2 

𝑅𝑅𝑅𝑅𝑅𝑅 = 2𝜋𝜋𝜋𝜋𝑁𝑁𝜋𝜋/360 (Pettigrew et al., 1988) 

 

Equation 3-3 

𝑎𝑎𝑁𝑁 = 0.5 × 𝑅𝑅𝑅𝑅𝑅𝑅 ×  �2D
√3
�1/2 (Snyder and Miller, 1977) 

 

Where 𝑎𝑎N is the Nyquist limit in cycles per degree, RMF is the Retinal Magnification Factor, D is 

the peak cell density in cells per mm2 and PND is the post-nodal distance.  

3.3.7 Microspectrophotometry of photoreceptor outer segments 
To measure the spectral absorbance characteristics of the visual pigments contained in the 

different retinal photoreceptor types in both species, we collected six eyes from four saltwater 

crocodiles and one eye each from two freshwater crocodiles. Eyes were dissected under 

infrared light to minimise bleaching of the visual pigments as described in Hart (2004). Small 

pieces of retinal tissue were mounted between glass coverslips in a drop of 8% dextran in 0.1M 
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phosphate buffered saline (pH 7.2) and mounted on the stage of a single-beam wavelength-

scanning microspectrophotometer (Hart, 2004). Photoreceptors were viewed indirectly using 

infrared light and a CCD camera. Visual pigment absorbance spectra (330-800 nm, 1 nm 

intervals) were made by first scanning the outer segment of the photoreceptor (sample scan) 

and then a tissue-free area adjacent to the photoreceptor (baseline scan) (Hart, 2004). 

Photoreceptors were then bleached with full-spectrum white light and post-bleach 

measurements (sample and baseline scans) made to confirm that the pigment in the outer 

segment was photolabile. The length and width of all outer segments was measured using a 

calibrated acetate sheet overlayed on the monitor (Hart, 2004; Hart et al., 2011). Spectra that 

satisfied criteria described elsewhere (Levine and MacNichol Jr, 1985; Hart et al., 1998; Hart et 

al., 1999) were kept for further analysis. 

3.3.8 Analysis of absorbance spectra 
Raw absorbance data were smoothed using an unweighted running average before estimating 

the peak (maximum) and long wavelength offset (mean absorbance from 680 to 780 nm) 

absorbance values. These values were then used to normalise the data. A regression line was 

then fit to absorbance values between 30% and 70% of the peak on the long wavelength side of 

the curve to predict the wavelength of maximum absorbance (predicted λmax). This region of the 

curve is used as it is the least likely to be distorted by photostable pigments and scattering 

artefacts (MacNichol, 1986). The predicted λmax was then used to seed the Govardovskii 

equations for A1 or A2 visual pigment absorbance templates and the resulting template was 

overlayed on the smoothed data. The number of points used in the initial smoothing of the data 

was then iteratively adjusted to minimise deviation of the normalised absorbance data from the 

template data over the range of wavelengths corresponding to 80% normalized absorbance on 

the short wavelength limb to 20% normalized absorbance on the long wavelength limb. 

In an attempt to explain the remaining deviations between the normalised absorbance curve of 

a photoreceptor and the pure A1/A2 visual pigment template, a mixed chromophore model was 

used (Temple et al., 2010; de Busserolles et al., 2015). The model assumed that each 

photoreceptor contained only one opsin, but possibly a varying percentage of A1- and A2-based 

chromophores. The percentage of A1 to A2 chromophores was estimated with a least squares 

procedure by fitting the normalised absorbance data to the model curve. The relationship 

between A1 and A2 λmax values was obtained from Parry and Bowmaker (2000). 

To further assess whether opsin and/or chromophore changes were responsible for observed 

differences in the spectral sensitivity of photoreceptors between species, the relationship 
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between the λmax values of the smoothed absorbance curves and the bandwidth of the 

absorbance curves at 50% of the peak (hereafter referred to as bandwidth) were compared to 

the relationship of pure A1/A2 visual pigment templates across a range of λmax values.  

3.3.9 Ocular media transmission measurement 
The effective spectral sensitivity of a photoreceptor is also determined by the spectral 

transmission characteristics of the ocular media, primarily the cornea and lens. Therefore, five 

eyes from four saltwater crocodiles and both eyes of one freshwater crocodile were used for 

spectral transmission measurements of the cornea and lens with a spectrophotometer (Ocean 

Optics S2000). Light from a 175W Xenon lamp, delivered through a 200um diameter quartz 

fibre optic and collimated by an Ocean Optics 74-UV lens, was projected onto isolated lenses 

and corneas mounted in air. Transmitted light was collected on the other side of either the lens 

or the cornea with a 1000um fibre and matching collimating lens as described by Claes et al 

(2013). 

3.3.10 Effective spectral sensitivity 
For both species of crocodile, the effective quantal spectral sensitivity function for each cone 

photoreceptor type was estimated as the product of the calculated spectral absorptance of the 

outer segment and the spectral transmittance of the combined ocular media. Outer segment 

absorptance was calculated using a specific (decadic) absorbance of 0.0153 µm-1 and the mean 

length for spectrally-identified outer segments measured during the microspectrophotometric 

procedures. Visual pigment absorbance spectrum templates (Govardovskii et al., 2000) of the 

appropriate λmax (or template mixtures from the mixed-chromophore model where more than 

one chromophore was assumed to be present) were used rather than measured absorbance 

spectra. 
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3.4 Results 
The gross morphology of the eye of Australian crocodiles confirms previous descriptions of the 

crocodilian eye in other species (Laurens and Detwiler, 1921). Both Australian species possess a 

bright yellow iris, a slit pupil and a relatively large lens. The similarity in age and weight of all 

juvenile saltwater and freshwater crocodiles used in this study is reflected in the similarity in the 

post nodal distances (estimated mean ± s. d. PND of 8.9 ± 0.2 mm and 8.0 ± 0.0 mm for the two 

species, respectively) and retinal areas (mean ± s. d., 453 ± 18.33 mm2 and 366 ± 43.84 mm2 for 

the two species, respectively). After removing the cornea and lens, a furrowed line in the retina, 

dorsal to the optic disk and extending across the naso-temporal axis could be easily observed by 

the naked eye in all retinae (Fig. 3-2). A tapetum lucidum is present in both species and has the 

highest reflectance behind the furrowed foveal slit. 

3.4.1 The topography of retinal ganglion cells and spatial 

resolving power 
Stereological measurements of retinal ganglion cell distribution revealed similar topographies 

for both species (Fig. 3-2). Estimates of total retinal ganglion cell numbers were very close 

(mean ± s. d. 958,000 ± 58,000 and 873,000 ± 17,000 for C. porosus and C. johnstoni, 

respectively, with values rounded to the nearest thousand cells, and both species showed a 

high-density band of retinal ganglion cells extending across the retina, slightly dorsal of the optic 

nerve head. At the centre of this well-defined horizontal streak sits the shallow furrow or 

superficial horizontal fovea described above (Fig. 3-2). The peripheral region of the retina is 

homogeneous with approximately 2,000 cells/mm2 distributed over most of the non-specialised 

retinal area in both species. About 48% of the total number of retinal ganglion cells are found 

within the region sampled at higher resolution, which constitutes 16% of the total retinal area. 

The average ganglion cell density at the centre along the streak is approximately four times that 

of the peripheral regions. The mean ± s. d. peak retinal ganglion cell density was 

11,083 ± 448 cells/mm2 and 11,375 ± 756 cells/mm2 in C. porosus and C. johnstoni, respectively 

(Table 3-2). 
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Fig. 3-2. Topography of retinal ganglion cells in two species of Australian crocodiles. A). The 

saltwater crocodile, C. porosus, and B). The freshwater crocodile, C. johnstoni. Iso-density lines 

are plotted at intervals of 2,000 cells/mm2. All numbers indicate X1000 cells/mm2 and both 

retinae are from left eyes. N: nasal, V: ventral. White dashed line indicates the furrow visible by 

the naked eye providing the approximate position and extent of the foveal slit and white 

asterisks indicate the location of peak cell density in this representative retina. Note: location of 

peak cell densities varies between individuals but stays within the streak, suggesting that there 

is no one peak region within the streak in either species. 
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 Table 3-1. Sampling parameters and total number of retinal ganglion cells in the two species of 

Australian crocodiles 

Specimen Counting 
grid (µm2) 

Sampling 
frame 
(µm2) 

Area (mm2) Number 
of sites 

Number of 
retinal 

ganglion 
cells 

CE1 

C. porosus         

Cpo1R       

Periphery 1500 150 383 149 459,393 0.065 

Streak 750 75 74 124 468,478 0.034 

Total - - 457 273 928,871  

Cpo2L       

Periphery 1500 150 368 141 495,400 0.061 

Streak 750 75 65 119 424,500 0.033 

Total -  433 260 919,900  

Cpo3L       

Periphery 1500 150 385 143 489,900 0.045 

Streak 750 75 84 138 535,210 0.025 

Total - - 469 281 1,025,110  

C. johnstoni       

Cjo1L       

Periphery 1500 150 318 109 398,600 0.056 

Streak 750 75 79 128 486,627 0.043 

Total - - 397 237 885,227  

Cjo2L       

Periphery 1500 150 299 121 559,000 0.069 

Streak 750 75 36 56 302,080 0.031 

Total - - 335 177 861,080  

           
1 Schaeffer Coefficient of Error (CE) associated with each sampling protocol for all retinae 

(Glaser and Wilson, 1998; Slomianka and West, 2005). 

Based on the posterior nodal distance and the peak retinal ganglion cell density, the spatial 

resolving power was estimated to be 12.5% higher in the C. porosus (9.0 ± 0.2 cycles/degree) 

compared to the C. johnstoni (8.0 ± 0.3 cycles/degree) (see Table 3 and methods for details). 
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Table 3-2. Spatial resolving power for C. porosus and C. johnstoni estimated from post-nodal 
distance and peak retinal ganglion cell density while assuming a hexagonal lattice 

Species Eye ID Axial Length 
(mm) 

PND 

 (mm) 

Peak 

 (cells/mm2) 

Peak 

 (cells/mm) 

RMF Hexagonal 
lattice SRP 

Crocodylus 
porosus 

cpo01re 15.9 9.0 11,560 108 0.2 9.1 

cpo02le 15.9 9.0 11,020 105 0.2 8.0 

cpo3le 15.1 8.6 10,670 103 0.2 8.3 

Mean 15.6 8.9 11,083 105 0.2 9.0 

s. d. 0.4 0.2 448.4 2.1 0.0 0.16 

Crocodylus 
johnstoni 

cjo02le 14.0 8.0 10,840 104 0.1 7.8 

cjo03le 14.0 8.0 11,910 109 0.1 8.2 

Mean 14.0 8.0 11,375 107 0.1 8.0 

s. d. 0.0 0.0 756.6 3.5 0.0 0.27 

PND: Post-nodal distance, RMF: Retinal magnification factor, SRP: Spatial resolving power 

3.4.2 Morphological and spectral characterisation of 

photoreceptor types 
Based on morphological observations and recorded absorbance spectra, five different 

photoreceptor spectral types were identified in both species of crocodile. Three types of single 

cones, one type of twin cone and one type of rod were present in both species. Two of the 

single cone types were similar in size and morphology (mean outer segment width of 1-1.5 µm 

and length of 10-12 µm) but contained either a medium-wavelength sensitive (MWS) or a long 

wavelength sensitive (LWS) visual pigment. The third single cone type was smaller (mean outer 

segment width of 1.5-1.9 µm and length of 8-9.8 µm) and contained a short wavelength 

sensitive (SWS) visual pigment (Table 3-3). The twin cones were always found in pairs of outer 

segments attached to a fused pair of inner segments but the two members were otherwise 

identical in size to the LWS single cones and both contained the LWS visual pigment. The rod 

photoreceptor was the most distinct with an outer segment 4.7-5µm wide and 20–29 µm long 

(Table 3-4). None of the photoreceptor types possessed oil droplets. 
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Table 3-3. Morphological characterisation of photoreceptor types 

Species 

 

Photoreceptor 
type 

No. of cells 
measured 

Mean length 
(µm ± s. d.) 

Mean width 
(µm ± s. d.) 

Crocodylus 

porosus 

Rods 20 28.9 ±4.96 5.0 ±0.60 

SWS single 4 8.0 ±1.41 1.9 ±0.85 

MWS single 8 11.0 ±3.07 1.1 ±0.42 

LWS single 11 11.2 ±4.15 1.0 ±0.15 

LWS twin 28 10.5 ±1.55 1.2 ±0.36 

Crocodylus 
johnstoni 

Rods 8 19.9 ±4.64 4.7 ±0.65 

SWS single 13 7.4 ±1.80 1.7 ±0.83 

MWS single 7 12.0 ±3.56 1.5 ±0.58 

LWS single 17 10.2 ±2.74 1.5 ±0.45 

LWS twin 22 9.8 ±2.20 1.5 ±0.45 

 

Microspectrophotometry (MSP) was used to measure the absorbance spectra of visual 

pigments contained in the five different photoreceptor types of C. porosus and C. johnstoni. The 

spectral location of the peak value of the smoothed absorbance data was taken as the most 

reliable estimate of the λmax of the outer segment because it was obvious that most of the 

measured absorbance spectra were a poor fit to pure-chromophore visual pigment templates, 

i.e. broader than pure-A1 templates or narrower than pure-A2 templates (Fig. 3-3). In C. porosus, 

the cones had mean (± s. d.) λmax values at 424.3 (± 4.5) nm (SWS), 502.4 (± 5.3) nm (MWS 

single cones), 546.2 (± 4.6) nm (LWS single cones) and 546.4 (± 3.6) nm (LWS twin cones). Rods 

were the most abundant photoreceptor encountered and had a mean λmax at 502.9 ± 2.6 nm. C. 

johnstoni had a similar complement of photoreceptors but λmax values were shifted towards 

longer wavelengths for all photoreceptor types except the SWS single cone (424 ± 4.5 nm). The 

remainder of the cones in C. porosus had λmax values at of 510.4 ± 5.7 nm (MWS single cones), 

554.1 ± 5.3 nm (LWS single cones) and 555.2 ± 6.0 nm (LWS twin cones). The rod photoreceptor 

had a λmax at 509.9 ± 2.6 nm (Table 3-4). 
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Table 3-4. Spectral sensitivity of photoreceptor types in C. porosus and C. johnstoni measured 
using MSP 

Species 

 

Photoreceptor 
type 

No. of cells 
measured 

Mean 
smoothed λmax 

(nm) (s. d.) 

Mean A1% 

 (%) (s. d.) 

Crocodylus 

porosus 

Rods 75 502.9 (2.6) 96.9 (7.5) 

SWS single 3 424.3 (4.5) 33.6 (15.8) 

MWS single 11 502.4 (5.3) 80.4 (32.9) 

LWS single 25 546.2 (4.6) 96.5 (13.5) 

LWS twin 19 546.4 (3.6) 98.5 (4.5) 

Crocodylus 
johnstoni 

Rods 50 509.9 (2.6) 45.6 (18.7) 

SWS single 14 426 (4.5) 32.9 (21.58) 

MWS single 7 510.4 (5.7) 38.8 (25.3) 

LWS single 23 554.1 (5.3) 72.6 (17.3) 

LWS twin 25 555.2 (6.0) 68.7 (16.6) 

 

A mixed chromophore model was used to estimate the proportion of A1- versus A2-

chromophore-based visual pigments within a given photoreceptor type. Excluding the SWS 

single cones, the model predicted a mean A1-chromophore content across all photoreceptor 

types of 98.0 ± 8.5 % and 56.4 ± 16.7 % for C. porosus and C. johnstoni, respectively. The SWS 

single cone of both species has a very similar peak absorbance and the model predicted a 

similar proportion of A1 visual pigment with 33.6 ± 15.8 % for C. porosus and 32.9 ± 21.6 % for C. 

johnstoni. Microspectrophotometric data of visual pigments are less reliable at short 

wavelengths due to increased measurement (instrumental) noise and increased scattering and 

absorption by biological and optical structures, and there is also a relatively smaller shift in λmax 

and bandwidth when the chromophore is substituted for visual pigments with shorter λmax 

values. Consequently, the fits of the mixed chromophore model to the SWS pigment data may 

be less reliable than for the other photoreceptor types.  
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Fig. 3-3. Normalised absorbance of averaged spectra for C. porosus and C. johnstoni with A1 and 
A2 templates overlayed on measurements, respectively. A). Rods B). Twin cones and C, D). Single 
cones for saltwater (blue dots) and freshwater crocodiles (red dots). 

3.4.3 Spectral transmittance of the ocular media 
To identify other mechanisms that may affect the spectral sensitivity in the two species, we 

measured the spectral transmittance of the cornea and lens (Fig. 3-4). The wavelength of 0.5 

normalized transmittance of the combined ocular media of C. porosus and C. johnstoni was 

374 nm and 375 nm, respectively. Transmittance at short wavelengths is largely determined by 

the spectral characteristics of the lens, which absorbs considerably more light than the cornea 

below 350 nm. 
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Fig. 3-4. Normalised spectral transmittance (mean ± s.e.m.) of the ocular media in C. porosus (A) 
and C. johnstoni (B) for the (i) cornea (ii) lens and (iii) combined transmittance, between 300 nm 
and 800 nm with standard error indicated by the grey shading. Blue and red lines represent 
transmittance curves of C. porosus and C. johnstoni, respectively, for the cornea and lens 
individually. 
 

The spectral filtering effects of the ocular media at shorter wavelengths results in a spectral 

shift of about 8 - 9 nm in the peak sensitivity of the SWS photoreceptor towards longer 

wavelengths in both species (Fig. 3-5 A-B). The spectral properties of the lens and cornea may 

also block ultraviolet light that would otherwise stimulate the β-peak of the visual pigments. 

 

Fig. 3-5. Normalized effective absorptance spectra of SWS pigments in C. porosus (A) and 
C. johnstoni (B). (i) Outer segment absorptance based on the spectral absorbance curve 
produced by the mixed chromophore model for SWS pigments (blue for C. porosus and red for 
C. johnstoni) (ii) Absorptance curve corrected for transmittance of the combined ocular media 
(black for both species).  
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3.5 Discussion 
We investigated the spatial resolving power and spectral sensitivity of C. porosus and 

C. johnstoni to identify visual adaptations that may reflect the visual ecology of each crocodile 

species. An analysis of the spatial distribution of retinal ganglion cells indicates that both species 

possess a similar topographic arrangement of retinal ganglion cell and a similar SRP. In contrast, 

the spectral sensitivities of photoreceptors in both species differ, with freshwater crocodiles 

having longer wavelength λmax across all photoreceptor classes. 

3.5.1 Spatial resolving power 
Two main factors affect maximal spatial resolving power: eye size and peak retinal ganglion cell 

density. The difference in mean peak retinal ganglion cell density between juvenile saltwater 

and freshwater crocodiles (200 cells/mm2) is slight and well within the measurement error. This 

suggests that the difference in spatial resolving power (1 cycle/degree) between species is 

predominantly a result of the difference in AL of the eyes of juvenile saltwater and freshwater 

crocodile. Considering that eye size has been demonstrated to increase with body size for 

mammals (< 30 kg body mass) and birds, the difference in average weight (± s. d.) of our 

juvenile saltwater and freshwater crocodiles (1.77 ± 0.35 kg and 1.68 ± 0.79 kg, respectively) 

may explain differences in AL and therefore SRP (Kiltie, 2000). Growth rate and body size in 

crocodilians is known to vary considerably with environmental conditions, feeding rate and 

ultimately food conversion rates (Webb and Manolis, 1989; Webb et al., 1991; Tucker et al., 

2007). This suggests that eye size and therefore SRP varies more within species than between 

species. If eye size remains dependent on body size until both species stop growing, it is likely 

that there will be a greater difference in spatial resolving power as the average maximum size 

for saltwater and freshwater crocodiles differ greatly (approximately 500kg, 5.2m total length 

and approximately 25kg, 2m total length, respectively). Although the crocodiles in this study are 

still juveniles (AL = 15mm), their SRP is relatively low compared to animals such as diurnal 

geckoes and Anolis carolinensis (SRP = 13.2 cycles/degree and 16.9 cycles/degree, respectively) 

which possess much smaller eye and body size (AL = 4.5 mm and 5 mm, respectively) (Makaretz 

and Levine, 1980; Röll, 2001; Hall, 2008). In contrast, nocturnal geckoes possess a much lower 

spatial resolving power of 3.2 cycles/degree than diurnal geckoes while possessing similar eye 

and body size (AL = 4.5mm) to diurnal geckoes (Makaretz and Levine, 1980; Röll, 2001; Hall, 

2008). The ratio of SRP to AL of our juvenile crocodiles (0.6) is closer to nocturnal geckoes (0.7) 

than diurnal geckoes (3.0) and Anolis carolinensis (3.4). Combining this with the non-diurnal 
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lifestyle of crocodiles suggests that their visual system may prioritise other aspects of visual 

performance such light sensitivity over visual acuity as observed in any nocturnal animals.  

3.5.2 Specialised distribution of retinal ganglion cells and its 

relevance 
C. porosus and C. johnstoni possess a horizontal foveal slit that spans the naso-temporal axis in 

the middle of a streak across the equator of the retina. Both species also have similar total 

numbers of retinal ganglion cells and similar peak cell densities. Similar structures are described 

in A. mississippiensis (Laurens and Detwiler, 1921), suggesting a common retinal organisation 

across crocodilians.  

The elongated shape of the streak allows it to mediate enhanced spatial resolving power over 

an extended area of the visual field enabling easy surveying of the surroundings for visual cues 

while reducing the need for head movements. Since crocodilians are unable to focus under 

water (Fleishman et al., 1988), tasks that require higher spatial resolving power are likely to 

occur above the water level. Crocodiles are well known for using a 'minimum exposure' position 

(Webb and Manolis, 1989), where only the eyes and nostrils are above the water level when 

tracking prey items. Adopting this position likely places the image of the riverbank within the 

retinal streak and enables them to survey potential prey items with enhanced fine detail 

discrimination while remaining concealed. This can also facilitate the detection of the eyes of 

competing crocodiles protruding above the water surface. Bigger crocodiles are territorial and 

can be quite aggressive (especially the saltwater crocodile) making their early detection crucial 

for the survival of juvenile (or younger) crocodiles (Webb and Manolis, 1989). In addition, the 

brightest region of the tapetum lucidum is located behind the streak providing enhanced 

reflection of light in this retinal region. This would increase the sensitivity of the streak when 

operating at low light levels (Abelsdorff, 1898; Garten, 1907). 

The fovea located in the vertical centre of the streak is very narrow and superficial suggesting 

that less lateral displacement of retinal ganglion cells occurs than in the fovea of diurnal lizards 

(Chievitz, 1889; Laurens and Detwiler, 1921; Röll, 2001; Barbour et al., 2002). The similarities in 

the relationship of eye size and SRP described above for crocodile juveniles and nocturnal 

geckoes combined with the narrow and superficial structure of the fovea suggest that it may be 

vestigial. Alternatively, considering that diurnal geckoes are foveated while nocturnal geckoes 

are not, the shallowness of the crocodilian fovea may represent a halfway point between what 

would be optimal for a diurnal or nocturnal lifestyle (Röll, 2001; Barbour et al., 2002). If the 
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fovea is still functionally relevant, the elongated shape would provide higher spatial resolving 

power in zones of the visual field where essential visual cues occur. 

The ambush hunting strategy most common in crocodilians is well supported by the retinal 

specialisations in Australian crocodiles revealed by this study. This creates a set of 

complementary adaptations that can greatly reduce the chance of being detected and increase 

hunting success given their ecological niches.  

3.5.3 Spectral sensitivity of retinal photoreceptors 
Based on photoreceptor size and spectral sensitivity, it is possible to identify five different 

photoreceptors types present in C. porosus and C. johnstoni: SWS, MWS and LWS single cones, 

LWS twin cones and a MWS rod. This complement of photoreceptors differs slightly from the 

other crocodilians studied to date. The photoreceptors of the American alligator absorb 

maximally at 443 nm (single cone), 535 nm (single cone), 566 nm (double cone principal 

member), 503 nm (double cone accessory member) and 503 nm (rod) (Sillman et al., 1991). The 

photoreceptor complement of the spectacled caiman, on the other hand, seems to have a 

reduced spectral range with maximal absorbances at 430 nm (single cone), 535 nm (single 

cone), 535 nm (double cone principal member), 535 nm or 506 nm (double cone accessory 

member) and 506 nm (rod) (Govardovskii et al., 1988). The only other information on 

crocodilian visual pigments are two extracted pigments of the Nile crocodile with maximal 

absorbance at 507 nm and 527 nm mentioned in Dartnall and Lythgoe (1965). 

In contrast to the American alligator and spectacled caiman, both the saltwater and freshwater 

crocodiles possess an extra single cone (LWS cone) with a λmax value of 546 nm and 554 nm, 

respectively. While the Australian crocodile species have a greater number of single cone types, 

they have fewer spectrally-distinct cone types than the American alligator since the members of 

the double cone in the American alligator can have two different λmax values (Sillman et al., 

1991). Depending on the function of the double cones, this may mean that the American 

alligator has the potential for tetrachromatic colour vision, while Australian crocodiles have the 

potential for trichromacy. Although double cones have been demonstrated to be used in colour 

vision in one species of reef fish, Rhinecanthus aculeatus (Pignatelli et al., 2010), in animals 

more closely related to crocodiles such as birds and turtles, they are thought to be used to 

gather information for achromatic pathways (Richter and Simon, 1974; Maier and Bowmaker, 

1993; Vorobyev et al., 1998). If the function of double cones is similar in crocodilians to that of 

turtles and birds, the presence of MWS single cone and the additional LWS single cone in the 

retina of Australian crocodiles would mean that while the American alligator and spectacled 
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caiman are potentially dichromatic, the saltwater and freshwater crocodiles have the potential 

for trichromatic colour vision. The increased spectral resolution afforded by a trichromatic 

colour system would result in increased colour contrast and better colour constancy, which may 

suggest that colour is more important to the Australian crocodile species or reflect unknown 

phylogenetic pressures (Brochu, 2003). 

In the freshwater crocodile, the λmax of all photoreceptor types, except for the SWS single cones, 

were shifted towards longer wavelengths. Since the saltwater crocodile has a higher percentage 

of A1 visual pigment in its photoreceptors (98 ± 8.5% rather than 56.4 ± 16.7%, excluding the 

SWS single cone) this suggests that a changing mixture of A1 and A2 visual pigments within the 

photoreceptor types might be responsible for the spectral sensitivity shift. A complete or partial 

shift from A1 to A2 chromophore based visual pigments from a marine to freshwater habitat has 

been well documented in species such as marine and freshwater turtles and several teleosts 

that change habitat (Liebman and Granda, 1971; Lythgoe, 1972; Loew and Govardovskii, 2001). 

Switching to an A2 visual pigment shifts the peak sensitivity of an A1 visual pigment to longer 

wavelengths but also broadens the absorbance curve of the pigment (Whitmore and 

Bowmaker, 1989; Hárosi, 1994; Parry and Bowmaker, 2000). This increases the chance of 

photon capture in many freshwater habitats where the dissolved organic matter selectively 

absorbs short wavelength light and reduces the overall number of photons available (Jerlov, 

1976; Kirk, 1980). The change in the bandwidth of the absorbance curves of the photoreceptors 

from the saltwater crocodile to the freshwater crocodile reflect the changes that one would 

expect when changing from an A1 to an A2 pigment (Fig. 3-6, A-F). However, the American 

alligator, the spectacled caiman and the Nile crocodile all possess only A1 visual pigments 

(Dartnall and Lythgoe, 1965; Govardovskii et al., 1988; Sillman et al., 1991) even if they live in 

freshwater areas such as the Nile river and the Everglades, which are rich in dissolved organic 

matter and particulates (Chen et al., 2010; El-Magd et al., 2014). This may suggest that different 

photic conditions are not the only driver for A1-A2 differences observed in saltwater and 

freshwater crocodiles. The only photoreceptor that remains relatively unchanged between the 

two species appears to be the SWS single cone, although further data are required to establish 

whether this reflects photoreceptor type-specific variation in A1:A2 ratios across species.  

Alternative reasons for an A1-A2 shift in visual pigments has been examined in several species 

such as salamanders, bullfrogs, carp, salmonids and the Japanese dace (Ala-Laurila et al., 2004; 

Ueno et al., 2005; Temple et al., 2006; Ala-Laurila et al., 2007). These studies revealed a 

correlation between day length, temperature and migration to different photic conditions as 

driving factors for shifting from an A1 to an A2 pigment, while acknowledging that other external 

factors may be present. Annual variation in the water levels of rivers and lakes in the Northern 
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territory (of Australia) result in shallower, warmer and less turbid rivers in summer and a higher 

turbulence and slightly cooler rivers in winter (Erskine et al., 2003). These variations in river 

conditions give rise to water temperature changes not unlike the mean annualised sea surface 

temperature range of 26°C - 30°C. This combined with the geographical proximity of C. 

johnstoni to C. porosus (Tucker et al., 1997; Kay, 2005), suggest the lack of a significant 

difference in temperature or day length to account for the difference in chromophore content.  

 

Fig. 3-6. Change of full-width at half maximum (50%) bandwidth with the λmax of pure A1/A2 
visual pigments compared to crocodile photoreceptors. A). Bandwidth and λmax of A1 and A2 
visual pigment templates across a range of wavelengths, B). Rods. C). Red twin cones. D). Red 
single cones. E). Green single cones and F). Blue single cone. Filled circles are mean bandwidth 
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and mean λmax values of photoreceptor types in saltwater crocodiles (blue) and freshwater 
crocodiles (red). Individual measurements are represented in open blue circles for C. porosus 
and open red squares for C. johnstoni. The top line labelled A2 and bottom line labelled A1 
display the bandwidth for their respective templates across the same λmax values as the mean 
for each photoreceptor 

In an attempt to identify other mechanisms that may produce differences in the effective 

absorbance of photoreceptors in the two species of crocodiles, the spectral characteristics of 

their ocular media were also measured. The combined ocular media had a wavelength of 0.5 

normalized transmittance at 374 nm - 375 nm in both species. The fact that the ocular media 

absorbs a significant proportion of the incident short wavelength light and also that no pigment 

with a λmax in the ultraviolet region of the visible spectrum was observed in this or other 

crocodilians (Sillman et al., 1991) suggests that ultraviolet wavelengths do not play a major role 

in crocodilian visual ecology. Low spectral transmittance at short wavelengths affects the 

spectral sensitivity function of the SWS single cone in both species and shifts the λmax of the SWS 

cone 8 - 9 nm towards longer wavelengths, and will reduce stimulation of the β-peak 

absorbance band of all other pigments. Since the 50% transmission cut off for ocular media 

(374nm and 375nm) is very similar in both species, differences in the sensitivity of visual 

pigments between species are not affected by the spectral transmission of the ocular media. 

The overall effect of the spectral properties of the ocular media reduces the spectral range of 

the species and may increase spectral discrimination (Walls and Judd, 1933). Other potential 

benefits include protection of tissue from the damaging effects of UV rays (Kalsbeek et al., 

2012) and an increase in visual acuity due to a reduction in the amount of scattered short 

wavelength light entering the eye (Walls and Judd, 1933).  
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3.6 Conclusion 
The retinal specialisations observed are ideal for a flat environment and provide the optimal 

sampling for any activities that occur on the surface of the water and at the visual horizon 

rendering it useful for conspecific interactions and prey spotting on the riverbank. The similarity 

in retinal topography and SRP of the saltwater and freshwater crocodile suggests that the 

ecological demands on their visual system for detail discrimination tasks are very similar even 

though the freshwater crocodile is known to hunt smaller animals. This suggests that the 

ecological pressure on the visual system from prey size preference is not very strong. This could 

be because of smaller differences in prey size or simply smaller differences in eye/body size 

between species in juvenile crocodiles compared to fully grown crocodiles. Alternatively, the 

use of acute vision in tasks other than predation such as conspecific interactions, will lower the 

ecological pressure from any one task such as hunting smaller prey.  

The spectral sensitivity differences demonstrate the ability of crocodiles to adapt to subtle 

differences in photic conditions. Differences in A1 percentages and the bandwidth of the 

absorbance curve of the photoreceptors strongly suggest that differences are being driven by a 

shift in chromophore. They reflect a strong drive to optimise photon catch and may facilitate 

activities occurring under dim light conditions or unknown social interactions/behaviour that 

occur underwater. Further studies in the ontogenetic developments and behaviour of 

crocodiles would elucidate the reason for possessing similar SRPs. In contrast, studying a 

greater number of species will determine to what extent crocodiles are able to adapt and why 

other freshwater crocodilians seem to still possess A1 visual pigments. 
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4.1 Abstract 
Lizards are the most diverse group of reptiles and occupy an equally diverse set of ecological 

niches. The study of the visual system in lizards, however, is mostly limited to three subgroups 

including geckoes, iguanids, and chameleons. The findings so far suggest that spectral sensitivity 

is uniform amongst diurnal lizards despite their diverse ecological niches and their extensive use 

of colourful visual signals for conspecific communication. One exception to the trend is the 

cordylid lizard Platysaurus broadleyi, which is the only representative of a fourth subgroup of 

lizards, the scinciforms. P. broadleyi displays an enhanced UV sensitivity in electroretinograms 

which has been linked to its use of UV signals for intraspecific communication. It is not clear 

whether P. broadleyi is unique or whether there is also a more general link between UV 

sensitivity and the use of UV signals in this group, we investigated the visual system of another 

scinciform, the sleepy lizard Tiliqua rugosa. The sleepy lizard is a large slow moving skink which 

uses a UV signal for communication. We used electroretinography to measure physiological 

spectral sensitivity and extracted retinal opsins from retinal mRNA to characterise the visual 

pigments expressed in the sleepy lizard retina. We also mapped the distribution of retinal 

ganglion cells and photoreceptor subtypes identified using immunohistochemistry with design 

based stereology. T. rugosa did not possess elevated ultraviolet (UV) sensitivity and the SWS1 

opsin responsible for the UV sensitivity made up less than 7% of the total cone population. 

Temporal sensitivity of photoreceptors varied strongly between spectral classes. Responses to 

slow flicker stimulation (3 Hz) were dominated by short wavelength sensitive (blue) receptors 

while photoreceptors sensitive to longer wavelengths dominated responses to faster flickers (30 

Hz). The distribution of photoreceptors and retinal ganglion cells formed an area centralis in the 

centre of the retina with higher cell densities in the ventral compared to the dorsal retina. The 

RH1 rod opsin was present in 17% of the total cone population and were a subset of the single 

cones. These findings do not indicate a general trend towards higher UV sensitivity in 

scinciforms, and supports the hypothesis that the colour vision in lizards is adapted to the 

background radiance rather than intraspecific signals.  
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4.2 Introduction  
Reptiles are comprised of approximately 8000 species that occupy a great variety of aquatic and 

terrestrial environments (Hickman et al., 2008). Amongst them, lizards are the most diverse 

group including terrestrial, burrowing, aquatic, arboreal and areal members (Hickman et al., 

2008). In many of the species examined so far, vision plays a crucial role in predation and 

intraspecific communication (Kirmse et al., 1994; Stapley and Whiting, 2006). The importance of 

vision in lizards is further reinforced by the adaptive radiation of the visual system which 

matches the diversity of lizards studied so far (Walls, 1942). However, out of a great number of 

subgroups, prior vision studies have mainly focused on well-known groups such as the geckoes, 

iguanids and chameleons (Crescitelli, 1977; Govardovskii et al., 1984; Loew et al., 2002). There 

is a clear gap in our understanding of the visual ecology of many of the other common groups.  

The visual system of the three most studied subgroups of lizards (geckoes, iguanids and 

chameleons) has been characterised in terms of visual cell morphology, opsin expression and 

spectral sensitivity. All three groups possess pure cone retinae; however, the gecko visual 

system is markedly different to that of iguanids and chameleons (Walls, 1942). The cones in the 

retina of the gecko have undergone extensive transmutation and taken on the properties to 

enable dim light vision in nocturnal geckoes (Zhang et al., 2006). However, these transmutated 

visual cells are also present in diurnal geckoes. Geckoes also express fewer opsin genes 

compared to the iguanids. The geckoes express the SWS1, RH2, and LWS opsin genes 

(Yokoyama and Blow, 2001) while the iguanids express all five vertebrate opsin genes including 

the SWS1, SWS2, RH2, LWS, and RH1 (Kawamura and Yokoyama, 1998). This is reflected in the 

spectral sensitivity of the photoreceptors that have been measured. The spectral sensitivity of 

Gecko photoreceptors peak at 362-366 nm, 452-475 nm, and 521-545 nm compared to the 

photoreceptors of the iguanids (Anolis genus) which absorb maximally at 364-367 nm, 446-

467 nm, 487-503 nm, and 560-625 nm (Loew et al., 2002). Although the opsin genes expressed 

in the chameleon have not been investigated, spectral sensitivity of their photoreceptors are 

similar to that of the iguanids with peak sensitivities at 375-385 nm, 440-450 nm, 480-505 nm, 

and 555-610 nm (Bowmaker et al., 2005).  

The extensive use of visual cues in lizard behaviour and the diversity of coloured body 

structures, has led researchers to investigate whether the visual system has adapted to the 

photic conditions of the environment or to the spectral properties of conspecific signals to 

facilitate behavioural outcomes (Fleishman et al., 1997; Loew et al., 2002). Chromatic visual 

cues are used as conspecific signals across a variety of lizards. In anoline lizards, coloured 

dewlaps are used to indicate fighting ability between males and are combined in a lot of other 
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visual displays (Thompson and Moore, 1991), however, there does not seem to be a correlation 

between the spectral sensitivity of the anolis lizards and their dewlap colour. Other groups such 

as the agamids have been observed to use red colouring in some species to judge combat 

fitness and UV reflectance for mate selection by males and females (LeBas and Marshall, 2000; 

Healey et al., 2007; Bajer et al., 2010). However, in these species colour vision was not 

investigated and it unknown whether the visual system is tuned to facilitate the detection of 

chromatic signals. Colour vision in lizards were mainly carried out using either 

microspectrophotometry (MSP) to obtain the spectral sensitivity of individual photoreceptors in 

the retina (Govardovskii et al., 1984; Barbour et al., 2002) or electroretinography (ERG) to 

measure the spectral sensitivity of the eye (Ellingson et al., 1995; Fleishman et al., 1997). The 

conclusion reached from ERG experiments in the iguanids (Anolis genus), is that colour vision in 

lizards is neither correlated to photic conditions nor chromatic cues but adapted to a 

background radiance of green vegetation (~550 nm) (Fleishman et al., 1997). Given that many 

lizards occupy regions surrounded by green vegetation, it may be expected that spectral 

sensitivity would be similar across most groups.  

Outside of the 30 MSP/ERG colour vision studies conducted in geckoes, iguanids and 

chameleons, two agamids (Barbour et al., 2002; Yewers et al., 2015), three lacertids (de Lanuza 

and Font, 2014; Martin et al., 2015) and only one scinciform, the cordylid lizard Platysarus 

broadleyi (Fleishman et al., 2011) have been studied. Interestingly, the scinciform lizard 

Platysarus broadleyi presents a different ERG sensitivity than those observed in the iguanids 

(Fleishman et al., 2011) with a strongly elevated ultraviolet (UV) sensitivity. This suggests that 

there is a higher percentage of UV-sensitive (UVS) photoreceptors in P. broadleyi. This 

conclusion is supported by the relatively high percentage (20%) of transparent oil droplets 

(usually associated with UVS photoreceptors) (Fleishman et al., 2011). It has also been 

demonstrated that the cordylid lizard can use UV visual cues to make decisions about the 

fighting ability of conspecific male rivals (Stapley and Whiting, 2006). This suggest that there 

might be a correlation between the spectral property of a signal and the spectral sensitivity of 

the visual system. In order to test this, we investigated the colour vision of the sleepy lizard, 

T. rugosa as a second representative of the scinciform group and a user of UV conspecific 

signals.  

The Tiliqua genus is comprised of large slow moving omnivorous skinks that are endemic to 

Australia (Cogger, 2014). They possess very conspicuous blue tongues and hence are known as 

blue-tongue lizards. The blue tongue strongly reflects UV light (~ 320 nm), but has a secondary 

peak reflectance in the blue region (~460 nm) of the spectrum (Abramjan et al., 2015). It is 

thought that the tongue is used as a conspecific signal (Abramjan et al., 2015). Prior studies of 
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the visual system of the sleepy lizard have revealed that it has a specialised distribution of 

retinal ganglion cells (neurons that send visual information to the brain visual centres of the 

brain) with higher densities in the centre of the eye (New and Bull, 2011). Compared to the 

retina of other diurnal lizards such as the Bouton’s skink (Boutonii africanus) and Ctenophorus 

lizards (Röll, 2001; Barbour et al., 2002), the retina of the sleepy lizard does not have a fovea 

and has spatial resolving power of approximately 6.8 cycles/degree (estimated by the spacing of 

the retinal ganglion cells) (New and Bull, 2011), suggesting quite different visual abilities to 

iguanids which possess a fovea. Although the sleepy lizard appears to possess a pure cone 

retina morphologically, immunoreactivity to the RH1 opsin which generally appears in rods, has 

been detected (New et al., 2012). In comparison to the sleepy lizard, the cordylid lizard P. 

broadleyi, uses throat coloration as a signal and is much faster moving.  

In order to characterise the spectral sensitivity and retinal topography of the sleepy lizard, we 

extracted retinal mRNA to sequence retinal opsins, recorded electroretinograms to measure the 

spectral sensitivity and used designed-based stereology and immunohistochemistry to count 

and map the distribution of photoreceptor subtypes and ganglion cells. Due to the broadly 

conserved opsin expression across diurnal lizards, we expected the same opsin genes to be 

present in the sleepy lizard, T. rugosa including the LWS, SWS1, SWS2, RH2, and RH1 genes as 

were found in Anolis species. We did, however, expect T. rugosa to have high ERG UV sensitivity 

with a large percentage of SWS1 photoreceptors.  
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4.3 Materials and Methods 

4.3.1 Animals 
Seven adult sleepy lizards Tiliqua rugosa, endemic to Western Australia, were used in this study. 

All animals were caught around the Perth metropolitan area and housed on the campus of The 

University of Western Australia for less than twelve months. Animals were kept in a controlled 

temperature room under a 12:12 light and dark lighting regime using a UV emitting light globe 

(Repti Glo UVB10 Compact 13W, Exo-Tera, Canada). All individuals were mature adults with a 

body weight ranging between 0.45 kg and 0.67 kg. Captive lizards were fed a diet of soft 

vegetables supplemented with crickets and vitamins. All experimental procedures were 

approved by the animal ethics committee of The University of Western Australia (AEC No: 

RA/3/100/1030). 

4.3.2 Electroretinography 
Animals were anaesthetised by intramuscular injections of ketamine (Ceva Ketamine Injection, 

Australia, dosage: 50 mg/kg) and medetomidine (Ilium Medetomidine Injection, Australia, 

dosage: 165 µg/kg) during all electrophysiological experiments. Proxymetacaine hydrochloride 

(Alcaine 0.5%, Alcon, USA) was applied to the corneal surface to numb the eye locally before the 

eyelids were held open using custom forceps. The active electrode (platinum wire with a 

diameter of 0.22 mm) was then placed on the corneal surface surrounded by a clear conductive 

gel. The reference electrode (silver/silver-chloride wire with a diameter of 0.23 mm) was 

inserted under the skin behind the head and both electrodes were connected to a DAM50 

differential amplifier (World Precision Instruments, USA) for signal amplification. The grounding 

clip was attached to an electrode inserted under the skin of the animal in the lower body. The 

signal from the active electrode was band pass filtered between 0.1 and 100 Hz before being 

amplified (gain = 1000) and sent to the data acquisition board (USB X Series, National 

Instruments, USA).  

The spectral sensitivity of the eyes of all individuals was assessed by sampling forward and back 

along the spectrum at 20 nm intervals between 350-650 nm and 640-360 nm at 20 nm, 

respectively. The stimulus consisted of an on/off flicker alternating between coloured and white 

light separated by black intervals of equal duration between flickers. Monochromatic light was 

produced by an automated monochromator (Polychrome V, Till Photonics, USA), while white 

light was produced by a Xenon arc lamp (HPX2000, Ocean Optics, USA). The coloured and white 
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light paths were passed through an optical setup, where a motorised chopper wheel that 

alternatively blocked both or one of the two light paths, thus creating a stimulus sequence of 

the following order: white, black, colour, black and back to white etc. The two light paths were 

combined using mirrors and a beam splitter (EBP1, 70:30-T:R, Thor Labs, USA), and gathered 

into a quartz optic fibre (P1000-2-UV-Vis, Ocean Optics, USA). The end of the optical fibre was 

attached to a UV transmitting quartz lens, which was placed approximately 1.5 cm away from 

the eye. The proximity of the output fibre to the eye ensured that the light diverged and 

diffusely stimulated the retina at the back of the eye with coloured and white light stimulating 

the same retinal region. White light output from the optical setup reached a maximum of 3.11E-

03 W/cm2, and could be adjusted using neutral density (ND) filters ranging from 0.8-1.3ND to 

allow for a stronger white light response when adaptation lights were used. Adaptation light 

intensity ranged from 1.76E-03 W/cm2 to 7.25E-03 W/cm2 for wavelengths ranging from 350 

nm to 650 nm. 

At each 10 nm interval from 350 nm to 650 nm, the sensitivity was measured as the reciprocal 

of the intensity of monochromatic light needed to produce an equivalent electrical response to 

that produced by a white light (Neitz et al., 1989). The colour intensity necessary at each 

wavelength was estimated by searching for the minimum response to the flicker stimulus (null 

point) by modulating intensity of the coloured light while keeping the white light intensity 

constant. The null point was estimated at least three times at each wavelength and the 

reciprocal of the intensity of coloured light at the null point was used to estimate the sensitivity 

of the eye to a specific wavelength. This information is then used to build a spectral sensitivity 

curve from the compound response of the retinal photoreceptors.  

To analyse the contribution of specific photoreceptor types to the compound response of the 

electroretinogram, spectral sensitivity was measured under a range of conditions designed to 

alter the contribution of different photoreceptor populations to the recorded signal. To isolate 

spectrally distinct photoreceptors, a second monochromatic light (adaptation light from a 

Polychrome V, Till photonics, USA) was superimposed on the stimulus to selectively reduce 

contrast to cell populations maximally sensitive in different regions of the spectrum. In addition, 

the flicker rate of the stimulus was adjusted from 3 Hz to 30 Hz (colour to colour) by controlling 

the speed of the chopper wheel. This was expected to bias the contributions from slow or fast 

photoreceptor populations towards the overall ERG signal (Neitz et al., 1989). At the beginning 

of each experiment, the animal was dark adapted for an hour and a spectral sensitivity curve 

recorded. After each use of a bright adaptation light, the animal was dark adapted until a 

standard spectral sensitivity was recovered before the next recording.  
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4.3.3 Statistical comparison across flicker rates 
ERG curves were normalised by fitting them to the average curve of all conditions being 

compared unless otherwise stated in figure legend. This produced ERG curves with standardised 

sensitivity that could be compared across conditions. In some cases, the ratio of long- to short-

wavelength were calculated and used to compare ERG responses across temporal frequencies. 

In this case, the ratio was obtained by comparing the integral of the curve on either side of 

530 nm. This relatively isolates the responses from LWS photoreceptors usually absorbing at 

560 nm with A1 visual pigments from other photoreceptors (SWS-MWS) and allows for the 

comparison of changes in LW:SW across temporal frequencies. 530 nm was picked as the 

approximate halfway point between the predicted peak of the LWS pigment (560 nm) and the 

peak of the next closest pigment (495 nm). R software packages were used for all statistical 

comparisons (R Core Team, 2016). A linear mixed effect model (R-package lme4, (Bates et al., 

2015)) was generated for the comparison of sensitivity across flicker rates. A stepwise model 

selection approach was used, where only factors significant at the 5% level were included in the 

final model. Animal ID was used as a random factor to account for repeated measures from the 

same individuals across conditions. Models were compared to each other using the analysis of 

variance function in R (ANOVA, (R Core Team, 2016)). All p-values presented were tested 

against the final model. Model with assumptions were tested using a combination of qqplots 

and shapiro-wilk tests. 

4.3.4 Histological preparations 
After completion of the electrophysiological experiments, animals were euthanised with an 

intracoelomic injection of sodium pentobarbital (Lethabarb, Virbac, Australia, dosage: 200 

mg/kg). The dorsal region of the eye was cauterised to mark the dorsal region of the eye prior 

to enucleation. Once removed, the eye was opened with a small incision at the limbus using a 

sterile scalpel blade and a small cut made in the dorsal retina for dorsal orientation. The cornea, 

lens and vitreous were then removed and the eyecup preserved in RNAlater for molecular 

analysis or 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.2-7.4) for both 

immunohistochemical analyses and for assessing retinal topography. Eyes were fixed in PFA for 

24 hours and then stored in 0.1 M PB plus 0.1% sodium azide.  

Radial cuts were made in the eyecup to relieve tension across the hemisphere of the eyecup 

and to allow the retina to be flattened for wholemounts and the sclera and retinal pigment 

epithelium were removed to isolate retinal tissue. To investigate photoreceptor distribution, 

retinae were mounted in 80% glycerol in 0.1 M PB plus 0.1% sodium azide, with a cover slip 
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placed over the preparation and nail polish applied around the edges to prevent dehydration. 

By contrast, retinae used to map the retinal ganglion cells were mounted on a gelatinised slide 

and allowed to dry overnight in a chamber filled with formaldehyde vapours. This facilitated cell 

differentiation and increased adherence of the retina to the gelatinised slide to facilitate cell 

identification and reduce the chances of the retina falling off the slide during staining, 

respectively (Stone, 1981). The retinae were then rehydrated through a series of decreasing 

alcohol concentrations (90%, 70%, 50% and acidified dH2O at 5 % acetic acid) and stained with a 

0.1% acidified aqueous cresyl violet solution for 5 min (Coimbra et al., 2006). Stained retinae 

were dehydrated through an alcohol series of ascending concentration (70%, acidified 90%, 

100%) and cleared in xylene. Enthellan New (Merck, Darmstadt, Germany) mounting medium 

was quickly added and the preparation sealed with a cover slip (Coimbra et al., 2006). 

4.3.5 Transmission of ocular media 
The transmission of the lens and cornea in the eyes of T. rugosa was measured using frozen 

samples. While the transmission of the vitreous can be affected by freezing, the lens and cornea 

remain largely unchanged especially at shorter wavelengths (de Lanuza and Font, 2014). 

The lens and cornea was thawed and placed on a perforated plate underneath an inverted 

integrating sphere (FOIS-1, Ocean Optics, USA). A 600 µm fibre (P600-2-UV-Vis, Ocean Optics, 

USA) carrying light from a pulse xenon arc lamp (PX-2, Ocean Optics, USA) was aligned to the 

centre of the sample against the bottom surface so that light transmitted through the sample 

entered directly into the integrating sphere. The light from the integrating sphere was collected 

by a second 600 µm fibre (P600-2-UV-Vis, Ocean Optics, USA) and carried to a 

spectrophotometer (USB2000+, Ocean Optics, USA) for spectral analysis using SpectraSuite 

software (Ocean Optics, USA). At the beginning of measurements, a light and dark reference 

measure was taken to calibrate the spectrophotometer to the ambient light conditions and at 

least three measurements were taken per sample to account for any variability.  

4.3.6 Immunohistochemistry and antibody specificity 
The use of immunohistochemistry to label photoreceptor subtypes in the retina of the T. rugosa 

was limited to antibodies where high opsin specificity to a single photoreceptor subtype has 

been previously demonstrated. These antibodies included the affinity-purified goat polyclonal 

antibody sc14363 (Santa Cruz Biotechnology, USA) raised against human blue cone opsin for the 

labelling of SWS1 opsins (Schiviz et al., 2008) and the monoclonal antibody rho4D2 raised 

against the amino terminus of bovine rhodopsin for the labelling of the RH1 opsin (Hicks and 
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Molday, 1986). Due to limited retinal tissue, other cell populations were not 

immunohistochemically labelled. 

The goat polyclonal sc14363 antibody has been used to label SWS1 photoreceptors in the 

opossum Thylamys elegans. We observed no co-localised labelling with the LWS antibody JH 

492 and complete co-localised labelling with another SWS1 antibody JH 455. Specificity to the 

SWS1 opsin was confirmed since the SWS1 opsin of reptiles is phylogenetically homologous to 

the S-opsin of humans (Hart and Hunt, 2007), which has also been labelled using sc14363 

antiserum (Nießner et al., 2011).  

Rho4D2 has been used to label rod opsins in the American chameleon Anolis carolinensis, the 

chameleon Chameleo chameleon and the sleepy lizard, Tiliqua rugosa (McDevitt et al., 1993; 

New et al., 2012). Antibody specificity has been demonstrated using immunoblotting (McDevitt 

et al., 1993) and through non-co-localised labelling with RH1 and MWS-LWS opsins (New et al., 

2012). 

Retinae were incubated overnight in a solution of 0.3% Triton X-100 in 0.1 M phosphate buffer 

(PB) (pH 7.2-7.4), 5% normal rabbit serum (Millipore, USA) and the primary antibody (1:500 for 

both antibodies). Overnight incubation conditions were the same for both antibodies except 

that sc-14363 was incubated with normal donkey serum to reduce non-specific binding of the 

secondary antibody (Millipore, USA). Agitation of retinae during incubation was avoided to 

reduce the chances of outer segment detachment caused by mechanical disturbances. Prior to 

being incubated with the biotinylated secondary antibody (1:500 for both antibodies, donkey 

anti-mouse IgG for rho4d2 and rabbit anti-goat IgG for sc-14363) for 2 h, retinae were rinsed in 

0.1 M PB buffer three times for 5 min each. Once the secondary incubation step was 

completed, retinae were transferred to a solution containing an avidin-biotin complex 

(Vectastain, ABC kit, Vector Laboratories, USA) and incubated for 1 h before being rinsed three 

times (5 min each) in 0.1M PB. Opsin immunoreactivity was visualised using a horseradish 

peroxidase substrate and a H2O2 reaction as recommended in the Peroxidase Substrate kit 

(SK4700, Vector Laboratories, USA). Once the retina had darkened sufficiently, the reaction was 

stopped by rinsing the retinae three times (5 min each) in 0.1M PB and retinae mounted in 80% 

glycerol in 0.1M PB plus 0.1% sodium azide. Specificity of secondary antibody was confirmed by 

a lack of labelling upon omission of the primary antibody. 

4.3.7 Histocriteria 
No labelling or staining was needed to differentiate between single and double cones as double 

cones were clearly distinguishable by their fused inner segments in wholemounts (see figure 2F 
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of Coimbra et al. (2015)). The SG chromogen used to visualise photoreceptors expressing SWS1 

and RH1 opsins was highly visible, and allowed for the fast identification and mapping of the 

respective photoreceptor subpopulations (Fig. 4-1 A, C). A cresyl violet stain was used to 

visualise the neurons of the retinal ganglion cell layer. To differentiate between RGCs, displaced 

amacrine cells, and glial cells, the following histocriteria were used: retinal ganglion cells were 

relatively larger and had a light, but granular Nissl stain in the cytoplasm, amacrine cells showed 

a light but uniform staining profile, and glial cells possessed small and irregular soma with the 

darkest Nissl staining (Fig. 4-1). 

 

Fig. 4-1.Histocriteria used to identify two of the photoreceptor sub types in T. rugosa. RH1 
opsins were labelled with Rho4d2 (A), SWS1 opsins were labelled with sc143636 (C) and retinal 
ganglion cells were stained with cresyl violet (B,D). Black filled arrowheads indicate 
photoreceptor outer segments in A and C, and retinal ganglion cells in B and D. White filled 
arrowheads indicate photoreceptor inner segments in C and glial cells in B and D. Black 
arrowhead outlines depict displaced amacrine cells in the retinal ganglion cell layer in B and D. 
Scale bars, 20 µm. 
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4.3.8  Designed-based stereology 
Once the retinae were stained, labelled or simply mounted in glycerol, their outline was 

digitised using an X4.0 NA 0.17 objective lens, a motorised stage (MAC200; Ludl Electronics 

Products), and StereoInvestigator software (MBF Bioscience). The optical fractionator probe 

developed by West et al. (1991) and adapted by Coimbra et al. (2009) was used to sample the 

photoreceptor and retinal ganglion cell layer neurons.  

A counting grid of a predetermined size (Table 4-1) was superimposed on the retina with a 

randomised starting location. Each grid point that fell within the retinal outline represented a 

sampling location where a fraction of the area represented by that grid point was sampled using 

a sampling frame of predetermined size (Table 4-1). The number of cells marked within each 

sampling frame is extrapolated to estimate the number of cells located within the associated 

grid location. Total cell numbers in the retina were estimated by summing all grid locations 

(Equation 4-1).  

 

Equation 4-1 

𝑁𝑁 =  𝛴𝛴𝛴𝛴 ∗ 1/𝑎𝑎𝑎𝑎𝑎𝑎 (Coimbra et al., 2009), 

 

where asf is the area sampling fraction and ΣQ is the sum of markers counted within a frame 

and N is the total number of cells estimated within the area represented by the grid. 

A total of nine retinae were used to sample retinal neurons in T. rugosa. Three retinae were 

labelled with rho4D2 and each of these retinae were used to investigate the distribution and 

total numbers of all photoreceptors, single cones, double cones and rod opsin expressing 

photoreceptors. An additional three retinae were labelled with the sc14363 antiserum and used 

to investigate the distribution and total number of SWS1 expressing photoreceptors only. The 

last three retinae were cresyl violet stained and used to investigate the distribution and total 

number of RGCs. 
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Table 4-1.Sampling protocol for assessing the density of neurons in different regions of the 
retina. 

Cell population Sampling 
protocol 

No. of 
retinae 

sampled 

Counting 
grid (µm) 

Counting 
frame (µm) 

Number 
of sites 

sampled 

CE1 

All 
photoreceptors 

Main 3 800 X 800 35 X35 230-250 0.02-0.03 

Subsample 3 800 X 800 35 X35 20-30 0.03-0.05 

Single cones 
Main 3 800 X 800 35 X35 230-250 0.02-0.03 

Subsample 3 800 X 800 35 X35 20-30 0.03-0.05 

Double cones 
Main 3 800 X 800 35 X35 230-250 0.03-0.08 

Subsample 3 800 X 800 35 X35 20-30 0.06-0.09 

RH1 opsin 
photoreceptors 

Main 3 850 X 850 100 X 100 225-250 0.03-0.04 

Subsample 3 300 X 300 100 X 100 30-35 0.03-0.05 

SWS1 opsin 
photoreceptors 

Main 3 850 X 850 100 X 100 190-230 0.03-0.04 

Subsample 3 400 X 400 100 X 100 12-20 0.04-0.09 

Retinal ganglion 
cells 

Main 2 800 X 800 50 X 50 205-230 0.03-0.05 

Subsample 2 300 X 300 50 X 50 15-30 0.04-0.07 
1 Schaeffer’s Coefficient of Error (CE) associated with each sampling protocol (Glaser and 
Wilson, 1998; Slomianka and West, 2005). 

4.3.9 Topographic Maps 
Topographic maps were constructed using a custom-written Matlab (Mathworks, USA) function 

to determine how the distribution of photoreceptor subtypes differed across the retina. The 

sampling, retinal loci, retinal outline and marker location were extracted from the xml file 

generated by the StereoInvestigator software (MBF Bioscience). A thin plate spline was fitted 

(second order polynomial, lambda = 0) across sampling locations and used to interpolate the 

cell density at 20 µm intervals across the retina (Hemmi and Grünert, 1999; Garza-Gisholt et al., 

2014). The spline reduced the effect of outlier fluctuations in the sampling, while providing a 

high-resolution estimate of cell density across the retina. Cell density across the retina was 

visualised using a combination of colour maps and contour lines which, facilitated the 

identification of areas of retinal specialisation across species.  

4.3.10 Opsin sequences 
Eyes used for opsin sequencing were dissected and preserved in RNAlater (Sigma, Australia) at 

4°C immediately after euthanasia of the animal and following enucleation of the eye. Total RNA 

was extracted from a homogenised eyecup using the PureLink RNA Mini Kit (Thermo Fisher 
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Scientific, Australia), following the steps outlined by the manufacturer. Complementary DNA 

(cDNA) was subsequently generated using 2 µg of total RNA and the miScript II Reverse 

Transcription (RT) Kit (Qiagen, Australia), according to the manufacturer’s instructions. Specific 

degenerate PCR primers (DIAPLMF1, DIAPLMF2, DIAPLMR1 and DIAPLMR2 for the amplification 

of the LWS gene; DIAPS1F1, DIAPS1F2, DIAPS1R1 and DIAPS1R2 for detection of the SWS1 gene; 

DIAPS2F1, DIAPS2F2, DIAPS2R1 and DIAPS2R2 for SWS2 gene sequence amplification; 

DIAPPR2F1, DIPAPR2F2, DIAPR2R1 and DIAPR1R2 for the identification of RH2 gene expression; 

and DIAPPR1F1, DIPAPR1F2, DIAPR1R1 and DIAPR1R2 for the amplification of the rod (RH1) 

gene) were used to amplify sequences for each visual opsin class found in Diapsida (extant birds 

and reptiles) (Davies et al., 2009; Knott et al., 2013; Hart et al., 2016). PCR conditions, cloning 

and sequencing procedures were conducted as outlined in Davies et al. (2009). 
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4.4 Results 
The eyes of the sleepy lizard T. rugosa are laterally placed and allow for a wide visual field. Well-

developed ocular muscles attached to the globe of the eye suggest the frequent use of eye 

movements. The lens and cornea appear clear with no diffuse pigment visible within the retina. 

The wavelength at which the lens transmittance reached half of the peak transmittance (λT0.5) 

was 356 nm, while the cornea was transparent to even shorter wavelength light with a λT0.5 of 

307 nm (Fig. 4-2). The combined λT0.5 of the ocular media (lens and cornea) was 386 nm (Fig. 

4-2) allowing for the significant transmission of UV light.  

 

Fig. 4-2. Transmittance spectra of the cornea and lens in the sleepy lizard, Tiliqua rugosa  

4.4.1 Opsin sequences 
To determine whether T. rugosa expressed the same opsins as observed in other diurnal lizards 

(specifically Anolis carolinensis), we extracted retinal mRNA and sequenced the full complement 

of opsins. Molecular analysis showed that five visual opsins are expressed in the retina of the 

sleepy lizard, where sequence alignment and phylogenetic analyses confirmed them to be 

orthologues of LWS, SWS1, SWS2, RH2 and RH1 opsin genes identified in other vertebrates 

(Table 4-2; Davies, personal communication). It was also possible to examine 30 out of the 34 

known tuning sites across the five opsins genes and out of these only one tuning site (in the 



98 
 

SWS2 opsin) differed from those in the green anole (Anolis carolinensis, Table 4-2). Given the 

close similarity in the complement of opsins and their sequences between the T. rugosa and 

A. carolinensis, and assuming the use of a pure A1-based chromophore in T. rugosa as observed 

in most other lizards (Yokoyama, 2000; Jacobs, 2010; Martin et al., 2015), the predicted 

wavelength of maximal absorbance for the five visual pigments are as follows: SWS1 (360 nm), 

SWS2 (440 nm), RH1 (491 nm), RH2 (495 nm) and LWS (560 nm) (Fig. 4-3 B). 
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Table 4-2. Codon-matched alignment showing partial amino acid sequences for all five visual 
opsins expressed in the retina of the sleepy lizard, T. rugosa compared to orthologues identified 
in the green anole, Anolis carolinensis. 

                            10         20         30         40         50         60                 
Green anole RH1    ---------- ---------M NGTEGQNFYV PMSNKTGVVR NPFEYPQYYL ADPWQFSALA  
Bobtail RH1        ---------- ---------- ---------- -----TGVVR SPFEYPQYYL AEPWQYSALA  
Green anole RH2    ---------- ---------M NGTEGINFYV PLSNKTGLVR SPFEYPQYYL AEPWKYKVVC  
Bobtail RH2        ---------- ---------- ---------- ---------- ---------- ----------  
Green anole SWS2   ---------- MQKSRPDSRD NLPEDFFIPV PLDVANITTL SPFLVPQTHL GNPSLFMGMA  
Bobtail SWS2       ---------- ---------- ---------- ---------- -----PQTHL GSPGLFMGMA  
Green anole SWS1   ---------- ---------- ----MSGQED FYLFENISSV GPWDGPQYHI APMWAFYFQT  
Bobtail SWS1       ---------- ---------- ---------- ---------- ---------- ----------  
Green anole LWS    MAGTVTEAWD VAVFAARRRN DEDDTTRDSL FTYTNSNNTR GPFEGPNYHI APRWVYNITS  
Bobtail LWS        ---------- ---------- ---------- --------TR GPFEGPNFHI APRWVYHLTS  
 
                            70         80         90        100        110        120              
Green anole RH1    AYMFLLILLG FPINFLTLFV TIQHKKLRTP LNYILLNLAV ANLFMVLMGF TTTMYTSMNG  
Bobtail RH1        AYMFLLILLG LPINFLTLFV TIQHKK---- ---------- ---------- ----------  
Green anole RH2    CYIFFLIFTG LPINILTLLV TFKHKKLRQP LNYILVNLAV ADLFMACFGF TVTFYTAWNG  
Bobtail RH2        ---------- ---------- --KHKKLRQP LNYILVNLAV ADLFMACFGF TVTFYTAWNG  
Green anole SWS2   AFMFILIVLG VPINVLTIFC TFKYKKLRSH LNYILVNLSV SNLLVVCVGS TTAFYSFSNM  
Bobtail SWS2       AFMFMLVVLG VPINALTIFC TFKYKKLRSH LNYILVNLAV SNLLVVCIGS VTAFYSFSQM  
Green anole SWS1   AFMGFVFFAG TPLNAIILIV TVKYKKLRQP LNYILVNISF AGFLFCTFSV FTVFMASSQG  
Bobtail SWS1       ---------- ---------- ---------- ---------- ---------- ----------  
Green anole LWS    VWMIFVVIAS IFTNGLVLVA TAKFKKLRHP LNWILVNLAI ADLGETVIAS TISVINQISG  
Bobtail LWS        LWMIFVVVAS VFTNGLVLVA TAKFKKLRHP LNWILVNLAI ADLGETVIAS TISVINQLFG  
 
                           130        140        150        160        170        180           
Green anole RH1    YFIFGTVGCN IEGFFATLGG EMGLWSLVVL AVERYVVICK PMSNFRFGET HALIGVSCTW  
Bobtail RH1        ---------- ------TMGG EIALWSLVVL AVERYVVVCK PMSNFRFSET HAIMGVSFTW  
Green anole RH2    YFIFGPIGCA IEGFFATLGG QVALWSLVVL AIERYIVVCK PMGNFRFSAT HALMGISFTW  
Bobtail RH2        YFIFGPIGCA VEGFFATLGG QVALWSLVVL AIERYIVICK PMGNFRFSAT HALMGIAFTW  
Green anole SWS2   YFSLGPTACK IEGFSATLGG MVSLWSLAVV AFERYLVICK PLGNFTFRGT HAIIGCAVTW  
Bobtail SWS2       YFALGPTACK IEGFSATLGG MVSLWSLAVV AFERFLVICK PLGNFTFRGT HAIVGCIITW  
Green anole SWS1   YFFFGRHVCA MEAFLGSVAG LVTGWSLAFL AFERYIVICK PFGNFRFNSK HALLVVAATW  
Bobtail SWS1       ---------- ---------- ---------- ---------- PFGNFRFNSK HALLVVAATW  
Green anole LWS    YFILGHPMCV LEGYTVSTCG ISALWSLAVI SWERWVVVCK PFGNVKFDAK LAVAGIVFSW  
Bobtail LWS        YFILGHPMCV LEGYTVSACG ITALWSLAII SWERWVVVCK PFGNIKFDAK LAMLGIVFSW  
 
                           190        200        210        220        230        240           
Green anole RH1    IMALACAGPP LLGWSRYIPE GMQCSCGVDY YTPTPEVHNE SFVIYMFLVH FVTPLTIIFF  
Bobtail RH1        MMALACAGPP LLGWSRYIPE GMQCSCGVDY YTPNPEVHNK SFVIYMFVVH FVTPLSII-.  
Green anole RH2    FMSFSCAAPP LLGWSRYIPE GMQCSCGPDY YTLNPDYHNE SYVLYMFGVH FVIPVVVIFF  
Bobtail RH2        FMALACACPP LFGWSRYIPE GMQCSCGPDY YTHNPDYHNE SYVLYMFVIH FVIPVVVIFF  
Green anole SWS2   MFGLAASLPP LFGWSRYIPE GLQCSCGPDW YTTENKWNNE SYVIFLFCFC FGVPLSVIIF  
Bobtail SWS2       IIGLVASLPP LFGWSRYIPE GLQCSCGPDW YTTNNKWNNE SYVMFLFCFC FGVPLSVIVF  
Green anole SWS1   FIGIGVSIPP FFGWSRYIPE GLQCSCGPDW YTVGTKYKSE YYTWFLFIFC FIVPLTLIIF  
Bobtail SWS1       FIGIGVSIPP FFGWSRFIPE GLQCSCGPDW YTVGTKYKSE YYTWFLFIFC FIVPLTLIIF  
Green anole LWS    VWSAVWTAPP VFGWSRYWPH GLKTSCGPDV FSGSDDPGVL SYMIVLMITC CFIPLAVILL  
Bobtail LWS        VWSCAWTAPP IFGWSRYWPH GLKTSCGPDV FSGSSDPGVQ SYMVVLMITC CFFPLSIIIL  
 
                           250        260        270        280        290        300           
Green anole RH1    CYGRLVCTVK AAAAQQQESA TTQKAEREVT RMVVIMVISF LVCWVPYASV AFYIFTHQGS  
Bobtail RH1        .......... .......... .......... .......... .......... ..........  
Green anole RH2    SYGRLICKVR EAAAQQQESA STQKAEREVT RMVILMVLGF LLAWTPYAMV AFWIFTNKGV  
Bobtail RH2        SYGRLICKVR EAAAQQQESA STQKAEKEVT RMVILMVLGF LLAWTPYAVV AFWIFTNKGA  
Green anole SWS2   SYGRLLLTLR AVAKQQEQSA TTQKAEREVT KMVVVMVMGF LVCWLPYASF ALWVVTHRGE  
Bobtail SWS2       SYGRLLLTLR AVAKQQEQSA TTQKAEREVT KMVIVMVMGF LVCWLPYASF SLWIVTHRGE  
Green anole SWS1   SYSQLLGALR AVAAQQQESA TTQKAEREVS RMVVVMVGSF CLCYVPYASL AMYMVNNRDH  
Bobtail SWS1       SYSQLLGALR AVAAQQQESA TTQKAEREVS RMVVVMVGSF CLCYVPYAAL AMYMVNNRNH  
Green anole LWS    CYLQVWLAIR AVAAQQKESE STQKAEKEVS RMVVVMIIAY CFCWGPYTVF ACFAAANPGY  
Bobtail LWS        CYLQVWMAIR AVAAQQKESE STQKAEREVS RMVVVMILAY IFCWGPYTIF ACFAAANPGY 
  
                           310        320        330        340        350        360           
Green anole RH1    DFGPVFMTIP AFFAKSSAIY NPVIYILMNK QFRNCMIMTL CCGKNPLG-D EDTSAG---T  
Bobtail RH1        .......... .......... .......... .......... .......... ..........  
Green anole RH2    DFSATLMSVP AFFSKSSSLY NPIIYVLMNK QFRNCMITTI CCGKNPFG-D EDVSSSVSQS  
Bobtail RH2        EFSATFMSVP AFFSKSSSLY NPVIYVLMNK QFRNCMITTI CCGKNPFG-D DDVSSTVSQS  
Green anole SWS2   PFDVRLASIP SVFSKASTVY NPVIYVLMNK QFRSCMLKLI FCGKSPFGDE DDVSGS-SQA  
Bobtail SWS2       PFDVSLASIP SVFSKASTVY NPIIYVFMNK QFRSCMMKLV FCGKSPFGDE DDVSGS-SQA  
Green anole SWS1   GLDLRLVTIP AFFSKSSCVY NPIIYCFMNK QFRACIL-ET VCGKPMS-DE SDVSSS-AQ-  
Bobtail SWS1       GIDLRLVTIP AFFSKSACVY NPIIYCFMNK QFRGCIM-ET VCGKPMT-DE SDVSSS-AQ-  
Green anole LWS    AFHPLAAALP AYFAKSATIY NPIIYVFMNR QFRNCIM--Q LFGKKVD-DG SELSST--S-  
Bobtail LWS        AFHPLAAALP AFFAKSATIY NPIIYVFMNR QFRNCI-... .......... ..........  
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                           370                                          
Green anole RH1    KTETSTVSTS QVSPA*   
Green anole RH2    KTEVSSVSSS QVSPA* 
Bobtail RH2        KT........ ...... 
Green anole SWS2   -TQVSSVSSS QVSPA* 
Bobtail SWS2       -TQVSSVS-- ------ 
Green anole SWS1   KTEVSSVSSS QVSPS* 
Bobtail SWS1       KTEVSS.... ...... 
Green anole LWS    RTEVSSVSNS SVSPA* 
Bobtail LWS        .......... ...... 
Bobtail RH1        .......... ...... 

4.4.2 Spectral sensitivity 
The overall spectral sensitivity of the bobtail recorded with a flicker frequency of 10 Hz was 

dominated by long-wavelength responses (Fig. 4-3 A). Peak sensitivity is reached at a 

wavelength of 562 ± 17 nm on average (± s.d.) and drops off gradually towards shorter 

wavelengths. The width of the spectral sensitivity curve (bandwidth) at half peak sensitivity is 

134 nm ranging from 476 nm to 610 nm.  

 

Fig. 4-3. The spectral sensitivity curve of the sleepy lizard, Tiliqua rugosa at 10 Hz (A) and the 
absorbance spectra predicted using the Govardovskii template (Govardovskii et al., 2000) based 
on opsin sequences and assuming that a pure A1 chromophore is employed (B). Numbers across 
the top of part B represent the absorbance maxima of the visual pigments and vertical bars in 
part A indicate standard error bars. Absorbance curves of visual pigments are normalised to 
peak absorbance of individual visual pigments. 

Changing the flicker rate from 3 to 30 Hz significantly decreased relative spectral sensitivity 

(p<0.001, Table 4-3, Fig. 4-4) at short wavelengths (<530 nm), while increasing sensitivity at 

longer wavelengths (>530 nm, Fig. 4-4). At 3 Hz, sensitivity peaked and plateaued from 510 nm 
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to 590 nm before dropping off to shorter wavelengths (Fig. 4-4). The bandwidth of the 3 Hz 

spectral sensitivity curve (163 nm) ranges from 455 nm to 618 nm, and is much wider than the 

sensitivity curve of higher flicker rates. This indicates a stronger contribution of short 

wavelength sensitive photoreceptor s. At 10 Hz, retinal response around 480 nm drops and the 

curve narrows, without changing the location of peak sensitivity (560 nm). Finally, at 30 Hz, the 

wavelength of primary peak sensitivity remains the same (560 nm), while the overall sensitivity 

curve becomes even narrower (Table 4-3, Fig. 4-4). The ratio of long to short wavelength (<530 

nm / >530 nm), is significantly different for 3-30 Hz (p<0.001, Table 4-3, Fig. 4-4 inset)  

 

Fig. 4-4. The spectral sensitivity of T. rugosa changes depending on the flicker speed of the 
stimulation flicker. The ratio of long-wavelength (LW, <530 nm) responses to short-wavelength 
(SW, >530 nm) responses is significantly higher at faster flicker rates (30 Hz; Table 4-3). 
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Table 4-3. Linear mixed effect model for the comparison of long-wavelength to short 
wavelength ratios across flicker rates (3-30 Hz) 

Final model Model 
type 

Model 
terms DF Chi-Square p-value 

Ratio of LW to 
SW response ~ 

flicker rates, n = 
7 

LME stimulation 
speed. 1 18.157 2.035e-05 

LME: Linear mixed effect model with the individual as a random term.  

In order to identify the spectral properties of cell populations contributing to responses at 

shorter wavelengths, the cell populations at longer wavelength were selectively adapted using 

a monochromatic adaptation light at 550 nm. Adding a 550 nm adaptation light strongly 

shifted the response profile towards shorter wavelength. A new peak sensitivity emerged at 

shorter wavelength around 460 nm. Relative to the adapted state, the biggest changes were 

an increase in response at 460 nm and a decrease in response at 600 nm.  

 

Fig. 4-5. The spectral sensitivity of T. rugosa under adaptation light at a stimulus flicker 
frequency of 10 Hz. Black arrow indicates adaptation light applied at 550 nm. Differential is not 
normalised. 

To determine whether the shift in sensitivity observed across flicker rates in Fig. 4-4, could be 

explained by the contribution of the photoreceptor unmasked by a 550nm adaptation light, we 

measured a series of spectral sensitivity curves under 550 nm adaptation light while changing 
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flicker rates ranging from 3-30 Hz. The results show a gradual change in the shape of the 

spectral sensitivity function. At slow flicker frequencies (3 Hz), the responses are dominated by 

photoreceptor responses with peak sensitivity at 460 nm, whereas at fast flicker frequencies, 

the result is dominated by photoreceptor responses with a peak sensitivity around 560 nm (Fig. 

4-6). From 3-8 Hz, the sensitivity around 460 nm drops rapidly before the longer wavelength 

response from a presumably more abundant photoreceptor population sensitive to longer 

wavelengths take over from 20-30 Hz.  

 

 

Fig. 4-6. The spectral sensitivity of the T. rugosa eye under a 550 nm adaptation light from 3 to 
30 Hz. Note, there is a decrease in sensitivity at 460 nm with an increasing stimulus flicker rate 
under 550 nm adaptation light. Black arrow shows the adaptation light at 550 nm. Sensitivity is 
not standardised in this figure to better illustrate the gradual change in response across flicker 
frequencies. a.b: arbitrary units. 

4.4.3 Retinal topography 
The photoreceptor population consists of single and double cones only, which contain a range 

of oil droplets that appear to vary from transparent to pale green. There is no diffuse yellow 

pigment in the retina of the sleepy lizard T. rugosa as has been observed in diurnal dragon 

lizards (Barbour et al., 2002). On average, the total number of photoreceptors was 2.9 times 

higher than the total number of retinal ganglion cells. 
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An almost concentric increase in cell density in the retinal ganglion cell and photoreceptor 

layers forms an area centralis in the centre of the retina (Fig. 4-7), where convergence ratios 

drop to approximately two photoreceptors to one retinal ganglion cell (Fig. 4-8). Relatively high 

cell densities extend from the area centralis to the nasal, temporal, and ventral retinal regions 

forming a triangular wedge of high cell densities in the ventral half of the retina (Fig. 4-7). In the 

ventral retina, convergence ratios reach up to six photoreceptors for each retinal ganglion cell 

providing higher spatial summation (Fig. 4-8).  

Five photoreceptor populations are identified, sampled, and mapped separately. These consist 

of all photoreceptors, the overall single cone population, the two subtypes of single cones (RH1 

and SWS1 opsins discriminated using immunohistochemistry) and the double cones. Single 

cones comprise up to 77.5% of the total photoreceptor population with double cones making 

up the remainder (Table 4-4). The RH1 rods and SWS1 cones make up 17.7% and 6.6% of the 

total photoreceptor population, respectively (Table 4-4). The retinal ganglion cells and the total 

photoreceptors distribution form an area centralis and with relatively high densities extending 

to the nasal, temporal and ventral region of the retina (Fig. 4-7 A-B). Double cones form a streak 

across the retinal meridian with an area centralis in the same location as the one formed all 

photoreceptors (Fig. 4-7 F). The distribution of single cones and RH1 opsin containing 

photoreceptors (subset of single cones) closely follow the distribution of the overall 

photoreceptors (Fig. 4-7 B-D) which are a subset of single cones also closely match the 

distribution the overall single cone distribution. By contrast, photoreceptors which express the 

SWS1 opsin (subset of single cones) show a concentric increase toward the retinal centre with a 

very shallow gradient that is hidden in the overall photoreceptor distribution (Fig. 4-7 E).  
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Fig. 4-7. Topographic maps of the distribution of retinal ganglion cells (A), all photoreceptors 
(B), all single cones containing RH1 ospins (C), all single cones (D), all single cones containing 
SWS1 opsins (E) and all double cones (F) in T. rugosa. N: Nasal retina, T: Temporal retina, V: 
Ventral retina, scale bars indicate 1mm across all maps. Black circles in the middle of the maps 
indicate the optic nerve head. Isodensity lines and colour bar indicate density in cells/mm2 
X1000. All photoreceptor population presented except for SWS1 photoreceptors are from the 
same representative retina. The small area of high double cone density in the ventral region of 
part F appears to be an edge artefact from a single sample site with a high count of double 
cones. 

  



106 
 

Table 4-4.Total number of photoreceptor subtypes and retinal ganglion cells. 

 All 
photoreceptors 

Double 
cones 

Single cones RGCs 

 Total Total Total RH1 only SWS 1 only Total 

1 4,287,000 922,000 3,365,000 743,000 304,000 1,457,000 

2 4,292,000 946,000 3,346,000 838,000 250,000 1,321,000 

3 3,661,000 880,000 2,781,000 582,000 256,000 - 

Mean 4,080,000 916,000 3,164,000 721,000 270,000 1,389,000 

s.d. 363,000 33,000 332,000 130,000 29,000 96,000 

 

 

Fig. 4-8. Transects ganglion cell and photoreceptor densities in different directions through the 
centre of an example retina in T. rugosa. A 1mm wide transect through the centre of the retina 
(0,0) in the retinal ganglion cell (A-B) and photoreceptor (C-D) layers along the dorsoventral (A, 
C) and the nasotemporal axes (B, D) of the T. rugosa retina. The convergence ratio of 
photoreceptors to retinal ganglion cells along the dorsoventral (E) and nasotemporal axes (F) is 
highest in the ventral retina. Red dots represent cell density estimates at sampling locations 
across the transect width and the black lines (A-D) shows the interpolated spline values along 
the transect. V: Ventral, D: Dorsal, N: Nasal and T: Temporal. 
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4.5 Discussion 
This study covered three aspects of the colour vision system of the sleepy lizard Tiliqua rugosa 

including opsin expression, spectral sensitivity and the retinal distribution of both 

photoreceptor subtypes and the convergence of photoreceptor signals onto the retinal ganglion 

cells. The results from our molecular analysis demonstrate that the sleepy lizard T. rugosa 

expresses all the opsin genes found in the American chameleon A. carolinensis and that there is 

a high similarity between both species across all opsin genes. The ERG spectral sensitivity curve 

of T. rugosa does not possess enhanced UV sensitivity as observed in P. broadleyi but is very 

similar to the spectral sensitivity curves repeatedly observed across the Anolis genus. It is also 

confirmed that the overall distribution of photoreceptors is heterogeneous with an area 

centralis in the centre of the retina and higher photoreceptor density in the ventral retina. 

However, different photoreceptor subtypes have different spatial distributions. 

4.5.1 Sleepy lizard opsins and visual pigments 
The similarities between the opsins and spectral sensitivity of T. rugosa and Anolis species. 

suggest their different lineages, they may be facing similar ecological pressures (e.g. background 

radiance). This supports the hypothesis that diurnal lizards may be adapted to a common 

background radiance rather than the spectral properties of conspecific chromatic cues or other 

variable photic conditions of the environment (Fleishman et al., 1997). The application of a 

550 nm adaptation light to selectively adapt the dominant LWS photoreceptors (LWS opsin) 

reveals a narrow spectral sensitivity curve with a peak sensitivity at 460 nm suggesting that this 

represents the spectral sensitivity curve dominated by a single photoreceptor population. This 

ERG peak sensitivity is closest to the predicted peak sensitivity of 440 nm and could be 

produced by an SWS2 cone visual pigment with an A1-based chromophore commonly found in 

many lizards (Martin et al., 2015). The possible reasons for a disparity of 20nm between the 

predicted absorbance and the ERG sensitivity peak at shorter wavelengths include the effect of 

oil droplets and the contribution from other UVS and MWS photoreceptors. Due to the 

complexity of a visual system expressing five opsins with various oil droplets of unknown light 

filtering properties it is not possible to narrow down the specific spectral sensitivity of each 

photoreceptor subtypes at this time. 

At slow flicker rates under an adaptation light of 550 nm, ERG sensitivity is dominated by short 

wavelength responses that again peaks at 460 nm suggesting that the response at slow flicker 

rates are dominated by the SWS2 photoreceptors. This suggests that the SWS2 photoreceptors 

of T. rugosa are optimal for slow visual tasks. Slow SWS photoreceptor responses have also 
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been observed in the tiger salamander Abystoma trigrinum (Perry et al., 1990), and in several 

mammals (Jacobs, 1993) including humans, Homo sapiens (Crognale et al., 1991). The offset in 

peak sensitivity during slow ERG flicker stimulation (460 nm) and the predicted SWS2 peak 

sensitivity (440 nm) could be due to two possibilities; The transmission of the cornea, lens and 

oil droplets shifting the effective absorbance of the SWS2 photoreceptor to longer wavelengths; 

Or, the contributions from responses by longer wavelength photoreceptor classes (RH1, 491 nm 

and RH2, 495 nm) could have shifted the spectral sensitivity to longer wavelength at slow flicker 

rates.  

The presence in of RH1 opsin (usually associated with rods) in cells with cone-like morphology 

has been confirmed in the sleepy lizard (New et al., 2012). This phenomenon has also been 

observed in the retina of the American chameleon (McDevitt et al., 1993; Bennis et al., 2005) 

where it is suggested that cells containing RH1 opsins are rods transformed into cones or 

transmutated cells as coined by Walls L. G. (Walls, 1942). In geckoes and snakes, transmutated 

cells possess mixed features of rods and cones which suggest an intermediate physiology for a 

transmutated cell (Röll, 2000; Schott et al., 2016). This has also been observed in the 

recruitment of rods from cones in the evolution of mammalian rods (Kim et al., 2016). This 

intermediate physiology could result in a slower RH1 photoreceptor which would explain the 

offset between the peak sensitivity of SWS2 cones and the peak sensitivity of the ERG curve at 

slow flicker rates. 

At faster flicker rates (20-30 Hz), peak ERG sensitivities occur at 560 nm even under a 550 nm 

light. This suggests that the SWS2 response either has little or no response at higher 

frequencies, even relative to adapted LWS photoreceptors. The matching peak sensitivity at 

560 nm at fast flicker rates and at 10 Hz without a 550 nm adaptation light suggests that LWS 

photoreceptors are not only faster but also the most numerous photoreceptor class. This makes 

LWS photoreceptors ideal for tasks such as motion detection and spatial resolution as observed 

in the red-eared turtle Pseudemys scripta (Richter and Simon, 1974) 

4.5.2 UV sensitivity in T. rugosa and P. broadleyi 
The lower ERG UV sensitivity observed in T. rugosa relative to the cordylid lizard P. broadleyi is 

explained by the low percentage of SWS1 photoreceptors in the retina (6.6% of total 

photoreceptor population) which are similar to previous estimates of UVS photoreceptors in 

birds (Hart et al., 1998; Hart et al., 2000). The low percentage of UVS photoreceptors does not 

mean that the sleepy lizard will be unable to detect UV chromatic cues from the tongue of 

conspecific males since the chromatic sensitivity necessary for this task is maintained by even 
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low numbers of UVS cones. The difference in percentages of UVS photoreceptors in the two 

scinciforms, suggests that having high percentages of UVS photoreceptors is not a general trait 

of this subgroup of lizards. These findings suggest that higher UVS photoreceptors percentages 

could be restricted to species more closely related to the cordylid lizard than the sleepy lizard T. 

rugosa. Alternatively, the percentage of UVS in the retina could be independent of the use of 

UV signals and be a response to an unknown factor unique to the cordylid lizard ecology.  

4.5.3 Retinal distribution of photoreceptors  
The topographic map of the distribution of retinal ganglion cells (RGCs) agrees well with 

previous studies of the distribution of RGCs in the sleepy lizard by New and Bull (2011). The high 

convergence of photoreceptor signals to ganglion cells across the retina especially in the ventral 

region, would provide higher spatial summation and greater light sensitivity in the dorsal visual 

field, while the lower convergence ratio in the area centralis, relative to the remainder of the 

retina, would suggest an emphasis on spatial resolution rather than contrast sensitivity. The 

overall distribution is mainly driven by the single cones which are likely involved in facilitating 

spatial resolution 

Double cones found in birds and the anolis lizards are comprised of a pair of LWS cones (Maier 

and Bowmaker, 1993; Loew et al., 2002). In birds, they are thought to gather achromatic visual 

information (Maier and Bowmaker, 1993). The distribution of these cells along the retinal 

meridian and peaking in the retinal centre would provide the sleepy lizard with enhanced 

feedback to achromatic visual tasks (e.g. achromatic contrast, motion detection) at the visual 

horizon and the centre of the lateral monocular field. 

Of the two labelled opsins (RH1 and SWS1), the distribution of the SWS1 photoreceptors 

mediating ultraviolet sensitivity is almost homogeneous across the retina. The low density of 

SWS1 receptors suggest that they will not likely be involved in visual acuity tasks, which require 

adequate spatial sampling of the visual field. 

Immunoreactivity to rod opsin in seemingly pure cone retinae has been observed in diurnal 

lizards (A. carolinensis and Chameleo chameleon), diurnal snakes (Thamnophis sirtalis) and the 

sleepy lizard (T. rugosa) (McDevitt et al., 1993; Bennis et al., 2005; Yang, 2010; New et al., 

2012). Although the distribution of RH1 expressing cones has not been mapped in other 

species, immunoreactivity to rod opsin has been observed in the fovea of the American 

chameleon (McDevitt et al., 1993). The peak density of RH1 photoreceptor occurs in the area 

centralis of the sleepy lizard which suggest that function of this cell population spatially 

coincides with other cell populations also peaking in the area centralis. 
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4.6 Conclusion  
In summary, the sleepy lizard retina demonstrates that the spectral sensitivity across subgroups 

of lizards could be adapted to a common feature such as the background radiance of green 

vegetation. Further studies in closely related cordylid lizards are required to determine whether 

enhanced UV sensitivity is unique to P. broadleyi or restricted to closely related species. The 

differences in UVS photoreceptor percentages between the two species may reflect a 

difference in the type of UV signal used or suggest that higher percentages of UVS 

photoreceptors are correlated with an unknown factor unique to the cordylid lizard ecology 

independent of the use of UV signals. The low percentage of SWS1 photoreceptors and the 

speed response of SWS2 photoreceptors in T. rugosa are both features conserved and 

expressed over a wide range of vertebrates suggesting that the functional roles of short 

wavelength sensitive photoreceptors may be conserved across vertebrate classes. The presence 

of a visual cells expressing rod- opsin in the pure cone retina of T. rugosa may be contributing to 

responses at slow flicker rates and may be involved in spatial resolution based on its spatial 

distribution. Lizard spectral sensitivity is relatively uniform across species studied so far. Thus, it 

would be interesting to study more species closely related to the cordylid lizard to determine 

whether correlation of spectral sensitivity to the spectral properties of chromatic signal is 

present in other cordylid lizards. 

.  
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Chapter 5 : Final summary and 

conclusions 
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My overall aim in this thesis was to contribute to the diversity of visual ecology studies in Class 

Reptilia and increase our understanding of the evolution of vision in reptiles. I specifically 

focused on two aspects of vision; The ecological relevance of the spatial distribution of retinal 

neurons, and whether and how reptiles tune their spectral sensitivity to their behavioural and 

ecological needs.  

5.1 Diverse retinal organisation across the Class 

Reptilia 
 

My thesis provides topographic maps of the distribution of retinal neurons for a range of 

species that highlight the specialised distribution of sampling effort across their visual fields. A 

standardised designed based stereology technique was used across all species providing a 

dataset that allows for comparison across species without methodological bias. In lizards, seven 

topographic maps of the spatial distribution of retinal ganglion cells and photoreceptors were 

produced. Four of the retinal ganglion cells maps were from newly examined species and the 

seven photoreceptors maps were the first mapping of the spatial distribution of photoreceptors 

in reptiles (Table 5-1). Investigating such closely related species allowed me to get a glimpse at 

the interplay between ecology and ancestry.  

Despite the differences between burrow-using and rock-dwelling species, all six Ctenophorus 

species studied possessed a centrally located fovea and a horizontal streak. This suggests that 

the visual ecology across ecological groups of the genus have a fair share of overlap and that 

these retinal specialisations would occur in most species of the genus. The centrally located 

fovea has also been observed in other diurnal lizards including varanids, chameleonids and 

iguanids (Detwiler and Laurens, 1920; Williams et al., 1986), which suggests that enhanced 

spatial acuity in the centre of the lateral monocular visual field is important in the ecology of 

most diurnal lizards. The higher photoreceptor densities in the ventral retina compared to the 

dorsal retina provided higher spatial summation and therefore higher sensitivity in the dorsal 

visual field than the ventral visual field in all species. In this study, retinae specialised for the 

highest sensitivity in the dorsal visual field were found in basal species (C. gibba and C. nuchalis) 

which used relatively simple dynamic visual signals and burrows for shelter. 

My work provides the first ever topographic maps of the distribution of retinal ganglion cells in 

crocodilians, in two species of Australian crocodiles (Table 5-1). The results showed that the 

Australian crocodiles also possess a fovea, like the Ctenophorus species from chapter two, 



117 
 

however in the crocodilian retina the foveal pit consisted of a horizontal pit that spanned the 

entire nasotemporal axis of the retina. Previously described by Laurens and Detwiler (1921), this 

specialisation is also present in the American alligator Alligator missippiensis which suggests 

that it is an inherited trait of the crocodilian retina that has not been observed in any other 

vertebrates to date. However, compared to the Ctenophorus species the crocodilians are 

nocturnal with a rod dominated retina and the fovea is very superficial with barely any lateral 

displacement of retinal ganglion cells (Laurens and Detwiler, 1921). The superficial fovea is 

similar to the reduced fovea of nocturnal geckoes (Röll, 2001a) and may reflect a similarly 

diurnal ancestor in crocodilians.  

The final species for which I produced topographic maps belongs to the Tiliqua genera. These 

iconic Australian reptiles are skinks, a largely ignored group of reptiles in the field of visual 

ecology. In contrast to the above mentioned foveated species, the sleepy lizard did not possess 

a fovea, but a broad area centralis. This puts the sleepy lizard at odds with the only other skink 

for which the retinal structure has so far been studied, the bouton’s skink Cryptoblepharus 

boutonii, which has (Röll, 2001b) been shown to have a fovea. This highlights the fact that this 

diverse group of lizards will need further attention to understand their visual abilities and the 

ecological pressures that drives their visual systems.  
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Table 5-1. Retinal specialisations of crocodilians and lizards which have been mapped 

Year Author Species name Cell type Retinal specialisation mapped 

1992 Wilhelm et al. Ctenophorus nuchalis RGC layer neurons Streak 

1997 Hassni et al. Chameleo Chameleon RGC Fovea+Streak 

2002 Barbour et al. Ctenophorus ornatus RGC Fovea 

2012 New et al. Tiliqua rugosa RGC layer neurons Area centralis 

2017 In this thesis Crocodylus porosus RGC Slit fovea+Streak 

2017 In this thesis Crocodylus johnstoni RGC Slit fovea+Streak 

2017 In this thesis Ctenophorus gibba RGC layer neurons Fovea+Streak 

2017 In this thesis Ctenophorus nuchalis RGC layer neurons Fovea+Streak 

2017 In this thesis Ctenophorus pictus RGC layer neurons Fovea+Streak 

2017 In this thesis Ctenophorus ornatus RGC layer neurons Fovea+Streak 

2017 In this thesis Ctenophorus decresii RGC layer neurons Fovea+Streak 

2017 In this thesis Ctenophorus vadnappa RGC layer neurons Fovea+Streak 

2017 In this thesis Ctenophorus gibba Photoreceptors Fovea+Streak+High ventral densities 

2017 In this thesis Ctenophorus nuchalis Photoreceptors Fovea+Streak+High ventral densities 

2017 In this thesis Ctenophorus pictus Photoreceptors Fovea+Streak+High ventral densities 

2017 In this thesis Ctenophorus ornatus Photoreceptors Fovea+Streak+High ventral densities 

2017 In this thesis Ctenophorus decresii Photoreceptors Fovea+Streak+High ventral densities 

2017 In this thesis Ctenophorus vadnappa Photoreceptors Fovea+Streak+High ventral densities 

2017 In this thesis Tiliqua rugosa RGC Area centralis+High densities in ventral 

2017 In this thesis Tiliqua rugosa Photoreceptors Area centralis+V.High densities in ventral 
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2017 In this thesis Tiliqua rugosa single cones Area centralis+V.High densities in ventral 

2017 In this thesis Tiliqua rugosa Double cones Area centralis+Loose streak 

2017 In this thesis Tiliqua rugosa RH1 - receptors Area centralis+V.High densities in ventral 

2017 In this thesis Tiliqua rugosa SWS1 - receptors Homogeneous 
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The new data provided on the retinal organisation across groups of reptiles, will allow future 

predictions of retinal specialisation in these groups to be made with more confidence. However, 

our understanding of the behavioural relevance of these retinal specialisations remain limited. 

This is due to a poor grasp of the visual field of reptiles and the distribution of ecological 

interactions within that field. The visual field and projections of the eye into space have been 

thoroughly investigated in one species of lizard (New et at al. 2012, unpublished) which 

demonstrated a field of view (152°) with limited rotational range i.e. 20° horizontal plane and 

30° in the vertical plane. Using this kind of information, it would be possible to target specific 

retinal regions in electrophysiological and behavioural experiments. Intracellular recordings of 

retinal neurons at different stages of the visual pathway could help us understand how dynamic 

visual signals are encoded by neurons and to test which aspects of signal features are 

important. In terms of behavioural studies, information about the visual field would allow the 

manipulation of stimuli to target different retinal regions. This would enable the investigation of 

how structures of the visual system are correlated to behavioural outcomes. 

5.2 Colour vision in ancient and recent reptile 

lineages 
In terms of colour vision, my thesis produced novel information in two poorly represented 

clades including crocodilians and scinciforms (Table 5-2). Although the colour vision of two 

crocodilians have been studied using microspectrophotometry (MSP) they both belonged to 

Family Alligatoridae and inhabited freshwater aquatic environments (Table 5-2). By contrast, I 

studied two closely related species from Family Crocodylidae, one of which (Saltwater crocodile, 

Crocodylus porosus) inhabits a marine aquatic environment.  

My results showed that Australian crocodiles spectrally tune their visual pigments to optimise 

sensitivity in their respective environments. Freshwater crocodiles were more sensitive to 

longer wavelength light than saltwater crocodiles. This was linked to an increase in A2 visual 

pigments in the photoreceptors of the freshwater crocodile and a higher abundance of long 

wavelength light in the freshwater aquatic environment. Although similar to the shift observed 

in marine (Chelonia mydas) and freshwater turtles (Pseudemys scripta), the freshwater 

crocodile only had approximately 70% A2 visual pigments compared to the use of pure A2 visual 

pigment in the red eared turtle Pseudemys scripta (Liebman and Granda, 1971). This might 

reflect the partial use of the aquatic environment of the freshwater crocodile and an attempt to 

maintain sensitivities at shorter wavelength more abundant above the water surface. Compared 

to the Australian crocodiles which belong to Family Crocodylidae, previously studied 
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crocodilians (Caimain crocodilus and Alligator mississippienisis) all belong to Family Alligatoridae 

(Govardovskii et al., 1988; Sillman et al., 1991) and use pure A1 visual pigments. However, 

despite using pure A1 visual pigments, the spectral range at which the pigments of the 

alligatorids are sensitive is at longer wavelengths than the freshwater crocodile which uses a 

mixture of A1 and A2 pigments. This suggests that the alligatorids possess a different set of 

opsins that species from Family Crocodylidae. It would be of great interest to extract retinal 

mRNA and sequence the opsins of crocodilians to determine whether they possess the same 

opsin genes. It is well established that A2 pigments produce more neural noise than A1 pigments 

due to a higher occurrence of thermal activation than A1 visual pigments (Barlow, 1957; Ala-

Laurila et al., 2004). This suggests that species of Family Alligatoridae may avoid neural noise by 

shifting sensitivity to longer wavelengths using opsin substitution rather than an A1 to A2 shift. 

Studies into Family Gavialidae which has two living species, the false gharial (Tomistoma 

schlegelii) and the gharial (Gavialis gangeticus) may also help to determine what the ancestral 

spectral sensitivity and opsin genes of crocodilians were. 

My more detailed investigation into the anatomical and physiological correlates of colour vision 

of the sleepy lizard Tiliqua rugosa doubles the number of species representing the scinciform 

clade and is also the first representative of Family Scincidae.  

Although there have been several observations of an opsin usually associated with rods (RH1) 

contained in the cones of reptiles, I present the first map of the spatial distribution of cones 

with RH1 opsins the retina of a lizard (Tiliqua rugosa). The expression of the SWS1 opsin gene 

and the presence of UV sensitive photoreceptors that they are expressed in have been 

repeatedly observed in lizards, however the proportion of these photoreceptors in the retina of 

lizards has always been indirectly estimated from the percentage of transparent oil droplets in 

the retina. I present the first map of the photoreceptors that express the SWS1 opsin and a 

direct estimation of the proportion of UVS photoreceptors in a lizard (sleepy lizard, Tiliqua 

rugosa). My findings revealed a disparity in UV sensitivity and the proportion of UVS 

photoreceptors between the sleepy lizard and the only other studied scinciform (P. broadleyi). 

This supports the theory that there is no correlation between the spectral properties of 

intraspecific signals and the spectral sensitivity of lizards. The similarity in opsin identity 

between the sleepy lizard and the green anole Anolis carolinensis (Kawamura and Yokoyama, 

1998) further reinforces this. In addition, examples in the literature from the Anolis genus show 

that there is no change in spectral sensitivity of individual photoreceptors or overall spectral 

sensitivity of the eye across changes in habitat (Loew et al., 2002; Fleishman et al., 2011). The 

current hypothesis which explains the similarity of spectral sensitivity across lizards studied so 

far, suggests that the spectral sensitivity of lizards is adapted to the background radiance from 
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green vegetation. In order to properly test this, a higher number of lizard species in arid 

conditions away from green vegetation need to be investigated. 
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Table 5-2. Colour vision studies in lizards and crocodiles using MSP and ERG 

  Year Author Common group Species Technique UV SWS MWS LWS 

1984 Govardovskii et al. Gekkota Teratoscincus scincus MSP   446-460 534-537   

  Gekkota Gymnodactylus russovi MSP  446-461 534-538  

    Gekkota G.caspius MSP   446-462 534-539   

  Gekkota G. fedchenkovi MSP  446-463 534-540  

    Gekkota G. kotschui MSP   446-464 534-541   

1988 Govardovskii et al. Crocodyliform Caiman crocodilus MSP  430 503 + 535  

1991 Sillman et al. Crocodyliform Alligor mississippiensis MSP  443 435 566 

1994 Loew E Gekkota Gekko gekko MSP 363-366 446-465 534-542  

    Gekkota Hemidactylus turcicus MSP 363-367 446-466 534-543   

  Gekkota H. garnotti MSP 363-368 446-467 534-544  

    Gekkota Teratoscincus scincus MSP 363-369 446-468 534-545   

1995 Ellingson et al. Gekkota Gonatodes albogularis ERG Broad peak around 550nm, elevated UV sensitivity 

1993 Kawamura et al. Iguanid Anolis carolinensis ERG Broad curve peaking at around 560nm 

1997 Fleishman et al. Iguanid Anolis gundlachi ERG Broad curve peaking at around 560nm 

    Iguanid Anolis cristatellus ERG Broad curve peaking at around 560nm 

  Iguanid Anolis krugi ERG Broad curve peaking at around 560nm 

    Iguanid Anolis pulchellus ERG Broad curve peaking at around 560nm 

  Iguanid Anolis stratulus ERG Broad curve peaking at around 560nm 

    Iguanid Anolis evermanni ERG Broad curve peaking at around 560nm 

2002 Barbour et al. Iguanid Ctenophorus ornatus MSP - 440 495 571 
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2002 Loew et al. Iguanid Anolis extremus MSP 365 451 487 566 

  Iguanid Anolis equestris MSP - 460 492 565 

    Iguanid Anolis sagrei MSP 365 460 495 567 

  Iguanid Anolis bahorucoensis  MSP 365 450 500 569 

    Iguanid Anolis conspersus MSP 365 460 500 562 

  Iguanid Anolis garmani  MSP - 467 496 565 

    Iguanid Anolis grahami  MSP 367 460 495 565 

  Iguanid Anolis lineatopus MSP 366 449 498 560 

    Iguanid Anolis opalinus  MSP - 450 496 566 

  Iguanid Anolis valencienni  MSP - 456 500 560 

    Iguanid Anolis cristatellus  MSP 365 458 492 562 

  Iguanid Anolis evermanni MSP 364 460 490 565 

    Iguanid Anolis gundlachi  MSP 365 450 490 564 

  Iguanid Anolis krugi MSP 365 448 490 562 

    Iguanid Anolis pulchellus MSP 367 446 495 565 

  Iguanid Anolis stratulus MSP 366 454 494 564 

    Iguanid Anolis carolinensis MSP 365 462 503 625 

2005 Bowmaker et al. Iguanid Chameleo dilepis MSP 383 440-447 477-507 555-615 

    Iguanid Chameleo calyptratus MSP 370-380 440-450 550-610 - 

  Iguanid Fucifer pardalis MSP 375 444 491 555-610 

    Iguanid Furifer lateralis MSP - - 502 557-610 

2009 Macedonia et al. Iguanid Crotaphytus dickersonae MSP 359 459 481 558 
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2011 Fleishman et al. Scinciform Platysaurus broadleyi ERG Broad peak around 550nm, elevated UV sensitivity  

  Iguanid Anolis sagrei ERG Peaks at approximately 570nm 

2015 Yewers et al. Iguanid Ctenonphorus decresii MSP - 435 494 569 

2015 Martin et al. Lacertibaenia Zootoca vivipara MSP 358 437 487 544-617 

    Lacertibaenia Podarcis muralis MSP 367 456 497 614-624 

2017 In this thesis Crocodyliform Crocodylus porosus MSP - 426 500 545 

2017 In this thesis Crocodyliform Crocodylus johnstoni MSP -  428  509  555 

2017 In this thesis Scinciform Tiliqua rugosa ERG Peaks around 560nm 
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Despite the gathered information on the spectral sensitivity of lizard the spectral properties of 

their surroundings and chromatic signals, their does not seem to be a correlation between 

spectral sensitivity and these ecological interactions. Visual signals are under the dual pressure 

of being visible to conspecifics on one side and less conspicuous to predators. It would be 

interesting to examine variation in the colour of chromatic signals under changing predator 

pressure as colour of chromatic signals may be responding to predator pressure more than the 

requirement to be visible to conspecifics. Alternatively, chromatic signals could be geared 

towards triggering specific behaviour (e.g. courtship, mating, etc.) by selectively stimulating 

specific photoreceptors in the retina of lizards. It would be interesting to model whether certain 

behaviours could be triggered by stimulating one photoreceptor type more than another as 

done in butterflies and bees (Backhaus, 1991; Kelber, 1999; Kelber, 2001). 
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5.3 Conclusion 
My study of the reptilian visual system was motivated by the lack of knowledge in this field 

relative to other major vertebrate groups. It remains surprising to me how little we know about 

reptiles and their visual ecology given their huge diversity and their obvious dependence on 

vision in their daily ecological interactions. The complex evolutionary history of Class Reptilia 

has given rise to number of unique visual traits such as the transmutation of visual cells, the 

insertion of rod opsin into cone photoreceptors and the horizontal fovea of crocodiles to name 

a few. I believe that there is still much to be learned about their vision and its ecology. Studying 

this incredible diversity of retinal traits and their subtle shifts across closely related species, will 

provide many answers to questions about how the visual system operates and adapts to the 

animals’ ecological and behavioural needs. Reptiles still deserve a lot more attention than 

currently given.  
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