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SUMMARY 

 

Birds rely primarily on vision to guide a wide range of behaviours including foraging, 

surveillance for predators and detection of conspecifics. Their visual system also 

shows numerous specialisations to cope with the distinct physical properties and 

structural complexities of the different environments they occupy. This thesis 

investigates the relationship of the topographic distribution of neurons in the retina 

of birds with their behavioural ecology and niche occupation. I used the retinal 

wholemount technique, stereology, classic histological methods and 

immunohistochemistry to characterise the topographic organisation of ganglion cells 

and photoreceptors in representative avian species from three orders: 

Sphenisciformes (penguins), Psittaciformes (cockatoos) and Passeriformes 

(passerines). 

I studied the topographic distribution of retinal ganglion cells in two species of 

penguins: the little penguin and the king penguin (Chapter 2). Both species have a 

prominent horizontal visual streak potentially allowing the detection of predators 

and conspecifics across the horizon. Both penguin species have a specialisation 

formed by giant ganglion cells located in the temporal retina, the area 

gigantocellularis. This retinal specialisation potentially affords increased motion 

detection in the frontal visual field that may assist in the collection of prey during 

foraging. Estimates of spatial resolving power in both species afford resolution 

superior to sympatric marine mammals both underwater and in air.  

I studied the topography of retinal ganglion cells in arboreal and terrestrial cockatoos 

showing lateralised and non-lateralised manipulative behaviours (Chapter 3). 

Cockatoo species known to predominantly use their left eye and left foot to locate 

and manipulate food items, respectively, have higher peak densities of ganglion cells 

in the left compared to the right fovea. In contrast, the non-lateralised species have 

equivalent peak densities in both left and right foveas. Cockatoos that use their feet 
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during foraging also have a dorsotemporal area that affords increased resolution in 

the inferior visual field, which potentially assists in coordinated eye-foot behaviours. 

All species also have a prominent horizontal visual streak irrespective of the 

preference for more open or enclosed microenvironments. Terrestrial species of 

cockatoos also exhibit an unusual triangular extension of increased cell density 

towards the dorsotemporal retinal periphery. This specialisation resembles the 

dorsotemporal extension (anakatabatik area) previously found in artiodactyls where 

the magnitude of the area also varied depending on the distance of the head to the 

ground.  

I measured the topographic specialisations in the retinal ganglion cell layer in four 

species of passerines with distinct trophic specialisations (Chapter 4). I found that all 

species have a convexiclivate central fovea and a temporal area. In the terrestrial 

yellow-rumped thornbill, the convexiclivate fovea is shallower compared to the deep 

convexiclivate foveas in the other arboreal species. In the yellow-rumped thornbill, 

neuronal densities form an extensive asymmetric plateau that greatly matches the 

topographic arrangement of cones. In other species, neuronal densities also match 

the distribution of cones by showing a symmetric and smaller foveal plateau. In 

addition, I found that all species possess a conspicuous population of giant ganglion 

cells forming an area gigantocellularis. The topographic configuration of this retinal 

specialisation varies across species potentially reflecting differential needs for 

motion detection. 

In the last chapter (Chapter 5), I measured the topographic distribution of rods and 

cones in the same four species of passerines studied in Chapter 4. In all species, rod 

densities show a clear dorsoventral asymmetry with higher densities in ventral retina. 

All species studied possess a central and a temporal rod-free zone.  The central rod-

free zone is unusually large and asymmetric in the insectivorous yellow-rumped 

thornbill, but much smaller and symmetric in nectarivorous/frugivorous species. The 

temporal rod-free zone is small and generally constant in size across species. In all 
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species, I estimated the highest cone densities in the foveola and temporal area 

matching the corresponding central and temporal rod-free zones. Outside the peak 

regions, cone densities form a broad and asymmetric plateau in the yellow-rumped 

thornbill, which contrasts with the symmetric and smaller plateau found in the 

nectarivorous/frugivorous species. From the plateau, cone densities fall sharply in 

the yellow-rumped thornbill and more gradually in the nectarivorous/frugivorous 

species. I estimated higher resolution in the foveola compared to the temporal area 

in all species. Estimates of spatial resolving power reflect relationships between eye 

size, peak cone density and ecological factors depending upon the species. 
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1.1. Why birds? 

 

With over 10,000 species, birds occupy a multitude of ecological niches, from open 

marine environments and savannahs to more enclosed environments including 

rainforests and temperate woodlands (Sibley and Ahlquist, 1990). Within each 

environment, birds occupy different microenvironments that have distinct physical 

properties and offer a variety of food resources. Some birds show specialised foraging 

modes that suit the acquisition of a specific food resource, while others adopt a 

more generalist approach using a combination of different foraging modes. This 

allows extraordinary niche partitioning amongst bird species culminating in an 

incredible variation of ecological and morphological traits (Fig. 1.1) (Raikow and 

Bledsoe, 2000; Cracraft, 2004; Barker et al., 2011). To exploit this myriad of niches 

and resources, most birds rely primarily on vision to guide a wide variety of 

behaviours including foraging, surveillance for predators and detection of 

conspecifics (Martin, 2007; 2009). 

 

Figure 1.1. Phenotypic diversity across birds. Modified from McCormack et al., 2013. 
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1.2.  An overview of the organisation of the avian visual system 

 

Although the avian eye conforms to the basic vertebrate camera-type eye (Martin, 

1993; Land and Nilsson, 2012), its exact shape varies depending upon diel patterns 

ranging from globular in most diurnal birds (e.g. sparrow, starling) to more tubular in 

some nocturnal birds (e.g. owls) (Martin, 1993). The eye of amphibious bird species 

also shows optical specialisations to cope with distinct physical properties of 

terrestrial and aquatic environments. For example, penguins have a flattened cornea 

to compensate for the loss of the refractive power when submerged and show 

specialised accommodative mechanisms to afford good vision both underwater and 

on land (Sivak, 1976; Sivak and Millodot, 1977; Howland and Sivak, 1984; Sivak et al., 

1987). Other birds, such as cormorants, also use both aquatic and terrestrial 

environments; however, they possess a strongly curved cornea. To resolve the 

problems of different refractive indices between air and water, cormorants show a 

range of sophisticated accommodation mechanisms (Katzir and Howland, 2003).  

Comprehensive studies on the topography of the visual field in birds have revealed 

different patterns in the organisation of the lateral (monocular) and frontal 

(binocular) visual fields (reviewed in Martin, 2009). These studies show that the 

extension of the lateral visual field varies dramatically between avian species 

depending upon the position of the eyes in the head and/or whether a given species 

utilises other sensory cues (e.g. tactile) during foraging. In contrast, the extension of 

the frontal visual field is constant in width (~ 15°–30°) irrespective of variations in 

foraging mode. The only deviation from this pattern identified thus far is in the 

tawny owl (Strix aluco) that possesses a more extensive frontal visual field (~ 48°) 

due to the frontal placement of its eyes (Martin, 1984). The frontal visual field 

varies, however, in its vertical extent (~ 80°–180°) potentially reflecting variation in 

foraging modes. These particular differences in the organisation of the lateral and 

frontal visual fields amongst birds suggest that they subserve specific ecological 

tasks. The generally accepted theory is that birds use their lateral visual field to 
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locate objects and switch to the frontal visual field to collect and/or inspect food 

items. This argues for a crucial role of the frontal visual field in the visual control of 

the bill position in several praxic activities including the collection and close 

inspection of food items, nest construction and chick provisioning (Martin, 2009).  

Birds also possess one of the most diverse complements of photoreceptors amongst 

vertebrates with four spectrally distinct types of single cones, one type of double 

cone and one type of rod (reviewed in Hart, 2001). Single cones contain visual 

pigments that are maximally sensitive to long (LWS, λmax ~ 560 nm), medium (MWS, 

λmax ~ 500 nm), short (SWS, λmax ~ 450 nm) and either violet (VS, λmax ~ 420 nm) or 

ultraviolet (UVS, λmax ~ 370 nm) wavelengths. Both the principal and accessory 

members of the double cone pair contain the same LWS (λmax ~ 560 nm) visual 

pigment as in the LWS class of single cone, while rods show an absorbance peak 

towards medium wavelengths (λmax ~ 500 nm). Single cones and the principal member 

of double cones also possess a large globular oil droplet in their inner segment. The 

function of the oil droplets is to increase the light gathering ability of the cones and, 

with the exception of the transparent oil droplet in the VS/UVS single cones, to act 

as a long-pass cut-off filter that shifts the peak spectral sensitivity of the cone 

towards longer wavelengths (Bowmaker et al., 1997; Hart, 2001). In contrast, rods do 

not possess oil droplets (Bowmaker et al., 1997; Hart, 2001). 

Across bird species, spectral sensitivity varies little in relation to LWS, MWS and SWS 

visual pigments; however, it shows a clear dichotomy between UVS and VS types 

suggesting that their presence, in selected avian groups, results from a complex 

relationship between phylogenetic and ecological factors (Hart, 2001). The functional 

significance for the presence of either the UVS or VS cone type in birds is unclear; 

however, many studies suggest that they may play a crucial role in sexual selection 

and foraging (Bennett et al., 1996; Andersson and Admundsen, 1997; Hunt et al., 

1997; Viitala et al., 1995). Other studies propose that the VS pigment represents the 

ancestral state of the short wavelength sensitive visual pigments, while the UVS 
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pigments evolved independently in several avian groups more recently (Carvalho et 

al.,2007; Hunt et al., 2009; Hunt and Peichl, 2013). Accordingly, closely related 

passerines and parrots diverged very recently from their common ancestor and most 

species in these two orders share the presence of UVS visual pigments in their cones 

(Hackett et al., 2008; McCormack et al., 2013; Hunt and Peichl, 2013).  

Early ophthalmoscopic investigations have demonstrated that the fundus of birds 

shows distinct patterns of organisation, indicating the presence of linear and/or 

concentric regional specialisations (Wood, 1917). Early histological studies have also 

demonstrated that avian retinal cross sections show the basic intricately layered 

organisation common to other vertebrates (Cajal, 1893; Walls, 1942; Duke-Elder, 

1958). In addition, these histological studies also indicated that neuronal densities 

vary across retinal layers and upon location, thus confirming the ophthalmoscopic 

studies as to regional density specialisations in the avian retina. Later, the use of 

retinal wholemounts has confirmed the presence of a heterogeneous distribution of 

neurons in the retinas of some birds allowing the precise topographic location of 

these density specialisations in the retina (Hughes, 1977; Collin, 1999). Some 

theories suggest that magnitude and location of these retinal specialisations allow 

the prediction of which portion(s) of the visual field are of most relevance for the 

behaviour of a given species (Hughes, 1977; Collin, 1999). In addition, retinal 

topographic traits may represent inherited legacies from a common ancestor (Stone, 

1983). The analysis of the intimate relationship between retinal topography and 

behavioural ecology within a phylogenetic context is the main theme of the present 

thesis.  
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1.3. What do we know about the topographic architecture of the avian 

retina? 

 

As with other vertebrates, the strikingly precise lamination of the avian retina has 

facilitated studies on the topographic distribution of neuronal types. However, 

previous studies investigated the topographic distribution of neurons across the 

retina of ~ 55 species of birds accounting for only 0.5% of the avian diversity. These 

studies have focused mainly on the distribution of neurons in the retinal ganglion cell 

layer providing a collection of topographic maps that illustrate the diversity of 

retinal specialisations in some species of birds (Collin, 2008). To date, most of the 

studies that measured the relative abundance and distribution of photoreceptor 

types have used retinal cross sections (Mayer and May, 1973; Rojas et al. 1993; 1997; 

1999 a, b; 2004) or flattened retinal pieces (Hart et al., 1998; 2000; Hart, 2001). 

Although these studies have revealed variations in the density and/or relative 

abundance of the different photoreceptor classes across some species, no complete 

topographic map using retinal wholemounts exists for any bird species. I describe 

below the main findings reported by the studies that analysed the topographic 

distribution of retinal ganglion cells in retinal wholemounts and the general trends in 

photoreceptor densities across the retina using retinal pieces and cross sections in 

birds. I also discuss some limitations of previous studies and highlight open questions 

concerning the topographic distribution of photoreceptors and ganglion cells in birds.   

 

1.3.1.  The topographic distribution of ganglion cells  

 

Many species of birds that inhabit open environments, such as oceans and grasslands, 

feature a horizontal visual streak formed by increased neuronal densities across the 

nasotemporal axis of their retinas (Wood, 1917; Hughes, 1977; Collin, 1999). 

Although early ophthalmoscopic investigations revealed the presence of a band of 

high density of cells in the fundus of many birds (Wood, 1917), detailed analyses on 
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the topographic distribution of retinal ganglion cells have revealed variations in the 

streak organisation in some species. Hayes and Brooke (1991) analysed the 

topography of retinal ganglion cells in a range of species of procellariform seabirds 

(albatrosses, petrels and allies). These authors found that a horizontal streak is a 

common retinal trait in albatrosses and petrels that forage mostly in the open 

oceans. In a similar way, Boire et al. (2003) indentified a horizontal streak formed by 

ganglion cells in the retinas of ostriches (Struthio camelus), which also inhabit open 

environments (e.g. African savannas). Lisney et al. (2013) showed that a horizontal 

visual streak formed by retinal ganglion cells is a common feature in the retinas of 

several species of anseriform birds (ducks, geese and allies). These authors also 

found an increase in retinal ganglion cell density in the central retina. 

Other species of birds, such as owls, also show a horizontal streak (Bravo and 

Pettigrew, 1981; Wathey and Pettigrew, 1989; Lisney et al., 2012). In contrast to the 

other species described above, owls also have the presence of an area of increased 

retinal ganglion cell density located in the temporal arm of the horizontal streak. In 

some species of owls, there is an indentation in the centre of the area giving rise to a 

temporal fovea. In owls, this unique combination of a horizontal streak and a 

temporal area/fovea affords enhanced resolution across the horizon and in the 

frontal visual field. Owls are also capable of rotating their heads extensively 

augmenting considerably the sampling of visual information from their environments. 

The presence of a horizontal streak, however, occurs in owl species that inhabit open 

areas and forests (Lisney et al., 2012). 

Several species of birds belonging to different orders possess the combination of both 

a central and a temporal specialisation surrounded by a weak horizontal visual 

streak. Inzunza et al. (1991) reported the presence of pronounced central and 

temporal foveas surrounded by a weak horizontal streak in the retinas of two 

falconiform birds, the Chilean eagle (Buteo fuscenses australis) and the sparrow 

hawk (Falco sparverius). Moroney and Pettigrew (1987) also reported a similar 
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topographic arrangement in the retinas of two coraciiform birds, the laughing 

kookaburra (Dacelo novaehollandiae) and the sacred kingfisher (Halcyon sancta). In 

the species cited above, the central fovea is deep and has the highest density of 

retinal ganglion cells in contrast to the temporal fovea, which is shallower and has a 

lower density of ganglion cells. These authors suggest that these differences in the 

magnitude of central and temporal foveas in these birds reflect their need to 

increase resolution in the lateral visual field to locate distant targets using their 

central fovea and to extract visual information at closer view using their temporal 

fovea.  

Inzunza et al. (1991) also described that this pattern varies in species of carrion-

eating falconiform birds such as the chimango caracara (Milvago chimango), the 

condor (Vultur gryphus) and the black vulture (Coragyps atratus). These authors also 

reported the presence of a deep and conspicuous central fovea as described for the 

Chilean eagle and sparrow hawk; however, as opposed to a temporal fovea these 

authors found an afoveate temporal area in these carrion-eating species. They also 

reported the presence of a non-prominent horizontal visual streak surrounding both 

the central fovea and the temporal area in these birds. These authors suggested that 

the differences in the temporal specialisations in predatory and carrion-eating 

species may be due to the diminished need for elevated spatial resolution of the 

carrion-eating birds. 

As with carrion-eating birds, Coimbra et al. (2006, 2009) reported the presence of a 

central fovea and a temporal area surrounded by a weak horizontal visual streak in 

four species of predominantly insectivorous tyrant flycatchers (Passeriformes). In 

contrast to carrion-eating birds, these authors detected the presence of a 

dorsoventrally elongated plateau of high neuronal density in the retinal ganglion cell 

layer of these passerines. Coimbra et al. (2006, 2009) suggested that retinal 

topography among these closely related species of tyrant flycatchers does not 

accompany subtle changes in foraging ecology in these species (Coimbra et al., 2006; 
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2006). Instead, these authors suggested that this retinal topographic configuration 

may have been inherited from a common ancestor giving support to Stone’s 

phylogenetic theory (1983). 

The pigeon also possesses dual retinal specialisations but with different topographic 

configurations. Bingelli and Paule (1969) and Hayes and Holden (1983) reported the 

presence of a shallow fovea in the retina of the pigeon (Columba livia) in addition to 

a dorsal area. These authors suggested that the central fovea increases resolution in 

the lateral field and the dorsal area plays a role in the control of pecking. Other 

ground foraging species, which also exhibit pecking behaviours, such as the chicken, 

only possess an afoveate central area and have no dorsotemporal specialisation 

(Ehrlich 1981; Chen and Naito, 1999). Other galliform birds, such as the peacock and 

pheasant, also have a single central area (Hart, 2002; Lisney et al., 2012). Data on 

the retinal specialisations of the Japanese quail are variable. Ikushima et al. (1986) 

reported only the presence of a central area, while Budnik et al (1983) and Lisney et 

al. (2012) reported the presence of central and dorsal areas.  

As described above, many bird species have either one or two foveas. The 

organisation of the fovea in birds is, however, very different from primates. In birds, 

the foveal slope forms a convex surface in deep and shallow foveas as opposed to the 

concave organisation of the foveal slope in primates. Therefore, birds possess a 

convexiclivate type of fovea while primates possess a concaviclivate type (Walls, 

1942). Although one of the most important functions of the fovea is to increase 

resolution due to elevated neuronal densities (Walls, 1942; Hughes, 1977; Collin, 

1999), it is still unclear why there are two distinct types of foveal organisation. Many 

theories suggest different functions for the deep (convexiclivate) fovea including 

image magnification (Walls, 1942; Snyder and Miller, 1978), improved fixation and 

detection of angular movement (Pumphrey, 1948) and enhanced judgement of plane 

of focus (Harkness and Bennet-Clarke, 1978). In particular, Snyder and Miller (1978) 

suggested that the spherical surface of the pit of the convexiclivate fovea of birds 
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acts as a negative lens increasing the focal length and hence magnifying the image 

projected onto the retina. Therefore, deeper convexiclivate foveas afford enhanced 

image magnification as opposed to shallow convexiclivate foveas. As birds that forage 

predominantly on the ground, such as pigeons and chickens, have their heads closer 

to the substrate where they locate food, it seems reasonable that they do not have 

the need for enhanced image magnification at the fovea and therefore it is shallow 

or absent. 

Another distinct retinal specialisation in the avian retina is the area 

gigantocellularis. Hayes et al. (1991) noticed that in the temporal retina of 

procellariiform seabirds there is a cohort of giant ganglion cells intensely stained 

using neurofibrillar methods. These giant ganglion cells in procellariiform seabirds 

have similar cytological characteristics to the alpha ganglion cell type described in 

mammalian retinas using similar staining methods (Peichl et al., 1987; Hayes et al., 

1991; Peichl, 1991). Given its temporal location in the retina and its morphological 

resemblance to the mammalian alpha cell type, Hayes et al. (1991) suggested that 

the area gigantocellularis affords improved detection of motion in the frontal visual 

field. Most subsequent studies on retinal topography in birds did not report the 

presence of any specialisation formed by giant ganglion cells, except for tyrant 

flycatchers (Coimbra et al., 2006; 2009). Using Nissl-stained retinal wholemounts, 

Coimbra et al. (2006, 2009) also noticed the presence of giant retinal ganglion cell 

profiles in the temporal retina of tyrant flycatchers. These authors mapped the 

topographic distribution of these giant ganglion cells in the retinal periphery using 

cytological and size criteria. Giant ganglion cells in tyrant flycatchers peak in the 

temporal retina but also show a widespread distribution across other peripheral 

locations in more generalist species possibly reflecting their need to extract motion 

information at multiple locations of the visual field. 

Despite the clear importance of motion detection in birds either for foraging or 

surveillance against predators, it is largely unknown whether other avian species 
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possess an area gigantocellularis. It is also unknown whether these giant ganglion 

cells are present in central locations of the retina. Due to the capricious nature of 

silver staining methods, Hayes et al. (1991) raise the possibility that these giant 

ganglion cells have not been stained in the central locations of their retinal 

preparations. In addition, using Nissl-stained preparations, it is not possible to 

separate giant ganglion cells from other ganglion cell types in passerines due to the 

homogeneity in size and cytological features in regions of elevated cell density 

(Coimbra et al., 2006, 2009). Therefore, the use of selective immunohistochemical 

markers for the giant ganglion cell population in birds will certainly help solve these 

methodological issues. 

 

1.3.2.  The relative abundance and distribution of photoreceptors  

 

Although many studies have analysed the spectral characteristics of photoreceptor 

types using spectrophotometric (Bowmaker and Martin, 1978; Bowmaker and Martin, 

1985; Jane and Bowmaker, 1988; Hart et al., 1998; Hart et al., 1999; Hart et al., 

2000; Wright and Bowmaker, 2001; Hart, 2002; Hart, 2004) and molecular methods 

(Ödeen and Håstad, 2003, 2010; Carvalho et al., 2007, 2011; Hunt et al., 2009; 

Ödeen et al., 2012), very limited information is available about the spatial 

distribution of photoreceptors in birds. Some studies have used retinal cross sections 

to identify the relative frequencies of cones and rods (Mayer and May, 1973; Rojas et 

al. 1993; 1997; 1999 a, b; 2004), while others used oil droplets as a proxy to identify 

cone types and measure their abundance and spatial properties in lightly-fixed 

retinal pieces (Hart et al., 1998; 2000; Hart, 2001; Kram et al., 2010). Other studies 

have also used in situ hybridization methods to label rods and cones types in retinal 

wholemounts (Bruhn and Cepko, 1996). However, despite all these efforts, no 

complete topographic map using retinal wholemounts is available for any avian 

species.  
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In birds, attempts to map the topographic distribution of rods and cones using retinal 

sections also have revealed very little intraretinal variation (Mayer and May, 1973; 

Rojas et al. 1993; 1997; 1999 a, b; 2004). In the chicken, the classic study by Mayer 

and May (1973) did not show any significant variation in the topographic distribution 

of cones and rods and suggested that the peak of these photoreceptors unusually 

occurs in the temporal retina. Although not performing a quantitative analysis, Bruhn 

and Cepko (1996) used in situ hybridization methods and retinal wholemounts to 

demonstrate that there are clear variations in the topographic distribution of rods 

and cone types in the chicken retina. Bruhn and Cepko (1996) demonstrated that rods 

feature a clear dorsoventral asymmetry with highest densities in the ventral retina, 

while different cone types tend to peak in the centre of the retina. The results by 

Bruhn and Cepko (1996) refute the temporal increase in photoreceptor density 

showed by Mayer and May (1973) in the chicken retina. Using retinal wholemounts, 

Ehrlich (1981) found that, in the chicken, retinal ganglion cells peak in the central 

retina giving further support to Bruhn and Cepko’s data. 

There are several concerns on the use of sections to measure and estimate the 

number and topographic distribution of neurons in the retina. First, while sectioning 

the retina allows a better appreciation of its laminar structure, the spatial 

relationships between neurons is greatly disturbed making it more difficult to 

reconstruct their original topographic position across the entire retina. Second, if a 

given neuronal type occurs in shallow gradients and has a sparse distribution across 

the retina, which is the case for rods in diurnal birds, it is very unlikely that vertical 

sections will allow the identification of precise topographic variation in distribution. 

In fact, early studies using retinal sections failed to identify any topographic retinal 

specialisation in the retinal ganglion cell layer of several species of pinnipeds 

(Landau and Dawson, 1970; Nagy and Roland, 1970; Jamieson and Fisher, 1971). 

Later, comprehensive studies using retinal wholemounts by Mass (1992), Mass and 

Supin (1992, 2003, 2005) and Hanke et al. (2009) disputed these data by showing the 
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presence of well-defined topographic specialisations in the retinas of the same 

species of pinniped. In pinnipeds, as retinal ganglion cells follow shallow gradients 

formed by low densities, the use of vertical sections is ill-suited to identify any 

topographic variation in their retinas. 

Other authors used flattened pieces of retina and performed quantitative analyses of 

oil droplet types as a proxy to measure the relative abundance and distribution of 

cone types. Hart et al. (1998) illuminated isolated retinas of starlings (Sturnus 

vulgaris) using specific monochromatic lights and employed nitroblue tetrazolium 

histochemistry to selectively label UVS and SWS cone types. These authors also used 

coloured oil droplets to estimate the proportions of LWS and MWS cones in the same 

preparations. They showed dorsoventral variation in the distribution of different 

cone types with single cone types relatively more abundant in the dorsal retina, 

while double cones were relatively more abundant in the ventral retina.  Later, Hart 

(2001) used counts of oil droplets to confirm the intraretinal variation in the 

abundance and distribution of different cone classes in a comparative study on 19 

species of birds belonging to several different orders. Although these approaches 

revealed that cones show differential abundance and distribution across the avian 

retina, the topographic sampling in these studies had to be limited due to the 

ephemeral nature of oil droplets. In addition, oil droplets can easily detach from 

lightly fixed retinal preparations and pigmentation in the tightly adhered retinal 

pigmented epithelium may obstruct their identification, therefore adding bias to 

their quantitative estimation. None of these studies using flattened retinal pieces 

analysed the relative abundance and distribution of rods. 

An interesting aspect of the distribution of rods is their absence in and around the 

fovea. Many studies in diurnal primates have reported the presence of a central rod-

free zone that surrounds the region of highest density of cones in the foveola (Packer 

et al., 1989; Curcio et al., 1990; Finlay et al., 2008). In birds, information on the 

organisation of the rod-free zone is scarce. Using retinal wholemounts and in situ 
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hybridization methods, Bruhn and Cepko (1996) identified a central rod-free zone in 

the retina of the chicken. Using antibodies against rod opsin, Querubin et al. (2009) 

also identified a single central rod-free zone in the pigeon retina. To date, it is 

largely unknown whether other species of birds have rod-free zones and to what 

extent or if they vary across species. In addition, it is unknown whether birds possess 

more than one rod-free zone associated with the dual organisation of their retinal 

specialisations. 

 

1.4.  Model species: phylogenetic and ecological relevance for studies on 

retinal topography 

 

The framework for comparative studies in avian retinal organisation relies on the 

understanding of the phylogenetic affinities among species of birds. Molecular and 

morphological phylogenies have uncovered unusual but well-supported phylogenetic 

relationships in birds (Cracraft et al., 2004; Hackett et al., 2008; McCormack et al., 

2013). These studies agree that there are two main clades of species formed by 

waterbirds and landbirds. 

Amongst waterbirds, the study of the retinal organisation in marine birds is of special 

interest because of the numerous constraints on vision imposed by the different 

physical properties of terrestrial and marine environments. Penguins, for example, 

are marine birds that use the oceans to obtain food and the terrestrial environments 

to breed and moult (Martínez, 1992). Penguins are emmetropic both in air and water, 

possess wide panoramic visual fields and visual pigments shifted to shorter 

wavelengths probably reflecting the spectral properties of their aquatic 

environments (Sivak, 1976; Sivak and Millodot, 1977; Howland and Sivak, 1984; 

Bowmaker and Martin, 1985; Sivak et al., 1987; Martin and Young, 1984; Martin, 

1999); however, only a single study on retinal topography described the distribution 

of ganglion cells in one species of penguin (Suburo et al., 1991). Given the diversity 
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in microhabitats (e.g. more open while in the ocean or more enclosed while on land) 

where penguins occupy a vertically stratified environment during foraging, it is clear 

that studies on other species of penguins will illuminate our understanding of the 

visual specialisations in this group. Another interesting aspect is that penguins feed 

predominantly on mobile fish while diving, but it is unknown whether penguins 

possess retinal specialisations to enhance motion detection. 

Amongst landbirds, other excellent models to investigate the relationship of retinal 

topographic organisation and behavioural ecology are the parrots (Psittaciformes) 

and the passerines (Passeriformes). Comprehensive molecular investigations have 

confirmed the unusual phylogenetic relatedness between parrots (Psitaciformes) and 

passerines (Passerifomes) and showed that they have a Gondwanaland origin (Hackett 

et al., 2008; McCormack et al., 2013). In Australia, parrots and passerines followed 

distinct evolutionary trajectories in concert with paleoecological changes in climate 

and vegetation (Homberger, 2003; Barker et al., 2004; White et al., 2011). This led 

to an enormous phenotypic and behavioural variation amongst the members of these 

two avian groups. Parrots and passerines show great variation in bill morphology, 

perching postures, microhabitat occupation and foraging modes (Collar, 1997; 

Rowley, 1997; Gregory, 2007; Higgins et al., 2008). 

The order Psittaciformes comprises two families: Psittacidae (parrots) and 

Cacatuidae (cockatoos) (Collar, 1997; Rowley, 1997). One behavioural trait that 

makes parrots and cockatoos unique amongst other birds is the use of their 

coordinated beak and foot behaviours during foraging and locomotion (Homberger, 

2003). Behavioural studies also indicate that parrots and cockatoos are strongly 

lateralised, revealing that they possess eye and foot preferences to locate and 

manipulate food items. In particular, Magat and Brown (2009) and Brown and Magat 

(2011 a, b) have shown that most species of cockatoos use their left eye to locate 

food items and their left foot to collect and manipulate them. These authors also 

showed that some other cockatoo species do not show strongly lateralised behaviours 
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during foraging. It is clear that such sophisticated interactions between eye, beak 

and foot require a pivotal role for vision. However, no information exists about how 

the retina of cockatoos is topographically organised to meet the behavioural 

challenges of their specialised foraging modes. 

The sister group of psittaciform birds, the passerines, are another excellent model 

for investigations in retinal anatomy. Passerines represent over half of the avian 

diversity (~59%) and show extreme variation in microhabitat occupation and niche 

partitioning (Raikow and Bledsoe, 2000; Barker et al., 2004; Barker, 2011). Molecular 

and paleontological studies indicate that the common ancestor of passerines arose in 

Gondwanaland approximately 82 million years ago (Ericson et al., 2002; Barker et al., 

2004). Passerines radiated into a multitude of ecological niches within the 

continental masses that formed Gondwanaland, subsequently following multiple 

dispersals to other continents (Ericson et al., 2002; Barker et al., 2004; Barker, 

2011). In line with this scenario, Australia retains one of the most ancient groups of 

passerines offering the opportunity to indentify basal retinal topographic traits in this 

avian group. 

In Australia, the superfamily Meliphagoidea is the most diverse and abundant family 

of Oscine passerines (Barker et al. 2002; Ericson et al., 2002; Driskell and Christidis, 

2004; Barker 2011). This superfamily comprises the more basal fairy-wrens (Family 

Maluridae), followed by pardalotes (Family Pardalotidae), thornbills (Family 

Acanthizidae) and the most derived honeyeaters (Family Maliphagidae) (Barker et al. 

2002; Ericson et al., 2002; Driskell and Christidis, 2004; Barker 2011). Members of the 

families Maluridae, Pardalotidae and Acanthizidae are predominantly insectivorous 

(Gregory, 2007; Bell et al., 2010). In contrast, members of the family Meliphagidae 

are predominantly nectarivorous, but also show various degrees of insectivory 

depending upon the species (Higgins et al., 2008; Bell et al., 2010). Many of the 

species of the families cited above are sympatric with other passerine species from 

other families (e.g. silvereyes, Family Zosteropidae) (van Balen, 2008). Silvereyes are 
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mostly frugivorous feeding on a variety of berries and small fruit (van Balen, 2008). 

They are also phylogenetically distant from the members of the superfamily 

Meliphagoidea (Barker et al., 2004). Therefore, comparing a range of sympatric 

species including phylogenetically closely related members of the Meliphagoidea and 

a distantly related member of the family Zosteropidae will certainly help in 

identifying which retinal traits are conserved or plastic amongst species using similar 

environments. 

 

1.5.  Aims and description of chapters  

 

In this thesis, I present a series of papers in which I examined the topographic 

organisation of neuronal densities in representative species of three major groups 

described above: Sphenisciformes (penguins), Psittaciformes (cockatoos) and 

Passeriformes (passerines or perching birds). The general aim of this thesis is to test 

hypotheses concerning the relationship between the topographic distribution of 

neurons in the retina and ecological/environmental variables such as foraging mode 

and microhabitat occupation, within a phylogenetic context. 

In chapter 2, I compare the topographic organisation of retinal ganglion cells in two 

species of penguins showing contrasting lifestyles. For each species, I describe retinal 

specialisations that afford the penguin eye with increased resolution both 

underwater and in air. In particular, I describe the topographic organisation of a 

subpopulation of giant ganglion cells in both species of penguins revealing novel 

topographic arrangements possibly related to their need to detect motion in the 

frontal visual field. 

In chapter 3, I describe novel and unusual data on the topographic distribution of 

retinal ganglion cells in cockatoos. I studied four species of strongly lateralised and 

two species of non-lateralised cockatoos. In this sample, cockatoos also showed 
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variations in microhabitat occupation and niche partitioning. I report, for the first 

time, an unusual left-right eye asymmetry in the peak density of ganglion cells in 

lateralised species of cockatoos. In addition, I report unique topographic 

specialisations that afford increased resolution towards the inferior visual field 

possibly assisting in their manipulative behaviours during foraging. 

In chapters 4 and 5, I describe the topographic architecture in retinas of four 

representative species of Australian oscine passerines showing distinct trophic 

specialisations and niche partitioning. In chapter 4, I show that, in general, the 

topographic distribution of neurons in the ganglion cell layer is generally concentric 

with two specialised areas for increased resolution. I also report unusual topographic 

specialisations of giant ganglion cells that afford improved motion detection at 

different locations of the visual field in these species. 

In chapter 5, I extend the analysis of the topographic architecture in passerines by 

describing the distribution of photoreceptors in the same species studied in chapter 

4. I show the first complete topographic maps of rods and cones in passerines, and 

also in any given bird species. I report a conspicuous dorsoventral asymmetry in the 

distribution of rods and concentric topographic arrangements in the distribution of 

cones. Interestingly, I report an unusually large rod-free zone in an insectivorous 

passerine as opposed to much smaller rod-free zones in nectarivorous/frugivorous 

passerines. I also report estimates of the spatial resolution of the passerine eyes 

based on optical parameters and peak densities of cones. 

In chapter 6, this thesis ends with a general discussion where I compare the major 

findings of each chapter with relevant literature. In addition, I briefly point out 

directions for future research in retinal topographic architecture in birds. 
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2.1. ABSTRACT 

 

Penguins are a group of flightless seabirds that exhibit numerous morphological, 

behavioural and ecological adaptations to their amphibious lifestyle, but little is 

known about the topographic organisation of neurons in their retinas. In this study, 

we used retinal wholemounts and stereological methods to estimate the total 

number and topographic distribution of retinal ganglion cells in addition to an 

anatomical estimate of spatial resolving power in two species of penguins: the little 

penguin, Eudyptula minor, and the king penguin, Aptenodytes patagonicus. The total 

number of ganglion cells per retina was approximately 1,200,000 in the little penguin 

and 1,110,000 in the king penguin. The topographic distribution of retinal ganglion 

cells in both species revealed the presence of a prominent horizontal visual streak 

with steeper gradients in the little penguin. The little penguin retinas showed 

ganglion cell density peaks of 21,867 cells/mm2 affording spatial resolution in water 

of 17.07-17.46 cycles/degree (12.81-13.09 cycles/degree in air). In contrast, the king 

penguin showed a relatively lower peak density of ganglion cells of 14,222 cells/mm2, 

but - due to its larger eye – slightly higher spatial resolution in water of 20.40 

cycles/degree (15.30 cycles/degree in air). In addition, we mapped the distribution 

of giant ganglion cells in both penguin species using Nissl stained wholemounts. In 

both species, topographic mapping of this cell type revealed the presence of an area 

gigantocellularis with a concentric organisation of isodensity contours showing a 

peak in the far temporal retina of approximately 70 cells/mm2 in the little penguin 

and 39 cells/mm2 in the king penguin. Giant ganglion cell densities gradually fall 

towards the outermost isodensity contours revealing the presence of a vertically 

organised streak. In the little penguin, we confirmed our cytological characterisation 

of giant ganglion cells using immunohistochemistry for microtubule-associated 

protein 2 (MAP2). This suite of retinal specialisations, which are also observed in the 

closely related procellariiform seabirds, affords the little and king penguin eyes with 
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panoramic surveillance of the horizon and motion detection in the frontal visual 

field.  

 

2.2. INTRODUCTION 

 

Penguins (Sphenisciformes) are a group of oceanic flightless birds that exhibit unique 

morphological, physiological and behavioural adaptations for their amphibious 

lifestyle (Martínez, 1992). They possess waterproof and insulating feathers, wings 

and streamlined body morphology, which improve locomotion underwater allowing 

them to successfully occupy a marine niche when not on land (Martínez, 1992; 

Ksepka and Ando, 2011). To cope with the different physical constraints on vision 

that are inherent in aquatic and terrestrial environments, penguins possess 

specialised optics, including a relatively flat cornea and nearly spherical lens, to 

compensate for the loss of corneal refractive power upon immersion (Sivak, 1976). 

Penguins have an emmetropic eye in air and show slight hyperopia in water (Sivak, 

1976; Sivak and Millodot, 1977), which is thought to be mitigated by accommodative 

mechanisms (Howland and Sivak, 1984; Sivak et al., 1987). Penguins also possess long 

and narrow binocular visual fields, characteristic of birds that use visual guidance of 

bill position while foraging (Martin and Young, 1984; Martin, 1999) and cone visual 

pigments that are tuned towards the blue-green parts of the spectrum, which may be 

related to the spectral properties of their aquatic environment (Bowmaker and 

Martin, 1985).  

Although some information is available on the optical architecture, visual field 

topography and spectral sensitivity of the penguin eye, very little is known about the 

topographic distribution of neurons in the penguin retina and its ecological and 

evolutionary significance. Light and electron microscopic analyses of photoreceptor 

types in the Magellanic penguin, Spheniscus magellanicus, reveals the same basic 

photoreceptor complement as observed in other birds, with the presence of single 
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cones, double cones and rods; however, their outer segment diameters are larger in 

comparison to terrestrial birds, possibly reflecting an adaptation for increasing 

sensitivity during diving in dim environments (Suburo and Scolaro, 1999). The 

topographic distribution of retinal ganglion cells in S. magellanicus exhibits a band of 

high ganglion cell density indicative of a horizontal visual streak with a peak in the 

central retina (Suburo et al., 1991). Horizontal visual streaks are characterised by a 

band of elevated retinal ganglion cell density across the nasotemporal axis and have 

been documented for several other vertebrates, including birds (Hughes, 1977; Bravo 

and Pettigrew, 1981; Wathey and Pettigrew, 1989; Hayes and Brooke, 1990; Boire et 

al., 2001). Horizontal visual streaks are common in species that live in open and 

featureless habitats, such as grasslands and open oceans/beaches, and are thought to 

increase fine detail discrimination across the horizon, ultimately aiding the detection 

of predators, preys and conspecifics without the need for significant eye and/or head 

movements (Hughes, 1977; Collin, 1999).  

The area gigantocellularis is another type of retinal specialisation, first described in 

some procellariiform seabirds using silver staining methods (Hayes et al., 1991), and 

later identified in Nissl-stained retinal wholemounts in four species of tyrant-

flycatcher passerine birds (Coimbra et al., 2006; Coimbra et al., 2009). This retinal 

specialisation is formed by a cohort of giant retinal ganglion cells, which are more 

abundant in the periphery of the temporal retina (Hayes et al., 1991; Coimbra et al., 

2006; Coimbra et al., 2009). As these giant ganglion cells occur in very low densities, 

it is unlikely that they play a role in spatial resolution, but rather in motion detection 

in the frontal visual field. This is based on their temporal location within the retina 

and their morphological similarity to a subpopulation of large ganglion cells 

characterised electrophysiologically to be brisk-transient, fast-conducting alpha 

ganglion cells in mammals (Peichl et al., 1987; Hayes et al., 1991; Peichl, 1991). 

Using Nissl-stained retinas, Suburo et al. (1991) mapped the distribution of very large 

ganglion cells in the Magellanic penguin and showed that these cells were more 
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concentrated in the temporal periphery in Nissl-stained retinas. Although not termed 

an area gigantocellularis by these authors, this specialisation may be comparable and 

could play an important role in the identification and capture of fast moving fishes 

and cephalopods during prey pursuit. It is currently unknown whether other avian 

species share this retinal trait. 

Comparative studies on retinal topography undertaken within a phylogenetic 

framework allow a better understanding of the evolutionary history of retinal 

specialisations. A combination of morphological and molecular data support the 

placement of penguins within a large seabird clade that include albatrosses and 

petrels (Procellariiformes), divers (Gaviiformes), pelicans (Pelecaniformes) and storks 

(Ciconiiformes) (Livezey and Zusi, 2007; Hackett et al., 2008; Ksepka and Ando, 

2011). Within this large group, penguins are thought to be more closely related to 

albatrosses and petrels sharing a common ancestor that existed approximately 71 

million years ago (Baker et al., 2006). Amongst penguins (Sphenisciformes), it has 

been proposed that the largest bodied genus Aptenodytes (King and Emperor 

penguins) was the first to branch off from the last common ancestor of penguins 

around 40 million years ago (Baker et al., 2006) and therefore would show more 

plesiomorphic characteristics. In contrast, the smallest bodied genus Eudyptula 

(little penguins), which underwent much more recent speciation events, branched off 

at about 2.7 million years ago and would be expected to possess more apomorphic 

traits. Hence, the phylogenetic position of these two penguin species offers an 

excellent opportunity to identify plesiomorphic and/or apomorphic retinal traits in 

this group of marine birds.  

King (Aptenodytes patagonicus; Miller, 1778) and little (Eudyptula minor; Forster, 

1781) penguins not only differ in their size and evolutionary history but also in their 

habitat, behavioural ecology and foraging tactics (Klomp and Wooller, 1988; 

Martínez, 1992; Kooyman et al., 1992; Cannell and Cullen, 1998; Ropert-Coudert et 

al., 2006). As in other penguin species, little and king penguins rely heavily on the 
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ocean to obtain food resources but regularly use terrestrial environments to breed 

and nest (Martínez, 1992). King penguins are offshore feeders that spend much of 

their time in pelagic waters coming inshore to breed on flat open beaches (Martínez, 

1992). In contrast, little penguins are inshore feeders and nest in holes dug in sand at 

the base of cliffs or in sand dunes (Martínez, 1992). Consequently, during their time 

on land, little penguins experience a much more obstructed view of the horizon than 

king penguins due to the proximity of vegetation and the enclosed nature of their 

excavated holes. Another interesting difference between these two species is the 

depth in the water column to which they dive. King penguins forage at much deeper 

depths (100–300m) and are therefore exposed to less light than little penguins, which 

predominantly dive and forage at much shallower depths (10–50m), where light is far 

more abundant (Kooyman et al., 1992; Gales et al., 1990). This variation in diving 

stratification is reflected in each species’ diet and foraging techniques, with king 

penguins targeting mainly midwater lanternfishes (Myctophidae), which they 

approach from below, in contrast to little penguins that feed on a range of shoaling 

fishes (but occasionally squid), which they approach from above (Kooyman et al., 

1992; Kloomp and Wooller, 1988; Ropert-Coudert et al., 2006). 

Given the ecological diversity and phylogenetic history of little and king penguins, we 

were motivated to assess whether the location and type of any retinal specialisations 

in these amphibious seabirds were reflected in differences in each species’ 

behavioural ecology and habitat, and/or represented common traits shared with 

their close relatives, the procellariiform seabirds. Therefore, we used the retinal 

wholemount technique and stereological methods to quantify the total number and 

topographic distribution of ganglion cells and estimate the spatial resolving power in 

the little penguin and the king penguin. As both little and king penguins 

predominantly inhabit open environments, we predicted that both species will 

possess a horizontal visual streak; however, we expect that this retinal trait will be 

more prominent in king penguins because little penguins occupy a structurally more 
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complex microhabitat when on land. Moreover, because king penguins dive deeper 

than little penguins, and therefore forage under reduced levels of illumination, we 

predict that estimates of spatial resolving power will be lower in A. patagonicus. We 

also predict the presence of an area gigantocellularis in the temporal retina of both 

species to aid in the capture of moving prey during pursuit dives.  

 

2.3. METHODS 

 

2.3.1. Specimens 

 

Eyes were obtained from one adult king penguin, Aptenodytes patagonicus, and two 

adult little penguins, Eudyptula minor. A single king penguin eye was collected post 

mortem at Ile de la Possession, Crozet Archipelago, Southern Indian Ocean. Little 

penguin eyes were collected from individuals that had to be euthanized at the 

Veterinary Hospital at Perth Zoo, Western Australia. All procedures in this 

investigation were approved by the University of Queensland and University of 

Western Australia Ethics Committees (AEC # RA/3/100/927).  

 

2.3.2. Tissue processing and preparation of Nissl stained retinal wholemounts 

 

Eyes from both species were enucleated in the field or at the veterinary hospital and 

the axial length measured using a digital calliper. The cornea and lens were removed 

and the eyecup was fixed in 4% paraformaldehyde in 0.1M phosphate buffer (PB, pH = 

7.2–7.4) for approximately 2 hours. After this period, fixation was stopped by 

transferring the eyecups to phosphate buffered saline (PBS, pH = 7.2–7.4). Eyecups 

were then stored in PBS containing 0.1% sodium azide and shipped/transported to the 

laboratory. Retinal wholemounts were dissected and processed following standard 

methods (Stone, 1981; Coimbra et al., 2006). Retinal orientation was given by the 
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position of the pecten, which is located in the ventral retina (Wood, 1917). Remnants 

of retinal pigmented epithelium still attached to the retinal wholemounts were 

bleached in a 0.9% saline solution containing 12% hydrogen peroxide and one drop of 

28% ammonia for one hour at room temperature (Hemmi and Grünert,1999; Petry et 

al.,1993). After bleaching, retinas were rinsed overnight in PBS and flattened onto a 

gelatinized slide with the ganglion cell layer uppermost. To improve fixation of the 

retinal wholemount, ensure adhesion onto the slide, and augment differentiation of 

cells during staining, the retinal preparation was incubated in formaldehyde vapors 

at room temperature overnight (Stone, 1981). Retinal wholemounts were then 

rehydrated, stained for 25 minutes with an aqueous solution of 0.1% of cresyl violet 

(Sigma), dehydrated in an ethanol series, cleared in xylene and finally mounted with 

Entellan New (Merck) (Coimbra et al., 2006). As retinal wholemounts were attached 

to the slide during all staining steps, shrinkage is negligible and confined to the 

borders of the ora serrata and edges of radial cuts (Wässle et al., 1981; Peichl, 

1992). 

 

2.3.3. Labelling of giant ganglion cells using immunohistochemistry 

 

We used anti-microtubule-associated protein 2 (MAP2) antibody to selectively label 

giant ganglion cells in the little penguin retina. Antibodies against MAP2 are reported 

to label a subpopulation of large ganglion cells in a range of vertebrates (Tucker and 

Matus, 1987; Gábriel et al., 1992) but have not been used previously in avian retinal 

wholemounts to characterize the topographic distribution of this cell type. 

Immunohistochemistry in avian retinal wholemounts may result in uneven and 

inhomogeneous labelling because penetration of antibodies is greatly hindered by the 

considerable thickness of the nerve fibre layer in the central retina and in the 

vicinity of the pecten. Enzymatic treatment with collagenase has been reported to 

facilitate antibody penetration by breaking the collagen fibres in the inner limiting 
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membrane in primate retinas (Watanabe and Rodieck, 1989; Yamada et al., 2001; 

Gomes et al., 2005). Collagenase treatment of the entire avian retinal wholemount 

improves antibody penetration at central eccentricities at the expense of digestion 

of cellular elements at the periphery as the thickness of the nerve fibre layer is 

considerably thinner in this region (unpublished observations). Therefore, to 

circumvent these problems and obtain consistent immunolabelling, we incubated 

retinal wholemount pieces in a solution of low collagenase concentration for 

different durations according to the fibre layer thickness. We also used a series of 

permealisation treatments with methanol and high concentration triton X-100 to 

ensure even and homogeneous antibody penetration at all locations in the little 

penguin retinal wholemounts. In brief, after dissection, the retina was mounted onto 

a hardened filter paper (Whatman, # 50) and then carefully cut into four peripheral 

pieces and a single central piece using a scalpel blade. Prior to sectioning, a drawing 

was made to record important features of the wholemount (location of radial cuts, 

discrete peripheral tears) to aid reconstruction of the wholemount after the 

immunohistochemical procedures. Peripheral retinal wholemount pieces were 

incubated in 0.01% collagenase (Type II, Sigma) in 0.1M PB for two minutes, while the 

single central piece (with a thicker fibre layer) was incubated in a solution with the 

same concentration of collagenase as above but for a period of 12–15 minutes. The 

retinal pieces were then thoroughly rinsed in 0.1M PB three times for five minutes 

each.  

Following the collagenase treatment, retinal pieces were incubated in a solution 

containing 10% methanol and 3% H2O2 in 0.1M PB (pH = 7.2–7.4) for 15 minutes. The 

retinal wholemount pieces were incubated in 5% triton X-100 (Sigma) for five minutes 

(twice) and a further 20 minutes and then rinsed three times in 0.1M PB for five 

minutes per rinse. Thereafter, the retinal pieces were incubated in a mixture 

containing the MAP2 primary antibody (1:500; MAB 3418, Millipore), 5% normal 

donkey serum (Millipore) and 0.3% triton X-100 in 0.1M PB (pH = 7.2–7.4) for 24 hours 



 

36 

 

with gentle rocking. Retinal pieces were then rinsed three times with 0.1M PB for 

five minutes each and incubated in biotinylated donkey anti-mouse secondary 

antibody (1:200, Jackson ImmunoResearch) for two hours. Retinal pieces were then 

transferred to a solution containing avidin-biotin complex (Vectastain ABC kit, Vector 

laboratories) and further incubated for one hour. Finally, the retinal pieces were 

rinsed three times in 0.1M PB for five minutes each before reacting them in a Nickel 

enhanced peroxidase solution containing diaminobenzidine tetrahydrochloride (DAB) 

as the chromogen (Peroxidase Substrate kit, Vector laboratories). After the reaction, 

the retinal wholemount pieces were rinsed overnight in 0.1M PB and mounted vitreal 

side up onto a non-gelatinised slide. Retinal pieces were then carefully reassembled 

using anatomical features recorded previously to reconstruct the retinal 

wholemount. The preparation was left to semi-dry at room temperature and then 

coverslipped in aqueous mounting medium (Vectamount AQ, Vector laboratories). 

Shrinkage in retinal preparations mounted in aqueous medium is negligible (Peichl et 

al., 2004). The MAP2 immunostaining pattern obtained in this study is consistent with 

previous reports that evaluated the specificity of this antibody in avian retinas 

(Tucker and Matus, 1987). Secondary antibody specificity was assessed by incubating 

the retinal pieces in a mixture in which the primary antibody had been omitted 

(Saper and Sawchenko, 2003). No labelling was detected. 

 

2.3.4. Stereological assessment of total number and topographic distribution of 

retinal ganglion cells  

 

Using the optical fractionator method (West et al., 1991) with modifications for the 

use in retinal wholemounts (Coimbra et al., 2009), we estimated the total number 

and the topographic distribution of retinal ganglion cells in the ganglion cell layer of 

both little and king penguin. Briefly, the retina was considered as one single section 

and therefore the section sampling fraction (ssf) was 1. The penguin ganglion cell 

layer predominantly comprises a single layer of neurons except within the central 
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part of the visual streak, where two or three sublaminae were observed. As all 

neurons were easily identified by focussing through the ganglion cell layer, both in 

the periphery and within the streak, the optical disector height was the same as the 

thickness of the ganglion cell layer at all eccentricities giving a thickness sampling 

factor (tsf) of 1. Therefore, only the area sampling fraction (asf), which is the ratio 

between the counting frame and the sampling grid, was used to estimate the total 

number of retinal ganglion cells according to the following algorithm: 

N total= ΣQ x 1/asf 

where ΣQ is the sum of total neurons counted (West et al., 1991).  

The optical fractionator is a state-of-the-art stereological method to estimate the 

total number of neurons and has been widely used in a range of brain areas in a 

variety of species (Gatome et al., 2010a; Gatome et al., 2010b; Amrein and 

Slomianka, 2010; Kern et al., 2011; Bhagwandin et al., 2011). However, this method 

has only recently been used to measure the total number and topographic 

distribution of neurons in retinal wholemounts of tyrant-flycatchers (Coimbra et al., 

2009) and hydrophiid sea snakes (Hart et al., 2012). The use of this method in retinal 

wholemounts has several advantages. First, the use of stereological softwares allow 

time efficient and accurate quantification of cell numbers, enabling the performance 

of pilot experiments with different sampling designs to determine the optimal 

counting frame and sampling grid size. Second, as the sampling grid is placed in a 

uniform, random and systematic fashion across the retinal area, all locations have 

equal sampling probability, avoiding oversampling in specific areas. If applicable, 

high frequency sampling can also be obtained in regions of high cell density (i.e., 

streaks, areas or foveas). Third, estimates of the total number of retinal neurons 

using this method are not affected by the distribution of the particles counted (West 

et al., 1991; Schmitz and Hof, 2005); usually estimates of the total number of 

neurons in retinal wholemounts rely on the integration of isodensity lines and 
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thereby add a subjective component that is reflected on how the contour lines were 

traced. The optical fractionator thus provides accurate and reproducible data when 

comparing the proportion of neuronal classes within a given retinal layer. The 

standardised use of this technique in retinal wholemounts minimizes sampling design 

variability among studies and facilitates comparisons across taxa. 

The outlines of the Nissl-stained retinal wholemounts were digitized using a 4x/NA 

0.13 objective on a microscope (Olympus BX50) equipped with a motorized stage 

(MAC200; Ludl Electronics Products, USA) and connected to a computer running 

Stereo Investigator software (Microbrightfield, USA). The ganglion cell layer was 

outlined close to the limits of the retinal borders (at the ora serrata) and along the 

radial cuts but excluding other retinal layers that can be seen at transverse view 

after wholemounting. The outline of the base of the pecten was subtracted from the 

total ganglion cell layer area. In both the little and king penguin retinas, cell density 

in the ganglion cell layer appeared low at peripheral eccentricities, changing steeply 

to form a horizontal band of high cell density in the central part of the retina. At low 

power magnification, this horizontal band could be easily delineated using the 

increase in cell density to establish its landmarks. This allowed us to use different 

stereological sampling schemes in high and low density regions to optimize the 

quantitative estimations of total number and topographic distribution of ganglion 

cells.  

Cytological criteria proposed by Ehrlich (1981) to distinguish retinal ganglion cells 

from amacrine and glial cells in the avian ganglion cell layer were used. Cell profiles 

showing polygonal soma with dense accumulation of Nissl substance in the cytoplasm, 

an eccentric nucleus and a prominent nucleolus were classified as retinal ganglion 

cells. Smaller, rounder and more palely stained profiles, with no evident Nissl 

substance in the cytoplasm and with a characteristic teardrop shaped cell body, were 

classified as amacrine cells. Darkly stained profiles displaying a small, round or 

slightly elongated cell body were recognised as glial cells. These cytological criteria 
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were consistent at all eccentricities and were unambiguously applicable in low and 

high density regions in the retinas of both species of penguin (Fig. 2.1). Because 

retinal ganglion cells were reliably identified at all eccentricities across the retinas 

of both species, we opted to exclude amacrine and glial cells from the counting 

procedures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Photomicrograph of the retinal ganglion cell layer of the little penguin 
(Eudyptula minor) depicting the cytological criteria used to distinguish ganglion cells 
from amacrine and glial cells at regions of low (A), moderate (B) and high density 
(C). Note that the same cytological profiles are clearly observed in the regions 
illustrated. The same cytological criteria was applicable in the king penguin, 
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Aptenodytes patagonicus, ganglion cell layer. gc, ganglion cell; a, amacrine cell, g, 
glial cell. Scale bars = 25 µm.  

Counting frame and sampling grid sizes used to estimate the total number and 

topographic distribution of ganglion cells in the horizontal band and periphery in the 

retinas of both little and king penguins are listed in Table 2.1. Sampling grids were 

placed in a random, uniform and systematic fashion covering the area of each 

contour. Using a 60x/NA 1.35 oil immersion objective, only ganglion cells that lay 

entirely within the counting frame or intersected the acceptance lines without 

touching the rejection lines were counted at each sampling site (Gundersen, 1977; 

Sterio, 1984). Approximately 200 sampling points were obtained per retina using each 

sampling scheme both in the horizontal band and the periphery. These stereological 

parameters were chosen on the basis of a pilot experiment to achieve a Schaeffer 

coefficient of error (CE) < 0.1, which is deemed appropriate in the present study 

because variance introduced by the counting procedures contribute very little to the 

observed group variance (Glaser and Wilson, 1998; Slomianka and West, 2005). The 

Schaeffer CE gauges the accuracy of a fractionator-based estimation of a population 

size with either a random or non-random distribution. The Schaeffer CE provides a 

more precise (less scattered) estimate, which is closer to the simulated true CE in 

comparison to other coefficient of error estimators (Glaser and Wilson, 1998).  
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Table 2.1. Stereological parameters defined to estimate the total number and 
topographic distribution of ganglion cells in the ganglion cell layer of the little and 
king penguins using the optical fractionator method. 

 

 

 

 

 

 

 

 

In Nissl-stained retinal wholemounts, giant ganglion cells were identified by their 

large stellate cell body and dense accumulation of Nissl substance in their cytoplasm. 

These cells were readily recognised at the temporal retina in both penguin species. 

Recognition of this giant ganglion cell type was not possible in central eccentricities 

in Nissl-stained preparations due to the homogeneous appearance of cell 

morphologies as a result of elevated density packing. Therefore, to avoid bias in our 

quantification and to define a reproducible sampling area, we outlined a contour 

around the limits where Nissl-stained giant ganglion cell were unambiguously 

identified. In the little penguin MAP2 immunolabelled retinal wholemounts, 

immunopositive giant ganglion cells were recognised at all eccentricities. Counting 

frame and sampling grid sizes used to estimate the number and topographic 

distribution of giant ganglion cells in the temporal retina of Nissl-stained 

preparations of both king and little penguin as well as across the entire retinal area 

in MAP2 immunolabelled retinal wholemounts of the little penguin are listed in Table 

2.1. All counting procedures were performed using a 20x/NA 0.50 air objective and 

Species Counting 
frame  

(µm x µm) 

Grid 
(µm x µm) 

Area 
sampling 
fraction  

 

Section 
sampling 
fraction 

 

Thickness 
sampling 
fraction 

 

Eudyptula minor      
      
Total ganglion cells (Nissl)      
Streak  75 x 75 400 x 400 0.0351 1 1 
Periphery  150 x 150 1700 x 1700 0.0078 1 1 
       
Giant ganglion cells (Nissl)      
Temporal retina 500 x 500 1200 x 1200 0.1736 1 1 
       
Giant ganglion cells (MAP2)      
Whole retina 500 x 500 1700 x 1700 0.0865 1 1 

      

Aptenodytes patagonicus      
      
Total ganglion cells (Nissl)      
Streak  75 x 75 350 x 350 0.0459 1 1 
Periphery  250 x 250 2500 x 2500 0.0100 1 1 
       
Giant ganglion cells (Nissl)      
Temporal retina 800 x 800 1400 x 1400 0.3265 1 1 
       



 

42 

 

resulted in approximately 100 sites per sampling area in the Nissl-stained retinas in 

both penguin species and 200 sites per MAP2-immunoreacted retinal wholemount in 

the little penguin (Table 2.1). To verify the estimates of the peak densities of giant 

ganglion cells in both the Nissl-stained and MAP2 immunolabelled retinas, we 

recounted the giant ganglion cells in the vicinity of the two highest values in the first 

estimate using the same counting frame sizes but a smaller sampling grid (650 x 650 

µm in the little penguin; 950 x 950 µm in the king penguin). To provide an estimate 

of the giant ganglion cell soma size, we used the optical fractionator sampling 

scheme to measure cell bodies within counting frames at 1/3 intervals across the 

temporal retina for Nissl-stained wholemounts and across the entire area of MAP2 

immunoreacted retinas; giant ganglion cell somas were also measured within four to 

six counting frames adjacent to the peak density for both Nissl-stained and MAP2 

labelled retinas. For giant ganglion cells, we applied the same counting rules 

described above and in all sampling schemes the Schaeffer CE was below 0.1.  

To map the topographic distribution of ganglion cells in the little and king penguin 

retinas, cell counts at each sampling site were converted to an equivalent cell 

density per square millimeter. We used Arcview 3.2 software (ESRI, Redlands, CA) to 

construct topographic maps depicting the distribution of ganglion cells in the retinas 

of both species using the spline interpolation method (Coimbra et al., 2006).  

Photomicrographs were obtained using a digital camera (Microfire, Optronics, CA) 

coupled to a Stereo Investigator system. Digital photomicrographs were processed 

using Adobe Photoshop CS2 (San Jose, CA) for scaling and minor adjustment of the 

levels of brightness and contrast. 
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2.3.5. Anatomical estimation of spatial resolving power 

 

The spatial resolving power in water and air was estimated using anatomical methods 

for both little and king penguins. To calculate the spatial resolving power in water, 

we estimated the posterior nodal distance (PND) of the little and king penguin eyes 

by multiplying their axial lengths (AL) by 0.71, which represents the PND: AL ratio 

obtained from the underwater PND and axial length measurements of the Humboldti 

penguin (Spheniscus humboldti) eye (Martin and Young, 1984).  

To estimate the retinal magnification factor (RMF), which represents the distance in 

retinal surface that subtends one degree, we used the equation (Pettigrew et al., 

1988):  

RMF=2πPND/360 

Finally, we considered that retinal ganglion cells in the peak region are organised in 

an approximate hexagonal array and used their maximum density (D) to estimate the 

highest spatial frequency as determined by the Nyquist limits of spatial resolution 

according to the following equation (Snyder and Miller, 1977; Williams and Coletta, 

1987): 

fN = 0.5 x RMF x (2D √ )1/2  

Anatomical estimates of spatial resolving power using the total peak density of 

retinal ganglion cells should be considered as upper limits of retinal resolution 

because it is not known whether all retinal ganglion cells in the peak region are 

involved in fine discrimination tasks (Wässle, 2004; Reuter and Peichl, 2008).  

The penguin eye is emmetropic in air and water (Howland and Sivak, 1984; Sivak et 

al., 1987). However, because the visual image is smaller in air than water, we 

multiplied the estimates of spatial resolving power in water by a factor of 0.75 (ratio 

of refractive index of air/aqueous or vitreous humor) to obtain an estimate of retinal 

resolution in air (Hanke et al., 2009) for both little and king penguin.    
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2.4. RESULTS 

 

2.4.1. Stereological assessment of the total number of retinal ganglion cells  

 

In the two little penguin retinal wholemounts, the total area of the ganglion cell 

layer was 613 mm2 and 683 mm2. In the single king penguin retina analysed, the total 

ganglion cell layer area was approximately double that of the little penguin area at 

1283 mm2. The total number of retinal ganglion cells estimated by the optical 

fractionator method was relatively similar in both species with estimates ranging 

from 1,110,000 ganglion cells in king penguins to around 1,200,000 ganglion cells in 

little penguins (Table 2.2).  

The number of retinal ganglion cells in the horizontal band of both species of 

penguins differed considerably. In the little penguin, the band consists of 

approximately 300,000 ganglion cells, compared to 160,000 in the king penguin. The 

total number of ganglion cells was found to be very similar in the 

midperiphery/periphery in the retinas of both species, i.e. around 950,000 ganglion 

cells. The Schaeffer coefficient of error was below 0.1 in all cases and, therefore, 

was deemed appropriate for the optical fractionator estimates of the total number of 

retinal ganglion cells in both penguin species (Table 2.2).  
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Table 2.2. Quantitative data obtained from retinal wholemounts of little and king 
penguins using the optical fractionator method. R, right; L, left.  

 

 

 

 

 

 

 

 

 

2.4.2. Distribution of retinal ganglion cells in the penguin retina 

 

The topographic distribution of ganglion cells in Nissl-stained retinal wholemounts of 

the little penguin and king penguin illustrated the presence of a pronounced 

horizontal visual streak (Fig. 2.2 A, B). In both species, isodensity lines of 500 and 

1,000 cells/mm2 are organized in a concentric fashion until the midperipheral retina. 

From midperipheral to central retinal regions, the isodensity lines become more 

elliptical and elongated in shape to form the horizontal visual streak in both species. 

The centroperipheral gradient in ganglion cell densities differs between both penguin 

species. The little penguin shows a much steeper centroperipheral gradient of 36:1 in 

contrast to the king penguin that has a much shallower centroperipheral gradient of 

18:1. The horizontal streak runs across the nasotemporal meridian and is situated 

around 2 mm (little penguin) and 3 mm (king penguin) above the tip of the pecten. 

Within the innermost isodensity lines of the horizontal visual streak of both species, 

retinal ganglion cells show a peak density of 21,867 cells/mm2 in the little penguin 

and 14,222 cells/mm2 in the king penguin.  

Species Area 
(mm2) 

Number of 
sites 

counted  

Estimated total 
number of retinal 

ganglion cells  

Coefficient of 
error 

(Schaeffer) 

Eudyptula minor 
 

    

Emi002L      
Streak  27.88 175 255,258 0.033 
Periphery  585.51 205 947,149 0.061 
Total  613.39 380 1,222,407  
Mean     0.047 
      
Emi003R      
Streak  32.88 204 329,073 0.037 
Periphery  650.60 236 943,167 0.062 
Total  683.48 440 1,272,240  
Mean     0.049 
      

Aptenodytes patagonicus 
 

    

Apa001R      
Streak  30.24 256 162,004 0.028 
Periphery  1,253.05 210 948,400 0.053 
Total  1,283.29 466 1,110,404  
Mean     0.041 
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Figure 2.2. Topographic maps showing the distribution of ganglion cell densities in 
retinal wholemounts of the little penguin, Eudytpula minor (A) and king penguin, 
Aptenodytes patagonicus (B). Numbers on the isodensity lines should be multiplied by 
103. The oblique strip in the ventral quadrant represents the position of the pecten. 
T, temporal; V, ventral. Scale bars = 5 mm.  

 

2.4.3. Cytological characterisation and distribution of giant ganglion cells  

 

In Nissl-stained retinal wholemounts, a cohort of giant retinal ganglion cells was 

observed in the temporal quadrant of the retinas in both little and king penguins. 

These cells stood out from the total retinal ganglion cell population in the temporal 

region due to their staining properties and very large soma sizes ranging from 304 to 

1,278 µm2 (20–40 µm in diameter, N=212) in the little penguin; and from 665 to 1,715 

µm2 (29–47 µm in diameter, N=175) in the king penguin. They appeared more darkly 

stained in relation to the other retinal ganglion cells and their soma exhibited a 

stellate morphology due to the emergence of 5 to 6 primary dendrites (Fig. 2.3 A, B, 

D, F). 

In the temporal retina, Nissl-stained giant retinal ganglion cells were distributed in a 

vertically elongated strip in both penguin species. In the little penguin, this vertical 

streak of giant ganglion cells is firstly demarcated by isodensity lines of 10 
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cells/mm2. Densities gradually increase in an elliptical fashion up to 30 cells/mm2 

and then become more concentrically organised to form an area with an estimated 

maximum density peak of 72–76 cells/mm2 (fig. 3C). Giant ganglion cells in the king 

penguin also show a vertical organisation similar to that seen in the little penguin 

retinas. However, in the king penguin the topographic organisation of giant ganglion 

cell densities follow a much shallower gradient when compared to the little penguin 

ranging from more vertically elongated isodensity lines of 5 cells/mm2 to a more 

concentrically organised peak of 39 cells/mm2 (Fig. 2.3 F). 
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Figure 2.3. Low power photomicrographs of the region in the temporal retinal 
quadrant showing the presence of a cohort of giant ganglion cells in Nissl stained 
retinal wholemounts of little penguin, Eudyptula minor (A), and king penguin, 
Aptenodytes patagonicus (D). Higher magnification of the same region illustrating 
cytological characteristics of giant ganglion cells in the little (B) and king (E) 
penguins. Examples of giant ganglion cells are indicated by arrowheads in low (A, D) 
and higher (B, E) magnification in both species. Scale bars = 100 µm in A, D; 50 µm in 
B, E. Topographic maps depicting the distribution of giant ganglion cell densities in 
Nissl-stained retinal wholemounts of the little penguin, Eudyptula minor (C), and 
king penguin, Aptenodytes patagonicus (F). Numbers on the isodensity lines should be 
multiplied by 10. The oblique strip in the ventral quadrant represents the position of 
the pecten. T, temporal; V, ventral. Scale bars = 5 mm in C, F.  
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2.4.4. Immunohistochemical identification of giant ganglion cells in the little 

penguin retina 

 

Immunohistochemistry against microtubule-associated protein 2 (MAP2) revealed a 

conspicuous subpopulation of giant ganglion cells in retinal wholemounts of the little 

penguin (Fig. 2.4 A, B). Giant ganglion cells stained using MAP2 antibody had stellate 

soma clearly giving rise to either 5 or 6 primary dendrites (Fig. 2.4 B, C). These cell 

profiles exhibited cytological characteristics similar to the giant ganglion cells in 

Nissl stained preparations, such as general soma morphology and the number of 

primary dendrites (Fig. 2.4 D, E). Another subtype of smaller retinal ganglion cells 

was faintly labelled by the MAP2 antibody and not included in the quantitative 

analysis (Fig. 2.4 B).  

Giant ganglion cells stained by MAP2 antibody appeared more concentrated in the 

temporal quadrant of the retina but were also clearly identified in the centre and 

other retinal regions. In the temporal retina, giant ganglion cell soma areas ranged 

from 300 to 1096 µm2 (20–37 µm in diameter, n = 205); in the centre, giant ganglion 

cell soma areas were smaller ranging from 208 to 521 µm2 (16–26 µm in diameter, n = 

59) but exhibited soma morphology very similar to those giant ganglion cells at 

peripheral locations. A total of 8,704 MAP2 immunopositive giant ganglion cells were 

estimated using the optical fractionator method in the retinal wholemounts of the 

little penguin and represented 0.7% of the total population of retinal ganglion cells. 

The analysis of the distribution of MAP2 immunopositive giant ganglion cells in 

reconstructed retinal wholemounts showed a topographic pattern similar to that 

observed in Nissl-stained wholemounts. Most of the retinal surface in the little 

penguin is dominated by a flat and homogeneous plateau demarcated by an 

isodensity line of 10 cells/mm2. In the temporal retina, isodensity lines of 20 and 30 

cells/mm2 reveal a more elongated orientation and define a vertical visual streak as 

depicted in Nissl-stained retinas. In the inner region of this vertical streak, isodensity 
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lines change from elliptical in shape to more concentrically organised to define a 

peak giant ganglion cell density of 84 cells/mm2.  

 

Figure 2.4. Photomicrographs of giant ganglion cells immunolabelled with 
microtubule-associated protein 2 (MAP2) in the area gigantocellularis of the little 
penguin retina at low (A), medium (B) and high (C) magnification. Lightly stained 
smaller ganglion cell profiles are seen in B. Note the general stellate morphology and 
number of primary dendrites of MAP2-positive giant ganglion in C and compare to 
Nissl-stained giant ganglion cells with similar morphological characteristics depicted 
in D and E. Scale bars = 100 µm in A; 50 µm in B; 25 µm in C,D,E. Topographic map 
illustrating the total distribution of MAP2 immuno-positive giant ganglion cell 
densities in a little penguin retinal wholemount (F). Note the similar pattern of 
organisation as shown in the little penguin Nissl-stained ganglion cell density map in 
Figure 3C. Numbers on the isodensity lines should be multiplied by 10. The oblique 
strip in the ventral quadrant represents the position of the pecten. T, temporal; V, 
ventral. Scale bar = 5 mm in F.  
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2.4.5. Spatial resolving power 

 

Anatomical estimates of spatial resolving power in the little and king penguins were 

obtained using the peak density of retinal ganglion cells. In the king penguin, axial 

length was 25.70 mm and the posterior nodal distance was 18.25 mm. This resulted 

in a retinal magnification factor of 0.3183 mm/degree. Considering a maximum 

retinal ganglion cell density of 14,222 cells/mm2, we estimated spatial Nyquist 

frequency limits of 20.40 cycles/degree in water. Because a visual image is smaller in 

air than in water by a factor of 0.75 (ratio of refractive index of air/aqueous or 

vitreous humor) (Hanke et al., 2009), spatial resolving power in the king penguin was 

estimated to be 15.30 cycles/degree in air (Table 2.3).  

In comparison to the king penguin, the two little penguin specimens examined had 

smaller eyes with axial lengths of 17.34 mm and 17.73 mm. Posterior nodal distances 

were estimated to be 12.31 and 12.59 mm, resulting in retinal magnification factors 

of 0.2148 mm/degree and 0.2196 mm/degree, respectively. Using a maximum retinal 

ganglion cell density of 21,867 cells/mm2 obtained in both specimens, we estimated 

a spatial Nyquist frequency of 17.07 cycles/degree and 17.46 cycles/degree in water 

and 12.81-13.09 cycles/degree in air (Table 2.3).  

 

Table 2.3. Optical and anatomical parameters used to estimate the upper limits of 
spatial resolution of the little and king penguin eyes in water and air. R, right; L, 
left; PND, posterior nodal distance; RMF, retinal magnification factor.  

 

 

 

Species Axial 
length 
(mm) 

Peak of 
ganglion 

cells 
(cells/mm2) 

PND 
(mm) 

RMF 
(mm/deg) 

Spatial 
resolving  

power in water 
(cycles/deg) 

Spatial 
resolving  

power in air  
(cycles/deg) 

Eudyptula minor       
Emi002L 
Emi003R 

 17.34 
17.73 

21.867 
21.867 

12.31 
12.59 

0.2148 
0.2196 

17.07 
17.46 

12.81 
13.09 

        
Aptenodytes patagonicus       
Apa001R  25.70 14.222 18.25 0.3183 20.40 15.30 
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2.5. DISCUSSION 

 

In this study, using the retinal wholemount technique and stereological methods, we 

estimated the total number and topographic distribution of retinal ganglion cells as 

well as the anatomical spatial resolving power in two penguin species with different 

evolutionary divergence times and behavioural ecologies: the more basal and pelagic 

king penguin, A. patagonicus, and the more recent and coastal little penguin, E. 

minor. Our results showed that both species exhibit a very similar linear and 

elongated arrangement of ganglion cell densities along the nasotemporal meridian 

characterising a horizontal visual streak. Anatomical estimates of spatial resolving 

power were comparable between species although were slightly higher in the king 

penguin. Mapping of giant ganglion cell distributions using Nissl-stained retinal 

wholemounts revealed the presence of an area gigantocellularis in the far temporal 

periphery. In addition, cytological criteria and topographic distribution of giant 

ganglion cells in the area gigantocellularis were confirmed using 

immunohistochemistry against microtubule-associated protein 2 (MAP2) in little 

penguin retinal wholemounts. 

 

2.5.1. The horizontal visual streak in penguins: influences of ecology, phylogeny 

or both? 

 

The topographic analysis of the distribution of retinal ganglion cells revealed the 

presence of a horizontal visual streak in both king and little penguins supporting the 

view that this type of retinal specialisation is a common retinal trait in vertebrates 

that inhabit open and featureless environments (Hughes, 1977). In functional terms, 

the horizontal visual streak in both little and king penguins enhances the panoramic 

view of the horizon, and, therefore, would aid in the detection of predators, prey 

and conspecifics. According to Hughes (1977), more visually complex microhabitats 

such as vegetated areas exert an adaptive pressure to select more concentric 
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arrangements of cell density affording a more punctual view of objects in the visual 

field. Surprisingly, the horizontal visual streak in both penguin species revealed a 

very similar pattern showing a prominent linear arrangement of isodensity lines 

irrespective of the fact that the little penguin is less prone to open environments 

than the king penguin during nesting and breeding. It seems, therefore, that the 

terrestrial microhabitat does not exert a great selective pressure for the adaptive 

malleability of this retinal pattern in penguins or that there has not been enough 

evolutionary time to impart a variation in this trait.  

Because horizontal visual streaks have been indentified in a multitude of 

phylogenetically unrelated species across taxa, the idea that this trait is essentially 

selected by environmental pressures to enhance sampling of the visual space along 

the horizon seems to be very attractive. However, several studies have shown the 

presence of horizontal visual streaks in species for which the horizon does not 

represent a relevant feature of their microhabitat, or the absence of this trait in 

species that inhabit open environments (Freeman and Tancred, 1978; Tancred, 1981; 

Silveira et al., 1989; Mass and Supin, 1992; Mass and Supin, 2003; Schiviz et al., 

2008). Stone (1983) suggested that retinal topographic traits can be inherited from a 

phylogenetic ancestor and not necessarily represent an adaptive feature to the 

current lifestyle of a given species. Considering this view, penguins and albatrosses 

shared a common ancestor that existed approximately 71 million years ago prior to 

their divergence into separate lineages (Baker et al., 2006) and horizontal visual 

streaks appear to be a common trait in albatross retinas (Hayes and Brooke, 1990). 

This observation would suggest that the prominent horizontal visual streak seen in 

the little and king penguin retinas might be a plesiomorphic retinal trait inherited 

from a common seabird ancestor as it is unlikely that it arose multiple times under 

the same environmental constraints.  
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2.5.2. The area gigantocellularis in penguins: ecological and evolutionary 

constraints 

 

Using Nissl-stained wholemounts, we observed an aggregation of giant retinal 

ganglion cells in the temporal retina in both little and king penguins, confirming our 

prediction that these species possessed an area gigantocellularis. The area 

gigantocellularis was first identified in procellariiform seabirds (Hayes and Brooke, 

1990) and subsequently in four species of tyrant-flycatcher passerines (Coimbra et 

al., 2006; Coimbra et al., 2009). Suburo et al. (1991) found a similar specialisation 

formed by very large ganglion cells in the retinas of Magellanic penguins. Considering 

the close phylogenetic relatedness of albatrosses (procellariiform) and penguins 

(Baker et al., 2006), one can assume that the presence of an area gigantocellularis is 

a shared trait amongst these seabirds. Further detailed investigations on the 

phylogenetic distribution of the area gigantocellularis amongst avian taxa is crucial 

to assess whether this retinal specialisation is a homoplastic trait present in seabirds 

(albatrosses and penguins) and tyrant-flycatcher passerines or represents a general 

retinal trait in birds.  

In both little and king penguins, the area gigantocellularis exhibits a vertically 

elongated organisation of the outermost isodensity lines forming a vertical visual 

streak; within this streak contours adopted a more elliptical to concentric shape 

defining a peak in the temporal retina in both species. In terms of visual field 

sampling, a vertical visual streak is functionally interesting in three-dimensional 

marine environments. Little and king penguins are known to hunt by dive pursuit 

across different strata within the water column (Klomp and Wooller, 1991; Kooyman 

et al., 1992; Reilly and Cullen, 1981), therefore vertical sampling in the frontal visual 

field would be advantageous in prey capture. An interesting feature in terms of visual 

field coverage is that when submerged, penguins experience a reduction of their 

monocular visual fields and a loss of binocularity, mainly due to the abolishment of 

the corneal optical power (Martin, 1999; Martin and Young, 1984). Although 
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binocularity is lost when penguins submerge, visual information can still be extracted 

from the frontal visual field because monocular visual field margins meet the region 

of the bill (Martin, 1999; Martin and Young, 1984). Thus, the presence of an area 

gigantocellularis in both little and king penguins is in agreement with their ecological 

needs to extract visual information in their frontal visual field.  

A similar topographic arrangement of vertically organised isodensity lines in the 

temporal quadrant of the retina was shown by Suburo et al. (1991) in the Magellanic 

penguin, S. magellanicus. Although the two penguin species analysed in this study 

and the Magellanic penguin share a very similar topographic organisation of giant 

ganglion cells forming an area gigantocellularis, there are striking differences with 

regard to the distribution gradients of these cells as shown previously in generalist 

and specialist tyrant-flycatchers (Coimbra et al., 2006; Coimbra et al., 2009). The 

little penguin exhibits a much steeper gradient in contrast to the shallower gradient 

observed in the king penguin. The Magellanic penguin has an even steeper gradient 

with a peak density of giant ganglion cells of 150 cells/mm2 (Suburo et al., 1991), 

which represents roughly double the peak density of 70 to 84 cells/mm2 estimated 

for the little penguin and approximately four times the peak of 39 cells/mm2 

estimated for the king penguin. It appears that even though the peak density of giant 

ganglion cells varies considerably amongst penguin species, there are equivalent 

estimates of spatial resolution set by these giant ganglion cells. We observed that the 

maximum density of giant ganglion cells afford a spatial resolving power of 

approximately 1 cycle/degree in both the little penguin (0.98–1.03 cycles/degree in 

water; 0.73–0.77 cycles/degree in air) and king penguin (1.07 cycles/degree in 

water; 0.80 cycles/degree in air). This suggests that the differences in eye size in the 

little and king penguins compensate for the differences in peak densities of giant 

ganglion cells and thereby maintain spatial resolution in the same low range. These 

low resolution values support the idea that these giant ganglion cells are not involved 
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in fine detail discrimination but rather function in the detection of movement (Hayes 

et al., 1991). 

Using immunohistochemistry against MAP2, we selectively labelled and characterised 

the spatial distribution of giant ganglion cells in little penguin retinal wholemounts. 

MAP2 antibodies have been shown to label a subpopulation of large ganglion cells in 

several vertebrate species (Tucker and Matus, 1987; Gábriel et al., 1992); however, 

this is the first investigation to use retinal wholemounts to quantitatively assess the 

number and distribution of MAP2 immunopositive giant ganglion cells in the avian 

retina. Our study also corroborates the assumption posed by Hayes et al. (1991) when 

they first described the organisation of the area gigantocellularis using silver staining 

methods. They argued that due to the capricious nature of silver impregnation 

staining, it would be likely that the entire population of giant ganglion cells had not 

been detected in the centre and other parts of the procellariiform retinas. Using 

permeabilisation treatments, we were able to identify MAP2 immunopositive giant 

ganglion cells across the entire retina. In the temporal region, the topography and 

densities of MAP2 immunopositive giant ganglion cells in the little penguin retina 

matched the values obtained in estimates using cytological criteria to identify these 

cells in Nissl-stained preparations. Given the similar quantitative data obtained in 

MAP2 immunoreacted and Nissl-stained retinal wholemounts, in addition to the 

conservative nature of this protein across taxa (Viereck et al., 1988), MAP2 is likely 

to be an excellent marker to selectively label this population of giant ganglion cells 

in the avian retina.  

 

2.5.3. Anatomical spatial resolving power in penguins 

 

Using maximum retinal ganglion cell density and optical parameters to calculate the 

spatial resolving power in both penguin species, we obtained relatively similar values 

in resolution for vision underwater and in air. The resolution of 17.07–17.46 
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cycles/degree in water (12.81–13.09 cycles/degree in air) of the little penguin was 

comparable to a slightly higher underwater resolution of 20.40 cycles/degree (15.30 

cycles/degree in air) in the king penguin. Although the peak density of retinal 

ganglion cells in the little penguin is higher than the values estimated for the king 

penguin, equivalent estimates of resolution are mainly due to the differences in eye 

axial length. In the king penguin, lower peak ganglion cell densities combined with a 

larger eye axial length affords equivalent resolution to the little penguin, which has a 

higher peak ganglion cell density but a shorter eye axial length. It is likely that, 

although these birds forage in different strata within the water column and therefore 

are exposed to differential amounts of light (Klomp and Wooller, 1991; Kooyman et 

al., 1992; Reilly and Cullen, 1981), differences in peak ganglion cell density and eye 

size appear to be compensated giving rise to equivalent resolutions. This might 

indicate that maximal resolving power would be tuned by aspects of the terrestrial 

habitats and behaviours of these penguin species, where they would be exposed to 

relatively similar amounts of light.  

Information on anatomical measurements of spatial resolution in birds is scarce. The 

little and king penguin show lower aerial spatial resolving power when compared to 

strictly terrestrial birds such as the peacock (Pavo cristatus), with a spatial resolving 

power of 20.6 cycles/degree (Hart, 2002) and the ostrich (Struthio camelus) with 

19.32 cycles/degree (Boire et al., 2001). This is also the case when we compared the 

aerial spatial resolving power in the little and king penguin with behavioural 

estimates of visual acuity of 17.17 cycles/degree in the pigeon (Columba livia) and of 

30.10 cycles/degree in the American kestrel (Falco sparverius) (Ghim and Hodos, 

2006). Although anatomical estimates of spatial resolving power are usually higher 

than behavioural estimates of visual acuity, correspondence between anatomical 

(8.40 cycles/degree) and behavioural (6.98 cycles/degree) measurements has been 

observed for the barn owl (Tyto alba) (Wathey and Pettigrew, 1989; Ghim and Hodos, 

2006); this suggests that anatomical and behavioural methods may be comparable in 
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many avian species. Using this approach, little and king penguin aerial spatial 

resolving power is higher when compared to barn owls and other terrestrial bird 

species (2.29–7.56 cycles/degree). Likewise, both aerial and underwater spatial 

resolving power in the little and king penguin is higher when compared to anatomical 

estimates in pinnipeds such as seals (8.5–11.5 cycles/degree in water; 6.5–8.7 

cycles/degree in air) and sea lions (7.2 cycles/degree in water; 5.3 cycles/degree in 

air) that share similar environments and utilise equivalent food resources (Mass and 

Supin, 1992; Mass and Supin, 2003; Mass and Supin, 2005; Hanke et al., 2009; Mass 

and Supin, 2010). Therefore, when compared with sympatric marine mammals and 

some terrestrial birds, the higher spatial resolving power in the little and king 

penguin would afford these seabirds enhanced fine detail discrimination in a plethora 

of ecological tasks, including prey detection, predator avoidance and mate 

recognition both in air and water. 

 

2.6. ACKNOWLEDGEMENTS 

 

We would like to express our gratitude to the veterinary staff at Perth Zoo, Western 

Australia, especially to Dr. Simone Vitali, Caroline Lawrence, Cathy Cooper and 

Mikaylie Wilson for providing the little penguin eyes. We also thank Caroline Kerr for 

invaluable assistance at different stages of the project. We are indebted to Prof. 

Cristovam Diniz for the enlightening discussions about stereological methods; Prof. 

Elizabeth Yamada for valuable instructions on the use of collagenase; the geographer 

Luis Barbosa for the immeasurable advice on the use of Arcview software to 

construct the topographic maps; and Prof. Howard Howland for advice on the optics 

of penguin eyes in air and water. This study was funded in part by an Australian 

Research Council Discovery Project and QEII Fellowship (DP0558681). Funding from 

the US National Science Foundation (to PMN, grant #OPP 0128913) and logistical and 

funding support were provided by the Institut Polaire Paul Emile Victor (IPEV). JPC 



 

59 

 

was supported by IPRS/UQILAS scholarships at the University of Queensland and 

SIRF/UIS scholarships at the University of Western Australia.  

 

2.7. REFERENCES 

 

Amrein I, Slomianka L (2010) A morphologically distinct granule cell type in the 
dentate gyrus of the red fox correlates with adult hippocampal neurogenesis. 
Brain Res 1328:12-24. 

Baker AJ, Pereira SL, Haddrath OP, Edge KA (2006) Multiple gene evidence for 
expansion of extant penguins out of Antarctica due to global cooling. Proc R 
Soc Lond B Biol Sci 273:11-17. 

Bhagwandin A, Gravett N, Hemingway J, Oosthuizen MK, Bennett NC, Siegel JM, 
Manger PR (2011) Orexinergic neuron numbers in three species of African 
mole rats with  rhythmic and arrhythmic chronotypes. Neuroscience 199:153-
165. 

Boire D, Dufour JS, Theoret H, Ptito M (2001) Quantitative analysis of the retinal 
ganglion cell layer in the ostrich, Struthio camelus. Brain Behav Evol 58:343-
355. 

Bowmaker JK, Martin GR (1985) Visual pigments and oil droplets in the penguin, 
Spheniscus humboldti. J Comp Physiol A-Sens Neural Behav Physiol 156:71-77. 

Bravo H, Pettigrew JD (1981) The distribution of neurons projecting from the retina 
and visual cortex to the thalamus and optic tectum of the barn owl, Tyto 
alba, and the burrowing owl, Speotyto cunicularia. J Comp Neurol 199:419-
441. 

Cannell BL, Cullen JM (1998) The foraging behaviour of Little Penguins Eudyptula 
minor at different light levels. Ibis 140:467-471. 

Coimbra JP, Marceliano MLV, Andrade-da-Costa BLS, Yamada ES (2006) The retina of 
tyrant flycatchers: topographic organization of neuronal density and size in 
the ganglion cell layer of the great kiskadee Pitangus sulphuratus and the 
rusty margined flycatcher Myiozetetes cayanensis (Aves : Tyrannidae). Brain 
Behav Evol 68:15-25. 

Coimbra JP, Trévia N, Marceliano MLV, Andrade-da-Costa BLS, Picanço-Diniz CW, 
Yamada ES (2009) Number and distribution of neurons in the retinal ganglion 
cell layer in relation to foraging behaviors of tyrant flycatchers. J Comp 
Neurol 514:66-73. 

Collin SP. 1999. Behavioural ecology and retinal cell topography. In: Archer SN, 
Djamogoz MBS, Loew ER, Partridge JC, Vellarga S, eds. Adaptive mechanisms 
in the ecology of vision. London: Chapman and Hall:509-535. 

 
Ehrlich D (1981) Regional specialization of the chick retina as revealed by the size 

and density of neurons in the ganglion cell layer. J Comp Neurol 195:643-657. 
 



 

60 

 

Freeman B, Tancred E (1978) Number and distribution of ganglion cells in the retina 
of the brush-tailed possum, Trichosurus vulpecula. J Comp Neurol 177:557-
567. 

Gábriel R, Wilhelm M, Straznicky C (1992) Microtubule-associated protein 2 (MAP2)-
immunoreactive neurons in the retina of Bufo marinus: colocalisation with 
tyrosine hydroxylase and serotonin in amacrine cells. Cell Tissue Res 269:175-
182. 

Gales R, Williams C, Ritz D (1990) Foraging behaviour of the little penguin, Eudyptula 
minor: initial results and assessment of instrument effect. J Zool 220:61-85. 

Gatome CW, Slomianka L, Lipp HP, Amrein I (2010a) Number estimates of neuronal 
phenotypes in layer II of the medial entorhinal cortex of rat and mouse. 
Neuroscience 170:156-165. 

Gatome CW, Slomianka L, Mwangi DK, Lipp HP, Amrein I (2010b) The entorhinal 
cortex of the Megachiroptera: a comparative study of Wahlberg's epauletted 
fruit bat and the straw-coloured fruit bat. Brain Struct Funct 214:375-393. 

Glaser EM, Wilson PD (1998) The coefficient of error of optical fractionator 
population size estimates: a computer simulation comparing three estimators. 
J Microsc 192:163-171. 

Gomes FL, Silveira LCL, Saito CA, Yamada ES (2005) Density, proportion, and 
dendritic coverage of retinal ganglion cells of the common marmoset 
(Callithrix jacchus jacchus). Braz J Med Biol Res 38:915-924. 

Gundersen HJG (1977) Notes on the estimation of the numerical density of arbitrary 
profiles: the edge effect. J Microsc 111:219-223. 

Hackett SJ, Kimball RT, Reddy S, Bowie RCK, Braun EL, Braun MJ, Chojnowski JL, Cox 
WA, Han KL, Harshman J, Huddleston CJ, Marks BD, Miglia KJ, Moore WS, 
Sheldon FH, Steadman DW, Witt CC, Yuri T (2008) A phylogenomic study of 
birds reveals their evolutionary history. Science 320:1763-1768. 

Hanke FD, Peichl L, Dehnhardt G (2009) Retinal Ganglion Cell Topography in Juvenile 
Harbor Seals (Phoca vitulina). Brain Behav Evol 74:102-109. 

Hart NS (2002) Vision in the peafowl (Aves : Pavo cristatus). J Exp Biol 205:3925-
3935. 

Hart NS, Coimbra JP, Collin SP, Westhoff G (2012) Photoreceptor types, visual 
pigments, and topographic specializations in the retinas of hydrophiid sea 
snakes. J Comp Neurol 520:1246-1261. 

Hayes B, Martin GR, Brooke ML (1991) Novel area serving binocular vision in the 
retinae of procellariiform seabirds. Brain Behav Evol 37:79-84. 

Hayes BP, Brooke ML (1990) Retinal ganglion cell distribution and behaviour in 
procellariiform seabirds. Vision Res 30:1277-1289. 

Hemmi JM, Grunert U (1999) Distribution of photoreceptor types in the retina of a 
marsupial, the tammar wallaby (Macropus eugenii). Vis Neurosci 16:291-302. 

Howland HC, Sivak JG (1984) Penguin vision in air and water. Vision Res 24:1905-
1909. 



 

61 

 

Hughes A (1977) The topography of vision in mammals of contrasting life style: 
comparative optics and retinal organisation. Handbook of sensory physiology 
7:5: Australian National University. 

Kern A, Siebert U, Cozzi B, Hof PR, Oelschlager HHA (2011) Stereology of the 
neocortex in Odontocetes: qualitative, quantitative, and functional 
Implications. Brain Behav Evol 77:79-90. 

Klomp NI, Wooller RD (1988) Diet of little penguins, Eudyptula minor, from Penguin 
Island, western Australia. Marine and Freshwater Research 39:633-639. 

Kooyman GL, Cherel Y, Le Maho Y, Croxall JP, Thorson PH, Ridoux V, Kooyman CA 
(1992) Diving behavior and energetics during foraging cycles in king penguins. 
Ecol Monogr 143-163. 

Ksepka DT, Ando T (2011) Penguins past, present, and future: trends in the evolution 
of the Sphenisciformes. Living dinosaurs: the evolutionary history of modern 
birds Oxford: Wiley p 155-186. 

Livezey BC, Zusi RL (2007) Higher-order phylogeny of modern birds (Theropoda, Aves 
: Neornithes) based on comparative anatomy. II. Analysis and discussion. Zool 
J Linn Soc 149:1-95. 

Martin GR (1999) Eye structure and foraging in King Penguins Aptenodytes 
patagonicus. Ibis 141:444-450. 

Martin GR, Young SR (1984) The eye of the Humboldt Penguin, Spheniscus humboldti: 
visual fields and schematic optics. Proc R Soc Lond B Biol Sci 223:197-222. 

Martínez I (1992) Family Spheniscidae (penguins). Handbook of the Birds of the World 
1:140-172. 

Mass AM, Supin AY (1992) Peak density, size and regional distribution of ganglion cells 
in the retina of the Fur Seal Callorhinus ursinus. Brain Behav Evol 39:69-76. 

Mass AM, Supin AY (2003) Retinal topography of the harp seal Pagophilus 
groenlandicus. Brain Behav Evol 62:212-222. 

Mass AM, Supin AY (2005) Ganglion cell topography and retinal resolution of the 
Steller sea lion (Eumetopias jubatus). Aquat Mamm 31:393-402. 

Mass AM, Supin AY (2010) Retinal ganglion cell layer of the caspian seal Pusa caspica: 
topography and localization of the high-resolution area. Brain Behav Evol 
76:144-153. 

Peichl L (1991) Alpha ganglion cells in mammalian retinae: common properties, 
species differences, and some comments on other ganglion cells. Vis Neurosci 
7:155-169. 

Peichl L (1992) Topography of ganglion cells in the dog and wolf retina. J Comp 
Neurol 324:603-620. 

Peichl L, Němec P, Burda H (2004) Unusual cone and rod properties in subterranean 
African mole-rats (Rodentia, Bathyergidae). Eur J Neurosci 19:1545-1558. 

Peichl L, Ott H, Boycott BB (1987) Alpha ganglion cells in mammalian retinae. Proc R 
Soc Lond B Biol Sci 169-197. 



 

62 

 

Petry HM, Erichsen JT, Szél Á (1993) Immunocytochemical identification of 
photoreceptor populations in the tree shrew retina. Brain Res 616:344-350. 

Pettigrew JD, Dreher B, Hopkins CS, McCall MJ, Brown M (1988) Peak density and 
distribution of ganglion cells in the retinae of microchiropteran bats: 
implications for visual acuity. Brain Behav Evol 32:39-56. 

Reilly PN, Cullen JM (1981) The little penguin Eudyptula minor in Victoria, II: 
Breeding. Emu 81:1-19. 

Reuter T, Peichl L (2008) Structure and function of the retina in aquatic tetrapods. 
Sensory Evolution on the Threshold–Adaptations in Secondarily Aquatic 
Vertebrates (Thewissen JGM, Nummela S, eds) 149-172. 

Ropert-Coudert Y, Kato A, Wilson RP, Cannell B (2006) Foraging strategies and prey 
encounter rate of free-ranging Little Penguins. Mar Biol 149:139-148. 

Saper CB, Sawchenko PE (2003) Magic peptides, magic antibodies: guidelines for 
appropriate controls for immunohistochemistry. J Comp Neurol 465:161-163. 

Schiviz AN, Ruf T, Kuebber-Heiss A, Schubert C, Ahnelt PK (2008) Retinal cone 
topography of artiodactyl mammals: Influence of body height and habitat. J 
Comp Neurol 507:1336-1350. 

Schmitz C, Hof PR (2005) Design-based stereology in neuroscience. Neuroscience 
130:813-831. 

Silveira LCL, Picanço-Diniz CW, Oswaldo-Cruz E (1989) Distribution and size of 
ganglion cells in the retinae of large Amazon rodents. Vis Neurosci 2:221-235. 

Sivak J, Howland HC, McGill-Harelstad P (1987) Vision of the Humboldt penguin 
(Spheniscus humboldti) in air and water. Proc R Soc Lond B Biol Sci 229:467-
472. 

Sivak JG (1976) The role of a flat cornea in the amphibious behaviour of the 
blackfoot penguin (Spheniscus demersus). Can J Zool 54:1341-1345. 

Sivak JG, Millodot M (1977) Optical performance of the penguin eye in air and water. 
J Comp Physiol A-Sens Neural Behav Physiol 119:241-247. 

Slomianka L, West MJ (2005) Estimators of the precision of stereological estimates: 
an example based on the CA1 pyramidal cell layer of rats. Neuroscience 
136:757-767. 

Snyder AW, Miller WH (1977) Photoreceptor diameter and spacing for highest 
resolving power. JOSA 67:696-698. 

Sterio DC (1984) The unbiased estimation of number and sizes of arbitrary particles 
using the disector. J Microsc 134:127-136. 

Stone J (1981) The wholemount handbook: a guide to the preparation and analysis of 
retinal wholemounts: Maitland Publications. 

Stone J (1983) Parallel processing in the visual system New York: Plenum Press. 

Suburo AM, Herrero MV, Scolaro JA (1991) Regionalization of the ganglion cell layer in 
the retina of the Magellanic penguin (Spheniscus magellanicus). Colonial 
Waterbirds 17-24. 



 

63 

 

Suburo AM, Scolaro JA (1999) Environmental adaptations in the retina of the 
Magellanic penguin: photoreceptors and outer plexiform layer. Waterbirds 
22:111-119. 

Tancred E (1981) The distribution and sizes of ganglion cells in the retinas of five 
Australian marsupials. J Comp Neurol 196:585-603. 

Tucker RP, Matus AI (1987) Developmental regulation of two microtubule-associated 
proteins (MAP2 and MAP5) in the embryonic avian retina. Development 
101:535-546. 

Viereck C, Tucker RP, Binder LI, Matus A (1988) Phylogenetic conservation of brain 
microtubule-associated proteins MAP2 and tau. Neuroscience 26:893-904. 

Wässle H (2004) Parallel processing in the mammalian retina. Nature Reviews 
Neuroscience 5:747-757. 

Wässle H, Peichl L, Boycott BB (1981) Morphology and topography of on-and off-alpha 
cells in the cat retina. Proc R Soc Lond B Biol Sci 212:157-175. 

Watanabe M, Rodieck RW (1989) Parasol and midget ganglion cells of the primate 
retina. J Comp Neurol 289:434-454. 

Wathey JC, Pettigrew JD (1989) Quantitative analysis of the retinal ganglion cell 
layer and optic nerve of the barn owl  Tyto alba. Brain Behav Evol 33:279-292. 

West MJ, Slomianka L, Gundersen HJG (1991) Unbiased stereological estimation of 
the total number of neurons in the subdivisions of the rat hippocampus using 
the optical fractionator. The Anatomical Record 231:482-497. 

Williams DR, Coletta NJ (1987) Cone spacing and the visual resolution limit. JOSA A 
4:1514-1523. 

Wood CA (1917) The fundus oculi of birds: especially as viewed by the 
ophthalmoscope; a study in the comparative anatomy and physiology: 
Lakeside Press. 

Yamada ES, Silveira LCL, Perry VH, Franco ECS (2001) M and P retinal ganglion cells 
of the owl monkey: morphology, size and photoreceptor convergence. Vision 
Res 41:119-131. 





 

65 

 

 

 

 

 

3 
 

3. SPECIALISATIONS IN THE RETINAL 

GANGLION CELL LAYER CORRELATE WITH 

LATERALISED VISUAL BEHAVIOUR, 

ECOLOGY AND EVOLUTION IN COCKATOOS 
 

 

 

João Paulo Coimbra 

Shaun P. Collin 

Nathan S. Hart 

 

 

 

 

 



 

66 

 

3.1.  ABSTRACT 

 

Cockatoos are a unique avian group that exhibit sophisticated object manipulation 

abilities and inhabit a wide diversity of arboreal and terrestrial microhabitats. Most 

species also display a strong preference for using the left eye to fixate on food items 

and the left foot to manipulate them. However, it is not known whether anatomical 

and/or functional specialisations in the visual system reflect these lateralised 

behaviours and habitat diversity. In this study, we used retinal wholemounts and 

stereological methods to measure the number and topographic distribution of retinal 

ganglion cells in six species of cockatoo with varying degrees of lateralisation within 

the context of foraging behaviour and microhabitat use. All species of cockatoo 

studied possess a horizontal visual streak and a shallow central fovea that afford 

increased spatial resolution in the lateral visual field. In addition, the predominantly 

arboreal cockatoos have a well-defined dorsotemporal specialisation that enhances 

spatial resolution in the frontal and inferior visual fields, which is potentially useful 

for the binocular coordination of manipulatory behaviours. In contrast, in the 

predominantly terrestrial cockatoos the dorsotemporal specialisation is inconspicuous 

or absent, but they possess a characteristic triangular extension of the horizontal 

streak towards the dorsotemporal retina, similar to the dorsotemporal extension 

(anakatabatic area) of artiodactyls. In cockatoos, this triangular specialisation assists 

with grazing and browsing for seeds and tubers by improving resolution within the 

frontal and inferior visual fields. The magnitude of this triangular extension varies 

depending upon the distance of the head of the cockatoo to the ground. Uniquely, 

we also observed significantly higher ganglion cell densities in the left perifoveal 

region (52,000–72,000 cells/mm2) compared to the right perifoveal region (42,500–

50,000 cells/mm2) of cockatoo species that have strong left eye-left foot lateralised 

behaviours. In contrast, cockatoo species that show no preference between left and 

right eyes had equivalent retinal ganglion cell densities in both left and right 

perifoveal regions (42,500–52,500 cells/mm2). Our anatomical data support the 
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behavioural preference exhibited by some cockatoos to use the left eye to fixate on 

objects. In addition, retinal ganglion cell densities in the dorsotemporal 

specialisation showed no significant difference for any of the species studied, 

suggesting that they use both eyes to extract information in the binocular visual field 

independent of the degree of lateralisation.  

 

3.2.  INTRODUCTION 

 

Psittaciform birds (parrots and cockatoos) are an extremely diverse avian radiation 

occupying a variety of environments from enclosed rainforests to open grasslands 

(Collar, 1997; Rowley, 1997). Parrots and cockatoos also display a unique set of 

morphological adaptations to allow the use of the beak and the foot in the 

manipulation of food during foraging and locomotion (Homberger, 2003). The 

diversity in habitat occupation and the need for precise control during foraging and 

locomotion indicate a paramount role for vision. However, despite the clear 

importance vision can play in the guidance of these behaviours, only limited 

information is available on the functional organisation of the visual systems of 

psittaciid birds (Braekevelt and Richardson, 1996; Wilkie et al., 1998; Hart, 2001; 

Carvalho et al. 2011; Lind and Kelber, 2009; Demery et al., 2011; Lind et al., 2012; 

Knott et al., 2013).  

Amongst psittaciform birds, cockatoos are an excellent group to study the 

relationship between retinal organisation and behavioural ecology due to their 

remarkable variation in niche partitioning and occupation of habitat. Most species 

inhabit relatively open environments such as grasslands or canopies where the 

horizon is an obvious feature (Rowley, 1997). However, most large-sized black 

cockatoos (Calyptorhynchus spp.; Fig. 3.1 A) show strong preference to arboreal 

microhabitats mainly foraging for large seedpods amongst branches at the top of 

trees and rarely descending to forage on the ground (Rowley, 1997). Other sympatric 
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medium-sized species such as corellas (Cacatua spp.; Fig. 3.1 B,C) and galahs 

(Eolophus roseicapillus; Fig. 3.1 D) have a more generalised diet consisting of large 

seeds, grass seeds and tubers collected from the ground (Rowley, 1997). The smallest 

cockatoo species, the cockatiel (Nymphicus hollandicus), is native from arid zones in 

central Australia, feeding on small grass seeds also collected from the ground 

(Rowley, 1997).  

 

Figure 3.1. Photographs illustrating some species of cockatoos studied. (A) red-tailed 
black cockatoo (Calyptorhynchus banskii) in a typical foraging posture holding a large 
seed to the beak in the frontal visual field; (B) Long-billed corella (Cacatua 
tenuirostris) and (C) little corella (Cacatua sanguinea) perching on trees; (D) galah 
(Eolophus roseicapillus) foraging on the ground holding grass in the beak. Photo 
credits to Perth Zoo (A); Joan Costa (B,C) and João Paulo Coimbra (D).  
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Cockatoos display sophisticated praxic abilities during foraging, which also vary 

amongst species. The majority of species exhibit a high degree of behavioural 

lateralisation by using a preferred eye and foot to locate and manipulate food items, 

respectively (Magat and Brown, 2009; Brown and Magat, 2011a; Brown and Magat, 

2011b). Black cockatoos and corellas show a strong bias for use of their left eye for 

fixation and their left foot to collect seedpods, fruit and tubers (Magat and Brown, 

2009; Brown and Magat, 2011a). This asymmetry is consistently reflected at a 

population level with most members of a given species exhibiting the lateralised 

behaviour to their preferred side (Magat and Brown, 2009; Brown and Magat, 2011a; 

Brown and Magat, 2011b). On the other hand, other species of cockatoo do not 

display any lateralised behaviours during foraging. For example, galahs utilise both 

the right and left eyes and feet to execute the same behaviours other cockatoos 

perform with their left side only (Magat and Brown, 2009; Brown and Magat, 2011a) 

and cockatiels (Nymphicus hollandicus) do not use their feet but only their beak to 

collect food (Magat and Brown, 2009; Brown and Magat, 2011a).  

An intimate relationship between the topographic distribution of retinal neurons and 

the environment and lifestyle has been reported in many vertebrates (Hughes, 1977; 

Collin, 1999). An elongated topographic specialisation (horizontal streak) is usually 

present in species that live in open environments and facilitate the sampling of 

objects across the horizontal visual field with enhanced spatial resolution and 

without the need for extensive head and eye rotations (Hughes, 1977; Collin, 1999). 

Concentric specialisations of high neuronal density (areas and foveas) are usually 

present in species that live in more enclosed environments and/or only require 

enhanced spatial resolution over a more restricted part of the visual field (Hughes, 

1977; Collin, 1999). In addition to habitat structure, variations in the location and 

magnitude of retinal specialisations often correlates with foraging behaviour in many 

species (Hughes, 1977; Collin, 1999). In grazing and browsing terrestrial vertebrates, 

the temporal portion of the horizontal streak often forms a dorsotemporal extension 
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(anakatabatic area) that enhances spatial resolution in the frontal and inferior visual 

fields. In artiodactyls, the magnitude of this specialisation is clearly related to the 

distance from the head to the ground (Hughes and Whitteridge, 1973; Hughes, 1977; 

Schiviz et al., 2008; Shinozaki et al., 2010; Coimbra et al., 2013). 

Concentric specialisations occur in different retinal locations. Many birds possess a 

combination of two concentric areas, one in the central retina and the other in the 

temporal peripheral retina that increase resolution at portions of the lateral and 

frontal visual fields, respectively (Bingelli and Paule, 1969; Hayes and Holden, 1983; 

Moroney and Pettigrew, 1987; Inzunza et al., 1991; Coimbra et al., 2006; Coimbra et 

al., 2009). For species in which the inferior visual field is most relevant for foraging, 

such as the pigeon, Columba livia, the presence of a dorsal concentric area assists in 

the detection of food items on the ground in addition to the visual guidance of 

pecking (Bingelli and Paule, 1969; Hayes and Holden, 1983).  

Despite the clear importance of vision in the ecology and lateralised feeding 

behaviours of cockatoos, nothing is known about how their retinas are 

topographically organised to sample features of their environments and assist with 

their beak-foot interactions during foraging. Therefore, we studied a range of 

cockatoo species to investigate whether the number and topographic distribution of 

retinal ganglion cells reflect any variation in their niche occupation and/or 

lateralised behaviours. We compared left and right retinas of highly left-lateralised 

(black cockatoos and corellas) and non-lateralised (galah, cockatiel) species of 

cockatoos to test the following hypotheses: (1) Species of cockatoos that inhabit 

predominantly open environments will possess a horizontal streak; (2) Species 

occupying arboreal compared to terrestrial habitats will possess less prominent 

streaks; (3). In combination with a horizontal streak, the retina will contain central 

and dorsal specialisations to assist with the detection and manipulation of food; (4) 

Predominantly terrestrial species of cockatoos will possess a specialisation similar to 

the dorsotemporal extension observed in artiodactyls and that its magnitude will also 
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vary depending on the distance from the cockatoo’s head to the ground during 

foraging; (5) Higher ganglion cell densities will be found in the central and dorsal 

retinal specialisations in the left eye of lateralised species of cockatoos that use 

their left foot during foraging; and (6) Equivalent ganglion cell densities will be found 

in the central and dorsal retinal specialisations between left and right eyes of non-

lateralised species of cockatoos.  

 

3.3.  MATERIALS AND METHODS 

 

3.3.1.  Specimens 

 

We analysed a total of 15 right and 15 left eyes obtained from six species of 

cockatoos. Eyes from endangered black cockatoos (red-tailed black cockatoo, 

Calyptorhynchus banksii Latham 1790, n = 2; white-tailed or Carnaby’s black 

cockatoo, C. latirostris Carnaby 1948, n = 2) were collected from individuals 

euthanised for humane reasons at the Veterinary Hospital at Perth Zoo, Western 

Australia. Eyes from two corella species (long-billed corella, Cacatua tenuirostris 

Kuhl 1820, n = 3; and little corella, C. sanguinea Gould 1843, n = 3) were obtained 

from individuals euthanized during a cull performed by the Department of  

Environment and Conservation (DEC), Western Australia. Eyes from galahs (Eolophus 

roseicapillus Vieillot 1817, n = 3) and cockatiels (Nymphicus hollandicus Kerr 1792, n 

= 2) were collected from individuals euthanized at Wattle Grove Veterinary Hospital, 

Perth, Western Australia. Eyes from specimens obtained through veterinary hospitals 

were collected from birds that had to be euthanized due to injuries that prevented 

rehabilitation. All procedures in this investigation were approved by The University of 

Western Australia Ethics Committee (AEC # RA/3/100/927).  
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3.3.2.  Tissue processing and preparation of Nissl-stained retinal wholemounts 

 

Eyes were enucleated in the field or at the veterinary hospital. The cornea and lens 

were removed and the eyecup was fixed in 4% paraformaldehyde in 0.1M phosphate 

buffer (PB, pH = 7.2–7.4) for approximately 2 hours. After this period, fixation was 

stopped by transferring the eyecups to phosphate buffered saline (PBS, pH = 7.2–7.4). 

Eyecups were then stored in PBS containing 0.1% sodium azide. Retinal wholemounts 

were dissected and processed following standard methods (Stone, 1981; Coimbra et 

al., 2006). Retinal orientation was given by the position of the pecten, which is 

located in the ventral retina (Wood, 1917). Remnants of the retinal pigment 

epithelium still attached to the retinal wholemounts were bleached in a solution of 

3% hydrogen peroxide in PBS (pH = 7.2–7.4) for approximately 12 hours at room 

temperature (Coimbra et al., 2009). After bleaching, retinas were rinsed overnight in 

PBS and flattened onto a gelatinized slide with the ganglion cell layer uppermost. To 

improve fixation of the retinal wholemount, ensure adhesion onto the slide, and 

augment differentiation of cells during staining, the retinal preparation was 

incubated in formaldehyde vapors at room temperature overnight (Stone, 1981). 

Retinal wholemounts were then rehydrated through a descending alcohol series, 

stained for 20 minutes with an aqueous solution of 0.1% of cresyl violet (Sigma), 

dehydrated in an alcohol series, cleared in xylene and finally mounted with Entellan 

New (Merck) (Coimbra et al., 2006). As retinal wholemounts were attached to the 

slide during all staining steps, shrinkage is negligible and confined to the borders of 

the ora serrata and edges of radial cuts (Wässle et al., 1981; Peichl, 1992).   

 

3.3.3. Stereological assessment of total number and topographic distribution of 

retinal ganglion cells  

 

Using the optical fractionator method (West et al., 1991) with modifications for the 

use in retinal wholemounts (Coimbra et al., 2009), we estimated the total number 
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and the topographic distribution of retinal ganglion cells in the ganglion cell layer of 

cockatoos. Briefly, the retina was considered as one single section and therefore the 

section sampling fraction (ssf) was 1. The cockatoo ganglion cell layer predominantly 

comprises a single layer of neurons except in the central fovea, where four to five 

sublaminae were observed. As all neurons were identified by focussing through the 

ganglion cell layer, both in the periphery and within the fovea, the optical disector 

height was the same as the thickness of the ganglion cell layer at all eccentricities 

giving a thickness sampling factor (tsf) of 1. Therefore, only the area sampling 

fraction (asf), which is the ratio between the counting frame and the sampling grid, 

was used to estimate the total number of retinal ganglion cells according to the 

following algorithm: 

N total = ΣQ x 1/asf 

where ΣQ is the sum of total neurons counted (West et al., 1991).  

The outlines of the Nissl-stained retinal wholemounts were digitized using a 4x/NA 

0.13 objective on a microscope (Olympus BX50) equipped with a motorized stage 

(MAC200; Ludl Electronics Products, USA) and connected to a computer running 

Stereo Investigator software (Microbrightfield, USA). The ganglion cell layer was 

outlined close to the limits of the retinal borders (at the ora serrata) and along the 

radial cuts but excluding other retinal layers that can be seen in transverse view 

after wholemounting. The outline of the base of the pecten was subtracted from the 

total ganglion cell layer area. In cockatoo retinas, cell density in the ganglion cell 

layer appeared low at peripheral eccentricities, changing steeply to form a fovea in 

the central part of the retina (Fig. 3.2 A, B). At low magnification, the position of 

the central fovea could be easily delineated by a localised increase in cell density 

(Fig. 3.2 B). The centre of the fovea, or foveola, was also demarcated using the base 

of the foveal slope as a criterion to establish its perimeter (Fig. 3.2 C). We used 

optimal stereological sampling schemes in high (fovea) and low (midperiphery and 
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periphery) density regions to quantify the total number and topographic distribution 

of ganglion cells.  

 

Figure 3.2. Anatomical criteria used to demarcate the foveal region in the cockatoo 
retinal wholemounts. Note the presence of a central fovea represented by a darker 
stained region close to the pecten (p) tip and indicated by an arrowhead (A). Higher 
magnification of the foveal region (B): thicker dashed lines demarcate the limits of 
the perifoveal region as defined by the increase of cell density in this region; thinner 
dashed lines demarcate the centre of the fovea, or foveola. Higher magnification at 
the foveola (C), dashed lines delineate the limits of the foveola at the base of the 
foveal slope as indicated by the lack of focus at the edges. Photomicrographs of the 
retinal ganglion cell layer of the red-tailed black cockatoo illustrating the cytological 
criteria used to distinguish ganglion cells from amacrine and glial cells at regions of 
low (D), moderate (E) and high density (F). Note that the same cytological profiles 
are clearly observed in the regions illustrated. The same cytological criteria were 
applicable to all other cockatoo species studied. gc, ganglion cell; a, amacrine cell, 
g, glial cell. N, nasal; V, ventral. Scale bars = 2.5 mm in A; 200 µm in B; 50 µm in C; 
25 µm in D, E, F. 

 

We used cytological criteria proposed by Ehrlich (1981) to distinguish retinal ganglion 

cells from amacrine and glial cells in the avian ganglion cell layer. Cell profiles 

showing polygonal soma with dense accumulation of Nissl substance in the cytoplasm, 

an eccentric nucleus and a prominent nucleolus were classified as retinal ganglion 
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cells. Smaller, rounder and more lightly-stained profiles, with no evident Nissl 

substance in the cytoplasm and a characteristic teardrop-shaped cell body, were 

classified as amacrine cells. Darkly stained profiles displaying a small, round or 

slightly elongated cell body were recognized as glial cells. These cytological criteria 

were consistent at all eccentricities and were unambiguously applicable in low and 

high density regions in the retinas of cockatoos (Fig. 3.2 D, E, F). Because retinal 

ganglion cells were reliably identified at all eccentricities across the retinas of both 

species, we opted to exclude amacrine and glial cells from the counting procedures. 

Counting frame and sampling grid sizes used to estimate the total number and 

topographic distribution of ganglion cells in the fovea, foveola and across the retinal 

periphery in all cockatoo species are listed in Table 3.1. Sampling grids were placed 

in a random, uniform and systematic fashion covering the area of each contour. Using 

a 60x/NA 1.35 oil immersion objective, only ganglion cells that lay entirely within the 

counting frame or intersected the acceptance lines without touching the rejection 

lines were counted at each sampling site (Gundersen, 1977; Sterio, 1984). We 

counted approximately 20 sampling points in the foveola, 50 in the perifoveal region 

and 200 in the rest of the retina (midperipheral/peripheral regions). These 

stereological parameters were chosen on the basis of a pilot experiment to achieve a 

mean Schaeffer coefficient of error (CE) < 0.1, which is deemed appropriate in the 

present study because variance introduced by the counting procedures contributes 

very little to the observed group variance (Glaser and Wilson, 1998; Slomianka and 

West, 2005).  
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Table 3.1. Stereological parameters defined to estimate the total number and 
topographic distribution of ganglion cells in the ganglion cell layer of the cockatoo 
species using the optical fractionator method. 

 

Species/ 
Sampling region 

Counting 
frame 

(µm x μm) 

Grid 
(µm x μm) 

Area 
sampling 
fraction 

C. banksii    
Periphery 50 x 50 1350 x 1350 0.0014 
Fovea  20 x 20 150 x 150 0.0178 
Foveola 20 x 20 30 x 30 0.4444 
Dorsotemporal region 50 x 50 350 x 350 0.0204 
    

C. latirostris    
Periphery 50 x 50 1550 x 1550 0.0010 
Fovea  20 x 20 150 x 150 0.0178 
Foveola 20 x 20 30 x 30 0.4444 
Dorsotemporal region 50 x 50 350 x 350 0.0204 
    

C. tenuirostris    
Periphery 50 x 50 1200 x 1200 0.0017 
Fovea  20 x 20 150 x 150 0.0178 
Foveola 20 x 20 30 x 30 0.4444 
Dorsotemporal region 50 x 50 300 x 300 0.0278 
    

C. sanguinea    
Periphery 50 x 50 1150 x 1150 0.0019 
Fovea  20 x 20 150 x 150 0.0178 
Foveola 20 x 20 30 x 30 0.4444 
Dorsotemporal region 50 x 50 300 x 300 0.0278 
    

E. roseicapillus    
Periphery 50 x 50 1150 x 1150 0.0019 
Fovea  20 x 20 100 x 100 0.0400 
Foveola 20 x 20 30 x 30 0.4444 
Dorsotemporal region 50 x 50 300 x 300 0.0278 
    

N. hollandicus    
Periphery 50 x 50 900 x 900 0.0031 
Fovea  20 x 20 100 x 100 0.0400 
Foveola 20 x 20 30 x 30 0.4444 
Dorsotemporal region 50 x 50 250 x 250 0.0400 

 

To map the topographic distribution of ganglion cells in cockatoos, cell counts at 

each sampling site were converted to an equivalent cell density per square 

millimeter. We used Arcview 3.2 software (ESRI, Redlands, CA) to construct 

topographic maps depicting the distribution of ganglion cells in the retinas of both 

species using the spline interpolation method (Coimbra et al., 2006).  

 

3.3.4. Anatomical estimation of spatial resolving power  

 

The centrifugal displacement of retinal ganglion cell densities from the foveola 

makes the estimation of the effective maximum sampling density of ganglion cells 

problematic in foveate specialisations. In this case, allowance for this displacement 
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must be made using the lengths of cone fibers (Henle fibers) to obtain the actual 

retinal ganglion cell density that sample the output of the foveal cone array 

(Missotten, 1974; Schein, 1988; Wässle et al., 1990; Wilder et al., 1996). However, 

the sampling density of retinal ganglion cells in the perifoveal region may not be the 

best indicator of the limits of spatial resolution given that retinal ganglion cells 

outnumber the density of cones in this region, therefore, giving cone to ganglion cell 

ratios of 1:2 or 1:4 (Perry and Cowey, 1988; Wässle et al., 1990; Curcio and Allen, 

1990). Alternatively, in the foveola, cone peak density is the best proxy to estimate 

the Nyquist limits of spatial resolution and provides results consistent with 

behavioural estimates of visual acuity (Reymond, 1985; Reymond, 1987; Troilo et al., 

1993). As no information is available about the lengths of Henle fibers, convergence 

ratio of cones to retinal ganglion cells or the peak density of cones in the foveola of 

cockatoos, we were not able to estimate the spatial resolving power in their central 

fovea. However, as the dorsotemporal area in cockatoos is not associated with any 

indentation and ganglion cell densities are not displaced laterally, we used retinal 

ganglion cell densities as a proxy to estimate the upper limits of spatial resolution in 

this specialisation.  

To estimate the posterior nodal distance (PND) of the eyes of the species of 

cockatoos studied, we multiplied the axial length by 0.67 according to the ratio 

between PND and axial length described for diurnal species (Pettigrew et al., 1988). 

All species of cockatoo studied here are diurnal (Rowley, 1997).  

To estimate the retinal magnification factor (RMF), which represents the distance in 

retinal surface that subtends one degree, we used the equation (Pettigrew et al., 

1988):  

RMF=2πPND/360 

We assumed that retinal ganglion cells in the dorsotemporal specialisation of 

cockatoos were organized in a triangular lattice (often described as a hexagonal 
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lattice) because this arrangement allows for the minimum center-to-center spacing 

amongst cells (Williams and Coletta, 1987). We used the peak density of retinal 

ganglion cells (D) to estimate the highest spatial frequency as determined by the 

Nyquist limits of spatial resolution according to the following equation (Snyder and 

Miller, 1977; Williams and Coletta, 1987): 

fN = 0.5 x RMF x (2D √ )1/2 

The anatomical estimates of spatial resolving power using the total peak density of 

retinal ganglion cells in the dorsotemporal area of cockatoos should be considered as 

upper limits of retinal resolution because it is not known whether all retinal ganglion 

cell types in this region are involved in fine discrimination tasks (Wässle, 2004; 

Reuter and Peichl, 2008).  

 

3.3.5. Qualitative assessment of foveal organisation in cryosections 

 

We used left and right eyes from the lateralised long-billed corella (C. tenuirostris, n 

= 1) and the non-lateralised galah (E. roseicapillus, n = 1) to evaluate qualitatively 

the morphology of the central fovea. Retinal pieces (approximately 5 x 5 mm) 

containing the fovea and the tip of the pecten (used for orientation) were 

cryoprotected in a series of solutions containing 10%, 20% and 30% sucrose in 0.1M 

PB. Cryoprotected retinal pieces were then incubated in 14% gelatin in 30% sucrose in 

0.1M PB at 45°C for 3h (Querubin et al., 2009). Subsequently, a thin layer of 

gelatine-sucrose solution was placed on a small Petri dish and allowed to set in the 

fridge for one minute. On the top of this layer, retinal pieces were mounted flat, 

covered again with gelatine-sucrose solution and allowed to set in the fridge for one 

minute. Gelatin blocks were allowed to equilibrate at -20°C for 1h, covered with 

OCT medium and then sectioned at 20 μm using a cryostat. Sections were collected 

free-floating in 0.1M PB. Under microscopic inspection, sections containing a pit 

were collected, mounted onto gelatinised slides and allowed to dry at room 



 

79 

 

temperature overnight. Sections were then stained with 0.1% cresyl violet, 

dehydrated, cleared and mounted with Entellan New (Coimbra et al., 2006).  

 

3.3.6.  Photographic documentation 

 

Photomicrographs were obtained using a digital camera (Microfire, Optronics, CA) 

coupled to a Stereo Investigator system. Digital photomicrographs were processed 

using Adobe Photoshop CS2 (San Jose, CA) for scaling and minor adjustment of the 

levels of brightness and contrast. 

 

3.3.7.  Statistical analyses 

 

We used non-parametric Kruskal-Wallis test and Dunn’s test post hoc analyses for 

multiple comparisons (α = 0.05) to compare retinal ganglion cell densities between 

left and right retinas of all species of cockatoos. We used Graphpad Prism 6 to 

perform statistic analyses and construct graphs.  

 

3.4.  RESULTS 

 

3.4.1.  Stereological assessment of the total number of ganglion cells in left and 

right retinas  

 

We estimated the total number of ganglion cells in left and right retinas by summing 

the optical fractionator estimates in each demarcated region. The total number of 

retinal ganglion cells varied from approximately 900,000 to 2,000,000 across the six 

species of cockatoos (Table 3.2). We observed relatively higher numbers of retinal 

ganglion cells in lateralised species (C. banksii, C. latirostris, C. tenuirostris and C. 

sanguinea) ranging from approximately 1,700,00 to 2,000,000 in contrast to lower 
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numbers from approximately 900,000 to 1,500,000 retinal ganglion cells in non-

lateralised species (E. roseicapillus and N. hollandicus) (Table 3.2). We did not 

detect any significant difference in the total number of retinal ganglion cells 

between right and left eyes in the cockatoo species studied (p > 0.9999). The mean 

Schaeffer CE ranged from 0.038 to 0.061 amongst cockatoo species studied (Table 

3.2). The variance introduced by methodological procedures should not be higher 

than 50% of the observed group variance, giving a CE2/CV2 ratio of less than 0.5 

(Slomianka and West, 2005). We calculated the CE2/CV2 ratio for the long-billed and 

little corellas and the galah as we had the minimum of number of specimens (N=3) to 

calculate this ratio. Our CE2/CV2 ratio estimates were less than 0.5 for left and right 

retinas of the long-billed (C. tenuirostris) and little (C. sanguinea) corellas (Table 

3.3). Our slightly higher CE2/CV2 ratios of 0.61 (left retina) and 0.5 (right retina) of 

the galah (E. roseicapillus) (Table 3.3) is not indicative of variability introduced by 

the stereological procedures (mean CE = 0.046 in both left and right retinas), but 

instead due to small group variance (Table 3.3).  
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Table 3.2. Quantitative data obtained from retinal wholemounts of the cockatoo 
species using the optical fractionator method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen/ 
Sampling region 

Left retina 
 

 Right retina 

Area 
(mm

2
) 

Number 
of sites 

Number of 
ganglion cells 

CE  Area 
(mm

2
) 

Number 
of sites 

Number of 
ganglion cells 

CE 

C. banksii          
Cba001          
Periphery 439.508 236 1,753,974 0.056  397.598 215 1,566,621 0.047 
Fovea  1.24 59 47,081 0.039  1.29 58 38,756 0.029 
Foveola 0.010 18 324 0.070  0.011 18 348 0.061 
Total   1,801,379     1,605,725  
Mean     0.055     0.046 
          
Cba002          
Periphery 381.067 209 1,697,112 0.055  380.870 204 1,571,724 0.050 
Fovea  1.16 51 45,731 0.026  1.07 51 36,900 0.030 
Foveola 0.014 24 445 0.063  0.010 20 299 0.073 
Total   1,743,288     1,608,923  
Mean     0.048     0.051 
          

C. latirostris          
Cla001          
Periphery 505.974 214 2,023,866 0.059  475.103 201 2,044,047 0.051 
Fovea  1.44 65 53,493 0.026  1.37 64 44,775 0.032 
Foveola 0.011 20 346 0.076  0.012 21 393 0.064 
Total   2,077,705     2,089,215  
Mean    0.054     0.049 
          
Cla002          
Periphery 477.244 201 2,110,356 0.052  463.032 197 2,091,136 0.056 
Fovea  1.43 65 56,812 0.026  1.47 66 48,093 0.026 
Foveola 0.011 18 378 0.051  0.017 25 472 0.049 
Total   2,167,546     2,139,701  
Mean    0.043     0.044 
          

C. tenuirostris          
Cte001          
Periphery 301.461 209 1,939,392 0.048  288.711 201 1,949,760 0.050 
Fovea  1.20 54 52,706 0.024  1.14 52 39,993 0.032 
Foveola 0.010 18 373 0.062  0.008 15 292 0.074 
Total   1,992,471     1,990,045  
Mean    0.045     0.052 
          
Cte002          
Periphery 289.064 202 1,667,520 0.050  295.465 206 1,709,568 0.049 
Fovea  1.17 55 48,768 0.031  0.79 38 26,043 0.060 
Foveola 0.009 16 288 0.063  0.006 13 231 0.075 
Total   1,716,576     1,735,842  
Mean    0.048     0.061 
          
Cte003          
Periphery 335.884 235 1,904,256 0.051  340.557 237 1,988,928 0.049 
Fovea  1.19 54 55,575 0.029  0.81 36 31,668 0.021 
Foveola 0.012 18 479 0.055  0.007 15 294 0.076 
Total   1,960,310     2,020,890  
Mean    0.045     0.049 
          

C. sanguinea          
Csa001          
Periphery 293.482 219 1,721,895 0.046  295.748 223 1,766,860 0.045 
Fovea  1.25 57 56,193 0.026  1.38 62 51,018 0.030 
Foveola 0.016 25 506 0.050  0.018 26 567 0.050 
Total   1,778,594     1,818,445  
Mean    0.041     0.042 
          
Csa002          
Periphery 271.739 207 1,451,576 0.051  272.123 206 1,460,569 0.050 
Fovea  1.10 50 47,250 0.041  1.08 51 43,087 0.029 
Foveola 0.011 20 360 0.78  0.019 29 657 0.045 
Total   1,499,186     1,504,313  
Mean    0.057     0.041 
          
Csa003          
Periphery 282.882 214 1,579,594 0.050  276.379 210 1,537,803 0.049 
Fovea  1.12 53 48,375 0.031  0.86 36 29,193 0.026 
Foveola 0.008 17 234 0.073  0.012 21 407 0.063 
Total   1,628,203     1,567,403  
Mean    0.051     0.046 
          

E. roseicapillus          
Ero001          
Periphery 292.159 221 1,489,664 0.050  276.576 208 1,413,488 0.047 
Fovea  0.60 59 18,375 0.030  0.59 60 21,500 0.036 
Foveola 0.013 20 324 0.054  0.014 21 492 0.042 
Total   1,508,363     1,435,480  
Mean    0.045     0.042 
          
Ero002          
Periphery 264.008 204 1,376,987 0.052  272.354 204 1,396,560 0.049 
Fovea  0.53 53 20,675 0.032  0.57 58 20,575 0.025 
Foveola 0.018 26 706 0.040  0.016 25 526 0.061 
Total   1,398,368     1,417,661  
Mean    0.041     0.045 
          
Ero003          
Periphery 249.926 195 1,551,028 0.050  252.568 197 1,573,775 0.054 
Fovea  0.48 51 19,200 0.034  0.48 51 20,125 0.028 
Foveola 0.008 15 270 0.070  0.006 14 207 0.074 
Total   1,570,498     1,594,107  
Mean    0.051     0.052 
          

N. hollandicus          
Nho001          
Periphery 166.777 207 931,824 0.046  161.911 205 958,716 0.046 
Fovea  0.60 61 20,150 0.026  0.59 61 19,600 0.032 
Foveola 0.013 20 378 0.042  0.013 20 321 0.052 
Total   952,352     978,637  
Mean    0.038     0.043 
          
Nho002          
Periphery 156.499 200 875,124 0.048  159.302 201 886,788 0.052 
Fovea  0.50 52 16,925 0.020  0.48 50 16,275 0.026 
Foveola 0.008 16 204 0.065  0.006 14 171 0.065 
Total   892,253     903,234  
Mean    0.044     0.048 
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Table 3.3. Mean Schaeffer Coefficient of Error (CE), Coefficient of Variance (CV), 
and ratio CE2/CV2 derived from quantitative data of cockatoo retinal wholemounts 
using the optical fractionator method. SD, standard deviation.  

 

 

 

 

 

 

 

 

 

 

 

3.4.2. Topographic distribution of ganglion cells in left and right retinas  

 

Mapping of retinal ganglion cell densities revealed variations in the topographic 

patterns between the different species of cockatoos, but no pronounced topographic 

variations between the left and right retinas within a given species (Figs. 3.3, 3.4, 

3.5). Isodensity lines of 2,500 cells/mm2 revealed a predominantly concentric 

arrangement in all species of cockatoos analysed (Figs. 3.3, 3.4, 3.5). In the red-

tailed (C. banksii) and Carnaby’s (C. latirostris) black cockatoos, isodensity lines 

from 5,000 to 10,000 cells/mm2 become elongated across the nasotemporal meridian 

and define a horizontal visual streak (Fig. 3.3). In contrast, in the long-billed corella 

(C. tenuirostris), isodensity lines from 5,000 to 10,000 cells/mm2 revealed a more 

triangular arrangement (Fig. 3.4). In the little corella (C. sanguinea) and in the galah 

Species/ 
Specimens 

Left retina 
 

 Right retina 

Number of 
ganglion cells 

CE  Number of 
ganglion cells 

CE 

C. tenuirostris      
Cte001 1,992,471 0.045  1,990,045 0.052 
Cte002 1,716,576 0.048  1,735,842 0.061 
Cte003 1,960,310 0.045  2,020,890 0.049 
Mean 1,889,786 0.046  1,915,592 0.054 
SD 150,863 0.002  156,430 0.007 
CV2=SD2 /Mean2 0.0064   0.0067  
CE2 0.0021   0.0029  
CE2/CV2 0.33   0.44  
      

C. sanguinea      
Csa001 1,778,594 0.041  1,818,445 0.042 
Csa002 1,499,186 0.057  1,504,313 0.041 
Csa003 1,628,203 0.051  1,567,403 0.046 
Mean 1,635,328 0.050  1,630,054 0.043 
SD 139,840 0.008  166,173 0.003 
CV2=SD2 /Mean2 0.0073   0.0104  
CE2 0.0025   0.0018  
CE2/CV2 0.34   0.18  
      

E. roseicapillus      
Ero001 1,508,363 0.045  1,435,480 0.042 
Ero002 1,398,368 0.041  1,417,661 0.045 
Ero003 1,570,498 0.051  1,594,107 0.052 
Mean 1,492,410 0.046  1,482,416 0.046 
SD 87,167 0.005  97,137 0.005 
CV2=SD2 /Mean2 0.0034   0.0043  
CE2 0.0021   0.0021  
CE2/CV2 0.61   0.50  
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(E. roseicapillus), isodensity lines from 5,000 to 7,500 cells/mm2 also show a similar 

but slightly less pronounced triangular organisation (Figs. 3.4, 3.5). In the cockatiel, 

isodensity lines from 5,000 to 7,500 cells/mm2 reveal a much less defined triangular 

organisation (Fig. 3.5). In galah and cockatiel, isodensity lines of 10,000 cells/mm2 

become narrower and more elongated towards the nasotemporal meridian 

demarcating a horizontal streak (Figs. 3.4, 3.5). The horizontal streak within the 

triangular area is rather inconspicuous in the long-billed corella but slightly more 

well-defined in the little corella. Isodensity lines from 15,000 to 30,000 cells/mm2  

become more concentric in the central region in all species of cockatoo studied (Figs. 

3.3, 3.4, 3.5).  

In the left retinas of the lateralised species (C. banskii, C. latirostris, C. tenuirostris 

and C. sanguinea), an isodensity line of 40,000 cells/mm2 demarcates the perifoveal 

region containing retinal ganglion cell densities between 50,000 and 70,000 

cells/mm2 (Figs 3.3, 3.4; Table 3.4). In the right retinas of the lateralised species, 

within the limits of the isodensity line of 30,000 cells/mm2, retinal ganglion cell 

densities reach up to 40,000–50,000  cells/mm2 (Figs. 3.3, 3.4; Table 3.4). In left and 

right retinas of non-lateralised species, an isodensity line of 30,000 cells/mm2 

defines the boundaries of the perifoveal region with maximum retinal ganglion cell 

densities reaching up to approximately 42,000–52,000 cells/mm2 (Fig. 3.5, Table 3.4). 

In the foveola of both left and right retinas of lateralised and non-lateralised species, 

retinal ganglion cell densities range from 15,000 to 27,500 cells/mm2 (Table 3.4).  

In the red-tailed and Carnaby’s black cockatoos, topographic mapping of retinal 

ganglion cell densities also revealed the presence of a concentric area located in the 

dorsotemporal retina (Fig. 3.3). In both species, the dorsotemporal area is delineated 

by an isodensity line of 5,000 cells/mm2 (Fig. 3.3). The red-tailed black cockatoo has 

a well-defined dorsotemporal area with retinal ganglion cell densities reaching a 

maximum of approximately 9,000–10,000 cells/mm2, while the Carnaby’s black 

cockatoo has a less pronounced dorsotemporal area with densities reaching up to 
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approximately 7,000 cells/mm2 (Table 3.5). We observed no significant qualitative 

difference in the topographic arrangement of the dorsotemporal area between left 

and right retinas of species of black cockatoos (Fig. 3.3).  

In the long-billed corella, little corella and the galah, an inconspicuous 

dorsotemporal area is present at the most superior vertex of the triangular extension 

(Figs. 3.4, 3.5). In the long-billed corella, isodensity lines of 15,000 cells/mm2 define 

this indistinct specialisation with mean maximum retinal ganglion cell densities of 

approximately 16,000 cells/mm2 (Table 3.5). In both the little corella and galah, an 

isodensity line of 10,000 cells/mm2  defines the dorsotemporal specialisation with 

higher ganglion cell densities reaching only approximately 11,000 cells/mm2 (Table 

3.5). In the long-billed and little corellas, this inconspicuous dorsotemporal area is 

more noticeable in the left retina compared to the right retina (Fig. 3.4). In the 

galah, the inconspicuous dorsotemporal area is similar in both left and right retinas 

(Fig. 3.5). Topographic sampling in the cockatiel retina reveals no indication of a 

dorsotemporal specialisation (Fig. 3.5, Table 3.5).  
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Figure 3.3. Topographic maps showing the distribution of ganglion cell densities in 
left and right retinal wholemounts of the red-tailed black cockatoo, Calyptorhynchus 
banksii (A,B) and the Carnaby’s black cockatoo, Calyptorhynchus latirostris (C,D). 
Numbers on the isodensity lines should be multiplied by 103 to express densities in 
cells/mm2. The oblique strip in the ventral quadrant represents the position of the 
pecten. N, nasal; T, temporal; V, ventral. Scale bars = 2.5 mm.  
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Figure 3.4. Topographic maps showing the distribution of ganglion cell densities in 
left and right retinal wholemounts of the long-billed corella, Cacatua tenuirostris 
(A,B) and the little corella, Cacatua sanguinea (C,D). Numbers on the isodensity lines 
should be multiplied by 103 to express densities in cells/mm2. The oblique strip in the 
ventral quadrant represents the position of the pecten. N, nasal; T, temporal; V, 
ventral. Scale bars = 2.5 mm.  
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Figure 3.5. Topographic maps showing the distribution of ganglion cell densities in 
left and right retinal wholemounts of the galah, Eolophus roseicapillus (A,B) and the 
cockatiel, Nymphicus hollandicus (C,D). Numbers on the isodensity lines should be 
multiplied by 103 to express densities in cells/mm2. The oblique strip in the ventral 
quadrant represents the position of the pecten. N, nasal; T, temporal; V, ventral. 
Scale bars = 2.5 mm.  
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Table 3.4. Ganglion cell peak densities in the perifoveal region and lowest densities 
in the foveola of left and right retinas of the cockatoo species. SD, standard 
deviation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specimen/ 
Sampling region 

Left retina 
 

 Right retina 

Peak 
density 
Fovea 
(Cells/ 
mm2) 

Lowest 
density 
Foveola 
(Cells/ 
mm2) 

 Peak 
density 
Fovea 
(Cells/ 
mm2) 

Lowest 
density 
Foveola 
(Cells/ 
mm2) 

C. banksii      
Cba001 52,500 27,500  42,500 22,500 
Cba002 55,000 25,000  42,500 17,500 
Mean  53,750 26,250  42,500 20,000 
      

C. latirostris      
Cla001 57,500 22,500  45,000 25,000 
Cla002 60,000 20,000  45,000 17,000 
Mean 58,750 21,250  45,000 21,250 
      

C. tenuirostris      
Cte001 60,000 25,000  47,500 27,500 
Cte002 55,000 25,000  42,500 22,500 
Cte003 67,500 27,500  47,500 27,500 
Mean 60,833 25,833  45,833 25,833 
SD 6,292 1,443  2,887 2,887 
      

C. sanguinea      
Csa001 65,000 22,500  50,000 22,500 
Csa002 72,500 20,000  50,000 22,500 
Csa003 67,500 17,500  47,500 25,000 
Mean 68,833 20,000  49,167 23,333 
SD 3,819 2,500  1,443 1,443 
      

E. roseicapillus      
Ero001 47,500 15,000  52,500 27,500 
Ero002 52,500 27,500  50,000 27,500 
Ero003 47,500 27,500  50,000 27,500 
Mean 49,167 23,333  50,833 27,500 
SD 2,887 7,217  1,443 0 
      

N. hollandicus      
Nho001 42,500 20,000  47,500 17,500 
Nho002 42,500 15,500  42,500 20,000 
Mean 42,500 17,750  45,000 18,750 
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Table 3.5. Quantitative data obtained from high frequency sampling in the 
dorsotemporal region of left and right retinas of the cockatoo species. SD, standard 
deviation.  

 

3.4.3.  Comparison of peak densities in the high density retinal specialisations 

between left and right retinas 

 

We compared the densities of retinal ganglion cells in the foveal and dorsotemporal 

regions between left and right retinas for each species of cockatoo. In lateralised 

species, we observed significantly higher retinal ganglion cell densities in the left 

fovea compared to the right fovea (p < 0.0001), while retinal ganglion cell densities 

did not differ significantly between left and right foveas of non-lateralised species (p 

> 0.9999) (Fig. 3.6 A, Table 3.4).  In addition, we qualitatively confirmed the 

increase in retinal ganglion cell densities in the fovea of lateralised species. Cross 

Specimen/ 
Sampling region 

Left retina 
 

 Right retina 

Area 
(mm2) 

Number 
of sites 

Dorsal 
area peak 

density 

CE  Area 
(mm2) 

Number 
of sites 

Dorsal 
area peak 

density 

CE 

C. banksii          
Cba001 5.16 48 9,200 0.053  5.44 48 9,600 0.062 
Cba002 4.97 42 11,200 0.050  4.52 40 10,400 0.072 
Mean  5.07 45 10,200 0.052  4.98 44 10,000 0.067 
          

C. latirostris          
Cla001 5.72 45 6,800 0.033  5.10 41 7,600 0.043 
Cla002 5.43 42 7,600 0.036  4.75 43 6,800 0.034 
Mean 5.58 44 7,200 0.035  4.93 42 7,200 0.039 
          

C. tenuirostris          
Cte001 3.73 45 18,800 0.041  3.62 40 17,200 0.044 
Cte002 4.17 50 16,400 0.051  3.78 46 14,800 0.050 
Cte003 5.01 50 14,400 0.042  4.44 54 13,600 0.043 
Mean 4.30 45 16,533 0.045  3.95 47 15,200 0.046 
SD 0.65 5 2,203 0.006  0.43 7 1,833 0.004 
          

C. sanguinea          
Csa001 3.97 41 11,600 0.042  3.94 45 11,200 0.027 
Csa002 3.45 43 10,800 0.038  4.06 45 11,200 0.032 
Csa003 3.85 41 10,800 0.061  3.16 39 9,200 0.033 
Mean 3.76 42 11,067 0.047  3.72 43 10,533 0.031 
SD 0.27 1 462 0.012  0.49 3 1155 0.003 
          

E. roseicapillus          
Ero001 3.84 45 10,800 0.032  3.26 40 10,400 0.046 
Ero002 4.11 46 10,800 0.045  3.55 43 10,000 0.034 
Ero003 3.82 43 10,000 0.044  3.97 45 11,600 0.035 
Mean 3.92 45 10,533 0.040  3.59 43 10,667 0.038 
SD 0.16 2 462 0.007  0.36 3 833 0.007 
          

N. hollandicus          
Nho001 2.37 40 No peak 0.029  2.26 44 No peak 0.034 
Nho002 2.45 42 No peak 0.036  2.34 40 No peak 0.026 
Mean 2.41 41  0.033  2.30 42  0.030 



 

90 

 

sections through the fovea indicated the presence of approximately 6–7 sublaminae 

in the ventral rim of the left foveal slope as opposed to 4-5 sublaminae in the right 

foveal slope in a lateralised species (Fig. 3.6 B). We detected approximately 4-5 

sublaminae in around the foveal slopes of the left and right retinas in non-lateralised 

species (Fig. 3.6 B). We also found no significant differences in ganglion cell density 

in the dorsotemporal region between left and right retinas in any lateralised or non-

lateralised species (p > 0.9999) (Fig. 3.6 C).  

 

Figure 3.6. Graph comparing ganglion cell densities in the foveal region between left 
and right retinas in lateralised and non-lateralised cockatoo species (A). Note the 
significant difference in foveal ganglion cell densities between left and right retinas 
in lateralised species (Cba- Calyptorhynchus banksii; Cla- C. latirostris; Cte- Cacatua 
tenuirostris; Csa- C. sanguinea) compared to non-lateralised species (Ero- Eolophus 
roseicapillus; Nho- Nymphicus hollandicus). Cryosections through the dorsotemporal 
axis of the foveal region of left and right retinas of lateralised (C. tenuirostris) and 
non-lateralised (E. roseicapillus) cockatoos (B). Higher magnification of the cell 
layering in the dorsal (i) and ventral (ii) aspects of the foveal rim. Note the presence 
of more layers of ganglion cells in the ventral aspect of the foveal rim of the left 
retina of the lateralised species. Note that the other sections have similar numbers 
of layers in the lateralised and non-lateralised species. Graph comparing ganglion 
cell densities in the dorsotemporal region between left and right retinas in 
lateralised and non-lateralised cockatoo species (C). Note that there is no significant 
difference in ganglion cell densities in the dorsotemporal region between left and 
right retinas in lateralised species compared to non-lateralised species. CGL, 
ganglion cell layer; d, dorsal; v, ventral; Scale bars = 100 µm in C (left/right); 10 µm 
in C (i, ii).  
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3.4.4. Eye size and anatomical spatial resolving power  

 

Measurements of the axial length and estimates of the posterior nodal distance and 

retinal magnification factor of the left and right eyes of cockatoo species are listed 

in Table 3.6. Axial lengths of the right and left eyes ranged from ~ 8.5 mm in the 

cockatiel to ~14.5 mm in the Carnaby’s black cockatoo (Table 3.6). The eyes of red-

tailed black cockatoos were the second largest with an axial length of ~ 13.5 mm, 

while the corellas and the galah showed relatively similar eye sizes ranging between 

~ 11.5 – 12 mm in axial length (Table 3.6). Accordingly, posterior nodal distance 

ranged from ~ 6 mm in the cockatiel to ~ 10 mm in the Carnaby’s black cockatoo, 

resulting in respectively retinal magnification factors ranging from ~ 0.100 

mm/degree to ~ 0.170 mm/degree (Table 3.6). Assuming a triangular lattice in the 

spatial organisation of retinal ganglion cells in the dorsotemporal area, we estimated 

that spatial resolving power in the dorsotemporal area ranged from ~ 7.5 

cycles/degree in the galah to ~ 9 –10 cycles/degree in the long-billed corella (Table 

3.6). We did not detect any significant difference in the axial length and spatial 

resolving power in the dorsotemporal area between right and left eyes in the 

cockatoo species studied (p > 0.9999).  
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Table 3.6. Optical and anatomical parameters used to estimate the upper limits of 
spatial resolution in the dorsotemporal area of left and right retinas of the cockatoo 
species. PND, posterior nodal distance; RMF, retinal magnification factor; SRP, 
spatial resolving power; SD, standard deviation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Species/ 
Specimen  

Left Eye 
 

 Right Eye 

Axial 
length 
(mm) 

PND 
(mm) 

RMF 
(mm/ 

degree
) 

Dorsal area 
peak density 
(cells/mm

2
) 

SRP 
(cycles/ 
degree) 

 Axial 
length 
(mm) 

PND 
(mm) 

RMF (mm/ 
degree) 

Dorsal area 
peak density 
(cells/mm

2
) 

SRP 
(cycles/de

gree 

C. banksii            
Cba001 13.67 9.16 0.160 9,200 8.24  13.19 8.84 0.154 9,600 8.12 
Cba002 13.94 9.34 0.163 11,200 9.27  13.90 9.31 0.162 10,400 8.91 
Mean  13.81 9.25 0.161 10,200 8.76  13.55 9.08 0.158 10,000 8.51 
            

C. latirostris            
Cla001 14.52 9.73 0.170 6,800 7.52  14.49 9.71 0.169 7,600 7.94 
Cla002 14.77 9.90 0.173 7,600 8.09  14.54 9.74 0.170 6,800 7.53 
Mean 14.65 9.81 0.171 7,200 7.81  14.52 9.73 0.170 7,200 7.74 
            

C. tenuirostris            
Cte001 11.98 8.03 0.140 18,800 10.32  12.05 8.07 0.141 17,200 9.93 
Cte002 12.22 8.19 0.143 16,400 9.83  12.26 8.21 0.143 14,800 9.37 
Cte003 12.34 8.27 0.144 14,400 9.30  12.43 8.33 0.145 13,600 9.11 
Mean 12.18 8.16 0.142 16,533 9.84  12.25 8.21 0.143 15,200 9.49 
SD 0.18 0.12 0.002 2,203 0.51  0.19 0.13 0.002 1,833 0.42 
            

C. sanguinea            
Csa001 11.41 7.64 0.133 11,600 7.72  11.38 7.62 0.133 11,200 7.57 
Csa002 11.73 7.86 0.137 10,800 7.66  11.68 7.83 0.136 11,200 7.77 
Csa003 11.45 7.67 0.134 10,800 7.48  11.42 7.65 0.133 9,200 6.88 
Mean 11.53 7.73 0.135 11,067 7.62  11.49 7.70 0.134 10,533 7.41 
SD 0.17 0.12 0.002 462 0.13  0.16 0.11 0.002 1,155 0.46 
            

E. roseicapillus            
Ero001 11.60 7.77 0.136 10,800 7.57  11.63 7.79 0.136 10,400 7.45 
Ero002 12.40 8.31 0.145 10,800 8.10  11.72 7.85 0.137 10,000 7.36 
Ero003 11.05 7.40 0.129 10,000 6.94  11.66 7.81 0.136 11,600 7.89 
Mean 11.68 7.83 0.137 10,533 7.53  11.67 7.82 0.136 10,667 7.57 
SD 0.68 0.45 0.008 462 0.58  0.05 0.03 0.001 833 0.28 
            

N. hollandicus            
Nho001 8.54 5.72 0.100 No peak ―  8.55 5.73 0.100 No peak ― 
Nho002 8.63 5.78 0.101 No peak ―  8.63 5.78 0.101 No peak ― 
Mean 8.59 5.75 0.100    8.59 5.76 0.100   
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3.5.  DISCUSSION 

 

In this study, we measured the total number and topographic distribution of retinal 

ganglion cells in four species of strongly lateralised and two species of non-

lateralised cockatoos occupying diverse microhabitats. Across all species of cockatoos 

analysed, the topographic distribution of retinal ganglion cells revealed the presence 

of a horizontal streak and a shallow central fovea. We also found a dorsotemporal 

area in black cockatoos, corellas and galahs, but this was absent in the cockatiel. We 

observed a characteristic triangular organisation of isodensity contours in corellas, 

galahs and cockatiels similar to the dorsotemporal extension (anakatabatic area) of 

artiodactyls. We detected significantly higher ganglion cell densities in the foveal 

region in the left retinas of left-footed species of cockatoos, and no significant 

difference in ganglion cell densities in the foveal region between left and right 

retinas in non-lateralised species of cockatoos. In addition, we detected no 

significant difference in retinal ganglion cell densities in the dorsotemporal 

specialisation between left and right eyes of lateralised and non-lateralised species. 

 

3.5.1.  Ecology and plasticity in the topographic organisation of retinal ganglion 

cells in cockatoos 

 

Cockatoos occupy a diverse range of environments ranging from open woodlands and 

savannas to sclerophyll forests throughout Australia (Rowley, 1997). Amongst 

sympatric species that inhabit open environments, niche partitioning favours the 

occupation of a diverse range of terrestrial and arboreal microhabitats (Rowley, 

1997). We corroborated our hypothesis that a horizontal visual streak formed by 

retinal ganglion cells is a common trait in retinal topographic organisation in 

cockatoos inhabiting open environments. Horizontal visual streaks have been 

identified in retinal wholemounts in a range of species of birds inhabiting open areas 

(Bravo and Pettigrew, 1981; Wathey and Pettigrew, 1989; Hayes and Brooke, 1990; 
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Suburo et al., 1991; Boire et al., 2001; Lisney et al., 2012; Coimbra et al., 2012; 

Lisney et al., 2013b) conforming to the prediction of the terrain theory proposed by 

Hughes (1977). As cockatoos are vulnerable to predation while foraging on the ground 

and on the tops of trees, their horizontal visual streaks potentially allow them to 

locate predators without the need of extensive eye and head rotations (Hughes, 

1977; Collin, 1999). Although inhabiting the same open areas, most black cockatoos 

(Calyptorhynchus spp., with a few exceptions that forage predominantly on the 

ground) occupy a selected range of arboreal microhabitats in the foliage of 

eucalyptus trees and rarely descend to the ground to forage (Rowley, 1997). In 

contrast to our prediction, we did not find the presence of a less conspicuous 

organisation of the visual streak in black cockatoos as a result of the occupation of a 

more enclosed environment. Rather, the horizontal streak in black cockatoos was 

equivalent in shape and organisation to the streak found in other terrestrial species 

of cockatoos such as the galah and cockatiel. This suggests that the occupation of an 

enclosed habitat has not imparted a variation in the topographic organisation of the 

horizontal streak in black cockatoos as the horizon is still prominent from the 

canopy. A similar lack of variation in the expression of the horizontal streak was 

found in king and little penguins (Coimbra et al., 2012). Both species of penguins 

showed the same magnitude in the topographic organisation of their horizontal visual 

streak, despite the fact that king penguins inhabit open shores, while little penguins 

exploit a range of enclosed microhabitats such as burrows and dune vegetation.  

Dual concentric topographic specialisations are common in many avian species 

(Binggeli and Paule, 1969; Hayes and Holden, 1983; Moroney and Pettigrew, 1987; 

Inzunza et al., 1991; Coimbra et al., 2006; Coimbra et al., 2009; Lisney et al., 

2013a). We supported our prediction that the retinas of most cockatoos studied here 

have two concentric retinal specialisations; however, we found only a single 

concentric central retinal specialisation in the cockatiel.  All six species of cockatoos 

analyzed here have a central fovea. Given the lateral placement of cockatoo eyes, 
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the central fovea allows increased spatial resolution in the lateral visual field 

(Moroney and Pettigrew, 1987; Inzunza et al., 1991; Coimbra et al., 2006; Coimbra et 

al., 2009; Lisney et al., 2013a). In addition, cockatoos can also rotate their heads to 

fixate and inspect objects (Magat and Brown, 2009; Brown and Magat, 2011a), 

thereby aligning their central fovea towards the object of interest.  

Many birds also have a second retinal specialisation in their temporal or 

dorsotemporal retina, which increases spatial resolution in the frontal (binocular) 

visual field (Binggeli and Paule, 1969; Moroney and Pettigrew, 1987; Inzunza et al., 

1991; Coimbra et al., 2006; Coimbra et al., 2009; Lisney et al., 2013a). We found a 

second concentric specialisation located in dorsotemporal retina in all species of 

cockatoos, with the exception of the cockatiel. The unusual absence of a 

dorsotemporal area in the cockatiel can be explained by their diet on seeds of 

grasses collected from the ground (Rowley, 1997). In the other species of cockatoos, 

this dorsotemporal specialisation affords increased spatial resolution in the inferior 

portion of the frontal visual field potentially assisting in the discrimination of 

physical properties of food items  during manipulation with the foot.  

Amongst black cockatoos, the dorsotemporal area may help detecting fissures on the 

surface of woody fruits to facilitate the extraction of seeds as well as increase 

discrimination of branches and twigs in the inferior visual field while perching during 

foraging. Interestingly, red-tailed black cockatoos have a more conspicuous 

dorsotemporal area  affording slightly higher spatial resolving power (~ 8.5 

cycles/degree) when compared to Carnaby’s black cockatoos (~ 7.8 cycles/degree). 

These differences in the magnitude of the dorsotemporal area and its spatial 

resolving power can be explained by differences in eye size and foraging ecology. 

Carnaby’s black cockatoos have larger eyes (~14.5 mm in axial length) but the spatial 

resolving power of their dorsotemporal area is lower due to a lower retinal ganglion 

cell peak density; in contrast, red-tailed black cockatoos have slightly smaller eyes (~ 

13.8 mm in axial length) but have higher retinal ganglion cell peak density in the 
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dorsotemporal area thereby affording higher resolution compared to the Carnaby’s 

black cockatoos. In terms of behavioural ecology, both species forage predominantly 

on trees; however, Carnaby’s black cockatoos can also gather food from the ground 

(Rowley, 1997). Therefore, the relatively lower structural complexity of terrestrial 

microhabitats may explain the less-defined dorsotemporal area affording lower 

spatial resolving power in Carnaby’s black cockatoos.  

Amongst predominantly terrestrial cockatoos, little corellas and galahs have very 

indistinct dorsotemporal areas that afford lower spatial resolving power (~7.5 

cycles/degree) compared to black cockatoos. Although the peak density of ganglion 

cells in the dorsotemporal area of the little corella and galah is higher than in black 

cockatoos, their smaller eye size (~ 11.5 mm in axial length) determines their lower 

spatial resolving power. Corellas and galahs feed on very different items compared to 

black cockatoos. They mainly feed on seeds of grasses, tubers and roots, which are 

more easily accessible than the hard-shelled woody fruits consumed by black 

cockatoos, thus not requiring the same level of discrimination. Interestingly, the 

dorsotemporal area of the long-billed corella affords the highest spatial resolving 

power (~ 9 –10 cycles/degree) between the cockatoos studied. This elevated spatial 

resolving power is a result of a higher peak density of retinal ganglion cells and a 

slightly larger eye (~12 mm in axial length) compared to little corellas and galahs. 

Although the long-billed corella is sympatric with the little corella and galah, its 

specific foraging repertoire differs dramatically from the other two species. Long-

billed corellas possess a uniquely specialized and long upper mandible used to dig out 

a variety of storage organs from native plants, including tubers and corms (Rowley, 

1997). Therefore, the higher spatial resolution afforded by the dorsotemporal area in 

the long-billed corella allows for increased discrimination of physical features of the 

substrate and food items in addition to providing visual guidance during excavation 

with the bill tip. In mostly terrestrial species of cockatoos, retinal ganglion cell 

isodensity lines show an unusual triangular organisation towards the dorsotemporal 
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retina. This triangular extension of isodensity lines corroborates our prediction that 

cockatoos that forage on the ground possess a specialisation that resembles the 

dorsotemporal extension (anakatabatic area) found in artiodactyls (Hughes and 

Whitteridge, 1973; Hughes, 1977; Schiviz et al., 2008; Shinozaki et al., 2010; 

Coimbra et al., 2013). Similarly to the dorsotemporal extension, the increased retinal 

ganglion cells densities in the triangular extension can enhance spatial resolution in 

the inferior and frontal visual fields, thereby assisting corellas, galahs and cockatiels 

during grazing/browsing and in their control of ambulation. We also found that 

corellas and galahs possess a more defined triangular extension when compared with 

cockatiels. As in artiodactyls, the difference in the magnitude of the triangular 

extension can be explained by the distance of the head of the cockatoo species from 

the ground (Hughes and Whitteridge, 1973; Hughes, 1977; Schiviz et al., 2008; 

Shinozaki et al., 2010; Coimbra et al., 2013). In fact, corellas and galahs are 

medium-sized cockatoos and, therefore, position their heads higher than the small-

sized cockatiels when in an upright posture. Another interesting aspect of the 

triangular extension is its breadth. In contrast to artiodactyls, the isodensity contours 

forming the triangular extension of cockatoos displays a broader organisation, which 

can provide extensive sampling of the inferior visual field. This can be useful for 

coordinating the praxic activities with the foot.  

 

3.5.2.  Asymmetries in retinal ganglion cell densities in the fovea and 

lateralisation  

 

Limb preferences for the execution of specific motor tasks are ubiquitous amongst 

vertebrates (Rogers, 2009). Lateralised behaviours showing strong preference for the 

use of one limb over the other have been described behaviourally in numerous 

species such as primates (Marchant and McGrew, 1996), fish (Brown and Braithwaite, 

2005) and parrots (Magat and Brown, 2009; Brown and Magat, 2011). Eye 

asymmetries have also been described behaviourally in cephalopods (Byrne et al., 
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2002), fishes (Brown et al., 2004) and birds (Güntürkün et al., 2000; Hunt et al., 

2001; Magat and Brown, 2009; Brown and Magat, 2011). In particular, asymmetries in 

the proportion of photoreceptor subtypes exist between left and right retinas in a 

species of passerine, the starling Sturnus vulgaris (Hart et al. 2000). Amongst 

parrots, most cockatoo species show a strong left eye preference to fixate and 

scrutinise food items, which are subsequently grasped with their left foot (Magat and 

Brown, 2009; Brown and Magat, 2011). In the present study, we corroborated our 

hypothesis that retinal ganglion cell densities were significantly higher in the left 

foveal regions in strongly left-footed cockatoo species such as black cockatoos and 

corellas. Our anatomical data is in line with behavioural measurements of eye-foot 

coordinated actions in black cockatoo and corella species performed by Magat and 

Brown (2009) and Brown and Magat (2011). These authors showed that little corellas 

and red-tailed black cockatoos prefer to use their left eye and left foot to locate and 

manipulate food items with a foot laterality score of approximately 90% for both 

species. Although not measured behaviourally, we also confirmed the strong left eye-

left foot preference of the little corella in their natural environments with 

photographic documentation. We clearly observed that the little corella uses its left 

eye to inspect seeds and use its left foot to grasp and bring the seed to the bill (Fig. 

3.7 A, B). We also confirmed our prediction that non-lateralised species of cockatoos 

possess equivalent retinal ganglion cell densities in the foveal region between left 

and right eyes. Our retinal ganglion cell density estimates in the central fovea of the 

galah and cockatiel showed no significant difference between left and right eyes, 

giving support to the absence of laterality measured behaviourally in these two 

species. Magat and Brown (2009) and Brown and Magat (2011) demonstrated that the 

galah has no left-side preference to locate and handle food items in the execution of 

behavioural tasks, displaying a foot laterality score of 50%. In addition, these authors 

also demonstrated behaviourally that the cockatiel shows no concordance with the 

eye-foot preference and that this species rarely use their feet during foraging.  
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Figure 3.7. Photomicrographs depicting the eye-foot coordinated actions in the 
lateralised little corella (C. sanguinea). Lateral view of a little corella holding a large 
seed with its left foot, inspecting it with its left eye (A) and subsequently bringing it 
to its bill (B). Frontal view of a little corella holding a large seed. Note that the bird 
alternates the angle of the head from one side to the other (compare C and E) and 
aligns the bill in the frontal binocular visual field, looking at the seed with both left 
and right eyes (D,F).  

 

We also investigated any possible asymmetry in retinal ganglion cell densities in the 

dorsotemporal area. We detected no significant difference between retinal ganglion 

cell densities in the dorsotemporal area in the left and right eyes. This supports the 

notion that the visual control of food manipulation occurs in the frontal binocular 

visual field with the assistance of both left and right eyes. In fact, on the basis of 

their study on the visual field topography of the Senegal parrot, Demery et al. (2011) 

suggested that a parrot would use their lateral visual field to fixate on an object and 

then switch to using the binocular visual field by positioning the head frontally. 

Although the topography of visual fields of cockatoos is unknown, we support this 

hypothesis on the basis of photographic documentation of the little corella while 

foraging. We observed that, upon localisation with the left eye and grasping the food 

item with the left foot, the little corella alternates its head from side to side and 
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handle food items in the binocular visual field (Fig. 3.7 C, D, E, F). In addition to 

using the position of the head to favour the binocular visual field, the symmetry in 

retinal ganglion cell density in the dorsotemporal area can also be explained by the 

fact that, while extracting seeds, parrots also rely on the mechanoreceptors located 

in the bill tip (Goujon, 1869; Demery et al., 2011).  

 

3.5.3.  Perspectives on the evolutionary history of retinal specialisations in 

cockatoos 

 

The evolutionary processes that have shaped the diversification of cockatoo species 

are intimately related to climate and vegetation changes that occurred in Australia 

since the early Eocene as shown in Fig. 3.8 (Homberger, 2003; Wright et al., 2008; 

White et al., 2011). From early to mid-late Eocene, a gradual increase in dryness and 

decrease of temperature favored the replacement of more enclosed vegetation types 

to more open sclerophyllous woodlands in Australia (White, 1994). The expansion of 

sclerophyllous woodlands progressed throughout the Oligocene offering a myriad of 

new ecological niches and food resources (White, 1994; Homberger, 2003). It has 

been suggested that the cockatoo ancestor arose approximately 33 million years ago 

during the early Oligocene, when open sclerophyllous vegetation predominated the 

landscape and offered a vast diversity of fibrous and woody thick-walled fruits 

(White, 1994; White et al., 2011). These hard shelled-fruit may have been the major 

selective pressure for the evolution of a specialised bill type (calyptorhynchid type) 

to assist with the extraction of seeds (Homberger, 2003). Consistent with this 

scenario, it is likely that the ancestral retina of cockatoos possessed a horizontal 

streak that was selected for by a progressive opening of habitat structure. In 

addition, well-defined dorsotemporal specialisations may have been selected for by 

the need to increase resolution in the frontal and inferior visual fields during 

extraction of seeds from hard-walled fruits in parallel with the evolution of the 

calyptorhynchid bill type.    
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Since the divergence of the cockatoo ancestor, dramatic changes in temperature 

mark the start of an aridification process in the early Miocene (White, 1994; White et 

al., 2011). As a result, vegetation became more open and dominated by different 

species of grasses, which then offered an abundance of easily accessible seeds with 

distinctive physical properties to the ones from sclerophyllous vegetation types 

(White, 1994; Homberger, 2003). During this period, ~ 22 million years ago, the 

cockatiel was the first cockatoo species to emerge from the cockatoo lineage (White 

et al., 2011).  The colonisation of open grasslands with easily consumable seeds is 

believed to be the major selective pressure for the loss of lateralisation in this 

species as well as for the emergence of a new bill type (psittacid type) adapted to 

the physical characteristics of the new food items (Homberger, 2003). In parallel to 

this change in bill type, the change in habitat and food resources may also have led 

to a change in retinal topographic configuration in this species. The cockatiel retina 

has retained the presence of a horizontal streak to allow sampling of the horizon in 

the grasslands. The transition from ancestral arboreal foraging to collection of food 

items on the ground may also have selected a triangular distribution of ganglion cell 

densities to allow for improved spatial resolution in a large part of the inferior visual 

field. In addition, loss of manipulation of food items with the foot may have led to 

the loss of a dorsotemporal specialisation in the cockatiel.   

Subsequent to the divergence of the cockatiel, two other major groups of cockatoos 

branched off from their common ancestor from the early to mid-Miocene (White et 

al., 2011). One group, formed by the black cockatoos, colonised the remnants of 

sclerophyllous woodlands. Most black cockatoos occupied an arboreal niche and 

retained the calyptorhynchyd bill type for extraction and manipulation of seeds from 

hard-walled fruit with the assistance of their foot (Homberger, 2003). As not much 

change occurred in the use of habitat and food resources in modern black cockatoos, 

we assume that the retinal topographic configuration of these species was retained 

from their cockatoo ancestor. The presence of a horizontal visual streak and a 
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prominent dorsotemporal area in black cockatoos favours the lateralised beak-foot 

action during arboreal foraging in canopies. We suggest that the absence of the 

triangular area in black cockatoos may be the result of their predominant arboreal 

lifestyle.  The other group was formed by a range of cockatoo species, from which 

most members favored the occupation of open grasslands. As with the cockatiel, the 

retinal topographic arrangement in corellas and galahs show the presence of a 

triangular extension that may have been selected by the occupation of a terrestrial 

niche. Although corellas and galahs evolved the psittacid bill type used to eat softer 

and smaller seeds, they also rely on tubers, larger seeds or cones. They exhibit 

differential degrees of lateralisation when manipulating larger food items and this 

may have led to the maintenance of a dorsotemporal area in their retinas, 

illustrating the malleability of retinal topographic configuration in this particular 

group of birds.  
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Figure 3.8. Evolutionary perspectives on the paleoecological changes in vegetation 
structure and the diversification of retinal topographic specialisations in cockatoos. 
Note the progressive opening in vegetation structure that commenced from early 
Oligocene onwards. The ancestor of modern cockatoos arose ~33 million years ago 
during the transition from more closed sclerophyllous forests to open sclerophyllous 
woodlands. About 22 million years ago, the cockatiel (Nymphicus hollandicus) was 
the first species of cockatoo to diverge and occupy the terrestrial grassland stratum. 
Subsequent divergences occurred ~ 15 million years ago resulting in the 
diversification of black cockatoos (Calyptorhynchus banksii and C. latirostris), which 
preferentially occupied the arboreal stratum of the sclerophyllous woodlands. At ~14 
million years ago, other species of cockatoos including galahs (Eolophus roseicapilla) 
and corellas (Cacatua sanguinea and C. tenuirostris) colonised the terrestrial 
grassland stratum. Note the relationship between the degree of behavioural 
lateralisation, the microhabitat preferences, the physical characteristics of food 
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items and the topographic distribution of retinal ganglion cells across species as 
depicted by schematic maps illustrating variations in retinal ganglion cell densities. 
Numbers on branch nodes and geological scale indicate estimated time in millions of 
year ago. Cladogram modified from White et al. (2011). Cockatoo and vegetation 
profiles redrawn from Simpson et al. (2010).  

 

3.6. CONCLUSIONS 

 

In this study, we presented a suite of novel and unusual data on the topographic 

architecture of the retina of cockatoos. The topographic distribution of retinal 

ganglion cells reflects their microhabitat preferences and their varying degrees of 

lateralised visual behaviours for locating and manipulating food items. Although all 

species studied share the presence of a shallow central fovea and a horizontal visual 

streak, arboreal species display a more concentric topographic distribution of retinal 

ganglion cells in contrast to a more triangular organisation in the terrestrial/grazing 

species. In a similar fashion to artiodactyls, the magnitude of this unusual triangular 

extension also varies depending on the distance of the head of the cockatoo species 

to the ground. Moreover, the higher peak density of ganglion cells in the perifoveal 

region of the left retinas of lateralised species of cockatoos correlates with their left 

eye-left foot coordinated actions during foraging. In non-lateralised species, the 

similar peak density of ganglion cells between left and right retinas correlate with 

the lack of preference to use one eye over the other in locating food items. The 

presence of equivalent densities in the dorsotemporal area in both left and right 

retinas suggests a role in binocular guidance during praxic activities. Lastly, we 

suggest that the patterns of topographic distribution of retinal ganglion cells in 

species of cockatoos intimately reflect the processes that shaped the 

palaeoecological transitions in vegetation structure and behavioural diversification in 

this unique avian group.   
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4.1.  ABSTRACT 

 

Thornbills, honeyeaters and silvereyes represent an abundant group of Australian 

passerines, whose diversity in niche differentiation suggests a pivotal role for vision. 

Using stereological methods and retinal wholemounts, we studied the topographic 

distribution of neurons in the ganglion cell layer in the insectivorous yellow-rumped 

thornbill, in the predominantly nectarivorous red wattlebird and brown honeyeater, 

and in the mainly frugivorous silvereye. We show that all species have a central 

fovea, which is shallow in the ground-dwelling yellow-rumped thornbill and deep in 

the arboreal honeyeaters and silvereye. The peak density of neurons in the ganglion 

cell layer ranges from 130,000 to 160,000 cells/mm2 across species and occurs within 

a crescent of high density surrounding the foveola. In the central retina, we found a 

broadly ovoid and asymmetric plateau of high neuronal density surrounding the fovea 

in the yellow-rumped thornbill; in contrast, the other species showed a more 

restricted, circular and symmetric plateau. We suggest that the more horizontally 

extended dorsal pole of the foveal plateau in the yellow-rumped thornbill assists in 

the detection of insects on the ground, while the circular symmetric plateau in the 

other species assists in the collection of food items from dense vegetation. In 

addition, in all four species we found a temporal area with peak densities of neurons 

ranging from 43,000 to 54,000 cells/mm2, which affords increased resolution in the 

frontal visual field and potentially aid in the collection of prey. Using MAP2 

immunohistochemistry, we found that all species have a higher concentration of 

giant ganglion cells in the temporal retina, forming an area gigantocellularis. Giant 

ganglion cells also form a horizontal streak in all species, except in the yellow-

rumped thornbill. In this species, giant ganglion cells show an unusual 

circumferential distribution across the retinal peripheries. In addition, we also found 

an unusual peak of giant ganglion cells in the nasal retina of the yellow-rumped 

thornbill and silvereye. These variations in the topographic distributions of giant 
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ganglion cells suggest differential sampling of motion signals in different regions of 

the visual fields, potentially reflecting specific ecological needs. 

 

4.2.  INTRODUCTION 

 

Passerines (order Passeriformes) represent over half of the extant avian diversity 

(Barker et al., 2004; Barker, 2011). With approximately 5,800 species, this avian 

order comprises two major groups, the Oscines and the Suboscines, whose species 

show a high degree of niche differentiation and trophic specialisations (Barker et al., 

2004; Barker, 2011). Passerines also exhibit extremely variable repertoires of 

foraging modes; they can glean insects or fruit from the vegetation, collect insects or 

grains on the ground, swoop for insects in the air, probe or hover to extract nectar 

from flowers or even use a combination of different techniques to collect food items 

(Ford and Paton, 1977; Fitzpatrick, 1981; Robinson and Holmes, 1982). During these 

foraging episodes, vision must play a crucial role for the detection of food items and 

accurate guidance of praxic activities. However, despite this clear role for vision, 

very little is known about the topographic architecture of neuronal densities in the 

retinas of passerines (Coimbra et al., 2006; 2009). 

The location and magnitude of topographic retinal specialisations formed by 

increased neuronal densities reveal which portions of the visual fields are of utmost 

importance for the behavioural ecology of a given species (Hughes, 1977; Collin, 

1999). Amongst passerines, predominantly arboreal tyrant flycatchers have a central 

fovea and a temporal area that afford increased resolution in the lateral and frontal 

visual fields, respectively (Coimbra et al., 2006; 2009). Their retinas also possess a 

clear nasotemporal elongated band of increased neuronal density, which increases 

spatial resolution across the horizon, as described for many species that live in 

relatively open and featureless habitats (Hughes, 1977). In addition, tyrant-

flycatchers have an area gigantocellularis formed by a cohort of giant ganglion cells 
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that are more abundant in the temporal retina. Given its location and the 

morphological similarities of the giant ganglion cells to mammalian alpha cells 

(Peichl et al., 1987; Peichl, 1991), the area gigantocellularis enhances the detection 

of motion in the frontal visual field, presumably facilitating the capture of moving 

prey (Hayes et al., 1991). In fact, amongst tyrant-flycatchers, this specialisation is 

more pronounced in species that capture insects in the air as opposed to those that 

collect insects from the substrate (Coimbra et al., 2006; 2009).  

The superfamily Meliphagoidea is the most abundant and diverse adaptive radiation 

of passerines in Australia (Ericson et al., 2002; Barker et al., 2004; Barker 2011). This 

superfamily comprises a cohort of basal insectivorous species including fairy wrens 

(Family Maluridae), thornbills (Family Acanthizidae) and pardalotes (Family 

Pardalotidae), and the more derived nectarivorous honeyeaters (Family 

Meliphagidae) (Barker et al. 2002; Ericson et al., 2002; Driskell and Christidis, 2004; 

Barker 2011). Thornbills and honeyeaters are sympatric species in various ecosystems 

in Australia and show a high degree of niche differentiation (Gregory, 2007; Higgins 

et al., 2008). Thornbills are mainly insectivorous and different species exhibit 

vertical stratification when foraging (Gregory, 2007). Yellow-rumped thornbills, for 

instance, predominantly glean insects from the ground in open grasslands (Gregory, 

2007; Bell et al., 2010). In contrast, honeyeaters feed predominantly on nectar 

collected from a variety of flowers while perching in the vegetation and rarely 

descend to collect food items on the ground (Bell et al., 2010; Recher and Davis, 

2011). Amongst the honeyeaters, some species (i.e. red wattlebird) are generalists 

and can feed on a variety of food items, while others (i.e. brown honeyeater) are 

mainly nectarivorous and feed occasionally on insects (Ford and Patton, 1977; Higgins 

et al., 2008; Bell et al., 2010; Recher and Davis, 2011). Thornbills and honeyeaters 

are also commonly sympatric with other frugivorous birds such as the silvereye 

(Gregory, 2007; Higgins et al., 2008). 
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In this study, we used retinal wholemounts and stereological methods to assess the 

topographic distribution of neurons in the ganglion cell layer of four Australian 

passerines. We were motivated to investigate if the closely related yellow-rumped 

thornbill (Acanthiza chrysorrhoa, Quoy and Gaimard 1830, Family Acanthizidae), red 

wattlebird (Anthochaera carunculata, White 1790, Family Meliphagidae) and brown 

honeyeater (Lichmera indistincta, Vigors and Horsfield 1827, Family Meliphagidae) 

(Fig. 1) conform to the pattern of retinal organisation reported for tyrant 

flycatchers, or if they show variations in topographic arrangement that relate to 

their specific ecological needs. In addition, we studied the retinas of the 

phylogenetically distant but sympatric silvereye (Zosterops lateralis, Latham 1801, 

Family Zosteropidae) (Fig. 4.1). In the present study, we tested the following 

hypotheses: (1) all passerines studied here will possess a central fovea to increase 

resolution in the lateral visual field; (2) given the need to capture insects on the 

ground, the yellow-rumped thornbill will have a dorsotemporal area as opposed to 

the other predominantly arboreal species that will have a temporal area; (3) the 

yellow-rumped thornbill will have a more conspicuous horizontal streak given its 

preference to forage in the open; (4) in contrast, the other species will possess a 

more concentric topographic arrangement of neurons in the ganglion cell layer given 

their preference for more enclosed microhabitats; (5) given the need for detection of 

movement in the frontal visual field to capture insects, all species will possess an 

area gigantocellularis; however, the predominantly insectivorous yellow-rumped 

thornbill will show higher densities of giant cells in comparison to the other 

facultative insectivorous species. 
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Figure 4.1. Photographs illustrating the species of Australian passerines studied. (A) 
Yellow-rumped thornbill (Acanthiza chrysorrhoa); (B) Red wattlebird (Anthochaera 
carunculata); (C) Brown honeyeater (Lichmera indistincta) and (D) Silvereye 
(Zosterops lateralis). Photo credits to Lucille Chapuis (A,D) and João Paulo Coimbra 
(B,C).  

 

4.3.  MATERIALS AND METHODS 

 

4.3.1. Specimens 

 

Eyes were obtained from adult yellow-rumped thornbills (Acanthiza chrysorrhoa, n = 

3), brown honeyeaters (Lichmera indistincta, n = 3), red wattlebirds (Anthochaera 

carunculata, n = 3) and silvereyes (Zosterops lateralis, n = 3). Birds were collected 

using mist nets, placed in ornithological bags and transported to the laboratory. All 

procedures regarding collection and use of specimens in this investigation were 

approved by the University of Western Australia Ethics Committees (AEC # 
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RA/3/100/927) and Department of Environment and Conservation (DEC) of Western 

Australia (SF/007/556).  

4.3.2.  Tissue processing and preparation of Nissl-stained retinal wholemounts 

 

At the laboratory, birds were immediately euthanised with an overdose of 

pentobarbital sodium (Lethabarb; 160 mg/kg). Upon prolonged absence of reflexes, 

respiratory movement and heartbeat, eyes were enucleated and the axial length 

measured using a digital calliper. The cornea and lens were removed and the eyecup 

was fixed in 4% paraformaldehyde in 0.1M phosphate buffer (PB, pH = 7.2–7.4) for 

approximately 2 hours. After this period, fixation was stopped by transferring the 

eyecups to phosphate buffered saline (PBS, pH = 7.2–7.4). Retinal wholemounts were 

dissected and processed following standard methods (Stone, 1981; Coimbra et al., 

2006). Retinal orientation was given by the position of the pecten, which is located 

in the ventral retina (Wood, 1917). We bleached remnants of retinal pigment 

epithelium attached to the retinal wholemounts with 3% hydrogen peroxide in PBS for 

approximately 12 hours at room temperature (Coimbra et al., 2009). After bleaching, 

retinas were rinsed overnight in PBS and flattened onto a gelatinised slide with the 

ganglion cell layer uppermost. To improve fixation of the retinal wholemount, ensure 

adhesion onto the slide, and augment differentiation of cells during staining, the 

retinal preparation was incubated in formaldehyde vapors at room temperature 

overnight (Stone, 1981). Retinal wholemounts were then rehydrated, stained for 20 

minutes with an aqueous solution of 0.1% of cresyl violet (Sigma), dehydrated in an 

ascending ethanol series, cleared in xylene and finally mounted with Entellan New 

(Merck) (Coimbra et al., 2006). As retinal wholemounts were attached to the slide 

during all staining steps, shrinkage is negligible and confined to the borders of the 

ora serrata and edges of radial cuts (Wässle et al., 1981; Peichl, 1992).  
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4.3.3.  Labelling of giant ganglion cells using immunohistochemistry 

 

We used anti-microtubule-associated protein 2 (MAP2) antibodies to selectively label 

giant ganglion cells. Antibodies against MAP2 label a subpopulation of large ganglion 

cells in a range of vertebrates (Tucker and Matus, 1987; Gábriel et al., 1992) 

including birds (Coimbra et al., 2012). To improve penetration of antibodies, we 

treated the retinal wholemounts with 0.01% collagenase (Type II, Sigma) in 0.1M PB 

(pH = 7.2–7.4) for 10 minutes at room temperature. Subsequently, retinal 

wholemounts were rinsed and incubated in a solution containing 10% methanol and 

3% hydrogen peroxide in 0.1M PB (pH = 7.2–7.4) for 15 minutes to improve 

permeabilisation and inhibit endogenous peroxidases. The retinal wholemounts were 

further permeabilised in 5% triton X-100 (Sigma) in 0.1M PB for five minutes (twice) 

and a further 20 minutes and then rinsed three times in 0.1M PB for five minutes per 

rinse (Coimbra et al., 2012). Thereafter, the retinal wholemounts were incubated in 

a mixture containing the anti-MAP2 primary antibody (1:500; MAB 3418, Millipore), 5% 

normal donkey serum and 0.3% triton X-100 in 0.1 M PB for 24 hours with gentle 

rocking. Subsequently, retinal wholemounts were rinsed three times with 0.1M PB for 

five minutes each and incubated in biotinylated donkey antimouse secondary 

antibody (1:200, Jackson ImmunoResearch) for two hours. Retinal wholemounts were 

then transferred to a solution containing avidin-biotin complex (Vectastain ABC kit, 

Vector laboratories) and further incubated for one hour. Finally, the retinal 

wholemounts were rinsed three times in 0.1 M PB for five minutes each before 

reacting them in a peroxidase solution containing SG as the chromogen (Peroxidase 

Substrate kit, Vector laboratories). After the reaction, retinal wholemounts were 

rinsed three times in 0.1M PB for five minutes per rinse and then bleached in a 0.9% 

saline solution containing 12% hydrogen peroxide and 1 drop of 28% ammonia for 1-2 

hours at room temperature (Hemmi and Grünert, 1999). After bleaching, retinas 

were rinsed overnight and flattened onto a gelatinised slide with the ganglion cell 

layer uppermost. Retinal preparations were allowed to dry on to the slide overnight 
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and subsequently rehydrated, dehydrated in an ethanol series and cleared in xylene 

(Coimbra et al., 2013). Secondary antibody specificity was assessed by incubating 

retinal pieces in a mixture in which the primary antibody had been omitted (Saper 

and Sawchenko, 2003). No labelling was detected. 

 

4.3.4.  Stereological assessment of total number and topographic distribution of 

neurons in the retinal ganglion cell layer  

 

Using the optical fractionator method (West et al., 1991) with modifications for the 

use in retinal wholemounts (Coimbra et al., 2009), we estimated the total number 

and the topographic distribution of neurons (ganglion plus amacrine cells) in the 

ganglion cell layer of passerines. Briefly, the retina was considered as one single 

section and therefore the section sampling fraction (ssf) was 1. The passerine 

ganglion cell layer predominantly comprises a single layer of neurons except in the 

central retina, where we found four to six sublaminae. As all neurons were identified 

by focussing through the ganglion cell layer, both in the periphery and within the 

central retina, the optical disector height was the same as the thickness of the 

ganglion cell layer at all eccentricities giving a thickness sampling factor (tsf) of 1. 

Therefore, only the area sampling fraction (asf), which is the ratio between the 

counting frame and the sampling grid, was used to estimate the total number of 

neurons according to the following algorithm: 

N total= ΣQ x 1/asf 

where ΣQ is the sum of total neurons counted (West et al., 1991).  

The outlines of the Nissl-stained retinal wholemounts were digitised using a 4x/NA 

0.13 objective on a microscope (Olympus BX50) equipped with a motorised stage 

(MAC200; Ludl Electronics Products, USA) and connected to a computer running 

Stereo Investigator software (Microbrightfield, USA). The ganglion cell layer was 
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outlined close to the limits of the retinal borders (at the ora serrata) and along the 

radial cuts but excluding other retinal layers that can be seen at transverse view. 

The outline of the base of the pecten was subtracted from the total ganglion cell 

layer area. In passerine retinas, cell density in the ganglion cell layer appeared low 

at peripheral eccentricities, changing steeply towards the central part of the retina 

(Fig. 4.2 A, B). At low power magnification, we used the increase in cell density to 

establish the anatomical limits of the central region (Fig. 4.2 A, D). In addition, we 

demarcated a temporal area and a central fovea (Fig. 4.2 A–C). The centre of the 

fovea, or foveola, was also demarcated using the base of the foveal slope as a 

criterion to establish its perimeter (Fig. 4.2 C). In each demarcated area, we used 

different stereological parameters as a function of cell density to optimise the 

estimations of the total number and topographic distribution of neurons in the 

ganglion cell layer (Fig. 4.2 E, F).  
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Figure 4.2. Anatomical criteria used to demarcate sampling regions and the 
stereological sampling scheme in a representative passerine retinal wholemount. 
Note the darker stained regions indicated by arrowheads in a Nissl-stained retinal 
wholemount (A). Dashed lines demarcate the limits of the temporal area (B), central 
fovea (C) and centre (D). Thinner dashed line in C delineates the boundaries of the 
foveola. Nested contours in E and F depict the different sampling schemes used to 
estimate neuron number and density within each region as defined in B, C and D. 
Note that representative counting frames change in size and frequency depending 
upon the region analysed. The oblique strip in E marks the position of the pecten. T, 
temporal; V, ventral. Scale bars = 1 mm in A, E; 200 µm in B,C,D; 100 µm in F. 

 

We used cytological criteria proposed by Ehrlich (1981) to distinguish between 

neurons (retinal ganglion and amacrine cells) and glial cells in the avian ganglion cell 

layer (Fig. 4.3). Because retinal ganglion cells and amacrine cells are not readily 

distinguishable in and around the perifoveal region in passerines (Coimbra et al., 

2006, 2009), we opted to only separate neurons (retinal ganglion and amacrine cells) 

from glial cells in our counting procedures across the entire retina. In low density 

regions, we classified as neurons those cell profiles showing polygonal soma with 

dense accumulation of Nissl substance in the cytoplasm, an eccentric nucleus and a 

prominent nucleolus (ganglion cells). We also classified as neurons smaller, rounder 
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and more palely stained profiles, with no evident Nissl substance in the cytoplasm 

and with a characteristic teardrop shaped cell body (amacrine cells). We 

distinguished neuronal profiles from glial cells by their darkly stained profiles 

displaying a small, round or slightly elongated cell body (Fig. 4.3). In high density 

regions, neuronal profiles (ganglion and amacrine cells) had similar cytological 

properties showing smaller and round cell bodies due to elevated density packing; 

however, they were easily distinguished from glial cells in these regions. 

 

 

 

 

 

Figure 4.3. Cytological criteria used to distinguish neurons (n) from glial (g) cells at 
the dorsal periphery in the retinal ganglion cell layer of the yellow-rumped thornbill. 
The same criteria apply to the other passerine species studied. Scale bar = 25 µm. 

 

Counting frame and sampling grid sizes used to estimate the total number and 

topographic distribution of neurons in the retinal ganglion cell layer in Nissl-stained 

wholemounts are listed in Table 4.1. Within each demarcated area and the 

remainder of the retina, sampling grids were placed in a random, uniform and 

systematic fashion. Using a 60x/NA 1.35 oil immersion objective, only neurons that 

lay entirely within the counting frame or intersected the acceptance lines without 

touching the rejection lines were counted at each sampling site (Gundersen, 1977; 

Sterio, 1984). For each retina, we counted approximately 20 sampling points in the 

foveola, 50 in the perifoveal region, 50 in the central region and 100 in the rest of 

the retina (midperipheral/peripheral regions). These stereological parameters were 

chosen on the basis of a pilot experiment to achieve a mean Schaeffer coefficient of 
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error (CE) < 0.1, which is deemed appropriate in the present study because variance 

introduced by the counting procedures contribute very little to the observed group 

variance (Glaser and Wilson, 1998; Slomianka and West, 2005).  

Table 4.1. Stereological parameters defined to estimate the total number and 
topographic distribution of neurons in the ganglion cell layer of the species of 
passerines using the optical fractionator method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Counting frame and sampling grid sizes used to estimate the total number and 

topographic distribution of giant ganglion cells in MAP2-immunoreacted retinal 

wholemounts are also listed in Table 4.1. As giant ganglion cell densities show a 

shallow gradient across the retina, we opted to sample the entire retina using a 

single counting frame and grid sizes following the same counting rules as described 

Species/ 
Sampling region 

Counting 
frame 

(µm x μm) 

Grid 
(µm x μm) 

Area 
sampling 
fraction 

A. chrysorrhoa    
Nissl     
Foveola  15 x 15 25 x 25 0.3600 
Perifovea 12 x 12 120 x 120 0.0100 
Centre 12 x 12 600 x 600 0.0004 
Temporal area 25 x 25 150 x 150 0.0278 
Periphery 25 x 25 650 x 650 0.0015 
MAP2    
Whole retina 300 x 300 600 x 600 0.2500 
    

A. carunculata    
Nissl    
Foveola  20 x 20 25 x 25 0.6400 
Perifovea 12 x 12 150 x 150 0.0064 
Centre 15 x 15 800 x 800 0.0004 
Temporal area 25 x 25 200 x 200 0.0156 
Periphery 35 x 35 1400 x 1400 0.0006 
MAP2    
Whole retina 500 x 500 1100 x 1100 0.2066 
    

L. indistincta    
Nissl    
Foveola  15 x 15 25 x 25 0.3600 
Perifovea 12 x 12 120 x 120 0.0100 
Centre 15 x 15 400 x 400 0.0014 
Temporal area 25 x 25 120 x 120 0.0434 
Periphery 25 x 25 700 x 700 0.0013 
MAP2    
Whole retina 300 x 300 570 x 570 0.2770 
    

Z. lateralis    
Nissl    
Foveola 15 x 15 25 x 25 0.3600 
Perifovea  12 x 12 120 x 120 0.0100 
Centre 15 x 15 450 x 450 0.0011 
Temporal area 25 x 25 120 x 120 0.0434 
Periphery 25 x 25 650 x 650 0.0015 
MAP2    
Whole retina 300 x 300 550 x 550 0.2975 
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above. We used a 20x/NA 0.5 air objective to count MAP2-immunolabelled giant 

ganglion cells. We counted approximately 200 sites per retina. In all retinas sampled 

the Schaeffer CE was below 0.1.  

To map the topographic distribution of ganglion cells in passerines, cell counts at 

each sampling site were converted to an equivalent cell density per square 

millimeter. We used Arcview 3.2 software (ESRI, Redlands, CA) to construct 

topographic maps depicting the distribution of ganglion cells as revealed by 

isodensity lines using the spline interpolation method (Coimbra et al., 2006).  

Photomicrographs were obtained using a digital camera (Microfire, Optronics, CA) 

coupled to a Stereo Investigator system. Digital photomicrographs were processed 

using Adobe Photoshop CS2 (San Jose, CA) for scaling and minor adjustment of the 

levels of brightness and contrast. We used Graphpad Prism 6 to construct graphs.   

 

 

4.3.5. Anatomical estimation of spatial resolving power  

 

The centrifugal displacement of retinal ganglion cell densities from the foveola 

makes the estimation of the effective maximum sampling density of ganglion cells 

problematic in foveate specialisations. In this case, allowance for this displacement 

must be made using the lengths of cone fibers (Henle fibers) to obtain the actual 

retinal ganglion cell density that sample the output of the foveal cone array 

(Missotten, 1974; Schein, 1988; Wässle et al., 1990; Wilder et al., 1996). However, if 

a primate-like midget system is present in the central fovea of the passerines 

studied, the sampling density of retinal ganglion cells in the perifoveal region may 

not be the best indicator of the limits of spatial resolution. In this case, retinal 

ganglion cells outnumber the density of cones in this region, therefore, giving cone 

to ganglion cell ratios of 1:2 or 1:4 (Perry and Cowey, 1988; Wässle et al., 1990; 
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Curcio and Allen, 1990). Alternatively, cone peak density in the foveola is the best 

proxy to estimate the Nyquist limits of spatial resolution and provides results 

consistent with behavioural estimates of visual acuity (Reymond, 1985; Reymond, 

1987; Troilo et al., 1993). As no information is available about the lengths of Henle 

fibers, convergence ratio of cones to retinal ganglion cells or the peak density of 

cones in the foveola of the Australian passerines studied, we were not able to 

estimate the spatial resolving power in their central fovea. However, as the temporal 

area in passerines is not associated with any indentation and ganglion cell densities 

are not displaced laterally, we used neuronal densities as a proxy to estimate the 

upper limits of spatial resolution in this specialisation.  

To estimate the posterior nodal distance (PND) of the eyes of the species of 

passerines studied, we multiplied the axial length by 0.67 according to the ratio 

between PND and axial length described for diurnal species (Pettigrew et al., 1988). 

All species of passerines studied here are diurnal (Gregory, 2007; Higgins et al. 2008; 

van Balen, 2008).  

To estimate the retinal magnification factor (RMF), which represents the distance in 

retinal surface that subtends one degree, we used the equation (Pettigrew et al., 

1988):  

RMF=2πPND/360 

We assumed that neurons in the temporal specialisation of passerines were organized 

in a triangular lattice (often described as a hexagonal lattice) because this 

arrangement allows for the minimum center-to-center spacing amongst cells 

(Williams and Coletta, 1987). We used the peak density of neurons in the temporal 

area (D) to estimate the highest spatial frequency as determined by the Nyquist 

limits of spatial resolution according to the following equation (Snyder and Miller, 

1977; Williams and Coletta, 1987): 
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fN = 0.5 x RMF x (2D √ )1/2 

The anatomical estimates of spatial resolving power using the total peak density of 

neurons in the temporal area of these species of passerines should be considered as 

upper limits of retinal resolution because it includes an unknown percentage of 

amacrine cells and is not known whether all retinal ganglion cell types in this region 

are involved in fine discrimination tasks (Wässle, 2004; Reuter and Peichl, 2008). 

 

4.3.6.  Qualitative assessment of foveal organisation in cryosections 

 

We used one eye from each passerine species to evaluate qualitatively the 

morphology of the central fovea. Retinal pieces (approximately 5 x 5 mm) containing 

the fovea and the tip of the pecten were cryoprotected in a series of solutions 

containing 10%, 20% and 30% sucrose in 0.1M PB (pH = 7.2–7.4). We removed the 

retinal pieces so that each one contained the fovea in a more temporal position to 

aid in orientation during sectioning across the nasotemporal meridian. We also used 

the tip of the pecten to aid in the orientation of the block before sectioning. 

Cryoprotected retinal pieces were then incubated in a solution of 14% gelatin in 30% 

sucrose in 0.1M PB at 45°C for 3h (Querubin et al., 2009). Subsequently, a thin layer 

of gelatin-sucrose solution was placed on a small Petri dish and allowed to set in the 

fridge for one minute. On the top of this layer, retinal pieces were mounted flat, 

covered again with gelatin-sucrose solution and allowed to set in the fridge for one 

minute. Gelatin blocks were allowed to equilibrate at -20° C for 1h, subsequently 

covered with OCT medium and then sectioned at 20 μm using a cryostat. Sections 

were collected free-floating in 0.1M PB. Under microscopic inspection, sections 

containing a pit were collected, mounted onto gelatinised slides and allowed to dry 

at room temperature overnight. Sections were then stained with 0.1% cresyl violet, 

dehydrated, cleared and mounted with Entellan New (Merck) (Coimbra et al., 2006).  
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4.4.  RESULTS 

 

4.4.1.  Stereological assessment of the total number of neurons in the ganglion 

cell layer  

 

We estimated the total number of neurons in the retinas of passerines by summing 

the optical fractionator estimates in each demarcated region. The total number of 

neurons varied between approximately 1,300,000 and 4,800,000 amongst the four 

species of passerines studied (Table 4.2). We estimated relatively higher numbers of 

neurons in the red wattlebird (A. carunculata) ranging from approximately 4,500,000 

to 4,800,000 followed by the yellow rumped thornbill (A. chrysorrhoa) with 

approximately 2,600,000–3,100,000. In contrast, we estimated lower numbers of 

neurons in the brown honeyeater (L. indistincta) and the silvereye (Z. lateralis) 

ranging from approximately 1,300,000 to 1,600,000 of neurons (Table 4.2). The mean 

Schaeffer CE for each retina ranged from 0.047 to 0.054 (Table 4.2). The variance 

introduced by methodological procedures should not be higher than 50% of the 

observed group variance, giving a CE2/CV2 ratio of less than 0.5 (Slomianka and West, 

2005). Our CE2/CV2 ratio estimates were less than 0.5 for the retinas of the yellow-

rumped thornbill (A. chrysorrhoa) and brown honeyeater (L. indistincta) (Table 4.3). 

Our higher CE2/CV2 ratios of approximately 2.0 for the red wattlebird (A. 

carunculata) and silvereye (Z. lateralis) (Table 4.3) are not indicative of variability 

introduced by the stereological procedures (mean CE = 0.051 in the red wattlebird; 

mean CE = 0.052 in the silvereye), but instead due to small group variance (Table 

4.3).  
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Table 4.2. Estimates of neuron numbers obtained from retinal wholemounts of the 
species of passerines using the optical fractionator method. S.D., standard deviation. 

 

A. chrysorrhoa 
 

 A. carunculata 
 

Specimen/ 
Retinal 
sector 

Area 
(mm2) 

Number 
of  

sites 

Number 
of 

neurons 

CE  Specimen/ 
Retinal 
sector 

Area 
(mm2) 

Number 
of  

sites 

Number 
of 

neurons 

CE 

Ach001L      Aca001R     
Foveola 0.01 23 388 0.068  Foveola 0.01 20 51 0.045 
Perifovea 0.80 57 86,800 0.032  Perifovea 1.38 59 130,625 0.031 
Centre 20.13 50 1,840,000 0.025  Centre 34.36 53 2,164,622 0.050 
T. area 0.74 33 24,660 0.053  T. area 0.91 23 26,496 0.056 
Periphery 74.87 124 765,908 0.061  Periphery 271.18 118 2,473,600 0.064 
Total  287 2,717,756   Total  273 4,795,394  
Mean CE    0.048  Mean CE    0.049 
           

Ach002L      Aca002R     
Foveola 0.01 17 350 0.074  Foveola 0.01 22 68 0.021 
Perifovea 0.85 59 94,900 0.034  Perifovea 1.32 58 111,406 0.050 
Centre 20.16 55 1,770,000 0.037  Centre 33.10 50 2,011,022 0.046 
T. area 0.69 32 22,752 0.071  T. area 0.95 24 24,448 0.078 
Periphery 67.43 112 774,696 0.052  Periphery 252.29 111 2,627,200 0.068 
Total  275 2,662,698   Total  265 4,774,144  
Mean CE    0.054  Mean CE    0.053 
           

Ach003R      Aca003L     
Foveola 0.01 22 286 0.072  Foveola 0.01 19 87 0.034 
Perifovea 0.88 65 105,400 0.034  Perifovea 1.18 54 116,718 0.035 
Centre 20.44 54 2,175,000 0.028  Centre 30.44 46 1,880,177 0.050 
T. area 0.73 33 26,856 0.046  T. area 0.84 22 27,584 0.067 
Periphery 67.78 112 825,396 0.057  Periphery 244.54 110 2,507,200 0.068 
Total  286 3,132,938   Total  251 4,531,766  
Mean CE    0.047  Mean CE    0.051 
           

L. indistinca 
 

 Z. lateralis 
 

Specimen/ 
Retinal 
sector 

Area 
(mm2) 

Number 
of  

sites 

Number 
of 

neurons 

CE  Specimen/ 
Retinal 
sector 

Area 
(mm2) 

Numbe
r of  
sites 

Number 
of 

neurons 

CE 

Lin001R 0.01 22 372 0.051  Zla001L     
Foveola 0.70 50 68,300 0.033  Foveola 0.01 29 200 0.066 
Perifovea 8.72 50 433,066 0.055  Perifovea 0.87 60 77,000 0.035 
Centre 0.44 32 12,602 0.065  Centre 10.86 51 552,600 0.035 
T. area 65.17 114 911,792 0.052  T. area 0.26 20 9,768 0.076 
Periphery  268 1,426,132   Periphery 55.21 105 866,632 0.057 
Total    0.051  Total  265 1,506,200  
Mean CE      Mean CE    0.054 
           

Lin002L      Zla002R     
Foveola 0.01 23 388 0.056  Foveola 0.02 33 366 0.056 
Perifovea 0.73 52 76,700 0.040  Perifovea 0.81 58 78,000 0.033 
Centre 9.42 53 453,688 0.042  Centre 10.03 47 628,200 0.048 
T. area 0.53 38 17,464 0.045  T. area 0.36 26 14,630 0.045 
Periphery 62.16 103 813,008 0.056  Periphery 53.72 107 892,996 0.056 
Total  269 1,361,248   Total  271 1,614,192  
Mean CE    0.048  Mean CE    0.047 
           

Lin003L      Zla003L     
Foveola 0.01 24 202 0.065  Foveola 0.02 36 341 0.054 
Perifovea 0.82 56 87,000 0.036  Perifovea 0.77 51 75,100 0.038 
Centre 8.61 52 464,355 0.057  Centre 10.96 51 634,500 0.049 
T. area 0.44 34 14,814 0.043  T. area 0.29 23 10,160 0.075 
Periphery 70.51 124 1,063,888 0.049  Periphery 55.86 108 876,096 0.058 
Total  290 1,630,259   Total  269 1,596,197  
Mean CE    0.050  Mean CE    0.055 
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Table 4.3. Mean Schaeffer Coefficient of Error (CE), Coefficient of Variance (CV), 
and ratio CE2/CV2 derived from quantitative data of neurons in the ganglion cell layer 
in the retinal wholemounts of passerines using the optical fractionator method. S.D., 
standard deviation.  

 

 

 

 

 

 

 

 

 

 

 

 

4.4.2.  Identification of the fovea in cross sections and wholemounts 

 

The qualitative analysis of retinal cross sections revealed a convexiclivate central 

fovea in all species of passerines (Fig. 4.4 A–D). The central fovea in the yellow-

rumped thornbill is shallow (Fig. 4.4 A) in contrast to a deep central fovea in the 

other species (Figs. 4.4 B–D). In retinal wholemounts, we identified the central fovea 

by changing focus between the foveal rim and foveola in all species (Fig. 4.4 E–L). In 

all species, we detected scattered neurons in the foveola (Fig. 4.4 I–L).  

 

Species/ 
Specimen 
 

Number of 
neurons 

 

CE 

A. chrysorrhoa   
Ach001L 2,717,756 0.048 
Ach002L 2,662,698 0.054 
Ach003R 3,132,938 0.047 
Mean 2,837,797 0.050 
SD 257,078 0.004 
CV2=SD2 /Mean2 0.0082  
CE2 0.0025  
CE2/CV2 0.30  
   

A. carunculata   
Ach001R 4,795,394 0.049 
Ach002R 4,774,144 0.053 
Ach003L 4,531,766 0.051 
Mean 4,700,435 0.051 
SD 146,457 0.002 
CV2=SD2 /Mean2 0.0010  
CE2 0.0026  
CE2/CV2 2.68  
   

L. indistincta   
Lin001R 1,426,132 0.051 
Lin002L 1,361,248 0.048 
Lin003L 1,630,259 0.050 
Mean 1,472,546 0.050 
SD 140,383 0.002 
CV2=SD2 /Mean2 0.0091  
CE2 0.0025  
CE2/CV2 0.27  
   

Z. lateralis   
Zla001L 1,506,200 0.054 
Zla002R 1,614,192 0.047 
Zla003L 1,596,197 0.055 
Mean 1,572,196 0.052 
SD 57,858 0.004 
CV2=SD2 /Mean2 0.0014  
CE2 0.0027  
CE2/CV2 2.00  
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Figure 4.4. Vertical cross sections through the central fovea of the yellow-rumped 
thornbill (A), red wattlebird (B), brown honeyeater (C) and silvereye (D). 
Wholemount views of the central fovea with focus on the foveal rim (E, F, G and H) 
and with focus in the foveola (I, J, K and L) presented in the same order of species as 
in A, B, C and D. Note the shallower central fovea of the yellow-rumped thornbill in 
comparison to the other species in vertical cross sections and in wholemount view. 
Note the presence of scattered neurons within the very centre of the foveola (I, J, K 
and L). onl, outer nuclear layer; inl, inner nuclear layer; gcl, ganglion cell layer. 
Scale bars = 200 µm in A-D; 50 µm in E–L. 

 

4.4.3.  Topographic retinal specialisations in the ganglion cell layer 

 

Maps of the topographic distribution of neuronal densities in the ganglion cell layer in 

all four species reveal a broadly similar concentric organisation of isodensity lines 

around the central fovea and the temporal area (Fig. 4.5). In the yellow-rumped 

thornbill, the central fovea is embedded in an elongated and ovoid plateau defined 

by an isodensity line of 120,000 cells/mm2 (Fig. 4.5 A). The peak density of ~160,000 

cells/mm2 occurs ventronasally within a high density crescent (foveal crescent) 

defined by an isodensity line of 140,000 cells/mm2 (Fig. 4.5 A; Table 4.4). From the 

foveal plateau towards the midperiphery, isodensity lines between 100,000 
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cells/mm2 and 40,000 cells/mm2 become more ovoid in shape and are closely spaced 

indicating a sharp decrease in neuronal density (Fig. 4.5 A). This ovoid arrangement 

features a wider and flatter organisation dorsally in contrast to a more angular 

organisation towards the ventral retina (Fig. 4.5 A). Isodensity lines between 40,000 

cells/mm2 and 20,000 cells/mm2 are more widely spaced, indicating a more gradual 

decrease in neuronal density from mid to far periphery (Fig. 4.5 A). Within the limits 

of the isodensity lines of 40,000 cells/mm2 and 20,000 cells/mm2, we detected a 

temporal area with a peak density of ~54,000 cells/mm2 (Fig. 4.5 A; Table 4.4).  

In the red wattlebird, brown honeyeater and silvereye, we detected a central fovea 

embedded in a more restricted, symmetric and concentric foveal plateau (Figs. 4.5 

B-D). An isodensity line of 90,000 cells/mm2 defines the foveal plateau in the red 

wattlebird (Fig. 4.5 B) and brown honeyeater (Fig. 4.5 C), while an isodensity line of 

80,000 cells/mm2 defines a slightly broader foveal plateau in the silvereye (Fig. 4.5 

D). Within the foveal plateau, we detected the highest peak density of ~130,000–

140,000 cells/mm2 in a foveal crescent  located more dorsally in the red wattlebird 

(Fig. 4.5 B; Table 4.4) and brown honeyeater (Fig. 4.5 C; Table 4.4) in contrast to the 

ventral location of a peak density of ~130,000 cells/mm2 in the silvereye (Fig. 4.5 D; 

Table 4.4). In contrast to the yellow-rumped thornbill, isodensity lines from 80,000–

90,000 cells/mm2 to 10,000 cells/mm2 show a gradual decrease in neuronal density 

towards the retinal periphery in the red wattlebird, brown honeyeater and silvereye 

(Fig. 4.5 B–D). In these species, isodensity lines show a smooth transition from a more 

concentric organisation in central retina to a more elliptical organisation across the 

nasotemporal meridian towards the far periphery (Fig. 4.5 B–D). Similarly to the 

yellow-rumped thornbill, we also detected a temporal area with peak densities of 

~44,000 cells/mm2 in the red wattlebird (Fig. 4.5 B), ~43,000 cells/mm2 in the brown 

honeyeater and ~52,000 cells/mm2 (Fig. 4.5 C) in the silvereye (Fig. 4.5 D).  
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Figure 4.5. Topographic maps showing the distribution of neuronal densities in the 
retinal ganglion cell layer of the yellow-rumped thornbill, A. chrysorrhoa (A); red 
wattlebird, A. carunculata (B); brown honeyeater, L. indistincta (C) and silvereye, Z. 
lateralis (D). Numbers on the isodensity lines should be multiplied by 104 to express 
densities in cells/mm2. The dots in the centre within the limits of concentric 
isodensity lines of 80,000–100,000 cells/mm2 mark the location of the foveola. The 
dots in the centre within the limits of the foveal ridge defined by crescent-shaped 
isodensity lines of 100,000–140,000 cells/mm2 mark the location of the maximum 
neuronal peak density. The dots in the temporal retina within the limits of the 
concentric isodensity lines of 30,000–40,000 cells/mm2 mark the location of the 
neuronal peak density in the temporal area. The oblique strip in the ventral quadrant 
represents the position of the pecten. T, temporal; V, ventral. Scale bars = 1 mm.  
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Table 4.4. Neuron peak densities in the high-density regions (perifovea and temporal 
area) and lowest densities in the foveola of the four species of passerines. S.D., 
standard deviation. 

 

 

 

 

 

 

 

 

 

 

We describe these topographic changes in neuronal densities as a function of retinal 

eccentricity across nasotemporal and dorsoventral transects across species in Figure 

4.6. In the yellow-rumped thornbill, neuronal densities (20,000–40,000 cells/mm2) 

remain relatively constant between approximately 4–6 mm from the foveola in the 

nasal, dorsal and ventral regions; in the temporal region, neuronal densities peak in 

the temporal area located between 3–4 mm from the foveola (Fig. 4.6 A). Neuronal 

densities (40,000–100,000 cells/mm2) increase rapidly at approximately 3–4 mm 

nasal/dorsal, 2–3 mm ventral and 1–2 mm temporal from the foveola (Fig. 4.6 A). 

Between 1–3 mm nasal/dorsal and 1–2 mm ventral and 1 mm temporal, neuronal 

densities remain relatively constant (100,000–140,000 cells/mm2) indicating the 

broad foveal plateau (Fig. 4.6 A). At approximately 0.5 mm from the foveola, 

densities drop sharply to ~20,000 cells/mm2 in the foveola (Fig. 4.6 A). In the other 

species, neuronal densities (10,000–90,000 cells/mm2) in the nasal, dorsal and 

Species/ 
Specimens 

 Lowest 
density 

(cells/mm2) 
 

 Highest density  
(cells/mm2) 

 

  Foveola 
 

 Perifovea Temporal 
area 

A. chrysorrhoa      
Ach001L  22,240  152,768 52,800 
Ach002L  31,136  159,712  56,000 
Ach003R  17,792  159,712  54,400 
Mean   23,723  157,397 54,400 
SD  6,794  4,009 1,600 
      

A. carunculata      
Aca001R  0  132,192 47,981 
Aca002R  0  132,192 41,583 
Aca003L  0  124,848 41,583 
Mean  0  129,744 43,716 
SD  0  4,240 3,694 
      

L. indistincta      
Lin001R  22,240  131,936 41,600 
Lin002L  22,240  138,880 44,800 
Lin003L  13,344  145,600 43,200 
Mean  19,275  138,805 43,200 
SD  5,136  6,832 1,600 
      

Z. lateralis      
Zla001L  4,448  124,992 51,200 
Zla002R  4,448  124,992 52,800 
Zla 03L  8,896  139,200 51,200 
Mean  5,931  129,728 51,733 
SD  2,568  8,203 924 
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ventral regions increase gradually between 1–12 mm from the foveola in the red 

wattlebird (Fig. 4.6 B) and between 1–6 mm from the foveola in the brown 

honeyeater (Fig. 4.6 C) and silvereye (Fig. 4.6 D). The peak densities between 

~44,000–52,000 cells/mm2 in the temporal area occur ~7 mm from the foveola in the 

red wattlebird (Fig. 4.6 B), ~3 mm in the brown honeyeater (Fig. 4.6 D) and ~2.5 mm 

in the silvereye (Fig. 4.6 D). In the red wattlebird, neuronal densities (100,000–

150,000 cells/mm2) increase more rapidly from 1 mm to 0.5 mm from the foveola and 

then drop sharply to zero in the centre of the foveola (Fig. 4.6 B). In the brown 

honeyeater and silvereye, neuronal densities profiles are similar to the red 

wattlebird but densities drop between ~6,000 and 20,000 cells/mm2 in the centre of 

the foveola (Fig. 4.6 C, D; Table 4.4).  
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Figure 4.6. Graphs showing the neuronal density profiles as a function of eccentricity 
across transects through the nasotemporal and dorsoventral axes in the yellow-
rumped thornbill, A. chrysorrhoa (A); red wattlebird, A. carunculata (B); brown 
honeyeater, L. indistincta (C) and silvereye, Z. lateralis (D). For each species, a 
small inset of the retinal wholemount shows the directions of the transects in both 
nasotemporal and dorsoventral axes. The star marks the position of the foveola. The 
asterisk marks the position of the temporal area. D, dorsal, N, nasal; T, temporal; V, 
ventral. 
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4.4.4.  Topographic distribution of giant ganglion cells using MAP2-

immunohistochemistry  

 

In Nissl-stained preparations, we noticed that all species of passerines studied here 

have a cohort of ganglion cells with a very large soma and a dense accumulation of 

Nissl substance in the cytoplasm (Fig. 4.7 A). In retinas processed for 

immunohistochemistry, anti-MAP2 antibodies labelled strongly a subset of giant 

ganglion cells that showed similar soma size and morphological features to those 

stained by the Nissl method (Fig. 4.7 B, C). These giant cells had an ovoid soma with 

up to 4–5 primary dendrites, which arborise radially giving these cells a stellate 

appearance in low (Fig. 4.7 B) and high (Fig. 4.7 C) density regions. Soma sizes of 

giant ganglion cells ranged from ~80 to 250 µm (n = 180) in the periphery and ~60 to 

115 µm (n = 36) in the centre of the retina across species.  
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Figure 4.7. Photomicrograph showing the population of Nissl-stained neurons in the 
dorsal periphery of the retinal ganglion cell layer of the silvereye (A). Note the 
presence of giant ganglion cells as indicated by arrowheads (A); MAP2-
immunolabelled giant ganglion cells in the dorsal periphery of the silvereye (B). Note 
the very large soma of the MAP2-immunolabelled giant ganglion cells and the stellate 
appearance of their dendritic arborisations (B); Region of the peak density of giant 
ganglion cells in the temporal retina of the silvereye (C). Scale bars = 50 µm. 

 

Topographic mapping of MAP2 immunolabelled giant ganglion cells revealed a peak 

density in the temporal retina in all species (Fig. 4.8). We estimated higher peak 

densities of 189 cells/mm2  in the yellow-rumped thornbill and 222-233 cells/mm2 in 

the silvereye. In contrast, we estimated lower peak densities of 144 cells/mm2 in the 
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brown honeyeater and 104 cells/mm2 in the red wattlebird (Fig. 4.8). In all species, 

isodensity lines are concentric around the peak density region. In the yellow-rumped 

thornbill and silvereye, we also found a second region of elevated cell density in the 

nasal retina with a peak density of 89 cells/mm2 and 111 cells/mm2, respectively 

(Fig. 4.8 A, D).  In the yellow-rumped thornbill, an isodensity line of 20 cells/mm2  

circumscribes the entire extension of the retinal periphery and demarcates a central 

region with very low densities of giant cells. In the red wattlebird and brown 

honeyeater, isodensity lines between 50 and 30 cells/mm2 become more elongated 

and define a horizontal streak through the nasotemporal meridian (Fig. 4.8 B, C). In 

the silvereye, we detected a less pronounced horizontal streak with isodensity lines 

between 60 and 40 cells/mm2 becoming progressively more elongated (Fig. 4.8 D).  
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Figure 4.8. Topographic maps showing the distribution of MAP2-positive giant 
ganglion cells in the retinal ganglion cell layer of the yellow-rumped thornbill, A. 
chrysorrhoa (A); red wattlebird, A. carunculata (B); brown honeyeater, L.indistincta 
(C) and silvereye, Z. lateralis (D). Numbers on the isodensity lines should be 
multiplied by 10 to express densities in cells/mm2. The dots in the centre mark the 
position of the foveola. The dots in the temporal retina mark the position of the peak 
density of giant ganglion cells in the area gigantocellularis. The dots in the nasal 
retina mark the position of a second peak density of giant ganglion cells in the 
yellow-rumped thornbill (A) and silvereye (D).The oblique strip in the ventral 
quadrant marks the position of the pecten. T, temporal; V, ventral. Scale bars = 1 
mm.  
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Our optical fractionator estimates of the total number of MAP2-immunolabelled giant 

ganglion cells ranged from 1,884 giant ganglion cells (~0.07% of the total population 

of neurons in the ganglion cell layer) in the yellow-rumped thornbill to 6,621 giant 

ganglion cells (~0.14%) in the red wattlebird. Estimates for the brown honeyeater 

(2,288 giant ganglion cells; 0.16%) and silvereye (3,209 giant ganglion cells; 0.20%) 

fall closer to the numbers estimated for the yellow-rumped thornbill. In addition, we 

detected topographic variations in the proportions of giant ganglion cells in relation 

to the total population of neurons in the ganglion cell layer. In the temporal retina, 

the proportions ranged from 0.24% (104 cells/mm2 giant; ~44,000 cells/mm2 total) in 

the red wattlebird to 0.43% (222 cells/mm2 giant; ~52,000 cells/mm2 total) in the 

silvereye; we estimated similar proportions of 0.33% (144 cells/mm2 giant; ~43,000 

cells/mm2 total) in the brown honeyeater and 0.35% (189 cells/mm2 giant; ~54,000 

cells/mm2 total) in the yellow-rumped thornbill. In the nasal retina, we also 

estimated equivalent proportions of 0.36% (89 cells/mm2 giant; ~25,000 cells/mm2 

total) in the yellow-rumped thornbill and 0.44% (111 cells/mm2 giant; ~25,000 

cells/mm2 total) in the silvereye. In the central retina, we estimated very low 

proportions of 0.02% in the yellow-rumped thornbill (~11–22 cells/mm2 giant; 

~60,000–140,000 cells/mm2 total); in the other species proportions of giant cells 

were slightly higher: ~0.06–0.11% (~44–56 cells/mm2 giant; ~40,000–100,000 

cells/mm2 total) in the brown honeyeater; ~0.06-0.16% (~48–56 cells/mm2 giant; 

~30,000–100,000 cells/mm2 total) in the red wattlebird and ~0.1–0.12% (~70–100 

cells/mm2 giant; ~60,000–100,000 cells/mm2 total) in the silvereye.  

 

4.4.5.  Eye size and anatomical spatial resolving power  

 

Measurements of the axial length and estimates of the posterior nodal distance and 

retinal magnification factor of the eyes of the species of passerines studied are listed 

in Table 4.5. Mean axial lengths ranged from ~ 5.2 mm in the silvereye and 5.5 mm in 
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the brown honeyeater to ~11 mm in the red wattlebird (Table 4.5). The eyes of the 

yellow-rumped thornbill (~ 6 mm in axial length) are slightly larger than the eyes of 

the silvereye and brown honeyeater (Table 4.5). Accordingly, posterior nodal 

distance ranged from ~ 3.5 – 3.7 mm in the silvereye and brown honeyeater to ~ 7.4 

mm in the red wattlebird, resulting in retinal magnification factors ranging from ~ 

0.060 mm/degree to ~ 0.130 mm/degree, respectively (Table 4.5). Assuming a 

triangular lattice in the spatial organisation of neurons in the temporal area, we 

estimated that spatial resolving power in the temporal area ranged from ~ 7 

cycles/degree in the silvereye and brown honeyeater to ~ 14 cycles/degree in the 

red wattlebird (Table 4.5). In the yellow-rumped thornbill, estimates of spatial 

resolving power in the temporal area were ~ 9 cycles/degree (Table 4.5). 

 

Table 4.5. Optical and anatomical parameters used to estimate the upper limits of 
spatial resolution in the temporal area of the species of passerines. PND, posterior 
nodal distance; RMF, retinal magnification factor. 

 

Species Axial 
length 
(mm) 

PND 
 (mm) 

RMF 
(mm/deg) 

Peak density of 
neurons – 

Temporal area 
(cells/mm2) 

Spatial resolving 
power – Temporal 
area (cycles/deg) 

 
Acanthiza chrysorrhoa 6.22 4.17 0.073 54,400 

 
9.12 

Anthochaera carunculata 11.06 7.41 0.129 41,716 14.19 
Lichmera indistincta 5.48 3.67 0.064 43,200 7.16 
Zosterops lateralis  5.22 3.50 0.061 51,733 7.46 
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4.5.  DISCUSSION 

 

In this paper, we measured the total number and topographic distribution of neurons 

in the retinal ganglion cell layer in four species of Australian oscine passerines with 

contrasting lifestyles. We identified a common pattern formed by a central fovea and 

a temporal area, with topographic variations that potentially reflect interspecific 

differences in ecological needs and microhabitat use. We found a central fovea 

embedded in a broad and ovoid plateau in the insectivorous yellow-rumped thornbill. 

In contrast, we found a more restricted and circular foveal plateau in the 

predominantly nectarivorous red wattlebird and brown honeyeater and in the 

frugivorous silvereye. The temporal area shows a generally concentric organisation 

across species. Density gradients across nasotemporal and dorsoventral transects 

change sharply in the yellow-rumped thornbill, but more gradually in the other 

species. We also describe the topographic organisation of an area gigantocellularis in 

all species analysed. Giant ganglion cells peak in the temporal retina; however, their 

densities extend across the nasotemporal meridian forming a non-pronounced 

horizontal streak in the red wattlebird, brown honeyeater and silvereye in contrast 

to a more circumferential distribution across the retinal periphery in the yellow-

rumped thornbill.  

 

4.5.1.  Foveal organisation and niche specialisations in passerines   

 

The presence of a central fovea is a common feature in the retinas of tyrant-

flycatcher passerines (Coimbra et al., 2006; 2009) and other birds such as vultures, 

falcons and kingfishers (Inzunza et al., 1991; Moroney and Pettigrew, 1987). In the 

present study, we identified a central fovea in cross sections and in retinal 

wholemounts in all four species of passerines, thus corroborating our first prediction. 

As with the tyrant flycatchers (Coimbra et al., 2006), Australian oscine passerines 

possess a central convexiclivate fovea. The shallower fovea in the insectivorous 
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yellow-rumped thornbill contrasts with the deeper central convexiclivate fovea in 

tyrant flycatchers (Coimbra et al., 2006), but is similar to the shallow central 

convexiclivate fovea in the pigeon (Querubin et al., 2009). These differences in 

foveal organisation can reflect niche differentiation between passerines and other 

birds. Although both the yellow-rumped thornbill and the tyrant flycatchers are 

insectivorous, they differ in the mode of foraging. As with pigeons, yellow-rumped 

thornbills forage predominantly on the ground, while the tyrant flycatchers studied 

show a diverse foraging repertoire to collect prey in the air and/or arboreal 

microhabitats (Fitzpatrick, 1981). Therefore, the presence of a shallow central fovea 

in avian species that predominantly forage on the ground may relate to the proximity 

of the head to the ground.  

Multiple theories attribute different functions for the convexiclivate fovea including 

image magnification (Walls, 1942; Snyder and Miller, 1978), improved fixation and 

detection of angular movement (Pumphrey, 1948) and enhanced judgement of plane 

of focus (Harkness and Bennet-Clarke, 1978). In particular, Snyder and Miller (1978) 

suggested that the spherical surface of the pit of the convexiclivate fovea acts as a 

negative lens increasing the focal length and hence magnifying the image projected 

onto the retina. In line with this theory, the shallow convexiclivate fovea in 

terrestrial foragers, such as the yellow-rumped thornbill and pigeon, affords lower 

image magnification which is consistent with the proximity of their head to the 

ground. In predominantly arboreal species such as the red wattlebird, brown 

honeyeater, silvereye and tyrant flycatchers (Coimbra et al., 2006; 2009), the deeper 

convexiclivate foveas may reflect their need for increased image magnification onto 

the fovea during foraging. Although the red wattlebird, the brown honeyeater and 

the silvereye maintain their heads close to the foraging substrate while probing for 

nectar, the enhanced magnification allows for improved detection of detail from the 

more complex arboreal surroundings. 
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4.5.2. Ethoecological significance of the topographic distribution of neurons in 

the ganglion cell layer of passerines 

 

The presence of a temporal area of elevated neuronal density is a common trait in 

the retinas of tyrant flycatchers (Coimbra et al., 2006; 2009). Similarly, we detected 

elevated neuronal densities in the temporal retinas of the four species of oscine 

passerines examined in this study, corroborating our prediction that these species 

possess a temporal area. The presence of a temporal area in the yellow-rumped 

thornbill, however, refutes our prediction that this species had a dorsotemporal area 

reflecting its preference to forage on the ground. In functional terms, the temporal 

area of the  species of passerines studied afford increased spatial resolution  and , 

therefore,  can play a crucial role for enhancing precision  for guidance of praxic 

activities performed with the bill tip in the frontal  visual field. While foraging, red 

wattlebirds and brown honeyeaters perch on twigs and insert the bill tip into the 

corolla of flowers to probe for nectar (Paton and Ford, 1977; Higgins et al., 2008). 

Similarly, silvereyes collect fruit by gleaning on foliage while perching (van Balen, 

2008). In addition, brown honeyeaters and silvereyes can supplement their diets with 

insects while red wattlebirds can feed on a variety of other food items including 

insects, small reptiles, eggs and nestlings of small birds (Higgins et al., 2008; van 

Balen, 2008) In these behaviours, the increased spatial resolution afforded by the 

temporal area in the frontal visual field assists with precise positioning of the bill tip 

towards the substrate or food item. Moreover, rotations of head and body during 

foraging permit these birds to align the projection of the temporal area directly 

towards different parts of the frontal visual field thereby exploiting a wider range of 

resources. Hence, by adjusting its head downwards, the yellow-rumped thornbill can 

also align its temporal area to optimize the collection of insects on the ground. 

Moreover, the temporal area, combined with adjustments of head postures, can also 

assist in the detection  of insects as this species also gleans on the foliage while 

perching (Gregory, 2007; Bell et al., 2010). 
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Our anatomical estimates of spatial resolving power in the temporal area varied from 

~ 7 cycles/degree in the brown honeyeater and silvereye to ~ 14 cycles/degree in the 

red wattlebird. We found that these differences in spatial resolving power in the 

temporal area of these species mainly reflect differences in eye size and to a lesser 

extent in neuronal peak density. For instance, although neuronal peak density in the 

temporal area of the silvereye is slightly higher (~ 52,000 cells/mm2 ) than in the 

brown honeyeater (~ 43,000 cells/mm2 ), their very similar eye size (axial length of ~ 

5.2 mm in the silvereye and ~ 5.5 mm in the brown honeyetater) compensates for a 

spatial resolution of ~ 7 cycles/degree in both species. Similarly, the yellow-rumped 

thornbill possesses the highest neuronal peak density in the temporal area (~ 54,000 

cells/mm2 ), which is only slightly higher than the peak density in the silvereye, but 

its larger eye size (~ 6.2 mm in axial length) contributes to its higher spatial resolving 

(~ 9 cycles/degree) compared to the silvereye and brown honeyeater. In contrast to 

the other species studied here, the red wattlebird has the lowest neuronal peak 

density in the temporal area (~ 41,000 cells/mm2 ); however, it has the largest eye 

size (~ 11 mm in axial length), which determines the highest spatial resolving power 

(~ 14 cycles/degree) afforded by the temporal area amongst the species studied. 

Although all species studied have the need for enhanced spatial resolution in the 

frontal visual field during foraging, the highest spatial resolving power estimated for 

the red wattlebird may reflect its versatile foraging repertoires and the wide variety 

of food items this species consumes (Higgins et al., 2008).  

A unique feature of the topographic distribution of neurons in the ganglion cell layer 

of the yellow-rumped thornbill is the presence of a broad and asymmetric ovoid 

plateau formed by elevated neuronal densities around the fovea. This high-density 

plateau is horizontally elongated in its dorsal pole contrasting with the symmetric 

organisation of the dorsal and ventral poles of the foveal plateau in tyrant 

flycatchers (Coimbra et al., 2006; 2009). These differences in the plateau 

organisation can also reflect differences in foraging behaviours. Given its location, 
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the dorsally extended part of the foveal plateau in the yellow-rumped thornbill can 

directly improve resolution in the lateral inferior visual field. This may assist this 

species in locating insects on the ground without the need for head rotations along 

the dorsoventral axis. Upon localizing prey, the yellow-rumped thornbill can then tilt 

its head horizontally and ventrally towards the prey to align its image onto the 

temporal area. In contrast to the yellow-rumped thornbill, the symmetry of the 

dorsal and ventral poles of the foveal plateau in the arboreal tyrant flycatchers 

enhances resolution at both superior and inferior portions of the lateral visual field 

allowing these birds to find prey at multiple locations across the vertical strata. 

Conversely, the more symmetrically concentric foveal plateau in the red wattlebird, 

brown honeyeater and silvereye increases resolution in a more restrained and central 

portion of the lateral visual field, which can enhance the identification of stationary 

food items (e.g. nectar, fruit) located in a single point in space.  

The topographic arrangement of neuronal densities in the ganglion cell layer of the 

red wattlebird, brown honeyeater and silvereye supports our prediction that these 

species have a more concentric arrangement of isodensity lines as they live in more 

enclosed environments. However, we found a similar concentric organisation of 

isodensity contour in the yellow-rumped thornbill refuting our prediction that this 

species had a more pronounced horizontal visual streak because it predominantly 

forages in open areas. Although the topographic organisation of isodensity lines is 

generally concentric, all species showed a nasotemporal elongation that suggests the 

presence of a weak horizontal visual streak similar to the streak found in tyrant 

flycatchers (Coimbra et al., 2006; 2009). The presence of this horizontal elongation, 

irrespective of the preference of the species for more open or closed environments, 

can be explained by the fact that each of these species experience both enclosed 

and open microhabitats to various degrees. For example, although the yellow-

rumped thornbill forages predominantly in open areas such as grasslands, they can 

occasionally forage in vegetation (Gregory, 2007; Bell et al., 2010). Likewise, 
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although the red wattlebird, brown honeyeater and silvereye forage between twigs 

and branches they also experience a less obstructed view of the horizon while 

foraging at the tops of trees or flying between foraging sites (Higgins et al., 2008; 

van Balen, 2008; Bell et al., 2010; Recher and Davis, 2011).Therefore, the transient 

occupation of less obstructed microhabitats may have represented a constraint for 

the selection of a weak horizontal streak in these species of passerines. 

 

4.5.3.  Plasticity in the topographic organisation of giant ganglion cells in 

passerines  

 

In the four species of passerines studied, we found that MAP2-immunolabeled giant 

cells are more concentrated in the temporal retina, supporting our prediction that 

these species have an area gigantocellularis. The temporal location of the peak 

density of giant ganglion cells found in the Australian oscine passerines corresponds 

with the location of the area gigantocellularis in tyrant flycatchers (Coimbra et al., 

2006; 2009), procellariiform seabirds (Hayes et al., 1991) and penguins (Coimbra et 

al., 2012). We found higher peak densities of MAP2-immunolabelled giant ganglion 

cells ranging between ~100 and 200 cells/mm2 in the Australian passerines compared 

to the peak densities of 35 cells/mm2 in the king penguin and ~70–80 cells/mm2 in 

the little penguin (Coimbra et al., 2012). We suggest that these differences in 

maximum cell densities in the area gigantocellularis reflect differences in eye size. 

Red wattlebirds have eyes that are twice as large (~11 mm in axial length) as the 

other species of passerines (~5–6 mm in axial length) and correspondingly their peak 

density of ~100 cells/mm2 is ~50–100% lower than the peak densities of the other 

species (~140–200 cells/mm2). Similarly, penguins also conform to this trend with the 

large-eyed king penguin (~26 mm in axial length) showing a lower peak density of 

giant ganglion cells (~35 cells/mm2) than the estimates for species with smaller eyes 

such as the little penguin (~70–80 cells/mm2; ~17 mm in axial length) (Coimbra et al., 

2012). In addition, consistent with the idea that this relationship results in low or 
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equivalent spatial resolving power of the motion detection system across species, we 

estimated that, in these passerines, the mean spatial resolving power set by the 

giant ganglion cells is ~0.5 cycles/degree (~0.35–0.59 cycles/degree). These low 

estimates obtained in passerines are also consistent with low estimates of ~1 

cycle/degree obtained in penguins (Coimbra et al., 2012) supporting the view that 

the area gigantocellularis participates in the processing of motion information rather 

than in high resolution tasks. 

The temporal location of the peak densities of giant ganglion cells in the avian 

species studied so far supports the claim that the area gigantocellularis enhances 

detection of motion in the frontal visual field (Hayes et al., 1991). Moreover, our 

detailed analyses of the topographic distribution of these giant ganglion cells reveal 

unusual features in the organisation of isodensity lines in other retinal locations. For 

instance, we found a second peak of giant ganglion cells in the nasal retina of the 

yellow-rumped thornbill and the silvereye suggesting that these species can also 

increase the detection of motion behind the head favouring the identification of 

predators or conspecifcs. The yellow-rumped thornbill also shows a characteristic 

circumferential increase in giant ganglion cell density that resembles the peripheral 

distribution of Nissl-stained giant ganglion cells in tyrant flycatchers (Coimbra et al., 

2006; 2009). This unusual arrangement affords enhanced detection of motion in 

multiple locations of the visual field and can play a crucial role in the collection of 

insects. Moreover, in the red wattlebird, brown honeyeater and silvereye, the 

isodensity lines show a horizontal streak formed by giant ganglion cells across the 

nasotemporal axis, which favour the detection of moving objects (e.g. predators or 

conspecifics) across the horizon. Similar to passerines, penguins also feature unusual 

patterns of distribution of giant ganglion cells outside the temporal retina showing 

the presence of a vertical visual streak to allow for increased motion detection in the 

water column (Coimbra et al., 2012).  
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The total proportions of MAP2-immunolabelled giant ganglion cells in passerines 

(~0.1–0.2%) are considerably lower than the proportions of alpha ganglion cells 

estimated for mammals (~1–10%; Peichl et al., 1987; Peichl, 1991; Coimbra et al., 

2013). It is possible that these lower proportions in passerines reflect their need for 

increased spatial resolution. As a strategy to compensate for a small eye size, 

passerines have increased densities of ganglion cells to afford enhanced resolution. In 

line with this view, rats have a comparable eye size (~7 mm in axial length; Hughes, 

1977; Peichl et al., 1987) to the smaller eyes of the passerines studied here but show 

between 20–40 times higher proportions of alpha cells in relation to the total 

population of ganglion cells (2–4% alpha ganglion cells; Peichl, 1989; Peichl 1991). In 

contrast to diurnal and mainly visually guided passerines, rats are nocturnal and rely 

intensively on senses other than vision (e.g. olfaction); thereby rats have less need 

for increased resolution as reflected by their much lower densities of retinal ganglion 

cells (Hughes, 1977). Further support to the idea that the proportions of giant/alpha 

ganglion cells potentially reflects specific needs for detection of motion comes from 

marked differences in their regional proportions across the retina. In all species, 

giant ganglion cell are more abundant in the temporal region (~0.2–0.4%) as opposed 

to the centre that contains the fovea (~0.02–0.1%). In the yellow-rumped thornbill 

and silvereye, the nasal region also shows elevated proportions of ~0.4%. These 

regional variations indicate the need for specific sampling of movement information 

in different regions of the visual field according to specific ecological needs such as 

detection of moving prey or predators. The giraffe also has similar regional variations 

of the proportions of alpha ganglion cells across the retina that relates to its specific 

ecological needs (Coimbra et al., 2013).  
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4.6.  CONCLUSIONS 

 

Although Australian oscine passerines conform to the basic pattern of retinal 

topographic organisation described for tyrant flycatchers, we describe several 

deviations from this pattern that relate to specific aspects of behaviour and ecology 

of the species studied here. We showed that the foveal organisation is an excellent 

indicator of these changes by varying in morphology across species. In addition, the 

region that immediately surrounds the central fovea also varies considerably to form 

plateaus that mirror the symmetry of microhabitats and foraging modes used by the 

different terrestrial and arboreal species studied. The unusual distributions of giant 

ganglion cells also reveal topographic specialisations that potentially reflect specific 

ecological needs for motion detection in different regions of the visual fields. In 

summary, the species of passerines studied here feature a unique set of ecologically 

relevant retinal specialisations that demonstrate the evolutionary plasticity of the 

basic passerine retinal blueprint.  
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5.1.  ABSTRACT 

 

The avian retina possesses one of the most diverse complements of photoreceptors in 

terms of both spectral sensitivity and morphology. However, basic information on the 

topographic distribution of cones and rods is very limited in this group. Using retinal 

wholemounts and stereological methods, we present the first complete maps of the 

topographic distribution of rods and cones in four species of Australian passerines 

with diverse trophic specialisations. We show that all species studied have one 

central and one temporal rod-free zone. In the insectivorous yellow-rumped 

thornbill, the central rod-free zone is unusually large, occupying ~17% (~50°) of the 

retinal area. Conversely, the central rod-free zone is much smaller in the 

predominantly nectarivorous red wattlebird and brown honeyeater, occupying ~0.1% 

(~5–7°) and in the frugivorous silvereye, occupying ~0.3% (~10°). The temporal rod-

free zone size shows less variation ranging from ~0.02–0.4% (~2–10°) depending upon 

the species. In addition, we show in all species that rods follow a pronounced 

dorsoventral gradient with highest densities of ~18,000 cells/mm2 in the ventral 

retina. Conversely, the topographic distribution of cones is concentric showing the 

presence of a central fovea and a temporal area. In the yellow-rumped thornbill, 

densities of cones form an extended plateau surrounding the fovea and then fall 

rapidly towards the retinal periphery. In contrast, cone densities for the other 

species follow a gradual and steady decline from the centre of the fovea to the 

retinal periphery. Estimates of spatial resolving power calculated using peak 

densities of cones in the central fovea vary from ~15 cycles/degree in the silvereye 

to ~35 cycles/degree in the red wattlebird. Estimates of spatial resolving power for 

the temporal area are lower, ranging from ~7 cycles/degree to ~13 cycles/degree for 

the same species. The higher spatial resolving power in the red wattlebird reflects its 

larger eye size and allows for a greater plasticity in niche occupation. We suggest 

that this distinct topographic distributions of rods and cones in the passerine retina 
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enhances the detection of variations in light intensity from above in dim light 

conditions and increases spatial resolution in the frontal and lateral visual fields. 

 

5.2.  INTRODUCTION 

 

The avian retina features a diverse photoreceptor system with multiple spectral 

classes of cones and one class of rod (Hart, 2001). As with other vertebrates, avian 

cones are mostly active in bright light conditions playing a crucial role in chromatic 

and spatial processing, while rods are mostly active in dim light conditions and are 

involved in the detection of variations in light intensity (Rodieck, 1973). Although 

some information about the physiological properties of photoreceptors in birds is 

available (Bowmaker and Martin, 1978; Bowmaker and Martin, 1985; Jane and 

Bowmaker, 1988; Hart et al., 1998; Hart et al., 1999; Hart et al., 2000; Wright and 

Bowmaker, 2001; Hart, 2002; Hart, 2004), very little is known about the abundance 

and spatial relationships of rods and cones within the avian retina (Engström, 1958; 

Meyer and May, 1973; Querubin et al., 2009; Kram et al., 2010). To date, no 

complete topographic map of the total distribution of rods and cones is available for 

any avian species.  

The fovea of birds and primates represents an anatomical specialisation for enhanced 

chromatic, optical and spatial processing in the retina (Walls, 1942; Pumphrey, 1948; 

Reymond, 1985, 1987; Hendrickson, 2009). In diurnal primates, rods are absent in the 

centre and around the fovea, forming a single rod-free zone (Packer et al., 1989; 

Curcio et al., 1990; Finlay et al., 2008). Amongst birds, the chicken (Gallus gallus) 

and the pigeon (Columba livia) also possess a single rod-free zone surrounding the 

central area and the fovea, respectively (Bruhn and Cepko, 1996; Querubin et al., 

2009). These rod-free zones, in both primates and birds, allow cones to reach their 

maximum densities in the centre of the fovea thereby maximising chromatic and 

spatial processing in this region (Bruhn and Cepko, 1996; Hendrickson, 2009). 
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Topographic studies on the primate retina reveal a generally concentric arrangement 

of densities of rods and cones, that overall mirror the topographic distribution of 

ganglion cells. However, peak densities of rods occur in different locations around 

the foveal centre (Packer et al., 1989; Curcio et al., 1990; Wilder et al., 1996; 

Andrade-da-Costa, 2000; Dkhissi-Benyahya et al., 2001; Finlay et al., 2008). 

Similarly, in situ hybridization studies in the chicken retina also reveal a generally 

similar trend. Although the total population of cone types also matches the 

topographic distribution of retinal ganglion cells in the chicken, rods show a clear 

dorsoventral asymmetry with higher densities in the ventral retina (Ehrlich, 1981; 

Bruhn and Cepko, 1996). Functionally, this topographic arrangement represents 

another strategy to increase the densities of cones in the dorsal and central regions 

of the retina (Bruhn and Cepko, 1996).  

Passerines represent over half of the avian diversity (Barker et al., 2004; Barker, 

2011). These birds have radiated into a great variety of ecological niches and exhibit 

sophisticated repertoires of foraging techniques (Barker et al., 2004; Barker, 2011). 

The topographic distribution of retinal ganglion cells, however, reveals a general 

common plan with insectivorous and nectarivorous passerines sharing the presence of 

a central fovea and a temporal area (Coimbra et al., 2006; Coimbra et al., 2009; 

Coimbra et al., 2013 – Chapter 4). Despite this general commonality, variations in the 

density gradients across the retina reflect different trophic specialisations. In 

nectarivorous/frugivorous species, the densities of ganglion cells increase gradually 

and continuously towards the fovea, while in insectivorous passerines densities 

increase rapidly and then form a plateau that surrounds the fovea (Coimbra et al., 

2006; Coimbra et al., 2009; Coimbra et al., 2013 – Chapter 4). As yet, it is unknown 

whether the topographic organisation of photoreceptors densities reflects the 

topographic differences in the retinal ganglion cell distributions.  

In this study, we used stereological methods to measure the topographic distribution 

of rods and cones in retinal wholemounts of insectivorous and nectarivorous 
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Australian oscine passerines. We analysed retinas of the insectivorous yellow-rumped 

thornbill (Acanthiza chrysorrhoa, Quoy and Gaimard 1830, Family Acanthizidae) the 

nectarivorous red wattlebird (Anthochaera carunculata, White 1790, Family 

Meliphagidae) and brown honeyeater (Lichmera indistincta, Vigors and Horsfield 

1827, Family Meliphagidae), and the frugivorous silvereye (Zosterops lateralis, 

Latham 1801, Family Zosteropidae) (Fig. 5.1). We tested the following hypotheses: 

(1) Rods will be absent within and around the central fovea and temporal area 

forming two rod-free zones in all species; (2) The topographic distribution of rod 

densities will follow the dorsoventral gradient as described for the chicken; (3) the 

topographic distribution of cones in all species will match the distribution of retinal 

ganglion cells with a dual concentric pattern formed by a central fovea and a 

temporal area; (4) the insectivorous yellow-rumped thornbill will have higher spatial 

resolving power compared to the other predominantly nectarivorous/frugivorous 

passerines.  
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Figure 5.1. Photographs illustrating the species of Australian passerines studied. (A) 
Yellow-rumped thornbill (Acanthiza chrysorrhoa); (B) Red wattlebird (Anthochaera 
carunculata); (C) Brown honeyeater (Lichmera indistincta) and (D) Silvereye 
(Zosterops lateralis). Photo credits to Lucille Chapuis (A,D) and João Paulo Coimbra 
(B,C).  

 

5.3.  MATERIALS AND METHODS 

 

5.3.1.  Specimens 

 

Eyes were obtained from adult yellow-rumped thornbills (A. chrysorrhoa, n = 3), 

brown honeyeaters (L. indistincta, n = 3), red wattlebirds (A. carunculata, n = 2) and 

silvereyes (Z. lateralis, n = 3). Birds were collected using mist nets in shrublands and 

woodlands near Perth, placed in ornithological bags and transported to the 

laboratory. All procedures regarding collection and use of specimens in this 

investigation were approved by the University of Western Australia Ethics 

Committees (AEC # RA/3/100/927) and Department of Environment and Conservation 

(DEC) of Western Australia (SF/007/556).  
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5.3.2.  Tissue processing and preparation of retinal wholemounts 

 

At the laboratory, birds were immediately euthanised with an overdose of 

pentobarbital sodium (Lethabarb; 160 mg/kg). Upon prolonged absence of reflexes, 

respiratory movement and heartbeat, eyes were enucleated and the axial length 

measured using a digital calliper. The cornea and lens were removed and the eyecup 

was fixed in 4% paraformaldehyde in 0.1M phosphate buffer (PB, pH = 7.2–7.4) for 

approximately 2 hours. After this period, fixation was stopped by transferring the 

eyecups to phosphate buffered saline (PBS, pH = 7.2–7.4). Retinal wholemounts were 

dissected and processed following standard methods (Stone, 1981; Coimbra et al., 

2006). Retinal orientation was given by the position of the pecten, which is located 

in the ventral retina (Wood, 1917). Remnants of the retinal pigment epithelium still 

attached to the retinal wholemounts were bleached in a 0.9% saline solution 

containing 12% hydrogen peroxide and one drop of 28% ammonia for one hour at room 

temperature (Hemmi and Grünert,1999). After bleaching, retinas were rinsed 

overnight in 0.1M PB and subsequently processed for rod opsin 

immunohistochemistry. 

 

5.3.3.  Labelling of rods using immunohistochemistry 

 

We used antibodies against rod opsin to label rod outer segments. Retinal 

wholemounts were incubated in a mixture containing the anti-rod opsin primary 

antibody (clone RET-P1, 1:500; MAB 5316, Millipore), 5% normal donkey serum 

(Millipore) and 0.3% triton X-100 in 0.1 M PB (pH = 7.2–7.4) for 24 hours. We opted to 

incubate the retinas without rocking to avoid mechanical disturbance for the rod 

outer segments and prevent their detachment. Subsequently, retinal wholemounts 

were rinsed three times with 0.1M PB for five minutes each and incubated in 

biotinylated donkey anti-mouse secondary antibody (1:200, Jackson 

ImmunoResearch) for two hours. Retinal wholemounts were then transferred to a 
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solution containing avidin-biotin complex (Vectastain ABC kit, Vector laboratories) 

and further incubated for one hour. Finally, the retinal wholemounts were rinsed 

three times in 0.1M PB for five minutes each before reacting them in a peroxidase 

solution containing SG as the chromogen (Peroxidase Substrate kit, Vector 

laboratories). After the reaction, the retinal wholemounts were rinsed overnight in 

0.1M PB and mounted photoreceptor side up onto a non-gelatinised slide. Excess 

buffer was blotted away and the preparation was then coverslipped in 80% glycerol in 

0.1M PB containing 0.1% of sodium azide. Preparations were sealed with nail varnish 

and allowed to set for at least 24 hours. This time was necessary to clear the 

preparations to facilitate the identification of unlabelled cone inner segments. 

Shrinkage in retinal preparations mounted in aqueous medium is negligible (Peichl et 

al., 2004). The rod opsin immunostaining pattern obtained in this study is consistent 

with previous reports that evaluated the specificity of this antibody in avian retinas 

(Querubin et al., 2009; Weller et al., 2009). Secondary antibody specificity was 

assessed by incubating the retinal pieces in a mixture in which the primary antibody 

had been omitted (Saper and Sawchenko, 2003). No labelling was detected. 

 

5.3.4.  Stereological assessment of the total number and topographic distribution 

of rods and cones  

 

Using the optical fractionator method (West et al., 1991) with modifications for the 

use in retinal wholemounts (Coimbra et al., 2009), we estimated the total number 

and the topographic distribution of rods and cones in the retinas of Australian 

passerines. Briefly, the retina was considered as one single section and therefore the 

section sampling fraction (ssf) was 1. As immunolabelled rod outer segments and 

unstained cone inner segments were easily identified by focussing through the 

photoreceptor layer across the entire retina, the optical disector height was the 

same as the thickness of the photoreceptor layer at all eccentricities giving a 

thickness sampling factor (tsf) of 1. Therefore, only the area sampling fraction (asf), 
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which is the ratio between the counting frame and the sampling grid, was used to 

estimate the total number of retinal ganglion cells according to the following 

algorithm: 

N total= ΣQ x 1/asf 

where ΣQ is the sum of total neurons counted (West et al., 1991).  

The outlines of retinal wholemounts were digitized using a 4x/NA 0.13 objective on a 

microscope (Olympus BX50) equipped with a motorized stage (MAC200; Ludl 

Electronics Products, USA) and connected to a computer running Stereo Investigator 

software (Microbrightfield, USA). The photoreceptor layer was outlined close to the 

limits of the retinal borders (at the ora serrata) and along the radial cuts. The 

outline of the base of the pecten was subtracted from the total photoreceptor layer 

area.  

We used different sampling strategies to map the topographic distribution of rods 

and cones (Fig. 5.2). Under microscopic examination, we noticed that rod density 

gradients were shallow and opted to sample the entire retina with a single grid and 

counting frame size (Fig. 5.2 A). Upon identification of the highest density region, we 

used a high frequency sampling scheme to confirm peak density estimates (Fig. 5.2 

A). At low power magnification, we noticed an absence of immunostaining around 

the central (foveal region) and temporal (temporal area region) retina (Fig. 5.2 A, B). 

These rod free areas were outlined and excluded from the stereological sampling of 

rods (Fig. 5.2 A, B). In addition, we detected faint labelling in the outer segments of 

middle wavelength-sensitive (MWS) cones (Fig. 5.2 C) due to molecular homologies 

with rod opsin sequences (Heath et al., 1997; Hunt et al., 2009). However, rods were 

unambiguously separated from MWS cones on the basis of outer segment morphology 

and the absence of a yellow-type oil droplet (Fig. 5.2 C), which is only present in 

MWS cones (Bowmaker et al. 1997; Hart, 2001). 
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Figure 5.2. Stereological sampling scheme used to map the topographic distribution 
of rods and cones in the retinal wholemounts of passerines. Note the evenly spaced 
representative counting frames to estimate rod densities across the entire surface 
area (also note the higher frequency sampling below the pecten to confirm peak 
density of rods) (A); The grey shaded areas in A mark the location of the rod-free 
zones in this representative retina. Dashed lines demarcate the limits of the rod-free 
zone in B. Photomicrograph depicting the immunolabelled outer segments of rods 
and middle-wavelength sensitive (MWS) cones (C). Note that rod outer segments are 
cylindrical and thick while MWS cone outer segments are much slender and 
associated with a yellow-type oil droplet. Also note other oil droplet types. Nested 
contours illustrating the different sampling schemes used to map the densities of 
cones (D, E). Note that representative counting frames change in size and frequency 
depending upon the region analysed. Cytological criteria used to distinguish between 
rods and cones (double plus single cones) in F. Note the presence of a principal and 
accessory member and an enlarged diameter of double cone inner segments. Single 
cone inner segments are considerably smaller. Rod inner segments are slightly larger 
than cone inner segments. T, temporal; V, ventral. Scale bars = 1 mm in A,D; 200 µm 
in B; 10 µm in C,F; 100 µm in E. 

 

We also noticed that the gradients of cone densities changed more rapidly from the 

centre to the periphery of the retina. Hence, to map their topographic distribution, 

we opted to use a series of nested contours to separate regions with similar gradient 

properties. Based on the changes in density gradients of neurons in the ganglion cell 

layer (Coimbra et al. 2013 – Chapter 4), we delineated concentric to ovoid contours 
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around the temporal area, centre, perifovea and foveola (Fig. 5.2 D, E). We 

considered the periphery as the area between the limits of the contour in the centre 

and the outline of the retina (Fig. 5.2 D). Within the limits of each contours, we used 

different sampling schemes in high- and low-density regions to optimize the 

estimation of the total number and the topographic distribution of cones (Fig. 5.2 D). 

Unlabelled cones (double and single cones) were differentiated from rods based on 

the size of their inner segments (Fig. 5.2 F). Double cone inner segments are large 

and ovoid and characterised by the presence of conspicuous principal and accessory 

members. Single cone inner segments are circular and smaller than double cones 

(Fig. 5.2 F). In high density regions, these differences are less obvious; therefore, we 

opted to count both double and single cones together. Single cones are also slightly 

smaller than rod inner segments. Definite separation between single cones and rods 

was based on the labelled rod outer segments (Fig. 5.2 F). 

Counting frame and sampling grid sizes used to estimate the total number and 

topographic distribution of rods and cones are listed in Table 5.1. In each scheme, 

sampling grids were placed in a random, uniform and systematic fashion across the 

entire retina (rods) or each nested contour (cones). We counted rods and cones using 

a 60x/NA 1.35 and a 100x/NA 1.4 oil immersion objective, respectively. Only rod 

outer segments and cone inner segments that lay entirely within the counting frame 

or intersected the acceptance lines without touching the rejection lines were 

counted at each sampling site (Gundersen, 1977; Sterio, 1984). Approximately 200–

270 sampling points were obtained per retina using each sampling scheme. These 

stereological parameters were chosen on the basis of a pilot experiment to achieve a 

Schaeffer coefficient of error (CE) < 0.1, which is deemed appropriate in the present 

study because variance introduced by the counting procedures contribute very little 

to the observed group variance (Glaser and Wilson, 1998; Slomianka and West, 2005).  
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Table 5.1. Stereological parameters defined to estimate the total number and 
topographic distribution of neurons in the ganglion cell layer of each species of 
passerine using the optical fractionator method. 

 

Species/ 
Sampling region 

Counting 
frame 

(µm x μm) 

Grid 
(µm x μm) 

Area 
sampling 
fraction 

A. chrysorrhoa    
Rods    
Whole retina 70 x 70 550 x 550 0.0162 
Peak density region 50 x 50 200 x 200 0.0625 
    
Cones    
Foveola  10 x 10 15 x 15 0.4444 
Parafovea 20 x 20 30 x 30 0.4444 
Perifovea 12 x 12 450 x 450 0.0007 
Temporal area 20 x 20 80 x 80 0.0625 
Periphery 20 x 20 750 x 750 0.0007 
    

L. indistincta    
Rods    
Whole retina 70 x 70 570 x 570 0.0151 
Peak density region 50 x 50 200 x 200 0.0625 
    
Cones    
Foveola  10 x 10 15 x 15 0.4444 
Parafovea 10 x 10 120 x 120 0.0069 
Perifovea 20 x 20 400 x 400 0.0025 
Temporal area 20 x 20 120 x 120 0.0278 
Periphery 20 x 20 700 x 700 0.0008 
    

A. carunculata    
Rods    
Whole retina 70 x 70 1100 x 1100 0.0040 
Peak density region 50 x 50 300 x 300 0.0278 
    
Cones    
Foveola  10 x 10 15 x 15 0.4444 
Parafovea 10 x 10 150 x 150 0.0044 
Perifovea 15 x 15 800 x 800 0.0004 
Temporal area 25 x 25 200 x 200 0.0156 
Periphery 25 x 25 1400 x 1400 0.0003 
    

Z. lateralis    
Rods    
Whole retina 70 x 70 550 x 550 0.0162 
Peak density region 50 x 50 200 x 200 0.0625 
    
Cones    
Foveola 10 x 10 15 x 15 0.4444 
Parafovea  10 x 10 120 x 120 0.0069 
Perifovea 15 x 15 450 x 450 0.0011 
Temporal area 20 x 20 120 x 120 0.0278 
Periphery 20 x 20 650 x 650 0.0009 
    

 

To map the topographic distribution of rods and cones in passerines, cell counts at 

each sampling site were converted to an equivalent cell density per square 

millimeter. We used Arcview 3.2 software (ESRI, Redlands, CA) to construct 

topographic maps depicting the distribution of ganglion cells in the retinas of both 

species using the spline interpolation method (Coimbra et al., 2006).  
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Photomicrographs were obtained using a digital camera (Microfire, Optronics, CA) 

coupled to a Stereo Investigator system. Digital photomicrographs were processed 

using Adobe Photoshop CS2 (San Jose, CA) for scaling and minor adjustment of the 

levels of brightness and contrast. 

 

5.3.5.  Anatomical estimation of spatial resolving power 

 

We estimated the upper limits of spatial resolving power of the passerine eyes using 

anatomical parameters. We estimated the posterior nodal distance (PND) by 

multiplying the axial length by 0.67 according to the ratio between PND and axial 

length described for diurnal species (Pettigrew et al., 1988). All passerine species 

studied here are diurnal (Gregory, 2007; Higgins et al., 2008; van Balen, 2008).  

To estimate the retinal magnification factor (RMF), which represents the distance in 

retinal surface that subtends one degree, we used the equation (Pettigrew et al., 

1988):  

RMF = 2πPND/360 

We assumed that cones in the peak regions (foveola and temporal area) were 

organised in a triangular lattice (often described as a hexagonal lattice) because this 

arrangement allows for the minimum center-to-center spacing amongst cells 

(Williams and Coletta, 1987). We used the peak density of cones (D) to estimate the 

highest spatial frequency as determined by the Nyquist limits of spatial resolution 

according to the following equation (Snyder and Miller, 1977; Williams and Coletta, 

1987): 

fN = 0.5 x RMF x (2D √ )1/2 

The anatomical estimates of spatial resolving power using the total peak density of 

cones should be considered as upper limits of retinal resolution because it is not 
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known whether all cone types in the fovea are involved in fine discrimination tasks. 

For instance, double cones are presumably involved with motion detection 

(Campenhausen and Kirschfeld (1998), but their occurrence in the foveola is 

presently unknown.  

  

5.4.  RESULTS 

 

5.4.1.  Stereological assessment of the total number of rods and cones  

 

The mean retinal area varied between 59.60 mm2 in the silvereye and 243.82 mm2 in 

the red wattlebird (Table 5.2). Mean retinal areas of 72.41 mm2 in the yellow-

rumped thornbill and of 63.86 mm2 in the brown honeyeater fall closer to the smaller 

silvereye retinas (Table 5.2). The estimated total number of rods varied from 

273,957 in the yellow-rumped thornbill to 1,589,668 in the red wattlebird. Estimates 

of total number of rods of 319,806 in the silvereye and of 384,531 in the brown 

honeyeater also fall closer to the lowest estimates in the yellow-rumped thornbill 

(Table 5.2). The mean peak density of rods was very similar across all species ranging 

from 18,133 cells/mm2  in the brown honeyeater to 19,467 cells/mm2 in the silvereye 

(Table 5.2). The mean Schaeffer CE ranged from 0.040 to 0.067 for estimates of the 

total number of rods and from 0.029 to 0.041 for estimates of the peak density of 

rods (Table 5.2). The variance introduced by methodological procedures should not 

be higher than 50% of the observed group variance, giving a CE2/CV2 ratio of less than 

0.5 (Slomianka and West, 2005). Our CE2/CV2 ratio estimates were less than 0.5 for 

the retinas of the brown honeyeater and silvereye (Table 5.3). Our higher CE2/CV2 

ratio of 0.87 for the yellow-rumped thornbill (Table 5.3) is not indicative of 

variability introduced by the stereological procedures (mean CE = 0.067), but instead 

due to small group variance (Table 5.3). 

 



 

169 

 

Table 5.2. Estimates of rod numbers obtained from retinal wholemounts of each 
species of passerine using the optical fractionator method. SD, standard deviation. 

 

Table 5.3. Mean Schaeffer Coefficient of Error (CE), Coefficient of Variance (CV), 
and ratio CE2/CV2 derived from quantitative data of rods in passerine retinal 
wholemounts using the optical fractionator method. SD, standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

Spececies/ 
specimens 

Retinal 
area 

(mm2) 

Number 
of sites 
counted  

Estimated 
total number 

of rods 

CE Subsampling 
area 

(mm2) 

Number of 
sites 

counted 

Peak density 
of rods 

(Cells/ mm2) 

CE 

A. chrysorrhoa         
Ach001L 73.24 215 287,868 0.059 0.96 24 16,400 0.041 
Ach002R 71.90 203 251,445 0.069 0.87 22 19,600 0.037 
Ach003L 72.09 211 282,559 0.073 0.95 26 20,000 0.045 
Mean 72.41 210 273,957 0.067 0.93 24 18,667 0.041 
S.D. 0.73 6 19,676 0.007 0.05 2 1,973 0.004 
         

L. indistincta         
Lin001L 64.23 207 400,621 0.051 0.87 24 18,400 0.044 
Lin002L 64.36 206 324,502 0.060 0.93 26 18,000 0.041 
Lin003R 62.99 205 428,470 0.047 0.87 21 18,000 0.034 
Mean 63.86 206 384,531 0.053 0.89 24 18,133 0.040 
S.D. 0.76 1 53,819 0.007 0.03 3 231 0.005 
         

A. carunculata          
Aca001R 244.35 206 1,622,387 0.042 2.40 23 20,000 0.025 
Aca002R 243.29 203 1,556,949 0.037 2.33 27 16,800 0.032 
Mean 243.82 205 1,589,668 0.040 2.37 25 18,400 0.029 
         

Z. lateralis         
Zla001L 59.89 207 300,030 0.059 0.90 24 18,800 0.015 
Zla002R 59.73 203 366,765 0.058 0.85 26 21,600 0.045 
Zla003L 59.17 204 292,622 0.063 0.78 24 18,000 0.048 
Mean 59.60 205 319,806 0.060 0.84 25 19,467 0.036 
S.D. 0.38 2 40,836 0.003 0.06 1 1,890 0.018 

Species/ 
Specimen 
 

Number of rods 
 

CE 

A. chrysorrhoa   
Ach001L 287,868 0.059 
Ach002R 251,445 0.069 
Ach003L 282,559 0.073 
Mean 273,957 0.067 
SD 19676 0.007 
CV2=SD2 /Mean2 0.0052  
CE2 0.0045  
CE2/CV2 0.87  
   

L. indistincta   
Lin001L 400,621 0.051 
Lin002L 324,502 0.060 
Lin003R 428,470 0.047 
Mean 384,531 0.053 
SD 53,819 0.007 
CV2=SD2 /Mean2 0.0196  
CE2 0.0028  
CE2/CV2 0.14  
   

Z. lateralis   
Zla001L 300,030 0.059 
Zla002R 366,765 0.058 
Zla003L 292,622 0.063 
Mean 319,806 0.060 
SD 40,836 0.003 
CV2=SD2 /Mean2 0.0163  
CE2 0.0036  
CE2/CV2 0.22  
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Estimates of the total number of cones ranged from 2,759,174  in the brown 

honeyeater and 9,403,415 in the red wattlebird (Table 5.4). We estimated a total of 

2,935,967 cones in the silvereye and 5,930,988 cones in the yellow-rumped thornbill 

(Table 5.4). Mean Schaeffer coefficient of error ranged from 0.039 to 0.048 (Table 

5.4). Estimates of peak density of cones in the foveola ranged from 320,000 

cells/mm2 in the silvereye to 440,000 cells/mm2 in the yellow-rumped thornbill. 

Estimates of peak density of 350,000 cells/mm2 in the brown honeyeater and of 

360,000 cells/mm2 in the red wattlebird fall close to the estimates of peak density of 

cones in the silvereye.  

Table 5.4. Estimates of cone numbers obtained from retinal wholemounts of each 
species of passerine using the optical fractionator method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species/ 
Sampling regions 

Retinal area 
(mm2) 

Number 
of sites 
counted  

Total 
number of 

cones 

CE 

A. chrysorrhoa     
Foveola  0.0037 24 1,422 0.067 
Centre  0.74 54 205,920 0.029 
Perifovea  12.03 54 2,622,375 0.022 
Temporal area  0.13 22 8,928 0.036 
Periphery  70.67 107 3,092,343 0.068 
Total    261 5,930,988  
Mean     0.044 
      

L. indistincta     
Foveola  0.003 19 909 0.076 
Centre  0.84 61 136,368 0.037 
Perifovea  11.12 64 750,000 0.036 
Temporal area  0.27 20 13,572 0.056 
Periphery  64.99 108 1,858,325 0.037 
Total   272 2,759,174  
Mean     0.048 
      

A. carunculata      
Foveola   0.004 24 1,435 0.047 
Centre  1.11 50 208,800 0.021 
Perifovea  36.01 54 3,612,444 0.036 
Temporal area  0.78 22 30,016 0.048 
Periphery  231.5 105 5,550,720 0.045 
Total   255 9,403,415  
Mean     0.039 
      

Z. lateralis      
Foveola  0.0045 27 1,332 0.037 
Centre  0.74 52 132,624 0.016 
Perifovea  11.52 54 1,077,300 0.034 
Temporal area  0.23 20 14,652 0.085 
Periphery  54.75 101 1,710,068 0.033 
Total   254 2,935,976  
Mean     0.041 
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5.4.2.  The rod-free zone and topographic distribution of rods  

 

In rod opsin immunolabelled retinal wholemounts, we identified regions where rods 

are absent. In all species, we identified central and temporal rod free zones with 

varying sizes depending upon the species (Fig. 5.3, 5.4). In the yellow-rumped 

thornbill, the central rod-free zone is extremely large (~12 mm2; 4 mm in diameter) 

and occupies approximately 17 % of the retinal area (Fig. 5.3 A, 5.4 A; Table 5.5). 

This central rod-free zone is ovoid in shape and shows a dorsoventral asymmetry with 

the dorsal pole slightly broader than the ventral pole (Fig. 5.4 A). In this species, the 

temporal rod-free zone is considerably smaller (~0.1 mm2; 0.33 mm in diameter) and 

more circular than the central rod-free zone, occupying ~0.1% of the retinal area 

(Fig. 5.3 B, 5.4 A; Table 5.5). The central rod-free zone is considerably smaller in the 

red wattlebird (~0.23 mm2; 0.54 mm in diameter) and brown honeyeater (~0.11 mm2; 

0.37 mm in diameter), occupying ~0.1 % and of the retinal area in both species (Fig 

5.3 C, 5.4 B, C; Table 5.5). The temporal rod-free zone in both species is ~0.05–0.06 

mm2 (0.24 mm in diameter) occupying ~0.02% of the retinal area in the red 

wattlebird and 0.07% in the brown honeyeater (Fig. 5.3 D, 5.4 B, C; Table 5.5). In the 

silvereye, we detected central rod-free zones equivalent in size to the ones found in 

the red wattlebird and the brown honeyeater (Fig. 5.3 E, 5.4 D) and a slightly larger 

temporal rod-free zone (Fig. 5.3 F, 5.4 D). In this species, the central (~0.2 mm2; 0.5 

mm in diameter) and temporal (~0.22 mm2; 0.53 mm in diameter) rod-free zones 

occupy 0.33 % and 0.37% of the retinal area, respectively (Table 5.5).  
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Figure 5.3. Photomicrographs illustrating the central and temporal rod-free zones, 
respectively, in the yellow-rumped thornbill, A. chrysorrhoa (A,B); brown 
honeyeater, L. indistincta (C,D) and silvereye, Z. lateralis (E,F). Note the border of 
the large central rod-free zone in the yellow-rumped thornbill (A). Note the general 
circular organisation of the central and temporal rod-free zones. Scale bars = 200 
µm.  

 

Table 5.5. Size of the central and temporal rod-free zones in passerines examined. 
SD, standard deviation.  

Species/ 
Specimens 
 

Retinal 
area 

(mm2) 

Rod free 
zone - 
Fovea 
(mm2) 

% 
total 

retinal 
area 

Rod free 
zone - 
Fovea 

diameter 
(mm) 

Rod free 
zone – 

Temporal 
area 

(mm2) 

% 
total 

retinal 
area 

Rod free zone 
– Temporal 

area 
diameter 

(mm) 

A. crysorrhoa        
Ach001L 73.24 11.92 16.28 3.90 0.04 0.05 0.22 
Ach002R 71.90 13.02 18.11 4.07 0.13 0.18 0.41 
Ach003L 72.09 12.62 17.51 4.01 0.09 0.13 0.34 
Mean 72.41 12.52 17.30 3.99 0.09 0.12 0.33 
SD 0.73 0.56 0.93 0.84 0.05 0.06 0.24 
        

A. carunculata        
Aca001R 244.35 0.25 0.10 0.56 0.03 0.01 0.21 
Aca002R 243.29 0.23 0.09 0.54 0.06 0.02 0.28 
Mean 243.82 0.24 0.10 0.55 0.05 0.02 0.24 
        

L.indistincta        
Lin001L 64.23 0.15 0.23 0.43 0.05 0.07 0.24 
Lin002L 64.36 0.07 0.10 0.29 0.10 0.16 0.36 
Lin003R 62.99 0.10 0.16 0.35 0.10 0.16 0.36 
Mean 63.86 0.11 0.17 0.36 0.08 0.13 0.32 
SD 0.76 0.04 0.06 0.07 0.03 0.05 0.07 
        
Z.lateralis        
Zla001L 59.89 0.27 0.45 0.59 0.19 0.32 0.49 
Zla002R 59.73 0.17 0.28 0.47 0.22 0.37 0.53 
Zla003L 59.17 0.15 0.25 0.44 0.25 0.42 0.56 
Mean 59.60 0.20 0.33 0.50 0.22 0.37 0.53 
SD 0.38 0.06 0.11 0.29 0.03 0.05 0.20 



 

173 

 

The topographic distribution of rods shows a distinct dorsoventral asymmetry across 

species (Fig. 5.4). We identified a broad plateau formed by isodensity lines of 10,000 

cells/mm2 in the yellow-rumped thornbill, red wattlebird and silvereye. Densities of 

rods remain constant in the nasal aspect of the plateau, but increase towards the 

ventral part of the pecten. In this region, isodensity lines become more 

concentrically organised and define a ventral area where rods peak at approximately 

18,000 cells/mm2 (Fig. 5.4 A, B, D).In the brown honeyeater, an isodensity line of 

12,500 cells/mm2 defines the limits of the ventral plateau in which rod densities 

remain relatively constant throughout the nasal and temporal regions. In this species, 

the ventral area is less conspicuous and displays a peak in rod density of 

approximately 18,000 cells/mm2 dorsal to the pecten (Fig. 5.4 C). We detected a 

dorsotemporal elongation of isodensity lines of 2,500 cells/mm2 in the yellow-rumped 

thornbill (Fig. 5.4 A), 7,500 cells/mm2 in the red wattlebird (Fig. 5.4 B) and 5,000 

cells/mm2 in the brown honeyeater (Fig. 5.4 C). In contrast, in the silvereye, 

isodensity lines of 2,500 and 5,000 cells/mm2 define a dorsal streak (Fig. 5.4 D).  
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Figure 5.4.Topographic maps showing the distribution of rod densities in retinal 
wholemounts of the yellow-rumped thornbill, A. chrysorrhoa (A); red wattlebird, A. 
carunculata (B); brown honeyeater, L. indistincta (C) and silvereye, Z. lateralis (D). 
Numbers on the isodensity lines should be multiplied by 103 to express densities in 
cells/mm2. Shaded areas mark the position and shape of the central and temporal 
rod-free zones. The dots within the temporal and central shaded grey areas 
represent the position of the temporal area and foveola, respectively. The dot within 
the limits of the isodensity line of 15,000 cells/mm2 marks the location of the peak 
density of rods. The oblique strip in the ventral quadrant represents the position of 
the pecten. T, temporal; V, ventral. Scale bars = 1 mm.  
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In Figure 5.5, we describe the rod density profiles across transects in the 

nasotemporal and dorsoventral axes for a representative retina of each species. Rod 

densities show a general trend that is consistent across species and reflect the 

differences in the rod-free zone sizes. In the yellow-rumped thornbill, the rod-free 

zone extends asymmetrically 3mm nasal and 2 mm temporal from the foveola (Fig. 

5.5 A). Between 3.5 and 5.5 mm nasal from the foveola, rod densities increase slowly 

to approximately 2,000 cells/mm2 and then decrease to approximately 1,000 

cells/mm2 towards the far nasal periphery. Between 2 and 3 mm temporal from the 

foveola, rod densities increase sharply to approximately 5,000 cells/mm2 bordering 

the ventral streak and then decrease sharply to approximately 1,000 cells/mm2 in a 

transition region between the central and the temporal rod-free zones. The temporal 

rod-free zone occurs approximately 3.5 mm temporal from the foveola (Fig. 5.5 A), 

after which, rod densities increase slightly to approximately 2,000 cells/mm2 before 

decreasing to 1,000 cells/mm2. In the oblique dorsoventral transect, the rod-free 

zone extends 3 mm dorsonasally and 1 mm ventrotemporally. From 3 mm dorsal to 

the far periphery, rod densities remain relatively flat (between 1,000 and 3,000 

cells/mm2). From 1 mm ventral from the foveola, rod densities increase steadily to 

peak at approximately 3 mm ventrotemporally below the pecten (Fig. 5.5 A). From 3 

mm towards the far ventrotemporal periphery, rod densities decline slowly (Fig. 5.5 

A). Rod density profiles in the other species follow the same trends described in 

detail for the yellow-rumped thornbill accounting for differences in the rod-free zone 

area, density and eccentricity due to differences in eye size (Figs. 5.5 B, C, D).  
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Figure 5.5. Graphs showing the rod density profiles as a function of eccentricity 
across transects through the nasotemporal and dorsoventral axes in the yellow-
rumped thornbill, A. chrysorrhoa (A); red wattlebird, A. carunculata (B); brown 
honeyeater, L. indistincta (C) and silvereye, Z. lateralis (D). For each species, a 
small inset of the retina wholemount shows the directions of the transects in both 
nasotemporal and dorsoventral axes. The star marks the position of the foveola. The 
asterisk marks the position of the temporal area. The black vertical bar in the 
dorsoventral profiles indicates the location of the pecten. D, dorsal, N, nasal; T, 
temporal; V, ventral.   

 

 

 



 

177 

 

5.4.3.  Topographic distribution of cones 

 

Across species, cone densities are highest in the foveola and decline towards the 

retinal periphery (Fig. 5.6). In general, the topographic distribution of cones forms a 

concentric pattern, with the highest densities (320,000 to 440,000 cells/mm2) 

occurring in the foveola (Fig. 5.7). In the yellow-rumped thornbill, isodensity lines 

are organised concentrically around the foveola (Fig. 5.7 A). Isodensity lines of 

240,000 and 220,000 cells/mm2 demarcate an ovoid plateau which corresponds with 

the shape and position of the rod-free zone in this species (Fig. 5.7 A). Isodensity 

lines from 220,000 to 100,000 are closely spaced indicating a rapid fall in cone 

densities towards the midperiphery. From the isodensity line of 100,000 cells/mm2, 

cone density falls away more rapidly in the dorsal retina than in the ventral retina 

(Fig. 5.7 A). Within the limits of the isodensity lines of 100,000 and 40,000 

cells/mm2, we detected a temporal area with a peak density of cones of 80,000 

cells/mm2. The other species show a similar concentric arrangement of isodensity 

lines around the foveola and a less pronounced foveal plateau demarcated by 

isodensity lines of 120,000 cells/mm2 in the red wattlebird and silvereye, and 80,000 

cells/mm2 in the brown honeyeater (Figs. 5.7 B, C, D). In these species, isodensity 

lines are organised concentrically towards the far periphery with a discrete 

elongation across the nasotemporal meridian (Figs. 5.7 B, C, D). We also detected a 

temporal area with peak densities of 49,600 cells/mm2 in the red wattlebird, 62,500 

cells/mm2 in the brown honeyeater and 75,000 cells/mm2 in the silvereye (Figs. 5.7 

B, C, D).  
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Figure 5.6. Photomicrographs depicting the variations in cone density (B-F) from the 
foveola (B) to the far periphery (F) as indicated in the transect shown in A. The star 
marks the position of the foveola. The asterisk marks the position of the temporal 
area. N, nasal; V, ventral. Scale bars = 1 mm in A; 10 µm in B-F. 
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Figure 5.7. Topographic maps showing the distribution of cone densities in retinal 
wholemounts of the yellow-rumped thornbill, A. chrysorrhoa (A); red wattlebird, A. 
carunculata (B); brown honeyeater, L. indistincta (C) and silvereye, Z. lateralis (D). 
Numbers on the isodensity lines should be multiplied by 104 to express densities in 
cells/mm2. The dots represent the position of the peak density of cones in the 
temporal area and foveola. The oblique strip in the ventral quadrant represents the 
position of the pecten. T, temporal; V, ventral. Scale bars = 1 mm.  
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In Figure 5.8, we describe the cone density profiles across transects in the 

nasotemporal and dorsoventral axes for a representative retina of each species. In 

the yellow-rumped thornbill, cone densities decrease rapidly from the peak of 

440,000 cells/mm2 approximately 1 mm nasal and temporal from the foveola (Fig. 

5.8 A). Between 1–2mm nasal and 1–1.5 mm temporal from the foveola, cone 

densities remain relatively unchanged indicating the presence of a foveal plateau. 

Between 2.5 and 3.5 mm nasal and 1and 2 mm temporal, cone densities fall rapidly. 

Cone densities remain relatively constant towards the far retinal periphery, except 

for the presence of a non-pronounced temporal area located approximately 3 mm 

temporal from the fovea. Across the dorsoventral axis, cone densities follow the 

same trends described in the nasotemporal axis (Fig. 5.8 A). In other species, cone 

densities fall sharply within 0.5–1 mm from the foveola along the nasotemporal and 

dorsoventral axes (Figs. 5.8 B, C, D). From approximately 0.5–1 mm from the foveola, 

cone densities decline gradually towards the nasal, dorsal and ventral retinal 

periphery (Figs. 5.8 B, C, D). Towards the temporal periphery, the temporal area 

interrupts the gradual decline at a position approximately 7 mm from the foveola in 

the red wattlebird, 3 mm in the brown honeyeater and 2.5 mm in the silvereye (Figs. 

5.8 B, C, D). 
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Figure 5.8. Graphs showing the cone density profiles as a function of eccentricity 
across transects through the nasotemporal and dorsoventral axes in the yellow-
rumped thornbill, A. chrysorrhoa (A); red wattlebird, A. carunculata (B); brown 
honeyeater, L. indistincta (C) and silvereye, Z. lateralis (D). For each species, a 
small inset of the retinal wholemount shows the directions of the transects in both 
nasotemporal and dorsoventral axes. The star marks the position of the foveola. The 
asterisk marks the position of the temporal area. D, dorsal, N, nasal; T, temporal; V, 
ventral.   
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5.4.4.  Retinal location and proportions of rods and cones  

 

Rods account for ~5% of the total photoreceptor population in the yellow-rumped 

thornbill, ~11–12% in the silvereye and brown honeyeater and ~17% in the red 

wattlebird. In addition, we found that rod proportions vary markedly depending upon 

retinal location following the same trend across species (Table 5.6). The yellow-

rumped thornbill showed proportions of ~1% of rods in the dorsal retina followed by 

12% of rods in the ventral plateau and an increase to 19% in the ventral area below 

the pecten (Table 5.6). In the red wattlebird, we detected higher proportions of 11% 

of rods in the dorsal retina, 18% in the ventral plateau and 32% in the ventral area. 

The proportions of rods in the silvereye and brown honeyeater fall closer to the 

ranges estimated for the red wattlebird. In comparison to the red wattlebird, we 

estimated slightly lower proportions of 9% in the dorsal retina for both the silvereye 

and brown honeyeater, slightly higher proportions in the ventral plateau ( ~22% in 

the silvereye; ~26% in the brown honeyeater) and lower proportions of rods (~25% in 

the silvereye; ~27% in the brown honeyeater) in the ventral area (Table 5.6).  

 

Table 5.6. Proportions of rods in relation to the total number of photoreceptors at 
different retinal locations for each species. 

 

 

 

Species 
RETINAL LOCATIONS 

 

A.chrysorrhoa DORSAL  VENTRAL PLATEAU  VENTRAL AREA 

 Cones Rods % Rods  Cones Rods % Rods  Cones Rods % Rods 

Minimum 20,000 1,000 1  40,000 10,000 12  40,000 15,000 19 
Maximum 260,000 2,500   140,000 15,000   100,000 18,000  
Average 140,000 1,750   90,000 12,500   70,000 16,500  
            

A. carunculata      
Minimum 20,000 5,000 11  20,000 10,000 18  20,000 15,000 32 
Maximum 80,000 7,500   80,000 12,500   50,000 18,000  
Average 50,000 6,250   50,000 11,250   35,000 16,500  
            

L.indistincta      
Minimum 30,000 2,500 9  30,000 12,500 26  40,000 15,000 27 
Maximum 50,000 5,000   50,000 15,000   50,000 18,000  
Average 40,000 3,750   40,000 13,750   45,000 16,500  
            

Z. lateralis      
Minimum 20,000 2,500 9  20,000 10,000 22  40,000 15,000 25 
Maximum 60,000 5,000   60,000 12,500   60,000 18,000  
Average 40,000 3,750   40,000 11,250   50,000 16,500  
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5.4.5.  Eye size, peak density of cones and spatial resolving power  

 

Eye axial length in the four species studied ranged from approximately 5 mm to 11 

mm (Table 5.7). Axial lengths of silvereye (5.2 mm) and brown honeyeater (5.43 mm) 

were approximately 50% smaller than the axial length of the red wattlebird (10.82 

mm). These differences in eye size translate into smaller posterior nodal distances of 

2.96 mm in the silvereye and 3.09 mm in the brown honeyeater, giving rise to retinal 

magnification factors of approximately 0.05 mm/degree for both species. The larger 

eye of the red wattlebird gives a posterior nodal distance of 6.16 mm and a retinal 

magnification factor of 0.10 mm/degree. The yellow-rumped thornbill has an axial 

length of 6.14 mm, giving a posterior nodal distance of 4.11 mm and a retinal 

magnification factor of 0.071 mm/degree. Overall, the measurements and estimates 

obtained for the yellow-rumped thornbill are intermediate between the 

silvereye/brown honeyeater and red wattlebird (Table 5.7).  

In the foveola, we estimated peak densities of cones ranging from 320,000 cells/mm2 

in the silvereye to 440,000 cells/mm2 in the yellow-rumped thornbill (Table 5.7). The 

brown honeyeater and red wattlebird have similar peak cone densities in the foveola 

of 350,000 cells/mm2 and 360,000 cells/mm2, respectively. Assuming that the cone 

mosaic in the foveola approximates a triangular lattice, we estimated the upper 

limits of the Nyquist frequency at 15.72 and 17.17 cycles/degree in the silvereye and 

brown honeyeater, respectively. Estimates of Nyquist frequency were 25.59 

cycles/degree in the yellow-rumped thornbill and 34.70 cycles/degree in the red 

wattlebird (Table 5.7).  

In the temporal area, we estimated peak densities of cones ranging from 49,600 

cells/mm2 in the red wattlebird to 80,000 cells/mm2 in the yellow-rumped thornbill 

(Table 5.6). We estimated intermediate peak densities of cones of 62,500 cells/mm2 

in the brown honeyeater and 75,000 cells/mm2 in the silvereye. Estimates of the 

upper limits of Nyquist frequency in the temporal area were 7.26 cycles/degree in 
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the brown honeyeater and 7.61 cycles/degree in the silvereye. We obtained higher 

Nyquist frequency estimates of 10.91 cycles/degree in the yellow-rumped thornbill 

and 12.88 cycles/degree in the red wattlebird (Table 5.7).  

 

Table 5.7. Optical and anatomical parameters used to estimate the upper limits of 
spatial resolution in the foveola and temporal area of passerines. PND, posterior 
nodal distance; RMF, retinal magnification factor.  

 

 

5.5.  DISCUSSION 

 

This study is the first detailed quantitative investigation of the topographic 

distribution of cone and rod densities in any avian retina using wholemounts. 

Immunohistochemistry against rod opsin revealed an unusually large rod-free zone in 

the insectivorous yellow-rumped thornbill in contrast to much smaller rod-free zones 

in the other predominantly nectarivorous species of passerines. The topographic 

distribution of rods exhibits a distinct dorsoventral gradient forming a streak located 

in the ventral retina across species. We detected peak densities of rods in a ventral 

area located below or above the pecten. The topographic distribution of cone 

densities is generally concentric across species and shows one higher peak in the 

foveola and a secondary peak in the temporal area. The yellow-rumped thornbill 

features a distinct plateau of elevated cone densities surrounding the foveola. We 

also observed the presence of a less conspicuously organised plateau in the other 

species. Estimates of spatial resolving power are overall lower in the frugivorous 

silvereye and nectarivorous brown honeyeater, but higher in the insectivorous 

yellow-rumped thornbill and the nectarivorous red wattlebird. 

Specimen Axial 
length 
(mm) 

PND 
 (mm) 

RMF 
(mm/deg) 

Peak density 
of cones - 
Foveola 

(cells/mm2) 

Spatial 
resolving power 

- Foveola 
(cycles/deg) 

Peak density of 
cones – Temporal 
area (cells/mm2) 

Spatial 
resolving power 
– Temporal area 

(cycles/deg) 

Acanthiza chrysorrhoa 6.14 4.11 0.072 440,000 25.59 80,000 10.91 
Anthochaera carunculata 10.82 7.25 0.126 360,000 40.79 49,600 15.14 
Lichmera indistincta 5.43 3.64 0.063 350,000 20.18 62,500 8.53 
Zosterops lateralis  5.20 3.48 0.061 320,000 18.48 75,000 8.95 
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5.5.1.  Variability of absolute and relative sizes of the rod-free zone in passerines 

 

The presence of a single, small and concentric rod-free zone around the limits of the 

foveola is a distinctive feature of the retinas of diurnal New and Old world primates 

(Packer et al., 1989; Curcio et al., 1990; Finlay et al., 2008). Amongst birds, chickens 

and pigeons also possess a single circular rod-free zone surrounding the central area 

or fovea, respectively (Bruhn and Cepko, 1996; Querubin et al., 2009). In this study, 

we found central and temporal rod-free zones confirming our prediction that they 

match spatially the location of the central fovea and a temporal area formed by 

increased densities of retinal ganglion cells (Coimbra et al., 2013 – Chapter 3) and 

cones (this study). Moreover, our data also indicate that the absolute and relative 

sizes of the central rod-free zones vary substantially in passerines. The absolute 

diameters of the central rod-free zone ranging from 370 to 550 μm in the red 

wattlebird, brown honeyeater and silvereye are similar to estimates between 350 

and 450 μm in diameter in the pigeon (Querubin et al., 2009) and between 300 and 

500 μm in diameter in the retinas of diurnal primates (Parker et al., 1989; Curcio et 

al., 1990; Andrade-da-Costa and Hokoç, 2000; Finlay et al., 2008). In contrast, the 

absolute measurements of the extremely enlarged and ovoid central rod-free zone 

(~4000 μm in mean dorsoventral and nasotemporal diameter) in the yellow-rumped 

thornbill exceeds approximately 8 times or more the absolute rod free zone 

diameters for pigeon (Querubin et al., 2009), diurnal primates (Parker et al., 1989; 

Curcio et al., 1990; Andrade-da-Costa and Hokoç, 2000; Finlay et al., 2008) and the 

other species of passerines studied here. To compensate for the differences in eye 

size, we translated the absolute rod free zone diameters into angular distances in the 

retina based on the retinal magnification factor. Using this approach, the central 

rod-free zone of the yellow-rumped thornbill covers 56° and is thus still 17 times 

larger than the estimates for the pigeon (3.3°) and approximately from 5 to 10 times 

larger than the other passerines (red wattlebird, 5°; brown honeyeater, 7°; 

silvereye, 10°).  
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We suggest that the variable sizes of the rod-free zones in the passerines studied 

here reflect the need for increased spatial resolving power over a given visual angle, 

which ultimately relates to their different ecological needs. In the yellow-rumped 

thornbill, we found that the extremely large rod-free zone is also asymmetric along 

the dorsoventral (~3,000 μm dorsal and ~1,400 μm ventral from the foveola) and 

nasotemporal (~2,600 μm nasal and 1,000 μm temporal from the foveola) axes. This 

asymmetry allows for elevated numbers of cones distributed along an extended area 

towards the dorsonasal retina. Functionally, this dorsonasal asymmetry in cone 

densities increases spatial resolution towards extended portions of the inferior and 

posterior visual fields. As the yellow-rumped thornbill forages for insects 

predominantly on the ground (Gregory, 2007; Bell et al., 2010), this dorsonasal 

asymmetry may facilitate the detection of prey below and behind the bill without 

the need for extensive head rotations. In contrast, the more circular and smaller rod- 

free zone in the other species of passerines allows for a more localised peak density 

of cones improving resolution in a more symmetric fashion in the lateral visual field. 

Ecologically, the silvereye feeds predominantly on fruit, while the red wattlebird and 

brown honeyeater rely mainly on nectar (van Balen, 2008). In addition, all three 

species can supplement their protein intake by eating arthropods such as insects and 

spiders. However, they capture prey in a very different way to the yellow-rumped 

thornbill. As with primates, the red wattlebird, the brown honeyeater and the 

silvereye can gather food items at different locations in a more three-dimensional 

environment than the ground-foraging yellow-rumped thornbill. Therefore, a more 

circular and symmetric rod-free zone allows for localised zones of higher densities of 

cones thus facilitating the detection of objects in multiple directions in the lateral 

visual field in these species. 
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5.5.2.  Topographic relationships between the distribution and proportions of 

rods and cones 

 

The presence of higher densities of rods in the ventral retina of the passerines 

studied corroborated our prediction that rod densities follow a marked dorsoventral 

gradient. Rods form a ventral streak with a peak in a ventral area below the pecten 

in all species, except for the brown honeyeater, which has a peak of rods above the 

pecten. Our data in passerines are consistent with in situ hybridization studies that 

also describe a clear dorsoventral gradient in the distribution of rods in the chicken 

(Bruhn and Cepko, 1996). Conversely, our data contrasts with the homogeneous 

topographic distribution of rod densities in the pigeon retina reported by Querubin et 

al. (2009). This discrepancy may be due to the use of sections to estimate rod 

densities by these authors. However, our data is consistent with the dorsoventral 

asymmetry in the topographic distribution of rods found in mammals with cone-

dominated retinas such as the tree shrew (Müller and Peichl, 1989) and the California 

ground squirrel (Kryger et al., 1998).  

In addition to a dorsoventral asymmetry, Bruhn and Cepko (1996) demonstrated that 

rods are less abundant across the nasotemporal meridian forming a rod-sparse streak 

in the chicken. In the species of passerines we studied, we did not observe a rod-

sparse streak. Although we measured lower densities of rods near the rod-free zone 

suggesting a rod-sparse area, a dorsotemporal elongation formed by increased rod 

densities interrupts this rod-sparse area along the whole extension of the 

nasotemporal meridian in the yellow-rumped thornbill, red wattlebird and brown 

honeyeater. In contrast, a ventral and a dorsal streak formed by higher densities of 

rods flank a band of lower densities of rods in the silvereye suggesting a rod-sparse 

organisation similar to the chicken (Bruhn and Cepko, 1996).  

The function of this marked dorsoventral asymmetry in the topographic arrangement 

of rod densities is unknown. However, some avian and mammalian cone-dominated 

retinas share this particular topographic arrangement (Bruhn and Cepko, 1996; Müller 
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and Peichl, 1989; Kryger et al., 1998). One possible explanation is that rods are 

excluded from regions of the retina that are specialised for high spatial resolution 

and thus require higher cone densities. Given the increased sensitivity of rods 

(Rodieck, 1973), their elevated densities in the ventral retina allow for the detection 

of gradual variations in light intensity from above, especially during dusk and dawn. 

This can provide relevant ecological cues for orientation in the bird and mammalian 

species that have this topographic configuration.   

Rods comprise ~5% of the total population of photoreceptors in the yellow-rumped 

thornbill, ~11–12% in the silvereye and brown honeyeater and ~17% in the red 

wattlebird. In addition, we showed that the proportions of rods vary markedly 

depending upon the retinal location across species of passerines (see Table 5.7). Our 

data contrast, however, with the constant proportion of ~20% of rods across the 

retina of the pigeon reported by Querubin et al. (2009). As discussed above, this 

constant proportion may reflect the use of retinal cross sections which may not be 

suitable to detect variations in rod densities. Support of our data comes from the 

studies on cone-dominated mammals that used retinal wholemounts to estimate rod 

densities (Müller and Peichl, 1989; Kryger et al., 1998). In the tree shrew (Tupaia 

belangeri), Müller and Peichl (1989) reported ~4–6% of rods in relation to the total 

population of photoreceptors, with topographic variations across the retina. These 

authors estimated ~1% of rods in the temporal area, where cones reach their peak 

density, and ~14% of rods in the ventral retina. Interestingly, these proportions 

match exactly our estimates of ~1% of rods in the dorsal retina and ~12% in the 

ventral retina of the yellow-rumped thornbill. In the California ground squirrel 

(Spermophilus beecheyi), Kryger et al. (1998) reported higher overall proportions of 

~14% of rods, with topographic variations of ~10% of rods in the dorsal and ~30% of 

rods in the ventral retina. These figures are also very close to our estimates of ~9–

11% of rods in the dorsal retina and ~25–32% of rods in the ventral retina of the 

passerine studied here. This gives strong support for the view that rods are allocated 
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differentially across the retina of cone-dominated species to avoid a parallel 

topographic distribution of these two functionally distinct photoreceptor classes.  

 

5.5.3.  Anatomical spatial resolving power and visual ecology in passerines 

 

Given the need for enhanced spatial resolution to detect insects, we predicted that 

the insectivorous yellow-rumped thornbill would have higher spatial resolving power 

than the other passerines. Contrary to our prediction, we estimated a higher spatial 

resolving power of ~41 cycles/degree in the predominantly nectarivorous red 

wattlebird. Instead, the spatial resolving power in the yellow-rumped thornbill is ~25 

cycles/degree, falling between the estimate for the red wattlebird and the silvereye 

(~18 cycles/degree) and the brown honeyeater (~20 cycles/degree). These 

differences in spatial resolving power can be explained by two different mechanisms. 

In the first, the peak density of cones is similar, but an increased posterior nodal 

distance provides the higher spatial resolving power. This is the case in the red 

wattlebird, which has a peak density of cones (360,000 cells/mm2) comparable to the 

silvereye (320,000 cells/mm2) and brown honeyeater (350,000 cells/mm2), but its 

longer posterior nodal distance determines its increased resolution. Similarly, the 

Australian brown falcon (Falco berigora) has a peak density of cones of 380,000 

cells/mm2, but due to its longer posterior nodal distance (~23 mm), the estimated 

spatial resolving power reaches ~73 cycles/degree (Reymond, 1987). In the second 

mechanism, the peak density of cones increases in concert with the axial length in an 

optical strategy to increase resolution. We suggest this mechanism to explain the 

spatial resolving power of ~25 cycles/degree in the yellow-rumped thornbill. The eye 

of this small passerine is slightly bigger (axial length of 6.14 mm) compared to the 

eye size in the silvereye (5.20 mm) and brown honeyeater (5.40 mm); however, 

combined with a higher peak density of cones of 440,000 cells/mm2, the spatial 

resolving power is higher in this species. The same trend can be detected in another 
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falconiform, the wedge–tailed eagle (Aquila audax) (Reymond, 1985). In this species, 

the combination of a very high peak density of cones of 530,000 cells/mm2 with an 

enlarged eye size (axial length of 35 mm), determines a spatial resolving power of 

~140 cycles/degree, which is much higher than the estimates of the Australian brown 

falcon (Reymond, 1985, 1987). 

Compared to other passerines, the increased spatial resolving power estimates in the 

red wattlebird may allow this species to exploit a wider variety of food resources. 

Although the red wattlebird and the brown honeyeater feed mainly on nectar, 

occasionally supplementing their diets with insects (Higgins et al., 2008), the red 

wattlebird feeds on a variety of other food items including small reptiles, eggs and 

nestlings of small birds (Higgins et al., 2008). In addition, the red wattlebird forages 

in a much wider range of microhabitats and uses a more diverse repertoire of 

foraging techniques than the other passerines (Higgins et al., 2008). Red wattlebirds 

can forage in the upper canopy, snatch insects from the air and occasionally from the 

ground using a combination of gleaning, sallying, probing and aerial hawkings (Higgins 

et al., 2008). Silvereyes and brown honeyeaters, however, favour shrub and tree 

strata where they glean and probe for food items in the foliage (Higgins et al., 2008). 

In contrast, the yellow-rumped thornbill can spend 75–85% of its time on the ground 

and leaf litter gleaning for insects and occasionally sallying or hovering after prey 

(Gregory, 2007). Another study shows that this species can also ascend to forage at 

shrub and tree strata (Bell et al., 2010). These studies support the view that the 

yellow-rumped thornbill also shows a more flexible foraging repertoire and occupies 

a wider range of microhabitats similar to the red wattlebird, therefore, justifying a 

higher need for increased spatial resolving power compared to the silvereye and 

brown honeyeater.  
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5.6.  CONCLUSIONS 

 

In this study, we described a suite of novel retinal traits in birds by analysing the 

topographic distribution of rods and cones in passerines. The presence of two rod-

free zones (central and temporal) in the retinas of passerines allows for increased 

cone densities in regions devoted to high spatial resolution. The unusually large 

central rod-free zone with a distinct dorsonasal asymmetry in the insectivorous 

yellow-rumped thornbill potentially reflects its ground foraging behaviours. In 

contrast, the smaller and central circular rod-free zone in the predominantly 

nectarivorous and frugivorous passerines reflects the need for identifying objects at 

multiple locations in the visual fields of these arboreal species. Consistent with the 

rod-free zone size and shape, the presence of a dorsonasally orientated plateau of 

increased cone densities in the yellow-rumped thornbill and the localised peak 

density of cones that changes in continuous increments towards the periphery in the 

other species of passerines represent topographic specialisations to improve sampling 

in the visual field presumably reflecting specific ecological needs. The distinct 

dorsoventral asymmetry in the topographic distribution of rods suggests a strategy to 

allow for increased densities of cones in regions of the retina devoted to high spatial 

resolution in addition to the detection of variations of light from above. Lastly, the 

differences in spatial resolving power across species reveals a complex relationship 

between eye size and peak density of cones that ultimately correlates with the 

diversity of lifestyles in these Australian passerines.  
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6. GENERAL DISCUSSION  
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In the previous chapters, I described a suite of novel topographic retinal traits in 

representative species of three major avian orders: Sphenisciformes (penguins), 

Psittaciformes (cockatoos) and Passeriformes (passerines). In this general discussion 

section, I will highlight the commonalities and differences of retinal topographic 

specialisations across the species studied within an ecological and evolutionary 

context. 

 

6.1.  The horizontal visual streak  

 

The presence of a horizontal visual streak is a ubiquitous trait in the retinas of many 

vertebrates that inhabit open areas (Hughes, 1977; Collin, 1999). The horizontal 

streak affords increased resolution across the horizon that may assist in the 

surveillance for predators and the detection of prey (Hughes, 1977; Collin, 1999). 

Both penguins and cockatoos have a horizontal streak; however, they show distinct 

topographic gradients of ganglion cell densities. In penguins, the densities of ganglion 

cells follow a much steeper gradient resulting in a more pronounced streak compared 

to that found in cockatoos. This difference in retinal topography can be explained by 

the fact that penguins spend much of their time in the open ocean, which may have 

driven the selection of a more extensive horizontal visual streak. In contrast, 

although cockatoos also experience open and relatively featureless environments, 

they favour microhabitats within the vegetation that may have led to the selection of 

a less defined visual streak in this avian group. Passerines, on the other hand, have 

only a nasotemporal elongation of neuronal densities across the nasotemporal 

meridian suggesting the presence of a weak horizontal visual streak. Similar to 

cockatoos, these birds frequent various types of partially enclosed microhabitats, 

which may have selected for a more concentric arrangement of neuronal densities in 

their retinas that provides increased spatial resolution in a restricted region of the 

visual field.  
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6.2.  The central fovea  

 

Cockatoos and passerines share the presence of a central fovea; however, its 

organisation differs dramatically between these two avian groups. Amongst 

cockatoos, both arboreal and terrestrial species possess a shallow central fovea. In 

contrast, arboreal passerines have a deep central fovea, while a terrestrial 

insectivorous species, the yellow-rumped thornbill, has a shallow central fovea. In 

chapter 4, we suggested that these differences in foveal organisation in passerines 

may be related to a proposed magnifying function of the deep central convexiclivate 

fovea (Snyder and Miller, 1978). Therefore, the shallow fovea in the terrestrial 

insectivorous passerine reflects the proximity of its head to the ground suggesting 

that vision at such close range may not require such a pronounced magnifying effect 

by the fovea. However, the deep convexclivate fovea in the arboreal passerines 

potentially affords a higher magnification of the image, thereby improving the 

detection of detail against the complex and variable background of the vegetation. 

The presence of a shallow fovea in both arboreal and terrestrial cockatoos suggests 

that these birds may not have the need for a pronounced foveal magnification of the 

image because of three main reasons. First, cockatoos feed on large seed pods and 

cones (Rowley, 1997), which are considerably larger than small insects. Second, 

cockatoos also rely on the mechanoreceptors located in the bill tip and on the tongue 

(Goujon, 1869; Demery et al., 2011) to assess and extract information about the 

physical properties of the food items during manipulation. And third, the larger eyes 

of cockatoos provide a larger focal length which result in high magnification of the 

image irrespective of the presence of a deep/shallow fovea. 
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6.3.  The foveal plateau and the enlarged rod-free zone 

 

The presence of an enlarged foveal plateau with elevated densities of neurons in the 

ganglion cell layer is a common trait amongst tyrant flycatchers (Coimbra et al., 

2006; 2009) and the yellow-rumped thornbill (Chapter 4). However, the yellow-

rumped thornbill has a horizontal expansion of the dorsal pole of its foveal plateau 

contrasting with the symmetric dorsoventrally elongated foveal plateau in tyrant 

flycatchers (Coimbra et al., 2006; 2009). Nectarivorous/frugivorous passerines also 

possess a foveal plateau formed by neurons in the ganglion cell layer, but it differs 

from both the yellow-rumped thornbill and the tyrant flycatchers by its smaller and 

more concentric organisation. We suggest that these differences in the shape of the 

foveal plateau between insectivorous and nectarivorous/frugivorous passerines 

reflect their different needs for increased resolution. In general, cone densities 

mirror the topographic organisation of the foveal plateau in both the yellow-rumped 

thornbill and the other nectarivorous/frugivorous species. On the other hand, rods 

are absent from the entire plateau area in the yellow-rumped thornbill giving rise to 

an unusually enlarged rod-free zone, which contrasts with the smaller and more 

concentric rod-free zones in nectarivorous/frugivorous species. These differences in 

the topographic distributions of rods, cones and neurons in the ganglion cell layer 

indicate differential spatial allocation of neuronal networks involved in optimising 

resolution and sensitivity across the passerine retina. Further studies on the 

topographic distribution of cones and rods will reveal if this is a common trend 

amongst other avian species.  

 

6.4.  The dorsotemporal and temporal areas  

 

Cockatoos and passerines also have a second concentric retinal specialisation located 

in the temporal/dorsal retina. Lateralised species of cockatoos have a dorsotemporal 
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increase in ganglion cell density in contrast to passerines, which have a temporal 

increase. Both cockatoos and passerines have the need for enhanced resolution in the 

frontal visual field; however, the differential location of the temporal/dorsotemporal 

area may reflect differences in the way cockatoos and passerines align their head 

towards food items/substrate. Lateralised species of cockatoos manipulate and 

inspect food with the foot positioned in the inferior visual field. Therefore, the 

presence of a dorsotemporal area in lateralised cockatoos reflects the need for 

increased resolution in the inferior portion of the visual field to assist with praxic 

activities during foraging. In contrast, arboreal oscine passerines locate food items in 

different portions of the frontal visual field by using a diverse repertoire of acrobatic 

postural changes and head alignments. The temporal area is also a common trait in 

the insectivorous ground forager, the yellow-rumped thornbill. Although having the 

need for increased resolution in the inferior visual field as with cockatoos, the 

yellow-rumped thornbill do not manipulate food items and collect them from the 

substrate directly by gleaning. Therefore, the yellow-rumped thornbill can adjust the 

projection of the temporal area by tilting the head downwards.  

 

6.5.  The unusual topographic specialisations to increase resolution in the 

inferior visual field 

 

In addition to the temporal and dorsotemporal areas, species of terrestrial cockatoos 

and the yellow-rumped thornbill exhibit unusual topographic specialisations that 

improve resolution in the inferior visual field. Arboreal species of cockatoos and 

passerines do not show such specialisations giving further support to the notion that 

these specialisations arose during the evolutionary history of these birds to 

accompany preferences in foraging on the ground. The organisation of these 

specialisations between terrestrial cockatoos and the yellow-rumped thornbill is 

quite distinct. In terrestrial cockatoos, ganglion cell densities increase towards the 
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dorsotemporal quadrant of the retina forming a broad triangular shaped organisation 

of the isodensity contours. In contrast, in the yellow-rumped thornbill, the dorsal 

pole of the foveal plateau is broader and elongated more horizontally. In the 

terrestrial cockatoos, the need for improved resolution in the inferior visual field 

during foraging may have driven an increase of retinal ganglion cell densities towards 

the dorsotemporal region giving rise to the triangular extension in these birds. As the 

dorsal retina of the yellow-rumped thornbill has already elevated densities of retinal 

ganglion cells due to the presence of an extensive foveal plateau, one potential 

solution to enhance resolution in the inferior visual field is to broaden the dorsal pole 

of the plateau horizontally so that a larger visual angle can be sampled in the inferior 

visual field. Although dissimilar in organisation, these two unusual topographic 

specialisations represent unique evolutionary trajectories to increase resolution in 

the inferior visual field.  

 

6.6.  The area gigantocellularis 

 

Hayes et al. (1991) identified a cohort of giant ganglion cells stained by neurofibrillar 

methods in the temporal retina of procellariiform seabirds and suggested that they 

played a role in the detection of motion. Penguins and passerines have a similar 

concentration of giant ganglion cells in the temporal retina. Immunohistochemistry 

against MAP2 specifically labels a subpopulation of giant cells showing similar 

morphological characteristics to giant cells labelled with neurofibrillar methods 

(Hayes et al., 1991) and stained for Nissl substance (Coimbra et al., 2012). In this 

thesis, the use of anti-MAP2 antibodies made it possible to map the topographic 

distribution of this giant ganglion cell type across the whole retina. This revealed 

that although the peak density of giant ganglion cells occurs in the temporal retina as 

shown by Hayes et al. (1991), densities of giant ganglion cells form unusual 

topographic specialisations in other locations of the retina. Penguins show a vertical 
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streak formed by giant ganglion cells, suggesting increased detection of movement 

across the water column while these seabirds are diving. Passerines show a diversity 

of topographic arrangements: a circumferential peripheral concentration in the 

yellow-rumped thornbill and a horizontal visual streak in the other passerines 

studied. In addition, we found an unusual peak in the nasal retina of both the yellow-

rumped thornbill and the silvereye which potentially aids in the detection of 

predators approaching from behind. This variety of topographic arrangements of 

giant ganglion cell densities in passerines reflects their specific needs for motion 

detection during foraging and vigilance.  

 

6.7.  The future: uncovering the evolutionary history of retinal 

specialisations in birds 

 

Despite a staggering diversity of species and niche specialisations, very limited 

knowledge is available about the topographic architecture of the retina in birds. This 

thesis expands the knowledge in avian retinal anatomy and reveals unusual 

topographic traits. Despite the wealth of novel data, further research on the 

organisation of the central fovea and its surrounding foveal plateau, the diversity in 

rod-free zone size and shape, and the variations in the topographic distribution of 

giant ganglion cells across avian species is still needed and will help understand the 

patterns and processes that shaped the evolutionary history of retinal specialisations 

in birds.  
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