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Abstract 

Kiwi (Apteryx spp.) have evolved under unique evolutionary pressures and uniquely 

occupy a nocturnal, ground-dwelling niche. They share few traits with other birds: they 

have small eyes, an elongated bill, and several features more characteristic of mammals. 

Early anatomical studies described a number of unique features in the kiwi brain, but 

their relevance to the behaviour and ecology of the species was not clearly established. 

This study aims to describe the structure of the primary cranial sensory systems of kiwi 

and comment on the evolutionary pressures that may have shaped their current form.  

The external morphology and relatively large size of the brain of kiwi, in particular those 

of the telencephalon, contrast with those of other Palaeognaths. The relative size of the 

cerebral hemispheres is rivalled only by a handful of parrots and songbirds. This 

enlargement results from a differential enlargement of the nidopallium, mesopallium and, 

to a lesser extent, of the basal ganglia. In other birds these regions are associated with the 

integration of information, cognition and learning. Kiwi brain centres processing visual 

information were small, although the retina structure showed an adaptation to dim light. 

The olfactory and trigeminal systems associated with the bill were hypertrophied. The 

auditory system shows specialisations associated with an overrepresentation of high 

frequency coding areas that originates in the cochlea and is preserved throughout the 

auditory brainstem. In absolute terms, the upper frequency response limit, based on hair 

cell morphology, is estimated to be about 5 kHz, the lower limit to be about 500 Hz, with 

a slightly higher frequency range predicted from the morphology of central auditory 
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structures. The organisation of both nucleus angularis (NA) and nucleus laminaris (NL) 

in kiwi suggest that the central auditory system has retained the ancestral organisation 

except for the morphological features associated with the overrepresentation of high 

frequencies.  

Overall, the brain and sensory structures of kiwi have evolved neural adaptations that 

accompany the very different behavioural strategies associated with the unique niche the 

birds occupy. A large telencephalic size and shift away from vision towards an increased 

reliance on olfactory, tactile and auditory cues constitute a collection of features that 

make kiwi unique among birds. These findings provide a unique glimpse of the 

evolutionary history that has led to this unusual design, in particular, and challenge many 

of our current views about the evolution of brains and encephalisation, in general. 
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Chapter 1  

General Introduction 

1.1 The New Zealand kiwi  

1.1.1 Taxonomy 

Kiwi (Apteryx spp.) belong to the ratites, a group of flightless birds with emu, (Dromaius 

novaehollandiae), ostrich (Struthio camelus), rheas (Rhea spp.), cassowaries (Casuarius 

spp.) and the extinct moa (Dinornithidae) and elephant bird (Aepyornithidae). Ratites 

have traditionally been considered a monophyletic group, and classified on the basis of 

several skeletal characteristics that are regarded as plesiomorphic (e.g., Feduccia, 1995; 

Olson, 1985; Padian and Chiappe, 1998). A new proposed phylogeny, however, suggests 

that ratites constitute a polyphyletic group (Hackett et al., 2008). Ratites and tinamous 

(Tinamiformes) comprise the Palaeognathae, with all other extant birds comprising the 

Neognathae.  

There are five species of kiwi described, and all are endemic to New Zealand: little 

spotted kiwi (Apteryx owenii), great spotted kiwi (Apteryx haastii), North Island brown 

kiwi (Apteryx mantelli, NIB), rowi (Apteryx rowi) and tokoeka (Apteryx australis) 

(Burbidge et al., 2003; Tennyson et al., 2003). The NIB kiwi has four or five recognised 

varieties: Northland, Coromandel, Eastern (Bay of Plenty to Ruahine Range), Western 

(Taranaki/Wanganui/Tongariro) and perhaps Little Barrier (Tisdall, 1994). The tokoeka 
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currently has two recognised varieties, the Haast tokoeka and the Southern tokoeka 

(Burbidge et al., 2003). The little spotted kiwi is the smallest of the kiwi. It is found 

mainly on Kapiti Island, off the west coast of the North Island, while the great spotted 

kiwi is the largest and is found only in the South Island, in Nelson, Westland, and 

Canterbury, mostly in high, often harsh hill country. The NIB kiwi is the most abundant 

of the kiwi species and occurs in the upper North Island. Rowi is restricted to Okarito on 

the West Coast of the South Island. The variety known as Haast tokoeka is found at Haast 

in South Westland, and the Southern tokoeka occurs in Fiordland and on Stewart Island 

(Burbidge et al., 2003). All species of kiwi are threatened in New Zealand: rowi and 

Haast tokoeka are classified as ‘nationally critical’, NIB kiwi as ‘seriously declining’, 

great spotted kiwi and Southern tokoeka as ‘gradually declining’, and little spotted kiwi 

as ‘range restricted’ (Hitchmough, 2002). 
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1.1.2 Behaviour and ecology 

Kiwi are much smaller than the other ratites: males weigh between 2-3 kg and females 

generally weigh a few hundred grams more (Calder et al., 1978; Marchant and Higgins, 

1990). Kiwi have evolved under unique evolutionary pressures and share very few 

anatomical and behavioural traits with the other Palaeognaths, including their close 

phylogenetic ratite relatives emus and cassowaries. A lack of mammalian predators and 

an absence of nocturnal ground-dwelling insectivores meant that kiwi had very few 

predators or competitors for food resources, allowing them to occupy a generalist niche in 

terms of habitat selection and foraging strategy (Fuller, 1990). The wings of kiwi are 

vestigial stubs with a primitive claw at the end, rendering the birds flightless. The wing 

musculature of the NIB kiwi is similar to that of other ratites; it lacks propatagial 

muscles, and neither the Muscularis pectoralis nor the M. supracoracoideus are well 

developed (McGowan, 1982). Instead, kiwi rely on well-developed and powerful legs 

tipped with sharp claws for mobility and use them as their main form of defence. Kiwi 

have the lowest basal rates of metabolism of any avian species (Calder and Dawson, 

1978; McNab, 1996) and an average body temperature of 38ºC, which is 2 to 4ºC lower 

than would be expected for a bird of its size, and instead is more similar to that of 

mammals (Jakob-Hoff, 2001).  

NIB kiwi are entirely nocturnal and typically inhabit native forests of New Zealand, but 

also live in exotic pine forests, regenerating native forest, farmed pasture, lowland 

tussock grassland, and sand dunes (Colbourne, 1983; Colbourne and Kleinpaste, 1984; 

Potter, 1989; Taborsky and Taborsky, 1991; 1992). Diet consists mainly of earthworms 
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and other invertebrates; mainly beetle larvae (Coleoptera) and cicada nymphs 

(Hemiptera) found in the soil and leaf litter (Buller, 1888; Reid et al., 1982; Watt, 1971). 

Kiwi are also known to eat fruit, seeds, and aquatic invertebrates (Fuller, 1990; Jolly, 

1991; Miles, 1995; Reid et al., 1982). Soil-living prey is thought to be located using the 

kiwi’s well developed sense of smell as it probes through the soil (Wenzel, 1968; 1971). 

When prey is located it is dislodged by widening the probe hole though levering the bill 

back and forth (Buller, 1888). 

NIB kiwi are thought to be monogamous and generally mate for life (McLennan et al., 

1987; Potter, 1989). The main mating season begins in May/June with the first eggs 

usually being laid around June/July (Ching, 1990; Cockrem, 1995). The kiwi egg is the 

largest (proportional to its body size) of any bird species, and is about a quarter of the 

body weight of the female (Prinzinger and Dietz, 2002). Two eggs are generally laid in a 

clutch, in a nest burrow, usually underground or amongst tree roots. Incubation is done 

exclusively by the male for 75-85 days (Prinzinger and Dietz, 2002). Kiwi are generally 

solitary and very territorial (Colbourne, 1983), with territories ranging in size from 20 to 

40 ha, depending on location (Potter, 1989). A kiwi pair maintains territories that are 

close together and in most cases overlap (Taborsky and Taborsky, 1991; 1992). 

Territories rarely change ownership unless the resident dies or is crippled (McLennan, 

1990). Juveniles are tolerated within the parent’s territory for at least a year, after which 

they leave or are evicted to find their own territory (Colbourne and Kleinpaste, 1984). 

Males are extremely aggressive when their territory is invaded and defend it by fighting. 

However, encounters between males that involve injury or death are rare (Taborsky and 
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Taborsky, 1991; 1992). Experimental studies have suggested that kiwi could be using 

olfactory signals to mark territories (Jenkins and Potter, 2001). 

1.1.2.1 Vocal behaviour  

Kiwi are considered vocal birds, especially when compared to other ratites (Davies, 

2002). Kiwi produce several sounds, that consist of a snuffling and grunting sound 

(produced to clear soil from their nostrils when feeding), a mewing and purring sound 

(associated with mating), and bill snapping, hissing, squealing and growling (produced 

when a bird is handled and has also been associated with aggression towards invading 

kiwi Colbourne and Kleinpaste, 1984; Reid and Rowe, 1978). The most distinguishable 

of the sounds produced by kiwi is ‘the whistle call’. The whistle call is thought to be a 

long-range call and is produced by both sexes, either as a solo call, in response to the call 

of a neighbour or in response to the call of a mate, which can sometimes overlap to form 

a duet (Colbourne and Kleinpaste, 1984; Corfield, 2005; Corfield et al., 2008; Taborsky 

and Taborsky, 1992). The social context of the whistle call is not well understood, but it 

is thought to have territorial and pair-communication functions (Colbourne and 

Kleinpaste, 1984; Marchant and Higgins, 1990). It may also be involved in breeding 

behaviour; with calling-rate fluctuations corresponding to different breeding activities; 

calling rates are lowest during the incubation period and highest during the mating period 

(Colbourne and Kleinpaste, 1984; Miles et al., 1997; Taborsky and Taborsky, 1992).  
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1.1.2.2 Call structure 

The whistle call of the NIB kiwi is composed of a series of up to 36 notes, lasting up to 

43.6 seconds (Corfield, 2005; Corfield et al., 2008). Each note is separated by a period of 

silence, ranging in duration from 0.1 to 3.5 seconds. Note duration generally increases 

over the duration of a call, with notes ranging in duration from 0.2 to 1.3 seconds. Males 

produce calls with frequency-modulated notes and specific note phrases, characterised by 

a fundamental frequency at around 1,500 Hz, and overtones up to 13,000 Hz. Females 

produce calls with most energy in the frequency range between 90 to 660 Hz and lower 

energy in frequencies to ~8,000 Hz, with harmonic energy concentrated in two or three 

prominent formants (Corfield, 2005; Corfield et al., 2008). Noticeably, kiwi lack the low 

frequencies within their vocalisations that are a feature of the calls of other ratites (below 

300 Hz, Davies, 2002). It has been suggested that kiwi are able to use auditory input to 

shape the temporal structure of their call. This is evidenced by the changes in call 

temporal structure seen during a duet, suggesting that online auditory input plays an 

important role in the way in which kiwi shape at least the temporal structure of the 

structure of their call (Corfield, 2005; Corfield et al., 2008). Calls from individual birds 

are also sufficiently different to be used reliably to identify the caller (Corfield, 2005; 

Corfield et al., 2008), although it is not known if kiwi are able to use these differences to 

identify individuals.  
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1.2 Brains and sensory organs: what we can learn from 

them?  

It is clear from the above description that kiwi differ in many respects from other birds. 

The few anatomical studies on the brain and sensory anatomy of both adult and 

embryonic kiwi have identified a number of features that have provided some glimpses 

into the evolutionary pressures that have shaped kiwi into their current form (Bang and 

Cobb, 1968; Craigie, 1930; Durward, 1932; Kraabe, 1959; Parker, 1891; Reid et al., 

1982; Strong, 1911). In particular, Craigie (1930) in his detailed examination of the brain 

of the NIB kiwi, showed that a number of visual processing areas were very small, 

suggesting that vision is not important to kiwi. He also noted an apparent enlargement to 

the olfactory bulb, which was later quantified by Bang and Cobb (1968), suggesting that 

olfaction is also important to kiwi. These early observations on the brain of kiwi suggest 

that the relative importance of at least the visual and olfactory system is very different 

from that of other birds. These early studies have, therefore, provided a platform on 

which to launch a more detailed analysis of the kiwi brain.  

Jerison (1973) proposed that two factors determine absolute brain size. Part of the total 

brain size is determined by scaling to body size and represents the minimum neural mass 

needed for basic function. Increases beyond this minimum value, he suggested, 

represented that part of the brain size that was related to intelligence and referred to it as 

encephalisation. Since then, relative brain size has become a common (although 

controversial) measure to predict a number of behavioural and ecological aspects of an 
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animal (Barton et al., 2003; Barton and Harvey, 2000; de Winter and Oxnard, 2001; 

Healy and Rowe, 2007; Jerison, 1973; Rehkamper et al., 2001; Striedter, 2005; Bolhuis 

and Macphail, 2001). Among avian species, relative brain size has been shown to 

correlate with metabolism, diet, song complexity/repertoire size, memory, parental care, 

nesting innovations, cognitive ability, behavioural flexibility, habitat, flightlessness, 

invasion success, social complexity, immune defence organ size, extinction risk, 

innovation frequency, locomotor behaviour, developmental mode, foraging technique, 

feeding innovation as well as sensory and motor capacity (e.g., Beauchamp and 

Fernandez-Juricic, 2004; Bennett and Harvey, 1985a; Bennett and Harvey, 1985b; 

Brenowitz and Arnold, 1986; Clayton, 1998b; Day et al., 2005; Garamszegi and Eens, 

2004; Garamszegi et al., 2005a; b; Garamszegi and Lucas, 2005; Garamszegi et al., 2002; 

Healy and Krebs, 1996; Iwaniuk and Arnold, 2004; Iwaniuk and Hurd, 2005; Iwaniuk 

and Nelson, 2001; 2003b; Iwaniuk et al., 2004; Kalisinska, 2005; Lefebvre et al., 1998; 

Lefebvre et al., 2002; Lefebvre et al., 2004; Lucas et al., 2004; Madden, 2001; Moller et 

al., 2005; Nicolakakis and Lefebvre, 2000; Nicolakakis et al., 2003; Portmann, 1946; 

1947; Reboreda et al., 1996; Shultz et al., 2005; Sol et al., 2005a; Sol and Lefebvre, 

2000; Sol et al., 2005b; Sol et al., 2007; Sol et al., 2002; Timmermans et al., 2000).  

From a mechanistic point of view, brains are said to be enlarged through two different 

mechanisms (Aboitiz, 1996; Finlay and Darlington, 1995; Finlay et al., 2001; Jerison, 

1985). Brains or major brain regions can be enlarged as a whole (referred to as concerted 

evolution, passive or ‘easy’ mode) or specific regions can be differentially enlarged 

(referred to as mosaic evolution, active or ‘difficult’ mode). Although these modes 

strictly refer to changes in brain size that occur as a result of developmental programmes 
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or early brain growth, differences in brain region size can also occur as a result of 

differential recruitment of neurons born through adult neurogenesis (Nottebohm, 1981; 

Nottebohm, 1985; 1989), but authors do not generally make this distinction. This may 

partially explain some discrepancies several behavioural and structural correlation studies 

(Devoogd et al., 1993b; Szekely et al., 1996; Bolhuis and Macphail, 2001). In fact, the 

major neuronal centres where these discrepancies have been identified (i.e., song system 

and hippocampus) are those where adult neurogenesis has been well established (Bolhuis 

and Macphail, 2001). Many efforts have been made to show that sensory specialisations 

or higher cognitive abilities are correlated with an increase in the size of the specific 

brain regions that mediate the specialisation (Barton, 1996; Bennett and Harvey, 1985a; 

Brenowitz and Arnold, 1986; Clayton, 1998a; Emery and Clayton, 2005; Harvey, 1988; 

Healy and Guilford, 1990; Healy and Krebs, 1996; Jerison, 1973; Kubke et al., 2004; 

Lefebvre et al., 2004; Reboreda et al., 1996; Striedter, 2005). In the telencephalon, 

variation in the size of hippocampus, nidopallium, and mesopallium between species are 

thought to be related to interspecific differences in spatial processing, memory, problem 

solving, tool use, innovative feeding behaviours, and social behaviour (e.g., Clayton, 

1998b; Healy et al., 1996; Lefebvre et al., 2002; Timmermans et al., 2000). Variation in 

relative size of specific neural structure is also seen in the brainstem. Here the size of 

auditory nuclei have been correlated with enhanced auditory processing abilities 

associated with prey localisation and echolocation (Iwaniuk et al., 2006; Kubke et al., 

2004). Barn owls, for example; have enlarged auditory nuclei that are involved in their 

sophisticated nocturnal hunting strategy (Iwaniuk et al., 2006; Konishi and Knudsen, 

1979; Kubke et al., 2004). Thus, it appears that mosaic evolution may be a way in which 
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the enlargement of specific brain areas in birds can accompany the evolution of particular 

behavioural traits. Conversely, the identification of a relative enlargement in the size of a 

particular brain region can, to a certain extent, be used to predict the behavioural 

relevance of the modality coded by that enlarged region.  

Although the studies described above are informative when an increase in the size of a 

particular region is associated with enhanced processing ability, neuronal specialisations 

can emerge through circuit remodelling that do not necessarily require an increase in size 

or cell number. For example, the morphological organisation of third-order auditory 

nucleus laminaris is different among birds, and these morphological differences are 

thought to be associated with specific coding requirements (Kubke and Carr, 2006; 

Kubke et al., 2002a). It must be noted, however, that this nucleus shows different degrees 

of hyperplasia in different bird groups as well, the extreme being found in the barn owl, 

one of the best known auditory specialists (Kubke et al., 2004).  

Peripheral organs can also provide information about adaptation to ecological conditions. 

Peripheral organs are thought to co-evolve with the central nervous system structures that 

they are connected to (e.g., Garamszegi et al., 2002; Gleich and Manley, 2000). For 

example, the relative sizes of both the eye and the brain were found to be associated with 

prey capture technique and with nocturnality; large eyes and large brains being 

interpreted as being associated with nocturnal and visually guided foraging (Garamszegi 

et al., 2002). As previously mentioned the barn owl is an auditory specialist and has 

enlarged auditory nuclei. Accompanying this auditory specialisation there is an 

overrepresentation of frequencies in the basal half of the barn owl’s elongated basilar 
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papilla, which reflects the owl's extended high-frequency hearing range and its enhanced 

resolution of frequencies between 5 and 10 kHz (Fischer et al., 1988; Köppl et al., 1993). 

Being nocturnal, kiwi may be expected to show similar visual and auditory adaptations. 

However, the size of the kiwi eye is extremely small, much smaller than would be 

predicted based on body size (Martin et al., 2007). Correspondingly, reductions of the 

brain regions processing visual information have also been suggested (Craigie, 1930). 

There is no data describing the auditory system of kiwi, but faced with the same sensory 

challenges as nocturnal owls, and with the added disadvantage of reduced vision, kiwi 

may, therefore, show auditory specialisations analogous to those of barn owls in the ear 

and central auditory system.  

It is clear from these examples highlighted above that much can be gained by examining 

the brain and sensory anatomy of the kiwi. Therefore, this thesis will undertake a 

thorough examination of the kiwi brain and cranial sensory organs, in particular the areas 

associated with processing visual, olfactory, tactile and auditory information.  

1.3 This thesis 

In this thesis the brain and selected sensory organs are examined in the kiwi. The first 

Chapter will examine the relative brain size and external morphology in the Palaeognath 

lineage and in particular in kiwi to determine how they compare with that of the 

Neognaths. Following on from this work, Chapter 3 will aim to determine whether 

specific areas of the telencephalon are enlarged in kiwi brains, or if different 

telencephalic structures scale equally with telencephalic size. Chapters 4, 5, and 6 will 
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aim to determine whether visual, olfactory, tactile and auditory processing areas of the 

brain show any specialisations associated with their unique niche and if they underlie to 

some extent the increases in overall brain and telencephalon size in kiwi.  
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Chapter 2  

External morphology and relative size 

2.1 Introduction 

Brain size increases with body size at a characteristic exponential rate and can be 

described by a simple allometric function: brain weight = a*body weightb , where a is a 

normalisation constant and b is the scaling exponent (Finlay and Darlington, 1995; 

Harvey and Krebs, 1990; Jerison, 1973; Northcutt, 1985). Although the brain size is 

largely determined by body size, an increase in size can result from encephalisation, 

either as a global increase in brain size or due to an enlargement of specific cell groups 

not accompanied by an enlargement of other brain region (Aboitiz, 1996; Finlay and 

Darlington, 1995; Finlay et al., 2001; Jerison, 1985). Increases in relative brain size 

would be expected to be costly because of the energetic cost of maintaining a larger brain 

mass. In birds, there is an additional cost associated with prolonged parental investment 

as brain enlargement is seen only in altricial species (Bennett and Harvey, 1985a; Bennett 

and Harvey, 1985b; Iwaniuk and Nelson, 2003a; Portmann, 1946; 1947; Portmann and 

Stingelin, 1961; Starck, 1993). It might thus be expected that the benefits of having an 

enlarged brain balance the costs. The most well know examples of species with a 

significantly larger brain for their body size are those of the primates (monkeys, apes, and 

humans) and cetacea (dolphins, whales and porpoises). Why do primates and cetacea 

need such a large brain? It is generally accepted that having a larger brain increases the 
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brain’s information processing power, giving it a superior ability, for example, to 

integrate and store information about the social and physical environment or to modify or 

invent new behaviours (Cluttonbrock and Harvey, 1980; Harvey et al., 1980; Jerison, 

1973; Lefebvre et al., 1997; Sol et al., 2005a). In primates and cetacea it is thought that 

an enlargement of the brain, mainly of the prefrontal cortex, gives them their superior 

level of intelligence (Marino, 1998; 2002). 

The type and level of additional processing for which a specific brain enlargement is 

responsible for has been the focus of numerous studies, which correlate this enlargement 

with behavioural and sensory abilities. In this endeavour, relative brain size and/or the 

size of specific brain regions have been studied in a wide range of animals, including bats 

(Hutcheon et al., 2002; Ratcliffe et al., 2006; Safi and Dechmann, 2005), whales 

(Lefebvre et al., 2006; Marino et al., 2004), sharks (Myagkov, 1991; Yopak et al., 2007), 

primates (Barton, 1998; Barton, 1996; 2004; Byrne and Corp, 2004; Harvey et al., 1980; 

Joffe and Dunbar, 1997; Kudo and Dunbar, 2001; Lefebvre et al., 2004; Lindenfors, 

2005; Pawlowski et al., 1998), and birds (Beauchamp and Fernandez-Juricic, 2004; 

Bennett and Harvey, 1985a; Bennett and Harvey, 1985b; Brenowitz and Arnold, 1986; 

Clayton, 1998b; Day et al., 2005; Garamszegi and Eens, 2004; Garamszegi et al., 2005a; 

b; Garamszegi and Lucas, 2005; Garamszegi et al., 2002; Healy and Krebs, 1996; 

Iwaniuk and Arnold, 2004; Iwaniuk and Hurd, 2005; Iwaniuk and Nelson, 2001; 2003b; 

Iwaniuk et al., 2004; Kalisinska, 2005; Lefebvre et al., 1998; Lefebvre et al., 2002; 

Lefebvre et al., 2004; Lucas et al., 2004; Madden, 2001; Moller et al., 2005; Nicolakakis 

and Lefebvre, 2000; Nicolakakis et al., 2003; Portmann, 1946; 1947; Reboreda et al., 

1996; Shultz et al., 2005; Sol et al., 2005a; Sol and Lefebvre, 2000; Sol et al., 2005b; Sol 
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et al., 2007; Sol et al., 2002; Timmermans et al., 2000). In birds, however, studies of 

brain size have largely been limited to Neognaths, with few studies examining the 

variation in brain size in the Palaeognath lineage, which consist of the kiwi (Apteryx 

spp.), emu (Dromaius novaehollandiae), ostrich (Struthio camelus), rheas (Rhea spp.), 

cassowaries (Casuarius spp.), and the extinct moa (Dinornithidae) and elephant bird 

(Aepyornithidae). In addition, fewer data are available regarding the external morphology 

of Palaeognath brains in general. Thus, a more comprehensive examination of the 

external morphology and relative brain size of kiwi and the other Palaeognaths would 

improve our understanding of avian brain evolution. It would also help to identify 

features that are unique to the kiwi brain and also highlight areas that may have been 

enlarged or regressed, thereby providing some idea of how kiwi have adapted to a ground 

dwelling, fully nocturnal, forest niche.  

2.2 Materials and Methods 

2.2.1 Specimens 

Brains from four post-mortem specimens of North Island brown kiwi (Apteryx mantelli) 

were obtained from the Whangarei and Kerikeri areas (brains were from specimens that 

had died within 12 hours). Two North Island brown kiwi, 1 tokoeka, (A. australis) and 1 

rowi, (A. rowi) specimens were obtained from the Whangarei and Haast areas for the 

purpose of MRI and then returned after the procedure. These specimens had been 

maintained as frozen specimens by the Department of Conservation and were brought to 

room temperature prior to imaging. All procedures followed the Department of 
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Conservation guidelines (Permits: NO-16732-FAU, NO-16732-RES, WC-17552-DOA). 

Skulls of one Giant moa (Dinornis novaezealandiae) (LB7082) and one Bush moa 

(Anomalopteryx didiformis) (LB5548) were obtained on loan from the Auckland 

Museum, Auckland, New Zealand. Brains from the undulated tinamou (Crypturellus 

undulatus undulatus), ornate tinamou (Nothoprocta ornata), white-bellied nothura 

(Nothura boraquira), Darwin’s nothura (Nothura darwinii), red-winged tinamou 

(Rhynchotus rufescens rufescens) and great tinamou (Tinamus major peruvianus) were 

generously provided by P. Brennan (Yale University, USA). Ostrich and emu brains were 

obtained from Northland Ostrich and Emu Ltd., Kaitaia, New Zealand. All materials were 

obtained following institutional and governmental guidelines.  

2.2.2 Magnetic Resonance Imaging  

Imaging was performed using a MAGNETOM Avanto, 1.5-Tesla (T) MRI scanner 

(Siemens), gradient strength 40 (across the bore) and 45 mTm-1 (along the bore) with a 

maximum slew rate of 200 Tm-1 s-1. Images were acquired with a four-channel wrist coil 

(Invivo). Two different sequences were used: for detail of internal structures, a 2D turbo 

spin echo pulse sequence with 0.4 mm in-plane resolution and 1 mm slice thickness was 

used. MRI parameters were: echo time (TE)/repetition time (TR)/flip angle/averages = 

156 ms/5,510 ms/1501/6. To image more of the brain a 3D gradient echo pulse sequence 

with 0.4mm in-plane resolution and 0.4 mm slice thickness was used. MRI parameters 

were: TE/TR/flip/averages = 5.96 ms/11.92 ms/701/1. Despite the fact that the MR 

images were obtained from previously frozen specimens, there was sufficient 

preservation of the tissue for the purpose of this study (i.e., the measurement of total 
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brain size). Indeed, some details of the internal anatomy of the brain were also evident in 

the images, such as a conspicuous anterior commissure and a clear foliation of the 

cerebellum (Figure 2.1). In some specimens the delimitation of different forebrain areas 

could also be seen. However, because there was certain variability in the image quality, 

probably due to specimen quality, images were only used to calculate total brain size and 

not to calculate the sizes of different brain structures.  

2.2.3 Computerised Tomography  

The moa skulls were scanned at Green Lane Clinical Centre, Auckland, New Zealand on 

a Philips Brilliance16 CT scanner. Both specimens were scanned at 260 mAs at an X-ray 

energy of 120 kVp with a slice thickness of 1.0 mm. The resulting serial sections were 

saved as 16-bit TIFF files.  

2.2.4 Brain and brain region weights 

Direct total brain weight measures were obtained for 5 specimens of North Island brown 

kiwi, 7 emu specimens, 2 ostrich specimens and for 10 specimens of tinamou (6 species). 

Estimates of total brain weight from MR images were obtained from 2 specimens of 

North Island brown kiwi, and 1 specimen each of tokoeka and rowi. In these cases, brain 

outlines were obtained from each series of images and using ImageJ (v1.34s, National 

Institutes of Health, USA). A volumetric estimate of the brain size was obtained by 

measuring the cross sectional area of the brain image which was then multiplied by the 

voxel depth. This volume was then multiplied by an estimated brain density (1.036 g/ml) 

(Ebinger, 1995) to derive a brain weight. Similarly, to acquire an estimate of the brain  
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Figure 2.1. A series of MR images of the head of a North Island brown kiwi (Apteryx mantelli) in both the coronal and sagittal planes with the 
corresponding histological (cresly violet stained) section shown. The head was imaged using a T2-weighted contrast, a 3D gradient echo pulse 

3sequence and a voxel size of 0.4 - 0.4 - 0.4 mm . Despite nonoptimal tissue preservation before imaging, the MRI results from this specimen 
show a close resemblance to the corresponding histological sections. Various brain regions and ventricles can be identified in both MRI and 
histological sections. Dotted lines demarcate the boundaries of forebrain regions that are distinguishable in the MR images. Dashed lines on the 
histological sections indicate forebrain boundaries that are not visible in the MR images. Filled arrows indicate the olfactory bulb/sheet, open 
arrows indicate ventricles and double-headed arrow indicates the anterior commissure. Abbreviations: C: caudal; Cb: cerebellum; Hp: 
hippocampus; HA: hyperpallium apicale; L: lateral; M: mesopallium; N: nidopallium; R: rostral; Me: medial; St: striatum. Scale bar, 5 mm.
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weight from the moa skulls, the endocranial outlines were obtained for each section and 

used to calculate a volumetric estimate of brain size (See Table 2.1 for weight values). 

The size of different brain regions was obtained from 2 fixed (immersion in 4% 

paraformaldehyde) specimens of North Island brown kiwi, and from 1 fixed specimen of 

a male white bellied nothura (Nothura boraquira). Values used for the present study were 

obtained by directly weighing the different brain parts (see below for method validation). 

The cerebral hemispheres in these three specimens were dissected following the method 

of Portmann (i.e., excluding the diencephalon, Portmann, 1947). ‘Brainstem’ in this study 

refers to the region containing the hindbrain, midbrain (including optic tectum) and 

diencephalon. ‘Brain rest’ in this study corresponds to all areas of the brain excluding the 

cerebral hemispheres. Values for brain size data obtained in this study were incorporated 

into Portmann’s data set (Portmann, 1947). Portmann’s data set provides a set of indices 

for body, brain stem, optic lobes, cerebellum, and hemispheres for 141 species (14 

orders) of birds (reclassified using Sibley and Ahlquist, 1995; Sibley and Monroe Jr, 

1990). These indices were calculated by dividing the weight of the brain region to be 

examined by the mass of the brainstem of a Gallinaceous bird of similar body size, the 

value of which Portmann defines and provides as ‘chiffre basal’. The weight of the 

different brain regions can therefore be calculated by multiplying Portmann’s intra-

cerebral indices by his ‘chiffre basal’, which yields the original weight value for the 

region in question. Adding the weight of the different regions results in the total brain 

weight (see section below on data inclusion validation). 
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Table 2.1. Body, brain, and brain region weights from three species of kiwi, six species of 
tinamous, emu, ostrich and two species of moa. North Island brown kiwi (Apteryx mantelli); 
tokoeka (Apteryx australis); rowi (Apteryx rowi); undulated tinamou (Crypturellus undulatus 
undulates); ornate tinamou (Nothoprocta ornate); white-bellied nothura (Nothura boraquira); 
Darwin's nothura (Nothura darwinii); red-winged tinamou (Rhynchotus rufescens rufescens); 
great tinamou (Tinamus major peruvianus); ostrich (Struthio camelus); emu (Dromaius 
novaehollandiae); giant moa (Dinornis novaezealandiae); bush moa (Anomalopteryx didiformis). 
Hemi: hemisphere; Bstem: brainstem + diencephalon; CB: cerebellum; U: unknown. Values were 
obtained from Magnetic Resonance Imaging (MRI), Computerised Tomography (CT) or by direct 
weighing (DM).  

Species Name Sex Method Body (g) 

 

Brain (g) Hemi (g) Bstem (g) CB (g) 

North Island 
brown kiwi 

M MRI 2200 10.88    
M MRI 2200 10.89    
F DM 2000 10.27    
M DM 1870 9.65 7.69 1.05 0.91 
M DM 1900 9.02 7.1 1.04 0.88 
M DM 1900 9.09    

Tokoeka F MRI 3000 12.54    
Rowi M MRI 2130 10.85    
Undulated 
tinamou 

M DM 510 2.04    

Ornate tinamou F DM 640 2.32    
M DM 450 2.23    

White-bellied 
nothura 

M DM 305 1.45    
F DM 330 1.85 0.97 0.65 0.23 

Darwin's 
nothura 

F DM 200 1.46    
M DM 180 1.45    

Red-winged 
tinamou 

M DM 460 2.51    
F DM 820 3.17    

Great tinamou F DM 1140 2.96    

Emu 

U DM 40500 29.75 19.73 5.73 4.29 
U DM 40000 27.05    
U DM 40000 27.75    
U DM 40500 30.56 20.61 5.86 4.09 
U DM 35000 23.82    
U DM 40500 31.02    
U DM 38000 26.70 17.49 5.73 3.48 

Ostrich M DM 90000 37.81 23.65 8.12 6.04 
F DM 70000 34.47    

Bush moa U CT 35000 22.07    
Giant Moa U CT 98000 42.87    
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2.2.5 3D modelling of the brain 

AMIRA (v3.1; Zuse Institute) and Voxx (v2.09d, Indiana University School of Medicine, 

USA) were used to create 3D models of the brain of 3 species of kiwi (Figure 2.2) from 

MR images and from the endocranial cavity of the skull of 2 species of moa from CT 

images.  

2.2.6 Body weights 

The body weights of the individual kiwi used in this study were provided by the 

Department of Conservation. Individual tinamou body weights were provided by P. 

Brennan (Yale University, USA). The body weights of the two species of moa were 

estimated using data available in (Worthy and Holdaway, 2002), based on femur 

diameter. Although the brain:body weight data of moa are included in the plots, these 

values were not used for allometric analysis because the methods for estimating body and 

brain weight could carry a measurement error different from that of the other data points. 

2.2.7 Data inclusion validation 

To validate the inclusion of our data in Portmann’s data set, I obtained the brains of 7 

emu. The total brain weight (7 brains) as well as the weight of the brain regions (3 brains) 

were determined, and the values obtained were compared to those provided by Portmann 

(1947). Our data for emu (mean: 28.09 g, 95% CI: 15.42–40.77) did not differ from 

Portmann’s reported data (26.55 g), suggesting that our measuring methods, as well as 

our dissection methods, resulted in values that could legitimately be incorporated into  



Ventral

Dorsal

Lateral 

BA C

Figure 2.2. The brain of a North Island brown kiwi (Apteryx mantelli) and 3D models created 
from MR images from brains of a North Island brown kiwi and a tokoeka (A. australis) using 
AMIRA v3.1 (Zuse Institute). (A) The brain of a North Island brown kiwi, (B,C) 3D models 
created from MR images from brains of (B) a North Island brown kiwi and (C) the tokoeka. The 
3D model of the North Island brown kiwi brain shows a close resemblance to that of an actual 
brain of another North Island brown kiwi specimen. All morphological features of the brain are 
present in the 3D model, namely the lateral, ventral and caudal expansion of the forebrain, the 
reduction of the midbrain, the absence of a frontal Wulst and the lack a typical (pendulous) 
olfactory bulb. These morphological features are also present in the 3D model of the brain of the 
tokoeka. Scale bar, 5 mm.
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Portmann’s data set. I did not include these emu values into the allometric analysis, so as 

to maintain the intrinsic measurement error of the original data set. To determine whether 

the total brain values obtained through MRI were similar to those obtained by directly 

weighing the fixed brain, the values obtained through both methods for the North Island 

brown kiwi were compared. Measurements obtained from the MRI were comparable to 

those of weighed brains. The average value of the log brain weight/log body weight for 

the fixed brains was 0.30 (range 0.29–0.31, n = 4), whereas the brain weight calculated 

from 2 other North Island brown kiwi using the MRI method yielded a ratio of log brain 

weight/log body weight of 0.31 in both cases. Therefore, I pooled the values of brain 

weight obtained with both methods for the North Island brown kiwi and accepted the 

inclusion of the brain size values obtained from MRI for the other two kiwi species. 

2.2.8 Allometric analysis 

A major axis model II nonlinear regression was performed using SPSS v.11.5.0 and h = 

r2 /(1 + b2) as loss function (where r is the residual and b is the slope). Residuals were 

grouped by taxa according to Sibley and Ahlquist (1995). All regressions were performed 

on log10 transformed data. For the regression of hemisphere against total brain sizes, the 

size of the hemispheres was regressed against ‘brain rest’ (i.e., total brain weight – 

hemisphere weight) to avoid Deacon’s whole-part fallacy (Deacon, 1990b). Analysis of 

covariance was used to contrast the allometric function between log body weight and log 

brain weight for Palaeognath and Neognath lineages. Initial model selection included log 

body, lineage and an interaction term. In the absence of a significant interaction term 

between lineage * log body weight, a second analysis was performed using only lineage 
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as a fixed effect and log body weight as a covariate. To be able to compare the absolute 

values of the residuals for Palaeognaths and Neognaths, residuals were calculated against 

the regression line for all birds. Although the average for the species was used for 

allometric analysis, in some cases the residuals calculated for individuals are plotted to 

show the data variability. 

2.3 Results 

2.3.1 External morphology 

The external morphology of the brains of 10 species of Palaeognaths including 3 species 

of kiwi, 2 species of moa and 2 species indicative of the Neognaths was examined using 

direct examination, and 3D models derived from MRI and CT data (Figures 2.1 and 2.2). 

North Island brown kiwi brains exhibit an external morphology that is quite distinct from 

that of all other birds examined (both Palaeognaths and Neognaths), including the moa 

(Figure 2.3). The forebrain of North Island brown kiwi has expanded laterally, ventrally 

and caudally so that the midbrain is only just visible on a lateral view (Figure 2.4). On a 

ventral view, therefore, the midbrain appears reduced in size in comparison with the large 

hindbrain and the overlying telencephalon. The vallecula (a groove that houses a large 

blood vessel and demarcates the lateral border of the Wulst) is not obvious in kiwi, with 

the result that a frontal Wulst cannot be identified as a prominent bulge on the dorsum of 

the hemisphere, as it can in other avian species (Figure 2.3). 

The brain of the adult kiwi, unlike that of the embryo (Kraabe, 1959), also does not have 

a pendulous olfactory bulb under the frontal pole of the forebrain; instead it appears as if  



Ventral Dorsal

A

B

Lateral 

B

E

D

C

F

G

J

I

H

Lateral Ventral Dorsal

LK

?

Figure 2.3. External morphology of the brains of the Palaeognaths and two Neognaths. A: North Island 
brown kiwi (Apteryx mantelli); B: emu (Dromaius novaehollandiae); C: ostrich (Struthio camelus); D: 
North Island giant moa (Dinornis novaezealandiae); E: bush moa (Anomalopteryx didiformis) (3D 
brains from both moa species reconstructed from CT data); F: great tinamou (Tinamus major 
peruvianus); G red-winged tinamou (Rhynchotus rufescens rufescens); H: ornate tinamou 
(Nothoprocta ornata); I: white-bellied nothura (Nothura boraquira); J: Darwin's nothura (Nothura 
darwinii); K: barn owl (Tyto alba); L: pigeon (Columba livia) . Dotted lines delineate the vallecula, 
dashed lines delineate the midbrain tectum. Scale bar: 5 mm for kiwi, tinamou, barn owl, and pigeon 
and 10 mm for emu, ostrich, and moa.
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Figure 2.4. Enlarged views of the brain of the North Island brown kiwi (Apteryx mantelli) 
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lateral, ventral and caudal expansion of the forebrain in the North Island brown kiwi. The kiwi brain 
does not have an obvious olfactory bulb (OB, dotted line) as found in all other avian species 
examined. 
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the olfactory bulb has become enlarged to form a huge, multilaminated sheet surrounding 

the frontal pole of the forebrain (Figure 2.4, see also Chapter 5). Thus, at the external 

anatomical level, the brain of North Island brown kiwi differs from that of other 

Palaeognaths and Neognaths.  

The external morphology of the brains of the tokoeka and rowi are remarkably similar to 

that of the North Island brown kiwi. They are all characterised by a large multilaminated 

olfactory sheet surrounding the frontal pole of the brain, and a caudal and lateral 

expansion of the cerebral hemispheres. In all three species of kiwi, the 3D MRI models 

show a shallow dorsal groove at the caudal aspect of the telencephalon, which could 

represent a caudal displacement of the Wulst (Figure 2.5).  

2.3.2 Allometric analysis 

Allometric analysis of the size of the brain and major brain regions in kiwi was 

performed and compared with other Palaeognaths and also Neognaths as described in 

section 2.2.8. Table 2.2 shows the results of the allometric functions when all birds are 

used as a single group in the analysis and when Palaeognaths and Neognaths are 

separated into two groups. Additionally, a calculation of the parameters was made in 

Palaeognaths excluding the data for kiwi. 

The allometric functions (log body: F1,146 = 959.97, p < 0.001) that describe the 

brain:body scaling of Palaeognath and Neognath are different (lineage: F1,146 = 16.18, p < 

0.001; Table 2.2). Although the slopes of the allometric functions for both groups are 

similar (log body * lineage interaction: F1,145 < 0.001, p = 0.99), the normalisation 
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constant is smaller in Palaeognaths, suggesting that this group has an overall smaller 

relative brain size. The relative brain size of kiwi, however, fell within the expected value 

for all birds combined, and was therefore considerably larger than that of other ratites and 

the tinamous (Figure 2.6 A, B). Although the brain size values for the two species of moa 

were not used for the allometric analysis, the brain size values obtained from CT scans 

are plotted in Figure 2.6 A, B, which shows that the brain:body relationship of moa is not 

different from that of other Palaeognaths. Accordingly, although the residual brain sizes 

for Palaeognaths (including the 2 species of moa) were consistently negative, they were 

close to zero in kiwi (Figure 2.6 B). Interestingly, the loss function value for 

Palaeognaths is much smaller when the allometric analysis excludes kiwi, suggesting that 

kiwi are clear outliers with respect to brain:body size scaling of Palaeognaths (Table 2.2).  

This separation of kiwi from the rest of the Palaeognaths was considerably more salient 

when the size of the cerebral hemispheres was scaled to the size of the brain (brain rest, 

Figure 2.6 C, D). Indeed, unlike the rest of the Palaeognaths, which are characterised by 

negative residuals, the size of the hemispheres of kiwi fell well above the avian average 

(Figure 2.6 D). Kiwi exhibited residual values rivalled only by a handful of species of 

Neognaths having extreme values, viz. Psittaciformes (parrots), Strigiformes (owls) and 

Passeriformes (songbirds) (Figure 2.7 D).  

The discrepancies in the values of residuals for relative total brain size and relative 

telencephalic size in kiwi could be due to a relative reduction in brainstem size. To 

determine the source of the differences seen between the residual values of total brain 

size and telencephalic size for kiwi, the residual distribution for the normalising variables  



Figure 2.5. Magnetic resonance images of the heads of North Island brown kiwi (Apteryx 
mantelli) (A, B), rowi (A. rowi) (D, E) and tokoeka (A. australis) (G, H).  A, D, G: sagittal 
views at different medio-lateral levels. B, E, H: coronal views at different rostro-caudal levels. 
C, F, I: 3D reconstruction of the brains of each of the three species of kiwi from the MR images. 
White arrows point to a dorsal groove, which may demarcate a caudally placed Wulst. 
Abbreviations: R: rostral; C: caudal; L: lateral; M: medial. Scale bar, 10mm.
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Figure 2.6. Results from the model II regression used for allometric analysis of the Palaeognaths (Ratites 
and Tinamous) and 9 orders of Neognaths. All residual values were calculated from the regression line for 
all birds. A: log transformed brain weights against log transformed body weights. (1. Regression line for 
Neognaths; 2. Regression line for Palaeognaths, see Table 2.2). B: Residual plot for brain weight against 
body weight, calculated from a regression for all birds. C: log transformed hemisphere weights against 
log transformed brain rest weights. D: Residual plot for hemisphere weight against brain rest weights. 
[Dark blue inverted triangle: ostrich (Struthio camelus); light blue triangle: emu (Dromaius novaehollandiae); green diamond: 
kiwi (2 individuals of A. mantelli in A, D, 3 species in B, and average value of two individual North Island brown kiwi in C); 
red squares: tinamou (6 species in A, B and 1 species in C, D); +: Dinornis novaezealandia; x: Anomalopteryx didiformis 
(note: moa data were not included in any regression models). Abbreviations: Aa: Ara arauna (blue and gold macaw); Tn: 
Trichoglossus novae hollandiae (lorikeet); Dm: Dryocopus martius (black woodpecker); Jt: Jynx torquilla (wryneck); An: 
Athene noctua (little owl); Sa: Strix aluco (tawny owl); Ce: Caprimulgus europaeus (nightjar); Bb: Buteo buteo (common 
buzzard); Cc: Corvus corax (raven); Am: Apteryx mantelli (North Island brown kiwi); Ar: Apteryx rowi (rowi); At: Apteryx 
australis (tokoeka); Tp: Tinamus major peruvianus (great tinamou); Rr: Rhynchotus rufescens rufescens (red-winged tinamou); 
No: Nothoprocta ornata (ornate tinamou); Nb: Nothura boraquira (white-bellied nothura); Nd: Nothura darwinii (Darwin's 
nothura); Cu: Crypturellus undulatus undulates (undulated tinamou).]
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Figure 2.7. Distribution of residuals for different bird orders for the following allometric 
analysis. A: brainstem weight vs. body weight; B: brain weight vs. body weight; C: hemisphere 
weight vs. body weight. 
[Dark blue inverted triangle: ostrich (Struthio camelus); light blue triangle: emu (Dromaius novaehollandiae); 
green diamond: kiwi (average value of two individual North Island brown kiwi); red squares: tinamou (Nothura 
boraquira). Abreviations: Aa: Ara arauna (blue and gold macaw); Tn: Trichoglossus novae hollandiae (lorikeet); 
Dm: Dryocopus martius (black woodpecker); Jt: Jynx torquilla (wryneck); An: Athene noctua (little owl); Sa: Strix 
aluco (tawny owl); Ce: Caprimulgus europaeus (nightjar); Bb: Buteo buteo (common buzzard); Cc: Corvus corax 
(raven)].
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were examined (Figure 2.7). Ratites are seen to have the smallest relative brainstem size, 

which is in agreement with the qualitative observation that ratite midbrains appear 

relatively smaller than those of tinamous (Figure 2.3). A similar distribution of residuals 

is seen in Figure 2.7 B for ‘brain rest’, the normalising parameter used to estimate the 

relative size of the cerebral hemispheres. In contrast, the scaling of the cerebral 

hemispheres to body size shows that the relative size of the forebrain of kiwi is much 

larger than that of other Palaeognaths, falling close to the average for all birds (Figure 2.7 

C). 

In summary, the relative enlargement of the forebrain of kiwi cannot be accounted for by 

a relative reduction of the brainstem per se (because its relative brainstem size falls well 

within the expected values of other ratites), and the increase in the relative size of the 

kiwi brain compared to that of other Palaeognaths is due primarily to a specific 

enlargement of the cerebral hemispheres. 

Table 2.2. Variation in brain size using the allometric function: brain weight = a * body 

weightb. Estimates for the parameters a and b were obtained from a major axis model II 

linear regression and h=r2/ (1+b2

Group 

) as loss function. Values correspond to the estimates 

when regressing data for All birds, for Neognaths alone, for Palaeognaths alone, and for 

Palaeognaths excluding the kiwi. 

a b loss 

All birds -0.915 0.577 3.920 

Neognaths -0.952 0.601 3.271 

Palaeognaths -1.189 0.594 0.187 

Palaeognaths (no kiwi) -1.173 0.561 0.010 
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2.4 Discussion  

The external morphology and the variation in relative size of the brain and brain 

structures within the Palaeognath lineage have been described. In doing so, this study 

provides data for a largely ignored avian lineage. One of the limitations in the analysis of 

variation in brain size is the limited availability of homogeneous data sets (Healy and 

Rowe, 2007). One of the more complete homogeneous data sets is that of Portmann 

(1947). This data set, however, only includes two species of Palaeognaths, emu and 

ostrich, making it difficult to draw conclusions about this lineage. One confounding 

factor is that the body sizes of emu and ostrich are much larger than those of Neognaths, 

making it impossible to discern the effects of a larger body size. Among Palaeognaths, 

birds with body sizes that fall within the range of those of Neognaths are the tinamous 

and the small bodied ratites (kiwi). Due to the restricted world distribution of these 

species, as well as the endangered status of the kiwi radiation, specimens of these species 

are not readily available. We have been able to obtain specimens of six species of 

tinamous as well as 3 species of kiwi to incorporate into Portmann’s data set. In addition 

to direct weight measurements, we have used additional techniques including MRI and 

CT scans to examine the morphology of the brain of rare and threatened kiwi species as 

well as to predict the morphology of the brain of two species of extinct moa. MRI data 

suggest that this methodology can be used to provide valuable information on brain 

morphology and confidently to determine brain size. In this way, a non-invasive 

technique can be used for the examination of brain morphology of rare and endangered 

species. Results confirm that Palaeognath brains are generally smaller than those of 
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Neognaths, but show that kiwi have brains with external morphologies distinct from 

those of other Palaeognath and Neognath species.  

2.4.1 Brain morphology 

Results showed that the three species of kiwi examined have brains with unique 

morphology. In contrast to other Palaeognaths, kiwi brains are characterised by a reduced 

midbrain, an enlarged telencephalon lacking a well defined frontally placed vallecula and 

Wulst (see Chapter 4), and the absence of a typical, pendulous olfactory bulb (see 

Chapter 5). Interestingly, the external morphology of the brain of the embryonic kiwi 

more closely resembles that of other birds in general than that of the adult kiwi (Kraabe, 

1959). This suggests that the morphological modifications leading to the differences in 

external structure of kiwi brains are secondary developmental events occurring either late 

in embryogenesis or during early post-hatch life. 

On a dorsal and lateral view, the midbrain of kiwi is barely visible or not visible at all. 

Although this was common to all three species of kiwi examined in this study, it did not 

appear to be a general Palaeognath trait, because the midbrain in all other species 

examined was more prominent although ratites appear to have, qualitatively, a smaller 

midbrain than tinamous. Although it was not possible to perform a quantitative analysis 

of the relative size of the midbrain at this time, the relative brainstem size of ratites is the 

smallest among birds. A reduction in midbrain size in kiwi is not unexpected, as a loss of 

visual acuity is accompanied by a decrease in the thickness of the optic tectum, originally 

described by Craigie (1930) and confirmed quantitatively in Chapter 4. Martin et al. 
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(2007) also noted in kiwi the presence of a small eye, reduced visual fields and the lack 

of both a vallecula and a prominent Wulst in the usual frontal position on the dorsum of 

the telencephalon. These features were taken to suggest that a regression of the visual 

system accompanied the invasion of a nocturnal niche in this species, a conclusion that is 

supported by two further observations. First, all other ratites that are known to have high 

visual acuity have a well defined and prominent Wulst occupying the frontal part of the 

telencephalon. The virtual endocast from the two species of extinct moa suggest that a 

prominent Wulst was also present in a similar position in these species. Second, in barn 

owls, which are nocturnal and known to have well developed visual systems, the Wulst is 

also large and extends almost to the rostral pole of the brain. In the three species of kiwi 

examined here, however, the 3D reconstructions from the MR images revealed a shallow 

groove demarcating a slight medial bulge on the dorsum of the caudal telencephalon. 

This suggests that the Wulst might be very caudally placed in these species, as also noted 

by Durward (1932) for another species of kiwi. Interestingly, this caudal placement of the 

Wulst resembles the situation in certain shorebirds (Pettigrew and Frost, 1985) (see 

below). 

The olfactory prowess of kiwi has been well documented (Wenzel, 1968; 1971). Kiwi are 

highly olfactory, are the only species to have the nostrils at the end of the bill, and have 

been suggested to make use of scent marking to establish territorial boundaries (Jenkins 

and Potter, 2001). Kiwi detect prey by probing for invertebrates under the soil and 

burying the tip of their bill very much like shorebirds do (Cunningham et al., 2007). 

Although probing in kiwi and shorebirds probably relies heavily on tactile specialisation 

at the tip of the bill, the displacement of the nostrils to the tip of the bill in kiwi suggests 
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that olfaction might provide additional cues for prey detection and capture. Therefore, it 

was puzzling to find a lack of an obvious or pedunculated olfactory bulb in kiwi. Instead 

the prominent enlargement of the frontal telencephalon is covered at its rostral pole by a 

concentrically laminated, cortical-like olfactory sheet (see Chapter 5). This contrasts with 

the description of the embryonic kiwi brain, where a well defined, pendulous olfactory 

bulb is present (Kraabe, 1959). Substantial differences in external brain morphology 

between taxa that are closely related have been shown previously (Pettigrew and Frost, 

1985). Indeed, some of the morphological differences seen between kiwi and other ratites 

resemble those seen between the Scolopacidae (sandpipers and snipe) and the 

Charadriidae (plovers), both members of the Charadriiformes. In Scolopacidae (e.g., 

dunlin, Calidris alpina pacifica), as in kiwi, probing with the beak is the mechanism used 

for foraging, and both groups exhibit a tactile specialisation at the end of their bill 

(Cunningham et al., 2007; Martin et al., 2007; Pettigrew and Frost, 1985). The external 

morphology of the brain of Scolopacidae, when compared with that of the Charadriidae 

(masked lapwing, Vanellus miles novaehollandiae) (which are mainly visual feeders), 

shows remarkable analogy with the differences seen in the present study between kiwi 

and other ratites such as ostrich and emu. Both in kiwi and in Scolopacidae, the Wulst 

appears to be displaced caudally, a feature not found in the ‘visual’ ratites or in the 

‘visual’ Charadriiformes (See Chapter 4 and Pettigrew and Frost, 1985). It has been 

suggested that this caudal displacement of the Wulst has arisen as a result of the 

development – a rostral insertion, as it were – of a tactile fovea in the frontal 

telencephalon (Pettigrew and Frost, 1985). Because the importance of the trigeminal 

innervation of the beak of birds is well known (Wallenberg, 1903; Witkovsky et al., 
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1973), it was assumed that the tactile fovea of the dunlin was located within nucleus 

basorostralis, the nucleus in which the bird’s beak is represented (Dubbeldam et al., 1981; 

Wild and Farabaugh, 1996). However, the shallow recording sites where beak tip 

responses were found in the dunlin in the study of (Pettigrew and Frost, 1985) would 

suggest either that nucleus basorostralis has an extreme dorsal extension in the brain of 

these probe feeders, or that the beak responses were located in another part of the frontal 

part of the brain. Indeed in the kiwi, godwit, and duck in the present study, nucleus 

basorostralis is confined to a narrow lamina surrounding parts of the basal ganglia, 

suggesting the possibility that another frontal part of the brain was associated with beak 

responses (see Chapter 5). In any case, ratites exhibit variation in external morphology 

that might be indicative of at least some behavioural or sensory specialisations. 

2.4.2 Brain size 

The allometric function that describes the brain:body scaling of Palaeognaths was 

different from that of Neognaths, the latter having a larger average brain size; but this 

was not the case for kiwi. Kiwi were clear outliers for the brain:body function for 

Palaeognaths, exhibiting instead a relative brain size similar to the average Neognath. 

Furthermore, the relative size of the kiwi telencephalon, when scaled to brain size, was 

rivalled only by a handful of Neognath species. Jerison (1973) argued that brain size is 

determined by two main factors: (1) changes related to differences in body size and (2) 

increases in size due to encephalisation, the latter type of increase unexplainable by 

scaling to body size alone. It is this increase in brain mass beyond that predicted by 

scaling to body size that is hypothesised to mediate the evolution of complex behaviours 
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and cognition. The enlargement of neocortex observed in human and non-human 

primates has given rise to the conception that larger brains, and telencephala in particular, 

are associated with enhanced cognitive abilities (Barton, 1996; Gibson, 2002). Similarly 

in birds, the largest telencephala are documented for species considered the ‘smartest’, 

such as parrots and certain songbirds, e.g., crows (Emery and Clayton, 2004; 2005; Hunt, 

1996; Jarvis et al., 2005; Portmann, 1947) and increases in the relative size of brain areas 

are positively correlated with enhancement of specific behavioural abilities (Brenowitz, 

1997; Brenowitz and Arnold, 1986; Clayton, 1998a). In addition, increases in brain size 

have also been correlated with behavioural flexibility (Lefebvre et al., 2004). Kiwi are, 

however, intensively monitored for conservation purposes and if they exhibited any 

particularly sophisticated behaviour it would be expected to have been reported, as it has 

for other species, such as the New Zealand kea (Nestor notabilis). Kiwi, however, have 

adopted a niche very different from that of other ratites (including moa) and are different 

from them in that they are nocturnal, are probe feeders, are highly territorial and appear 

to have a complex communication system (Corfield, 2005; Corfield et al., 2008; Sales, 

2005). The increases in brain size seen in kiwi might be associated with sensory 

specialisations associated with the particular niche they occupy.  

Although many studies have attempted to correlate changes in brain size or the size of 

defined brain areas with specific behavioural/cognitive abilities, the interpretation of 

these results is somewhat controversial (Healy and Rowe, 2007). The underlying premise 

of these studies is that the acquisition of a novel or complex behaviour is accompanied by 

an enlargement of its processing area. However, if enlargements of specific brain areas 

occur at the expense of regression in other areas, they would not be detected by 
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measuring total brain size. For example, although a complex behaviour such as food 

caching in scrub-jays (Aphelocoma coerulescens) occurs in the absence of any apparent 

enlargement of the telencephalon per se, despite its enlarged hippocampus (Emery, 

2006), more detailed anatomical studies might identify variation in the relative size of 

neuronal structures that could account for the complex behaviour. Within the context of 

the present study, the lack of an enlargement of total brain size in emu, for instance, does 

not necessarily indicate a lack of specialisation in this species. Indeed, the large eye of 

the emu is rivalled only by the size of its large Wulst. However, although a lack of 

enlargement in overall brain size does not rule out the presence of specialisations, an 

enlargement of a particular area must surely indicate the presence of some type of 

behavioural specialisation, This is especially the case in birds, in which, unlike the case 

in mammals, larger adult brain size is found in altricial species (Bennett and Harvey, 

1985b; Iwaniuk and Nelson, 2003a; Portmann, 1947). This means that an increase in 

brain size has an energetic cost associated not only with the cost of maintaining a larger 

brain mass, as in mammals, but also an added cost associated with increased parental 

investment due to altriciality. Thus, there should be some adaptive advantage to having 

an enlarged brain that counteracts the costs associated with the increase in size. It can 

only be speculated as to what selective pressures might have driven the changes in 

morphology and size of kiwi brains, but it seems likely that these changes will have 

conferred kiwi with some adaptive advantage. That other New Zealand ratites 

(Dinornithidae: moa) do not share many similarities with kiwi suggests that the 

evolutionary changes in relative brain size of kiwi were not driven by particular 

characteristics of the New Zealand ecosystem. Although the brain size of kiwi does not 
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exceed the value predicted by the regression for all birds, it does exceed the predicted 

value for Palaeognaths, and the finding of such an enlargement (especially in the 

telencephalon) in a precocial species is in itself remarkable. It should be noted that the 

skull thickness of kiwi appears comparatively reduced, in that it lacks an extensive layer 

of trabeculation typical of bird skulls in general, including that of other ratites. This 

reduction in thickness might provide a means by which brain size could have increased 

without increases in head size. 

2.5 Summary 

In this study the brain sizes of the Palaeognath lineage are reported and a specific 

enlargement of the brain and telencephalon in a precocial bird (kiwi) has been described. 

These enlargements occur in the absence of any indication of increased cognitive 

abilities. Following on from this work, Chapter 3 will aim to determine whether specific 

areas of the telencephalon are responsible for the massive enlargement seen in kiwi 

brains, or if different telencephalic structures scale equally with telencephalic size. 

Chapters 4, 5, and 6 will aim to determine whether visual olfactory, tactile and auditory 

processing areas might underlie to some extent the increases in overall brain and 

telencephalon size in kiwi.  



 

41 

 

Chapter 3  

Internal brain structures 

3.1 Introduction 

Studies on the size and composition of the avian telencephalon, and their relationship to 

behaviour are limited. The studies that do exist in birds have mainly examined the 

structure and size of the hippocampal formation and have shown a strong correlation with 

learning and memory (e.g. Basil et al., 1996; Biegler et al., 2001; Clayton, 1998b; Healy 

and Krebs, 1992; Healy and Krebs, 1996; Krebs et al., 1989; Sherry et al., 1989). 

Although not as extensive, other studies have focused on bird species that express 

complex cognitive tasks and correlated this with enlargements of specific telencephalic 

regions, namely the nidopallium and mesopallium. For example, large nidopallium and 

mesopallium volumes are significantly correlated with tool use (Lefebvre et al., 2002) 

and innovative feeding behaviours (Timmermans et al., 2000), respectively. Using a 

multivariate approach, Iwaniuk and Hurd (2005) analysed the volumetric composition of 

nine brain regions in 67 bird species [optic tectum, diencephalon, cerebellum, brain stem, 

nidopallium, mesopallium, Wulst, the striatopallidal complex (basal ganglia in this study) 

and the telencephalon remainder volume (that included the olfactory bulbs, hippocampus, 

septum and piriform cortex). They showed that based on these brain regions, species 

showing behavioural and ecological similarities grouped together; species that shared 

similarities in locomotor behaviour, mode of prey capture or cognitive ability showed the 
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strongest groupings. It is therefore evident that much can be gained from examining the 

structure and size of the brain.  

It is apparent that externally the brain of the kiwi is significantly different from that of 

other Palaeognaths and, indeed, birds in general. The forebrain of North Island brown 

kiwi (Apteryx mantelli) has expanded laterally, ventrally and caudally; and the midbrain 

therefore appears reduced in size in comparison to the large hindbrain and the overlying 

telencephalon. The brain of the kiwi also does not have a pedunculated olfactory bulb at 

the frontal pole of the forebrain. The question that now remains to be answered is: does 

the internal structure of the brain show analogous peculiarities and, if so, what are their 

functional implications? The best description of the internal structure of the kiwi brain 

was undertaken in the 1930s by Craigie (1930) although other descriptions of the kiwi 

brain can be also found (Craigie, 1940; Durward, 1932; Kraabe, 1959). While very 

detailed, Craigie’s description used outdated terminology and primarily focused on issues 

regarding brain evolution that were important at that time. Another problem with these 

early studies is that the brains were fixed in alcohol and preserved using non-optimal 

techniques, resulting in poor tissue quality and thus, poor histology. Our understanding of 

avian brains has greatly improved since then (Reiner et al., 2004), making possible a 

reinterpretation of the old anatomical data. Furthermore, new improved histological 

techniques allow for a better description and identification of neuronal structures and 

their organisation. Thus, the first part of this Chapter will present a histological series of 

the kiwi brain, where the major internal brain regions are identified. Given the enlarged 

kiwi telencephalon that has been described in the previous Chapter, my aim was also to 

determine if this enlargement has been a result of a general increase in the size of all 
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telencephalic regions or if individual regions have been differentially enlarged. I have 

also constructed 3D models of the structure of the forebrain of kiwi and 11 other species 

to examine the variability in forebrain organisation and show how this may relate to 

specific ecological needs. It is therefore the aim of this Chapter to revisit the work of 

Craigie and add to his description of the internal structure of the brain of kiwi. It is also 

hoped that quantifying the relative size of specific telencephalic regions will help 

determine what regions are enlarged in the kiwi, providing evidence as to why, unlike 

other Palaeognaths, kiwi have an enlarged telencephalon.   

3.2 Materials and Methods 

The data presented in this section were compiled from the brains of four North Island 

brown kiwi, two adults and two juveniles (one week and 2 months old). Brains from the 

two adults were obtained from kiwi found dead in the field (8-12 hrs post-mortem) and 

were immersion-fixed in 4% paraformaldehyde (PFA) in phosphate buffered saline 

(PBS). The other two (juvenile) kiwi were perfused using 4% PFA in PBS shortly after 

being pronounced dead by a veterinarian. Both juvenile kiwi were euthanized by the 

Massey University veterinarian due to a leg deformity that prevented their release into the 

wild from a captive breeding program. All brains were cryoprotected in 30% sucrose in 

0.01 M PBS until they sank (usually between 3 days to 1 week) prior to being sectioned 

on a sliding freezing microtome at 40-50 µm thickness.  
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3.2.1 Analysis of brain organisation  

Brains from the adult kiwi were sectioned in the sagittal or coronal plane (approximately 

perpendicular to the long axis of the brain) at 50 µm thickness. In the kiwi that was 

sectioned coronally, photographs were taken from the cutting block and used in the serial 

ordering and alignment of sections. One of the juvenile brains was embedded in gelatine 

by placing it in a solution of 15% gelatine with 30% sucrose at 40o C for one hour, and 

then allowed to cool and harden at 4o

3.2.1.1 Immunocytochemistry 

 C. After the block was hardened it was placed in 

4% paraformaldehyde (PFA) overnight and then sectioned coronally at a thickness of 40 

µm. Every fourth section from each of the brains was mounted onto subbed slides, 

stained with cresyl violet, dehydrated and coverslipped with DePeX (Serva) from xylene. 

The remaining sections were processed for immunohistochemisty as below. The second 

juvenile brain was sectioned in the sagittal plane and used for 3D modelling in AMIRA 

(v5.1, Visage Imaging, see details below). 

The brains were processed for immunocytochemistry as floating sections. Sections were 

first incubated for 10 minutes in 10% H2O2 in PBS:Methanol (1:1) to block endogenous 

peroxidase activity, and washed in PBS (0.01M, pH = 7.2-7.4) for 30 minutes. Sections 

were incubated overnight (at room temperature with constant agitation) in the primary 

antibody diluted in a buffer consisting of PBS or 0.5M Tris-HCl containing 2.5% normal 

horse serum and 0.4% Triton X-100. Incubation in the primary antibody was followed by 

3 washes of 10 minutes each in PBS and then incubation in the species-specific 
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biotinylated secondary antibody (Jackson ImmunoResearch Laboratories, Inc) 1:300 for 1 

hour at room temperature. Following 3 X 10 minute washes in incubation buffer sections 

were incubated in horseradish peroxidase-streptavidin complex (Invitrogen) diluted 

1:1,000. Sections were washed for a further 30 minutes in the incubation buffer and 

developed using diaminobenzidine tetrahydrochloride (DAB, 0.25 mg/ml) with 0.005% 

H2O2. In some cases CoCl2 was used to render the reaction product black. Sections were 

mounted onto subbed slides, dehydrated, cleared, and coverslipped with DePeX from 

xylene.  

3.2.1.2 Antibodies 

Calcium Binding Proteins: Several studies have examined the expression of calcium 

binding proteins in birds (Braun, 1990; Braun et al., 1991a; Braun et al., 1991b; Braun et 

al., 1985; Braun et al., 1988; Kubke et al., 1999; Parks et al., 1997; Takahashi et al., 

1987). In the present study the use of calcium binding protein immunocytochemistry 

(calretinin, calbindin and parvalbumin) was used to delineate particular brain regions, and 

no inferences regarding the specificity of binding or relative levels of expression are 

made. Antibodies were purchased from SWANT (Bellinzona, Switzerland). The 

antibodies used were: a polyclonal anti-calretinin antibody raised in rabbit immunised 

with recombinant human calretinin (Kubke et al., 1999; Winsky et al., 1989), which in 

western blots recognises a band of 29-30 kD (manufacturer’s data sheet and Schwaller et 

al., 1993); a monoclonal anti-calbindin antibody (IGg1, clone 300) against calbindin D-

28k purified from chicken gut, which in immunoblots recognizes a band of 24 kD and 

fails to stain brain tissue in calbindin knock-out mice (manufacturer’s data sheet and 
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Airaksinen et al., 1997; Celio et al., 1990); and an anti-parvalbumin monoclonal antibody 

(IGg1, clone 235) against parvalbumin purified from carp muscle, which is shown in 

radio-immuno assays to bind to parvalbumin, and binds a calcium binding spot identical 

to parvalbumin in 2D gel electrophoresis (Celio et al., 1988). Some antibodies that 

recognize calbindin can cross-react with calretinin (Kubke et al., 1999; Takahashi et al., 

1987). Rogers (1987) used both RNA blots and in situ hybridization to show that 

calbindin-like immunoreactivity in some neurons is attributable to calretinin, and found 

that, in the chicken, the cochlear nuclei and nucleus laminaris express calretinin mRNA. 

Immunohistochemical and in situ hybridization studies in the chicken support these 

findings (Parks et al., 1997). 

3.2.2 3D modelling and volumetric estimates. 

3D modelling and volumetric estimates of internal regions was undertaken on the brain of 

one North Island brown kiwi and the brains of 11 other species: emu (Dromaius 

novaehollandiae), great tinamous (Tinamus major), paradise shelduck (Tadorna 

variegata), rock pigeon (Columba livia), Indian peafowl (Pavo cristatus), wild turkey 

(Meleagris gallopavo), eastern rosella (Platycercus eximius), bar-tailed godwit (Limosa 

lapponica), spur–winged plover (Vanellus miles novaehollandiae), pukeko (Porphyrio 

porphyrio melanotus), and Australian magpie (Cracticus tibicen). All brains were 

obtained following University of Auckland and Department of Conservation regulations. 

Emu brains were obtained from Northland Ostrich and Emu Farm in Kaitaia, New 

Zealand at the time of killing the animals for commercial purposes. The tinamous brain 

was provided by P. Brennan (Yale University, USA). The pigeon was obtained from 
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specimens held at the J.M Wild lab, University of Auckland. The godwit, obtained from 

Massey University (Palmerston North, New Zealand), was found dead as a result of a 

canon-netting incident. All other species were obtained from local farms where these 

animals are regularly shot by the owners because they are either pests or game birds. In 

these cases, the brains were dissected in situ and put in 4% PFA. Kiwi and godwits were 

obtained under permit (Kiwi: NO-16732-FAU, WC-17552-DOA, WE-333-RES, Godwit: 

WA-24648-RES). All species were chosen because they each share either a lineage 

relationship or specific behavioural traits with kiwi.   

All brains were first sectioned mid-sagittally and both halves were cryoprotected. Half of 

each brain was placed in a solution of 15% gelatine with 30% sucrose at 40o C for one 

hour. The brains were then placed in a custom-made mould so that fiduciary points could 

be made in the gelatine for later alignment of tissue sections. The mould consisted of a 

plastic base which had small holes drilled in a grid pattern. This was then covered with 

15% gelatine with 30% sucrose and the gelatine was allowed to set. The brains were then 

placed on this gelatine base with the midline facing down. Five to seven small sewing 

pins were inserted into the holes that had been drilled in the base of the mould so that 

they surrounded the brain. A 15% gelatine, 30% sucrose solution containing black fabric 

dye (to darken the gelatine solution) was then poured over the brain. Once set, the 

gelatine block, including the brain, was removed, trimmed and placed, along with the 

pins, into 4% PFA overnight. The pins were then removed and the block was sectioned 

on a sliding freezing microtome at 50 µm thickness in the sagittal plane. Sections were 

collected in PBS-sodium azide 0.01%. For each species, except for emu, every second 

section was mounted serially onto subbed slides, stained with cresyl violet, dehydrated 
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and coverslipped with DePeX from xylene. For emu, every fourth section was processed 

because of the large size of the brain. Sections and fiduciary points in the surrounding 

gelatine were imaged using a Leica stereomicroscope, and the images subsequently 

loaded into AMIRA for alignment and modelling as described below. This method of 

alignment was more efficient for the alignment of sections using AMIRA, and is 

preferred to aligning the sections to the photographs taken from the cutting block.  

3.2.2.1 3D modelling in AMIRA 

Individual images of the brain sections were loaded into AMIRA from the main menu 

(Figure 3.1). An Alignslice module was attached to the data and each section was aligned 

according to the fiduciary points. A LabelField module was attached to the newly aligned 

image series and new materials were created to correspond with each brain region that 

was to be modelled (Figure 3.1 A). Each brain region was segmented out from each 

image using the Brush tool and assigned its corresponding material. Objects of a given 

material from different sections are identified by AMIRA as a single object on which the 

3D reconstruction is done. A small amount of label smoothing was undertaken to fine-

tune the slice alignment. A SurfaceGen module was attached to the LabelField module 

and the 3D model was visualised by attaching a SurfaceView module. 

Seven telencephalic regions were identified using boundary lines that could be 

recognised from the cresyl violet in the AMIRA stack. Boundaries were identified with 

the aid of sections stained for immunocytochemistry and guided by several brain atlases 

(Karten and Hodos, 1967; Kuenzel and Masson, 1988; Puelles et al., 2007) and named 

according to the Consortium Nomenclature (Reiner et al., 2004). The areas that were  
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Arcopallium
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Mesopallium
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Forebrain-internal labels.am 
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B

Figure 3.1. 3D modelling of brain regions using AMIRA. A: Screen shots of the user 
interface of AMIRA used to create 3D models of the brains. The panel on the left contains 
the material objects and the tools which are used to segment and select different regions to 
be modelled. The panel on the right shows an example of a brain section and how different 
regions were selected. Arrows indicate the fiduciary points which were used to align the 
sections. B: Two examples of the images that get exported from AMIRA for volumetric 
analysis. The black object represents the mesopallium (left) and the basal ganglia (right) in 
one section.      
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modelled were the mesopallium, nidopallium, arcopallium, entopallium, basal ganglia, 

nucleus basorostralis, and hyperpallium. The nidopallium measurement included all of 

the nidopallial subregions except for nucleus basorostralis, entopallium and arcopallium. 

The mesopallium included both the dorsal and ventral subdivisions. The hyperpallium 

included the Wulst, hyperpallium densocellulare, hyperpallium intercalatum, 

hyperpallium apicale, and nucleus interstitialis hyperpallii apicalis. The basal ganglia 

included the striatum mediale and striatum laterale. Thirteen brainstem and diencephalic 

nuclei known to process sensory information (tactile, visual, and auditory) were also 

identified and modelled in the kiwi, emu, pigeon, and Indian peacock. These were: 

nucleus magnocellularis (NM), nucleus angularis (NA), nucleus laminaris (NL), nucleus 

ovoidalis (Ov), nucleus mesencephalicus lateralis, pars dorsalis (MLd), lateral lemniscal 

nuclei (LL), nucleus olivaris superior (OS), nucleus of the basal optic root (nBOR), 

nucleus rotundus (Rt), nucleus subrotundus (SRt), nucleus isthmi, par magnocellularis 

(Imc), nucleus isthmi, par parvocellularis (Ipc), nucleus sensorius principalis nervi 

trigemini (PrV).  

After the different brain regions were outlined in AMRIA, the stack of images was 

exported as a series of TIFF files. In these, a given region is filled in black against a white 

background (Figure 3.1 B). These TIFF stacks were then used for volumetric estimates of 

each region (see below). All TIFF stacks were produced prior to the label smoothing that 

was applied for the 3D models.  
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3.2.2.2 Volumetric estimates of brain regions 

The TIFF stacks from each brain region for each species that were created with AMIRA 

were loaded into ImageJ (National Institutes of Health, USA, http://rsb.info.nih.gov/ij/). 

The images were calibrated using a microscope calibration scale bar. The images were 

thresholded to select the brain or brain region outlines. Each image was then analysed to 

obtain the cross-sectional area of the brain object. The cross-sectional areas were added 

for each brain region and then multiplied by the slice thickness and the number of 

sections between stack slices, which for all species was 100 µm except for the emu, for 

which it was 200 µm. 

A major axis model II non-linear regression was performed using SPSS (v.15, SPSS Inc.) 

and h = r2 /(1 + b2

A hypertrophy or hypotrophy of a brain region was defined as that value that fell outside 

the 95% confidence interval calculated from the regression slope. In addition, a 90% 

confidence interval was calculated from the regression slope in cases where the residual 

appeared to be hypertrophied or hypotrophied but did not fall outside of the 95% 

confidence interval. The confidence intervals were computed from the best-fit values 

) as the loss function (where r is the residual and b is the slope). All 

regressions were performed on log10 transformed data. Each brain region was regressed 

against ‘telencephalon rest’ area (total telencephalon area – brain region area) to avoid 

Deacon’s whole-part fallacy (Deacon, 1990a) and/or the hindbrain area (defined as rostral 

border of the isthmus to the caudal border of pseudorhombomere 11 as described in 

Puelles (2007) less the cerebellum).  

http://rsb.info.nih.gov/ij/�
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from the non-linear regression and the standard error (SE) of those best-fit values using 

the following equation:  

BestFit-t*SE and BestFit+t*SE  

where t is the critical value from the t distribution. 

3.3 Results 

3.3.1 Brainstem 

Externally, two features of the brainstem in kiwi differ from that of other birds. First, the 

midbrain appears to be reduced in relation to the rest of the brainstem; second, the 

thalamic area appears to be well developed and forms a bulge on the rostrodorsal extent 

of the midbrain (Figures 3.2, 3.3). Internally, the most noticeable feature of the kiwi 

brainstem is the displacement and apparent reduction in visual processing areas. These 

features will be examined further in Chapter 5. PrV appears large, a feature that will be 

examined in Chapter 4.   

3.3.2 Telencephalon 

To determine whether the enlargement of the telencephalon in kiwi has been uniform 

across all regions and/or accompanied by modifications in their structure, I examined 

histological sections, obtained volumetric estimates and created 3D models of each major 

telencephalic region.  



Figure 3.2. Coronal series of the brain of the kiwi stained with cresyl violet  showing the various regions. Broken lines 
delineate the boundary of the region or nucleus. Sections were cut at a thickness of 40µm and sections every 280µm are 
shown through the brainstem and every 560µm through the rest of the brain. The series starts at a rostral position and 
continues to a caudal position. M: medial, L: lateral, D: Dorsal, V: ventral. See table for abbreviations.
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Figure 3.3. 3D models of the brainstem, diencephalon and thirteen nuclei involved in sensory 
processing in four species of birds. The models are shown in a lateral (A), dorsal (B) and rostral 
(C) view. The species are the kiwi (Apteryx mantelli) (a1, b1, c1), the pigeon (Columba livia) (a2, 
b2, c2), the peacock (Pavo cristatus) (a3, b3, c3) and the emu (Dromaius novaehollandiae) (a4, 
b4, c4). The brainstem ans diencephalon are displayed as transparent objects. Abbreviations: NM: 
nucleus magnocellularis; NA: nucleus angularis; NL: nucleus laminaris; Ov: nucleus ovoidalis; 
MLd: nucleus mesencephalicus lateralis, pars dorsalis; LL: lateral lemniscal nuclei; OS: nucleus 
olivaris superior; ; Rt: nucleus rotundus; SRt: nucleus 
subrotundus; Imc; nucleus isthmi, pars magnocellularis; Ipc: nucleus isthmi, pars parvocellularis; 
PrV: nucleus sensorius principalis nervi trigemini; D: dorsal; V: ventral; R: rostral; C: caudal.        

nBOR: nucleus of the basal optic root
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3.3.2.1 Structure 

In kiwi, the organisation of the telencephalon appears to differ from that of the other birds 

examined. The mesopallium in kiwi can be found throughout the rostrocaudal extent of 

the telencephalon and extends nearly to its ventral border, particularly caudally (Figures 

3.2, 3.4, 3.5). It forms a relatively thin sheet, for the most part externally concentric with 

the nidopallium throughout, with expansions at both the rostrocaudal and dorsoventral  

ends (Figures 3.4, 3.5). In most other birds examined the mesopallium only occupies a 

dorsomedial strip ventral to the hyperpallium. In the magpie, however, the mesopallium 

shows a similar ventral expansion although it does not extend to the caudal extremes that 

were found in the kiwi. The hyperpallium in kiwi is restricted to a caudal location and 

does not show the rostral extension found in the other birds examined (Figure 3.6). In 

contrast, in emu (the closest relative of the kiwi) the hyperpallium shows a massive 

rostral expansion. This caudal displacement and restriction of the hyperpallium in kiwi is 

similar to that found in the godwit. The basal ganglia and acropallium in the kiwi showed 

some differences from other species, but these did not exceed the variation found across 

the other species. In the kiwi, nucleus basorostralis forms a thin sheet that extends over 

the surface of the basal ganglia. The expansion of this nucleus is similar to that found in 

the duck and godwit except that in the kiwi it is in a more rostral position. This feature 

will be examined further in Chapter 5. The entopallium in kiwi appears to be displaced 

and relatively small. It will be examined in Chapter 4.    
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Figure 3.4. A lateral view of 3D models of the telencephalon (including the olfactory bulb), and seven 
telencephalic regions in nine species of birds. Species for which models are shown are the kiwi (Apteryx 
mantelli), emu (Dromaius novaehollandiae), great tinamous (Tinamus major), Australian magpie (Cracticus 
tibicen), eastern rosella (Platycercus eximius), Indian peafowl (Pavo cristatus), bar-tailed godwit (Limosa 
lapponica), paradise shelduck (Tadorna variegata), and rock pigeon (Columba livia). The telencephalon is 
displayed as a transparent object while the telencephalic regions are coloured as shown in the legend. The 
entopallium and nucleus basorostralis have been modelled separately from the rest of the nidopallium and in 
order to visualise these structures the nidopallium is displayed as a transparent mesh. D: dorsal; V: ventral; 
C: caudal; R: rostral.         
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Figure 3.5. A caudal view of 3D models of the telencephalon and seven telencephalic regions in nine species 
of birds. Species for which models are shown are the kiwi (Apteryx mantelli), emu (Dromaius 
novaehollandiae), great tinamous (Tinamus major), Australian magpie (Cracticus tibicen), eastern rosella 
(Platycercus eximius), Indian peafowl (Pavo cristatus), bar-tailed godwit (Limosa lapponica), paradise 
shelduck (Tadorna variegata), and rock pigeon (Columba livia). The telencephalon is displayed as a 
transparent object while the telencephalic regions are coloured as shown in the legend. The entopallium and 
nucleus basorostralis have been modelled separately from the rest of the nidopallium and in order to 
visualise these structures the nidopallium is displayed as a transparent mesh. D: dorsal; V: ventral; C: caudal; 
R: rostral.     
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Figure 3.6. A lateral view with the mesopallium removed of 3D models of the telencephalon (including 
the olfactory bulb), and seven telencephalic regions in nine species of birds. Species for which models are 
shown are the kiwi (Apteryx mantelli), emu (Dromaius novaehollandiae), great tinamous (Tinamus 
major), Australian magpie (Cracticus tibicen), eastern rosella (Platycercus eximius), Indian peafowl 
(Pavo cristatus), bar-tailed godwit (Limosa lapponica), paradise shelduck (Tadorna variegata), and rock 
pigeon (Columba livia). The telencephalon is displayed as a light grey transparent object while the 
telencephalic regions are coloured as shown in the legend. The entopallium and nucleus basorostralis 
have been modelled separately from the rest of the nidopallium and in order to visualise these structures 
the nidopallium is displayed as a transparent mesh. D: dorsal; V: ventral; C: caudal; R: rostral.       



 

64 

 

3.3.2.2 Size 

Using the cross-sectional area of sections to estimate the telencephalon size in kiwi 

yielded similar results to those described in the previous Chapter: the telencephalon in 

kiwi is enlarged (Figure 3.7 A). Similarly, a relatively large telencephalic size was found 

in the species belonging to the Psittaciformes and Passeriformes and a relatively small 

telencephalic size was found in species belonging to the Galliformes and Columbiformes. 

When regressed against telencephalon rest, the mesopallium of kiwi did not show a 

relative enlargement or reduction (Figure 3.7 B). Interestingly, the relative proportion of 

mesopallium mass within the telencephalon remained relatively consistent between all 

species, with only the emu showing a hypotrophy only when the 90% CI criterion was 

used. In contrast, when regressed against the hindbrain, kiwi showed a hypertrophy of the 

mesopallium (Figure 3.7 C). This was also true for the magpie and parrot. Thus, the 

proportion of mesopallium within the telencephalon mirrored the relative telencephalic 

size in most species. Similarly, the size of the nidopallium when regressed against 

hindbrain mirrored the relative telencephalon size, being enlarged in the kiwi, parrot and 

magpie (Figure 3.7 E). When regressed against telencephalon rest, however, kiwi and the 

parrot showed a hypertrophy in the proportion of nidopallium within the telencephalon 

when using the 90% CI (Figure 3.7 D), suggesting that this area is enlarged beyond what 

is expected from scaling to the telencephalon alone. In kiwi, the basal ganglia did not 

show an enlargement or reduction when regressed against telencephalon rest or the 

hindbrain using 95% CIs (Figure 3.7 F, G). There was, however, a hypertrophy in the 

basal ganglia in kiwi when regressed against the hindbrain using a 90% CI (Figure 3.7 

G), showing an increase in size of the basal ganglia that is less than the enlargement of 
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the telencephalon as a whole. The acropallium and hyperpallium in kiwi were 

hypotrophied when regressed against the telencephalon (Figure 3.7 H, J), but were 

neither hypertrophied nor hypotrophied when regressed against the hindbrain (Figure 3.7 

I, K).  

Therefore, it appears that in kiwi both the mesopallium and nidopallium, and to a lesser 

extent the basal ganglia, have contributed to the enlargement of the telencephalon. The 

arcopallium and hyperpallium have not increased in size in comparison to the hindbrain, 

and thus have not contributed to the enlargement of the telencephalon. In the magpie and 

parrot all of the brain regions examined were enlarged when regressed against the 

hindbrain, suggesting that they all contributed to the increase in telencephalon size. Also, 

in kiwi the proportion of nidopallium in the telencephalon may be enlarged beyond that 

which is expected based on telencephalic size, and thus may also contribute to the 

enlarged telencephalon, a feature also present in the magpie. In the parrot the proportion 

of basal ganglia in the telencephalon may be enlarged beyond that which is expected by 

scaling to telencephalic size alone.  
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Figure 3.7. Results from the model II regression allometric analysis on log transformed data of the major 
telencephalic regions for kiwi and ten other species of birds. A:  against hindbrain; B, C: 
mesopallium against  rest (total  area – brain region area) (B) and against 
hindbrain (C), D, E: nidopallium against  rest (D) and hindbrain (E), F, G: basal ganglia 
against  rest (F) and hindbrain (G), H, I: acropallium against  rest (H) and 
hindbrain (I), J, K: hyperpallium against telencephalon rest (J) and hindbrain (J). The solid line 
represents the regression line from the model II allometric analyses and the broken lines the 95% 
confidence intervals. Residual plots are shown to the right and are calculated from the regression line for 
all birds. * indicates that the value has exceeded the 95% confidence interval and # that the value has 
exceeded the 90% confidence interval. Species for which data have been obtained are kiwi (Apteryx 
mantelli), emu (Dromaius novaehollandiae), great tinamous (Tinamus major), 

paradise shelduck (Tadorna variegata), rock pigeon (Columba livia), pukeko (Porphyrio 
porphyrio melanotus).
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3.4 Discussion 

The previous Chapter showed that the relative size of the telencephalon in kiwi is 

enlarged. Therefore, in the present Chapter, I undertook volumetric analysis and 3D 

modelling of five major telencephalic regions in kiwi to determine their relative size 

composition and structure. If phylogenetic constraints were largely influencing 

telencephalic composition and structure, then closely related species should be similar. 

Alternatively, if developmental constraints influence brain composition, species that 

share similar developmental traits, such as developmental state of hatchlings, incubation 

period, etc., should show similar telencephalic composition and structure. Thus, if either 

of these factors influenced the telencephalic size, composition and structure in kiwi then 

their brains should be similar to those of emu, tinamous, turkey, duck, pukeko and 

peacock. The finding that kiwi have an enlarged telencephalon does, however, set it apart 

from the other Palaeognaths and precocial birds, making it unlikely that the size of the 

brain was determined by phylogenetic lineage or developmental mode. When regressed 

against hindbrain, to account for the effect of the enlargement of the telencephalon in 

kiwi as a whole, only the arcopallium in kiwi showed a similar relative size to that of 

other Palaeognaths and precocial birds.  

Few studies have examined how behaviour and ecology have shaped the telencephalic 

composition in birds. The most well known examples show that the size of the 

hippocampus, a brain region essential to learning and memory, is correlated with tasks 

involving an extra demand for spatial learning and memory (e.g. Basil et al., 1996; 

Biegler et al., 2001; Clayton, 1998b; Healy and Krebs, 1992; Healy and Krebs, 1996; 
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Krebs et al., 1989; Sherry et al., 1989). In kiwi, a number of behavioural and ecological 

traits stand out, that could be influencing their telencephalic composition and structure. 

Kiwi, unlike most other birds, are fully nocturnal. Therefore, the most relevant species 

with which to compare the telencephalic composition are the Strigiformes. Indeed, this 

order also shows an enlargement of the telencephalon (Burish et al., 2004; Portmann, 

1947). Although data from a nocturnal species were not obtained in this study, the 

enlarged telencephalon in a nocturnal owl (Ninox boobook) has been associated with an 

enlargement of the visual Wulst, the primary telencephalic representation of the 

thalamofugal system (Gunturkun et al., 1993; Shimizu and Karten, 1993). Moreover, it 

has also been suggested that the mesopallium and basal ganglia are relatively small in 

owls (Iwaniuk and Hurd, 2005). These features of the owl’s telencephalic composition 

are unlike those of the kiwi, whose hyperpallium (including the visual Wulst) shows no 

overall enlargement and, indeed, a relative reduction in relation to telencephalic size. 

This difference was not unexpected because the owl is a highly specialised nocturnal 

hunter that possesses binocular vision (Pettigrew, 1979), whereas kiwi have an overall 

reduced visual system. A more detailed examination of the visual system of kiwi will be 

undertaken in Chapter 4. 

Other notable traits of kiwi are their locomotor behaviour and mode of prey capture. Kiwi 

live entirely on the ground. This feature is, to some degree, true for other Palaeognaths 

and precocial birds in this study and, thus, is unlikely to have influenced telencephalic 

composition and structure. Kiwi do, however, have a mode of prey capture that differs 

from other Palaeognaths and precocial birds. The kiwi’s bill is long and flexible, and is 

used to probe for soil-dwelling invertebrates (Cunningham et al., 2007). The godwit also 
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uses a similar mode of prey capture to that of kiwi and, thus, makes a good species 

comparison. Interestingly, the proportion of hyperpallium in both the godwit and kiwi are 

reduced compared with other species, and in both, the hyperpallium shows a similar 

caudal displacement. As previously mentioned, a large proportion of the hyperpallium is 

composed of the visual Wulst in many species (Wild, 2008), and the reduction in the size 

of the hyperpallium in kiwi and godwit may reflect a shift away from a reliance on 

vision. Indeed, if comparisons are made between the kiwi and emu, on the one hand – the 

emu being highly visual - and the godwit and plover, on the other - the plover being in 

the same family as the godwit but a visually guided feeder, we see similar differences in 

the relative size of the hyperpallium. The hyperpallium does, however, also receive 

somatosensory projections (rostral Wulst) (Manger et al., 2002; Wild, 1997) and it has 

been shown that in species that forage using tactile information from the beak that the 

rostral Wulst is greatly expanded (Pettigrew and Frost, 1985). Therefore, some of the 

features of the hyperpallium in these species may be associated with a somatosensory 

specialisation. This will be examined further in Chapter 5.  

Similar to the hyperpallium, the arcopallium in kiwi has not increased in size relative to 

the hindbrain, and thus did not contribute to the enlargement of the telencephalon. In the 

magpie and parrot, the other species showing similar telencephalic enlargements, all of 

the brain regions examined were enlarged when regressed against the hindbrain, 

suggesting that they all contributed to the increase in telencephalon size. Like the 

hyperpallium, the arcopallium is involved in processing visual information. It receives 

secondary visual input from the tectofugal system and a small projection from the Wulst 

(Dubbeldam et al., 1997; Husband and Shimizu, 1999; Shimizu et al., 1995; Zeier and 
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Karten, 1971). Although the arcopallium is thought to have other functions as well, e.g., 

somatic sensorimotor and limbic functions (Dubbeldam et al., 1997; Zeier and Karten, 

1971), and in songbirds contains a premotor nucleus for song production (Nottebohm et 

al., 1976; Vicario and Nottebohm, 1988), its reduction in size in kiwi (as well as that of 

the hyperpallium) suggests that a shift away from a reliance on vision in this species can 

explain at least some of the variation in telencephalic composition and structure.  

In kiwi, the mesopallium and nidopallium and possibly the basal ganglia have likely 

contributed to the enlargement of the telencephalon, but also show an enlargement 

beyond that expected from scaling to the telencephalon alone. In the avian brain, the 

nidopallium is a major site of integration of information arriving from multiple 

nidopallial and non-nidopallial brain regions (Kroner and Gunturkun, 1999). The caudal 

nidopallium has also been shown to be essential for several aspects of learning and 

perception (e.g. Braun et al., 1999; Güntürkün and Durstewitz, 2000; Plummer and 

Striedter, 2002; Ribeiro et al., 1998). The nidopallium also contains nested within it a 

number of regions that process sensory information, namely the auditory field L (Bonke 

et al., 1979), the visual entopallium (Husband and Shimizu, 2001; Nguyen et al., 2004), 

and the somatosensory nucleus basorostralis (Wild et al., 1997). To rule out the influence 

of these sensory processing areas on the overall size of the nidopallium, the entopallium 

and nucleus basorostralis were excluded; and they will be discussed separately in 

Chapters 4 and 5. It was not possible to separate field L from the nidopallium in this 

study. Therefore, this may have some influence on the results. In birds, the mesopallium 

has been shown to be associated with innovative feeding behaviours (Timmermans et al., 

2000), social behaviour (Ball and Balthazar, 2001), vocal perception/production (e.g., 
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Gentner et al., 2000; Plummer and Striedter, 2002), and learning (Barber et al., 1999; 

Horn, 1998). It is, therefore, intriguing to speculate as to why the mesopallium and 

nidopallium are enlarged in the kiwi, a bird that is not known to have a high level of 

cognitive ability. The basal ganglia are thought to be involved in the control of 

stereotyped, species-specific behavioural responses (Dubbeldam, 1998; Reiner et al., 

1984) and have also been implicated in learning (Csillag, 1999; Mezey et al., 1999; 

Parent, 1986; Scharff and Nottebohm, 1991; Stewart et al., 1996; Watanabe, 2001). 

Indeed, the relative size of the mesopallium and nidopallium, and to a lesser extent of the 

basal ganglia, in the kiwi was similar to that found in the parrot and magpie, which are 

members of the Psittaciformes and Paseriformes, respectively, and renowned for their 

ability to perform complex cognitive tasks such as problem solving, tool use and social 

behaviour (Emery, 2006; Emery and Clayton, 2004). For instance, the New Caledonian 

crow (Corvus moneduloides) can manufacture tools for the extraction of food from logs, 

etc (Hunt, 1996). A relatively large nidopallium is significantly correlated with tool use 

(Lefebvre et al., 2002). The European Magpie, (Pica pica) can engage in self-recognition 

behaviour (Prior et al., 2008) and grey parrots (Psittacus erithacus) are capable of 

remarkable communication and reasoning and can master concepts such as number, 

relative comparison, and object permanence (Pepperberg, 2002; Pepperberg and 

Brezinsky, 1991; Pepperberg and Shive, 2001). It can only be speculated at this time as to 

the reason for the enlargements of the mesopallium and nidopallium in kiwi, but lacking 

any evidence as to specialised problem solving, tool use, or social behaviour, we may 

assume that they have likely evolved to process the vast amount of sensory information 

that is required to function and navigate in a nocturnal environment without good eye 
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sight. Indeed, unlike diurnal and some other nocturnal birds (e.g., barn owls), kiwi rely 

completely on smell, touch and sound. Therefore, it seems likely that their cognitive 

capabilities are associated with a nocturnal environment, which is undeniably demanding. 

3.5 Summary  

The telencephalic composition in the kiwi was found to differ from that of other 

Palaeognath and precocial birds in all but the relative size of the arcopallium. This 

supports the idea that other factors aside from phylogeny or development have shaped the 

composition of the telencephalon in kiwi. The relative enlargement of the telencephalon 

in kiwi appears to be associated with a differential enlargement of the nidopallium, 

mesopallium and to a lesser extent of the basal ganglia, regions that in the brains of 

Psittaciformes and Passeriformes are associated with information integration, cognition, 

and learning.  
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Chapter 4  

Kiwi visual system 

4.1 Introduction 

In nocturnal terrestrial environments, light levels are typically more than one million 

times lower than those during day-time (Land and Nilsson, 2002). Therefore, to function 

in a nocturnal environment, animals need to have adapted to night-time sensory demands. 

In particular, most nocturnal species are renowned for their visual acuity. For example, 

the eye of the tawny owl (Strix aluco), a nocturnal hunter, is about 100 times more 

sensitive to dim light than the pigeon’s eye (Columba livia) (Blough, 1955; Martin, 1986; 

Martin and Gordon, 1974). This increased sensitivity to low light levels in nocturnal 

species, such as the tawny owl, has been achieved by increasing eye size and pupil 

aperture, and by increasing the length and the number of receptors in the retina, in 

particular the number of rods (Husband and Shimizu, 2001; Thomas et al., 2002; Walls, 

1943). Many nocturnal species are also characterised by a frontal position of the eyes, 

thereby enabling binocular vision and sometimes stereopsis, which is thought to be a 

specialisation associated with nocturnal hunting (Martin, 1984; Pettigrew, 1986; 

Pettigrew and Konishi, 1984; Wallman and Pettigrew, 1985). Therefore, it could be 

predicted based on their nocturnal habits, that kiwi share anatomical features similar to 

those of other nocturnal birds. 
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The retinal receptors of birds are the rods and cones in the photoreceptor layer. Cones are 

specialised for colour vision in bright light conditions, whereas rods are specialised for 

low light levels (Fain and Dowling, 1973; Tovee, 1996). Nocturnal birds have a greater 

proportion of rods in their retina (up to 90% in some owl species), whereas in diurnal 

birds the proportion of rods is much less (~ 20%) (Blough, 1956; Bowmaker and Martin, 

1978; Tansley and Erichsen, 1985; Waldvogel, 1990). There are also differences between 

nocturnal and diurnal birds in the composition of retinal layers. In the retina of nocturnal 

birds the outer nuclear layer, formed by the rod and cone nuclei, tends to have more rows 

and is thicker than the retina of diurnal species (Walls, 1943). This is because rods are 

usually thinner than cones, so there is less room for their nuclei to lie directly against the 

external limiting membrane. In contrast, nocturnal species tend to have thinner inner 

nuclear and ganglion cell layers than diurnal species (Walls, 1943). This is because 

diurnal species require an increased number of horizontal, amacrine and ganglion cells 

for the high resolving power needed for colour vision in bright light conditions.  

Limiting factors in the visual system of kiwi are the small eyes and limited visual fields. 

The size of the eye in kiwi is much smaller than would be predicted based on body size, 

and the eyes do not show the tubular structure of the eyes of other nocturnal species e.g., 

owls (Strigiformes) (Brooke et al., 1999; Garamszegi et al., 2002; Hall and Ross, 2006; 

Martin, 1986; Martin et al., 2007). Because of their small absolute size and shape, it has 

been suggested that kiwi eyes are only able to detect a small amount of detail in a 

nocturnal environment, and that vision may be of relatively little importance in activities 

such as foraging (Martin et al., 2007). The visual fields of kiwi are also the smallest 

reported thus far among birds (Martin et al., 2007). In particular, the frontal binocular 
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field is almost non-existent and is similar to that found in birds whose foraging is known 

to be guided by non-visual cues (Martin, 1986; Martin et al., 2004a), further supporting a 

shift away from visually guided activities. Despite these findings, the light-gathering 

capacity of kiwi eyes was found to be similar to that of other nocturnal birds and 

mammals and higher than that of diurnal birds (Martin et al., 2004a; Martin et al., 2004b), 

suggesting some degree of adaptation to lower light levels.  

Visual information is processed in the central nervous system by two major parallel 

pathways. The thalamofugal pathway consists of projections from the retina to the 

nucleus principalis opticus thalami (OPT) of the thalamus and from there to the 

intercalatus hyperstriatum accessorium (IHA) and to the hyperstriatum dorsale (HD) of 

the visual Wulst. In turn, IHA projects upon the most dorsal lamina of the visual Wulst, 

the hyperstriatum accessorium (HA), which is the source of extratelencephalic 

projections (Karten et al., 1973). The visual Wulst is generally recognized as the 

homologue of the primary visual cortex of mammals (Karten et al., 1973), is well 

developed in nocturnal species and other ratites (see Chapter 2), and might be expected to 

show some degree of specialisation in kiwi if vision is important. In the tectofugal visual 

pathway, retinal information is first processed by the highly laminated and 

topographically organised optic tectum, which projects to nucleus rotundus in the dorsal 

thalamus, which in turn projects upon the entopallium. In the 15-layered optic tectum 

(Ramón y Cajal, 1908), all but the central grey and the monolaminar sixth are reduced in 

kiwi (Craigie, 1930). Whether this reduction has resulted in a size reduction of the other 

regions of the tectofugal visual pathway has yet to be determined, but it would suggest an 

overall regression of the tectofugal visual pathway.  
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It is the aim of this Chapter to investigate the structure of the retina and to further 

examine and quantify the extent of brain centres associated with visual processing so as 

to understand more fully the role of vision in kiwi behaviour. An examination of the 

morphology of the kiwi retina will determine if any adaptations for functioning in low 

light levels are present. In previous Chapters I have suggested that visual processing 

centres are less conspicuous in kiwi than in other birds, with many being small and not 

found in their typical anatomical location, in agreement with Craigie (1930). A more 

detailed quantitative examination of the kiwi brain is, however, needed before any 

conclusions can be made with respect to visual central processing.  

4.2 Materials and Methods 

4.2.1 Retina 

The right eye from one kiwi (Apteryx mantelli) and both eyes from five barn owls (Tyto 

alba) were dissected from the head immediately after the animals were pronounced dead. 

The lens was then removed from the eye and the eye was placed in 4% paraformaldehyde 

(PFA) with 0.01% glutaraldehyde (Merck & Co., Inc.) for 30 minutes. The eyes were 

then washed and stored in 0.1M phosphate buffer (PB). Eyes from one ostrich were 

processed in a similar manner, but were immersion-fixed only using 4% PFA. Chapter 3 

provides the details on the origin of the kiwi and emu specimens. The eyes from the five 

barn owls (already fixed in 4% PFA) were a gift of Dr Terry Takahashi, Institute of 

Neuroscience, University of Oregon. 
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4.2.1.1 Immunofluoresence 

The eyes were cryoprotected in a series of 10%, followed by 20% sucrose in PB solutions 

for 10 minutes each and then left overnight in a 30% sucrose solution. Eyes were 

embedded in TissueTek medium, frozen and cut perpendicular to the equator on a 

cryostat at a thickness of 12-16 µm. Sections were mounted on slides and stored at -20o

A selection of antibodies were used to help identify the retinal layers. Specificity of these 

antibodies cannot be determined in the kiwi retina; they have, however, been tested on 

birds, in particular chickens. The antibodies used in this study were the following: a 

rabbit anti calretinin (Chemicon International Inc.) used at a dilution of 1:1000 which 

labels amacrine and ganglion cells (Acosta et al., 2005; Lima et al., 2007); a rabbit anti-

tyrosine hydroxylase (Chemicon), used at 1:1000, which labels dopaminergic amacrine 

cells, (Dos Santos and Gardino, 1998; Gardino et al., 1993; Teakle et al., 1993); , a rabbit 

anti-protein kinase C alpha, (Sigma-Aldrich, Inc.) used at 1:10,000, that labels rod 

bipolar cell bodies and their dendrites and axons going to the outer and inner plexiform 

layers (Horvat-Brocker et al., 2008; Lima et al., 2007); a rabbit anti-recoverin 

C. 

Slides were defrosted for 5-10 minutes and then a PAP pen was used to encircle each 

section to contain the incubation solution. Slides were washed for 10-20 minutes in 0.1M 

PB and then gently dried with kimwipes. Sections were blocked for 1 hour at room 

temperature in a solution containing 6% goat serum, 1% BSA, 0.5% Triton-X, and 0.05% 

thimerosol. Primary antibodies were diluted in a solution containing 3% goat serum, 1% 

bovine serum albumin (BSA), 0.5% Triton-X, 0.05% thimerosol and were centrifuged at 

10,000 rpm for 5-10 minutes.  
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(Chemicon,) used at 1:1,000 that labels photoreceptor cells 

The antibodies were applied to sections and incubated at room temperature overnight. 

Following the incubation the slides were washed 4 times for 5 minutes each in 0.1M PB. 

Goat Anti-mouse Alexa 488/594 or Goat Anti-rabbit Alexa 488/594 secondary antibodies 

were diluted 1:500 in a solution containing 3% goat serum, 1% BSA, 0.5% Triton-X, 

0.05% thimerosol. The solution was applied to the sections, which were then incubated in 

the dark for 2-3 hours. Following incubation, the slides were washed 4 times for 5 

minutes each in 0.1M PB and then coverslipped with Citifluor. Imaging was undertaken 

on a Leica (

and some bipolar cells 

(Acosta et al., 2005; Horvat-Brocker et al., 2008); a rabbit anti-serotonin (5HT) (Incstar 

DiaSorin) used at 1:1000, which labels amacrine cells and bipolar cells (Fosser et al., 

2005; Wilhelm et al., 1993); a monoclonal mouse anti-rhodopsin used at 1:50 which 

labels, rod bipolar cells (Szel et al., 1985); a rabbit anti-opsin, used at 1:1000 which 

labels cone photoreceptors (Cserhati et al., 1989); a mouse monoclonal anti-SV2 

developed by Kathy Buckley (Developmental Studies Hybridoma Bank), 1:500, which 

labels synaptic vesicle protein 2 in synaptic and neuroendocrine vesicles (Buckley and 

Kelly, 1985; Montiani-Ferreira et al., 2005); a mouse monoclonal anti-islet-1 (mab clone 

39.4D5 developed by Tom Jessel (Developmental Studies Hybridoma Bank), used at 

1:500, which labels cholinergic amacrine cells, many bipolar cells and most ganglion 

cells (Fischer et al., 2002),The SV2 and 39.4D5 antibodies were obtained from the 

Developmental Studies Hybridoma Bank developed under the auspices of the NICHD 

and maintained by The University of Iowa, Department of Biology, Iowa City, IA 52242.  

Leica Microsystems, Wetzlar, Germany) TCS SP2 confocal microscope. 

http://www.leica-microsystems.com/Marketing/MTool.nsf/GlobalEventsByUNID/32AE850CDF222CB4C125745900437880�
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4.2.1.2 Histology 

The left eye from one kiwi, the right eye from one ostrich, and the eyes from one barn 

owl were cryoprotected in a 30% sucrose solution in PBS overnight and then embedded 

in a 7% gelatine/PBS solution. The block was placed in 4% PFA overnight, frozen and 

then sectioned at a thickness of 15µm on a sliding microtome. Sections were mounted 

onto subbed slides, stained with cresyl violet, dehydrated and coverslipped with DePeX 

(SERVA GmbH) from xylene.  

4.2.2 Brain  

4.2.2.1 Specimens and brain preparation 

The data on the cytoarchitecture of the visual processing areas of the brain was compiled 

from the brains of 5 North Island brown kiwi, (3 adults and 2 juveniles, one week and 2 

months old), a one day old chicken (Gallus gallus), an adult emu (Dromaius 

novaehollandiae), an adult barn owl (Tyto alba) and an adult rock pigeon (Columba 

livia). Volumetric estimates of the entopallium, nucleus rotundus, and the olfactory bulb 

were undertaken on the brain of one kiwi and also the brain of the emu, great tinamous 

(Tinamus major), paradise shelduck (Tadorna variegata), rock pigeon, Indian peafowl 

(Pavo cristatus), wild turkey (Meleagris gallopavo), eastern rosella (Platycercus 

eximius), bar-tailed godwit (Limosa lapponica), spur–winged plover (Vanellus miles 

novaehollandiae), pukeko (Porphyrio porphyrio melanotus), and Australian magpie 

(Cracticus tibicen). All brains were obtained following University of Auckland and 
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Department of Conservation regulations (see Chapter 3 for more details). Brains were 

processed, modelled and volumetric estimates obtained as described in Chapter 3. 

Tectal measurements were obtained from serial sections stained with cresyl violet, except 

for the pigeon where measurements were taken from Karten and Hodos (1967). 

Measurements were obtained from 11 sections of one kiwi brain, 20 sections of one emu 

brain, 14 sections of one barn owl brain, and 31 pigeon brain sections from Karten and 

Hodos (1967). Tectal thickness was measured from the midpoint of the midbrain 

ventricle, orthogonally to the tectal surface. Log10 transformed measures were normalized 

to the log10 of the width of the midbrain section from which the measurement was taken 

(log OT/log MB).  

4.3 Results 

4.3.1 Retinal structure 

The structure and relative composition of the retina in the kiwi is very similar to that of 

the barn owl, and unlike that of the ostrich (Figure 4.1). In particular, in kiwi the outer 

nuclear layer (ONL), formed by the rod and cone photoreceptor nuclei, contains more 

rows and is relatively thicker than that of the ostrich, but is similar to the barn owl. Also, 

the relative thickness of the inner nuclear layer (INL) in kiwi is similar to that of the barn 

owl, but thinner than that found in the ostrich. The relative thickness of the ganglion cell 

layer was similar in all three species.  
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Fig. 4.1. Structure of the retina in a kiwi (Apteryx mantelli), barn owl (Tyto alba),  and ostrich (Struthio camelus). 
Sections were stained with cresyl violet. Abbreviations:  RPE: retinal pigmented epithelium; Ph: photoreceptors; 
ONL: outer nuclear layer;  OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: 
ganglion cell layer. Scale bar  =  50 µm. 
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Antibodies against anti-islet-1, anti-recoverin, anti-calretinin, anti-SV2, anti-protein 

kinase C alpha (PKC-alpha), and anti-serotonin were used to stain the different retinae. 

These antibodies were chosen because they are known to label different cell populations 

in the chicken retina (see Section 4.1), and were expected to uncover subtle aspects of the 

retina organisation in my specimens. These antibodies show differential labelling in the 

kiwi retina (Figure 4.2). SV2 showed the most intense labelling in the outer plexiform 

layer (OPL) and, although slightly weaker, also punctate labelling in the inner plexiform 

layer (IPL). Some weak labelling was also present in the photoreceptor layer. In the inner 

nuclear layer (INL), PKC-alpha appeared to label rod bipolar cells and their dendrites and 

axons going to the outer and inner plexiform layers. The IPL also showed a large 

punctate labelling pattern with this antibody. Islet 1 appeared to label cells in the INL, 

probably cholinergic amacrine cells and bipolar cells, and some cells in the ganglion cell 

layer. Recoverin showed labelling in the photoreceptor layer, OPL and some cells in the 

INL, probably bipolar cells. Calretinin showed cellular labelling in the INL, probably 

amacrine cells and also a punctate labelling pattern in the IPL. 5HT labelled some cells in 

the INL, possibly amacrine or bipolar cells, and some light labelling was apparent in the 

photoreceptor layer and IPL. A nearly identical pattern of labelling was found in the barn 

owl for most antibodies suggesting that the composition of the retina is similar in the two 

species (Figure 4.3). Antibodies used to differentially label rods (red) and cones (green) 

resulted in a pattern of staining that suggested that the proportion of rods in the retina was 

much greater than that of cones (Figure 4.4).  
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Figure 4.2.  immunocytochemistry. Antibodies against 
protein kinase C alpha (PKC-alpha), islet-1, recoverin, calretinin (CR) and serotonin (5HT) are shown. 
Abbreviations: RPE: retinal pigmented epithelium; Ph: photoreceptors; ONL: outer nuclear layer; OPL: 
outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell layer.

Differential labelling in the kiwi retina using SV2, 
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Figure 4.4.  Labelling of the photoreceptor outer segment in the kiwi retina using antibodies that label 
rhodopsin (red) and opsin (green).  is a low magnification image and  a high magnification image 
of a section of the kiwi retina. 
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Figure 4.3.  
retinae.  Antibodies against: A, B: islet-1 (red) and protein kinase C alpha (PKC-alpha, green); C, 
D: calretinin (CR);  E, F: serotonin (5HT); and G, H:  SV2. 

Immunocytochemical labelling of kiwi (Apteryx mantelli) and barn owl (Tyto alba) 
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4.3.2 Thalamofugal pathway 

The Wulst, the end station of the thalamofugal visual pathway, appears relatively large in 

barn owl and emu, but appears very small in kiwi (Figure. 4.5). The vallecula, a groove 

that houses a large blood vessel and demarcates the lateral border of the Wulst in many 

avian species, is shallow and relatively medially placed in kiwi, with the result that the 

Wulst cannot be identified as a definitive bulge on the dorsum of the hemisphere, as it 

can in other avian species. Also, the Wulst does not reach the frontal pole of the 

telencephalon, but is displaced further caudally (Figure. 4.5). The laminar 

cytoarchitecture that is associated with the Wulst is also not visible in the kiwi, as it is in 

the barn owl and emu and many other species. 

4.3.3 Tectofugal pathway 

In kiwi, the size of the optic tectum (TeO) appears small in comparison to the rest of the 

midbrain, especially when compared to that of the pigeon (Figure 4.6 A). The kiwi and 

barn owl are similar in having a relatively thin TeO, with emu having by far the thickest 

TeO, and pigeon an intermediate sized TeO (Figure 4.6 B). Correspondingly, in kiwi the 

nucleus isthmii (pars magnocellularis, Imc and pars parvocellularis, Ipc) and nucleus 

rotundus (Rt), the thalamic relay in the tectofugal pathway, are less conspicuous than in 

other birds examined in this study (Figure 4.7 A, B). The entopallium, to which rotundus 

projects, appears as a small area that flanks more caudal regions of the striatum (Figure 

4.7 C). Interestingly, the nucleus isthmii (Imc and Ipc) have been displaced medially in  
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Figure 4.5. Coronal sections stained with cresyl violet of an area of the brain containing the visual Wulst in kiwi 
(Apteryx mantelli), emu (Dromaius novaehollandiae) and barn owl (Tyto alba). The arrow indicates the vallecula, 
a groove that houses a large blood vessel and demarcates the lateral border of the Wulst. Abbreviations: HA:  
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Scale bar = 2 mm.     
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normalised tectal thickness (B) of the kiwi (Apteryx mantelli) , emu (Dromaius novaehollandiae), 
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Figure 4.7. Coronal sections stained with cresyl violet of an area of the brain containing: the 
nucleus isthmi (pars magnocellularis, pars semilunaris and pars parvocellularis), nucleus 
rotundus; C: the entopallium, in kiwi (Apteryx mantelli), chicken (Gallus gallus), and barn owl 
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the kiwi, likely a result of the reduction in size of the tectum. Although not as 

pronounced, the medial displacement of the nucleus isthmii also appears to be a feature 

found in the barn owl. 

When regressed against the telencephalon rest size, the entopallium was hypotrophied in 

kiwi and emu and hypertrophied in the pigeon, tinamous and plover (Figure 4.8 A). 

When regressed against hindbrain size, the entopallium was hypotrophied in kiwi and 

emu and hypertrophied in the pigeon, plover, parrot and magpie (Figure 4.8 B). Because 

the kiwi was a clear outlier, these data point was removed from the regression. Removing 

kiwi from the analysis for the entopallium size regressed against the telencephalon rest 

caused more species to fall outside of the 95% CI (turkey, duck, tinamous, plover, parrot, 

pigeon, kiwi, and godwit, Figure 4.8 D). When the entopallium was regressed against the 

hindbrain size, only the kiwi and duck fall outside the 95% CI (Figure 4.8 F). In all cases 

the data point for kiwi was still a clear outlier. Correspondingly, the nucleus rotundus was 

hypotrophied in kiwi (Figure 4.9). In contrast to what was seen with the entopallium, 

removing the kiwi data point from the regression did not have a great effect on the 

regression slope, although the data point for the emu fell within the 95% confidence 

interval. 
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Figure 4.8. Results from the model II allometric analyses of the entopallium for kiwi and eleven other 
species of birds. A , B: log entopallium against:  rest (total  area – brain 
region area) (A) and log hindbrain (B). The solid line represents the regression line from the model II 
allometric analyses and the broken line the 95% confidence intervals (CI). Residual plots are shown to 
the right and are calculated from the regression line for all birds. * indicates that the value has 
exceeded the 95% confidence interval. C, D: Same data as A but the regression and CI are done 
excluding those values that exceeded the 95% CI (C) and excluding the kiwi (D). E, F: Same data as 
B 
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Figure 4.9. Results from the model II allometric analyses of the nucleus rotundus for kiwi and 
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kiwi (Apteryx mantelli), emu (Dromaius novaehollandiae), great tinamous (Tinamus major), 
spur–winged plover (Vanellus miles novaehollandiae), bar-tailed godwit (Limosa lapponica), 
Australian magpie (Cracticus tibicen), eastern rosella (Platycercus eximius), wild turkey 
(Meleagris gallopavo), Indian peafowl (Pavo cristatus), paradise shelduck (Tadorna variegata), 
rock pigeon (Columba livia), and pukeko (Porphyrio porphyrio melanotus).
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4.4 Discussion  

The histological appearance of the kiwi retina was consistent with nocturnal adaptations. 

In kiwi, the retina was characterised by a relatively thin inner nuclear layer (INL), made 

up of bipolar cells, horizontal cells, and amacrine cells, and a relatively thick outer 

nuclear layer (ONL) formed by the rod and cone photoreceptor nuclei. These structural 

features were also found in the barn owl but not in the ostrich retina. In the barn owl, as 

in other nocturnal species, a thickening of the ONL is said to be a result of the 

morphology and relative number of rod and cone photoreceptors (rods are usually thinner 

than cones) (Walls, 1943). Because nocturnal species have a retina dominated by thinner 

rod photoreceptors, photoreceptor cell packing is denser, resulting in less physical space 

for photoreceptor nuclei that lie directly below the external limiting membrane. As a 

result, the nuclei become stacked in a thick multilayer arrangement (Walls, 1943). A 

thicker ONL in retina of kiwi, similar to that seen in the barn owl, and unlike that of the 

ostrich, suggests that in the kiwi retina the rods are the predominant photoreceptor. 

Antibodies that in chickens and pigeons (Cserhati et al., 1989; Szel et al., 1985) 

differentiate between rod and cone photoreceptors, yielded qualitative results consistent 

with this assertion in kiwi. This immunolabelling appeared to show a higher proportion of 

rods than cones in the kiwi retina. However, I have been unable at this stage to determine 

the specificity of binding of these antibodies, and further studies are needed to determine 

their reliability for identifying the two different photoreceptor types. The pattern of 

labelling is, however, consistent with the thicker ONL in kiwi retina. The retinal structure 

of kiwi, therefore, appears to show features which are associated with an enhanced ability 
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for vision in dim light conditions, similar to many nocturnal species such as owls 

(Blough, 1956; Bowmaker and Martin, 1978; Tansley and Erichsen, 1985; Waldvogel, 

1990; Walls, 1943). However, although the resolving power of the eye depends on the 

structure and density of rods and cones in the retina, the size of the eye is also an 

important property that determines its sensitivity to dim light (Martin, 1993). Indeed, 

larger eyes can hold more retinal photoreceptors and are therefore able to capture more 

light for a given visual subtended angle. In kiwi, the small absolute size of the eye 

severely reduces its ability to retrieve spatial information and detect detail in a nocturnal 

scene (Land and Nilsson, 2002; Martin et al., 2007). As noted by Martin et al. (2007), a 

small eye in kiwi is extremely unusual, because flightlessness removes the weight 

restriction upon eye size that applies to flying birds. Therefore, in kiwi, it appears that 

there were no strong evolutionary pressures favouring a large eye. Further work is now 

needed to determine if kiwi posses a layer at the back of the eye called the tapetum 

lucidum that reflects light back through the retina, making it more likely that light will 

strike sensory cells in the retina. Kiwi do not, however, appear to show the 'eyeshine' that 

is present in other nocturnal birds and mammals (personal observations). It would also be 

of interest to determine if a fovea in present in the kiwi retina.   

The visual Wulst appeared to be relatively small compared to that of the emu and barn 

owl and lacked a laminar cytoarchitecture that characterises this structure in other birds. 

In kiwi, however, the boundaries of the visual Wulst were not easily identifiable in brain 

sections, and, therefore, no quantitative volumetric measurements could be obtained. In 

histological sections presented in this Chapter, and also from the external morphology 

described in Chapter 2, it is also apparent that the vallecula was so shallow and medially 
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placed in kiwi that the Wulst could not be identified as a definitive bulge on the dorsum 

of the hemisphere. In Chapter 3, the proportion of hyperpallium (which includes the 

visual Wulst) in the telencephalon of the kiwi was hypotrophied when regressed against 

the telencephalon rest size. This was a feature only otherwise seen in the godwit, which 

also shared the same caudal placement of the Wulst. It was suggested in Chapter 3 that 

the small relative size of the hyperpallium in both species is the result of a shift away 

from visually-guided foraging and instead towards bill-related tactile foraging. In 

addition to processing visual information, a rostral region of the Wulst processes 

somatosensory information (Funke, 1989; Manger et al., 2002; Pettigrew and Frost, 1985; 

Wild, 1997). It is unlikely that these tactile areas would have regressed in kiwi and 

godwit, given their strong reliance on this modality for foraging. Indeed, a similar caudal 

displacement of the Wulst was described in other species that rely on bill probing for 

food acquisition (Pettigrew and Frost, 1985). Although no quantification was possible 

because of the inability to define the limits of the Wulst in the kiwi with confidence, a 

qualitative comparison of the histological material of kiwi and the other species examined 

in this study, suggests that the visual Wulst shows a relative reduction in size, which is 

unlike that of all other nocturnal species examined (Iwaniuk and Hurd, 2005; Karten et 

al., 1973; Pettigrew, 1979). 

Interestingly, in a number of species, including a number that are nocturnal, it has been 

shown that there is no correlation between eye size and relative size of the Wulst 

(Iwaniuk et al., 2008), although it has, however, been shown that overall brain size 

increases with eye size (Garamszegi et al., 2002), i.e. species with large eyes have large 

brains in relation to their body size. This suggests that other visual processing areas may 
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be enlarged as a result of large eyes, possibly parts of the tectofugal visual pathway. The 

lack of a correlation between Wulst and eye size may also be due to the multisensory 

processing nature of the Wulst (Funke, 1989; Manger et al., 2002; Pettigrew and Frost, 

1985; Wild, 1997). It has also been suggested that the orientation of the orbit, and 

possibly the degree of binocular visual field, are correlated with the size of the Wulst 

(Iwaniuk et al., 2008), i.e., species with more frontally directed orbits and broader 

binocular fields have relatively large Wulst volumes. Owl eyes are positioned frontally, 

such that they have a much larger area of binocular overlap than other birds, and 

binocular neurons are known to be present in the Wulst of the barn owl (Martin, 1984; 

Pettigrew and Konishi, 1984; Wylie et al., 1994), which is thought to be associated with 

their extremely enlarged Wulst. Therefore, it is possible that the small size of the Wulst 

in kiwi is not a result of its small eyes, but instead the result of the lateral placement of 

the eyes and the extreme lack of a frontal binocular field (Martin et al., 2007). It must be 

noted, however, that the emu appears to have a large Wulst, with an obvious laminar 

cellular arrangement (Figure 4.5), despite having laterally placed eyes and a small 

binocular field (which extends vertically through 80° and up to a width of about 20°) 

(Martin and Katzir, 1995). Thus, the relative size of the Wulst may be influenced by more 

than one selective pressure, and this may explain why no clear correlations with 

individual parameters are found.  

In kiwi, the cytoarchitecture and size of many of the major regions in the tectofugal 

visual pathway differed considerable from all other birds examined in this study. The 

thickness of the optic tectum was reduced, a finding that is consistent with Craigie’s 

description of a reduction in this retinorecipient area (Craigie, 1930). It was surprising to 
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find that in barn owls, the other nocturnal species examined, that the TeO is also reduced, 

given their visual acuity (Martin, 1977; Martin and Gordon, 1974). Of the nuclei making 

up the isthmii complex in kiwi, only pars magnocellularis (Imc) and pars parvocellularis 

(Ipc) could be identified, but not pars semilunaris (SLu). The identification was made 

difficult by their very small size and more medial position. These nuclei are identified in 

Craigie, but due to the difficulties associated with their identification in my histological 

material, some uncertainty remains (Craigie, 1930). The nucleus rotundus could also not 

readily be demarcated with certainty and identification was, therefore, guided by Craigie 

(1930). Allometric analysis showed a hypotrophy of this nucleus in kiwi. The 

entopallium was also difficult to identify in Nissil stained sections of kiwi brain. Craigie 

describes the entopallium as a flat strip that surrounds the basal ganglia, but the region he 

describes most probably corresponds to nucleus basorostralis (see Chapter 5). The 

hypotrophy seen in rotundus and entopallium was also seen in emu, although it may not 

be as pronounced in as in kiwi. Indeed, when the kiwi data were removed from the 

regression analysis, the emu data fitted within the 95% confidence interval for all 

volumetric analyses. Thus, this reduction does not appear to be associated with 

phylogenetic lineage.  

The cytoarchitecture and small size of many of the major regions in the tectofugal visual 

pathway, together with findings from previous studies (Craigie, 1930), must certainly 

reflect not only a regression of eye size, but also a regression of the visual system as a 

whole. It is interesting, however, that the barn owl has a similarly thin tectum, despite having 

large eyes. Although not as extreme, the barn owl has other features of the tectofugal 

pathway that are similar to the kiwi. Indeed, the nucleus isthmii, pars magnocellularis 



 

99 

 

(Imc), pars parvocellularis (Ipc), and pars semilunaris (SLu) have been displaced 

medially, together with nucleus rotundus, and the entopallium appears small relative to 

comparable structures in pigeon and chicken – although no volumetric analysis was 

undertaken for these nuclei in the barn owl. These features may be an attribute of 

nocturnality that has not yet been explored. Alternatively, they could also be associated with 

auditory processing, since in barn owls, at least, the tectum also receives input from 

midbrain auditory centres (Brainard and Knudsen, 1995; Cotter, 1976; Knudsen, 1982; 

1984; 2002; Lewald and Dorrscheidt, 1998). Further studies will be needed to determine 

whether nocturnal species show a reduction in tectofugal pathways as is suggested by the 

reduced TeO size seen in barn owls.  

Overall, a consideration of both the eye and brain structure indicates that visual 

information is of relatively little importance to kiwi. This represents a unique case 

amongst nocturnal birds and probably a unique situation among all birds. Indeed, birds in 

general rely heavily on vision to function in their environment (Husband and Shimizu, 

2001; Zeigler and Bischof, 1993). Given the phylogenetic relationship of kiwi to the emu 

and ostrich, which appear to have a well developed visual system - as evidenced by 

centres processing visual information and large eyes - it can be concluded that the poorly 

developed visual system found in the kiwi is a derived characteristic that is likely an 

example of adaptive regressive evolution (Jeffery, 2005). The adaptations for nocturnal 

vision in the retina of kiwi may suggest that at some stage in their evolution, kiwi may 

have relied more heavily on vision to function in their environment, but then natural 

selection favoured a shift away from vision in favour of other sensory modalities. What 

we are seeing in kiwi now may be an intermediate evolutionary phase in a shift away 
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from vision to other sensory information. What this other sensory information is will be 

examined in Chapters 5 and 6. 

4.5 Summary  

Despite the small eye that has been described in kiwi, the retinal structure showed 

features that were consistent with an adaptation for low light levels, similar to that found 

in other nocturnal birds. In particular, the retina appeared to have a higher proportion of 

rod photoreceptors than cones in the retina. Brain centres, processing visual information 

(i.e., nucleus rotundus and the entopallium) were found to be very small and less 

conspicuous compared to other species suggesting that kiwi do not relied heavily on 

vision to function in their environment. 
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Chapter 5  

Sensory specialisations associated with the bill 

5.1 Introduction:  

Kiwi are unlikely to rely heavily on vision to function in their nocturnal environment as 

evidenced by findings in Chapter 4 and by Martin et al. (2007). Therefore, it can be 

predicted that a shift away from vision has been associated with an enhancement or 

specialisations of other sensory modalities. A feature that is very noticeable in kiwi, 

unlike that of other diurnal ratites, is their elongated bill. Kiwi forage by probing through 

the leaf litter and soil, in a manner similar to that of many shorebirds (Scolopacidae: 

Charadriiformes), and it has been shown that the probe-hole patterns of wild kiwi are 

comparable to those of sandpipers (Calidris alba) (Cunningham et al., 2007; Gerritsen 

and Meiboom, 1986). In many shore birds the bill-tip is a specialised tactile organ 

containing numerous mechanoreceptors (Herbst and Grandry corpuscles) embedded in 

pits in the bone which they use to localise prey (Gerritsen and Meiboom, 1986; Nebel et 

al., 2005; Piersma et al., 1998; Zweers and Gerritsen, 1997). Kiwi also possess this 

specialised organ in their bill tip for prey detection, with an arrangement of 

mechanoreceptors within pits at the bill tip (Cunningham et al., 2007; Martin et al., 

2007).  

In birds, the principal sensory trigeminal nucleus (PrV) receives information from the 

tactile sense organs in the bill via the trigeminal nerve and in some species, also from the 



 

102 

 

tongue via the glossopharyngeal and hypoglossal nerves (Dubbeldam, 1990; Wild and 

Farabaugh, 1996). PrV then relays information to the telencephalic sensory end-station, 

nucleus basorostralis (Bas), which contains a precise sensory representation of the bill 

and other oral components (Berkhoudt et al., 1981; Dubbeldam et al., 1981; Wild et al., 

1985; Wild and Farabaugh, 1996; Witkovsky et al., 1973). The trigeminal system is 

highly variably among species, with differences being observed in the cytoarchitecture 

and size of the trigeminal nuclei (e.g., Dubbeldam, 1990; Dubbeldam, 1992; Stingelin, 

1965). These differences likely reflect the different roles of the tactile sense and 

mechanoreceptor system in the various species of birds. In ducks, the tactile sense plays 

an important role in the detection, recognition, and transportation of food in the mouth 

(e.g. Anas platyrhynchos Berkhoudt, 1980; Zweers et al., 1977) whereas in parrots, it is 

involved in the complex manipulative ability of the beak and tongue (e.g. Cacatua 

roseicapilla, Wild, 1981). In Charadriiform birds, the tactile sense has a major role in 

detecting and selecting food (e.g. Calidris alba, Gerritsen and Meiboom, 1986) and, 

indeed, this appears to be the case in kiwi also (Cunningham et al., 2007; Martin et al., 

2007). It could therefore be predicted that if kiwi do share a similar tactile sense and 

mechanoreceptor system with other probe-feeding birds, that similarities will also be 

present in the brain regions processing this information.  

Although the bill of the kiwi shares some structural characteristics with that of other 

probers, it is unique in having the nostrils at the tip (Martin et al., 2007). Olfaction also 

appears to be an important sensory modality in kiwi. Olfaction mediates many types of 

behaviour, including navigation (Wallraff, 2003; 2004), reproduction (Hagelin et al., 

2003), individual recognition (Bonadonna and Nevitt, 2004; De Leon et al., 2003), nest 
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recognition (Bonadonna and Bretagnolle, 2002; Bonadonna et al., 2003a; Bonadonna et 

al., 2003b; Bonadonna et al., 2004) and communication (Hagelin et al., 2003). However, 

like a number of other species [vultures (Cathartes melambrotus) (Graves, 1992), ravens 

(Corvus corax) (Harriman and Berger, 1986), parrots (Strigops habroptilus) (Hagelin, 

2004), (Lorius garrulous flavopalliatus) (Roper, 2003), and procellariiforms, 

(shearwaters, petrels, and albatrosses) (Hutchison and Wenzel, 1980)], in kiwi, olfaction 

has been shown to be particularly important for finding food (Benham, 1906; Wenzel, 

1968; 1971).  

In birds, odours are detected in the third nasal chamber, which is lined with olfactory 

epithelium and contains the olfactory sensory neurons (Bang, 1971). The epithelium is 

supported on a sheet of cartilage that can be highly convoluted in some species to form 

spiral-shaped olfactory tubercles. The receptor cells in the olfactory epithelium give rise 

to the olfactory nerves that project upon mitral cells in the olfactory bulb on the ventral 

aspect of the brain. Olfactory information is then transmitted to other areas of the brain 

where odourants are processed and perceived (Bang, 1971; Firestein, 2001). The size and 

laminar cytoarchitecture of the olfactory bulb vary considerably among birds (Bang and 

Cobb, 1968; Cobb, 1960a; Nieuwenhuys, 1967). Some species have small, conjoined 

bulbs with thin layers that are barely visible, whereas in other species the olfactory bulb 

is large and complex with clear cellular laminae. Among some birds, the relative size of 

the olfactory bulb has been shown to be correlated with a number of ecological factors. 

Larger olfactory bulbs have been associated with water activity, nesting strategy, diet, 

and nocturnal or crepuscular activity (Bang, 1971; Cobb, 1960b; Healy and Guilford, 

1990).  
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In kiwi, the olfactory bulb has been suggested to be one of the largest of any bird 

examined (Bang and Cobb, 1968; Cobb, 1960a). However, the methods used to obtain 

this estimate have likely produced an inaccurate measure. In these studies, a millimetre 

ruler, under a dissecting microscope, was used to determine the greatest diameter 

(irrespective of axis) of one olfactory bulb and the greatest diameter (independent of axis) 

of the corresponding cerebral hemisphere. The ratio of the diameter of the olfactory bulb 

to the diameter of the cerebral hemisphere was then used as an indication of olfactory 

bulb size. As shown in Chapter 2, the forebrain is unusually large and elongated in kiwi, 

and thus may not be the best structure to which to normalize olfactory bulb 

measurements. The structure of the ‘olfactory bulb’, described in Chapter 2, is also 

sufficiently different from that of other birds, and this could also provide an inaccurate 

estimate of olfactory bulb size in kiwi.  

This Chapter will examine the trigeminal system (PrV and Bas) and re-examine the size 

and layering of the olfactory bulb and structure of the olfactory epithelium in kiwi to 

identify any specialisations associated with their tactile and olfactory abilities.  

5.2 Materials and Methods  

The data on the cytoarchitecture of the tactile and olfactory regions in the brain were 

compiled from the brains of 5 kiwi, (3 adults and 2 juveniles, one week and 2 months 

old), a one-day old chicken (Gallus gallus), an adult emu (Dromaius novaehollandiae), 

and a rock pigeon (Columba livia). Volumetric estimates of PrV, Bas, and the olfactory 

bulb were undertaken for the brain of one kiwi and the brains of emu, great tinamous 
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(Tinamus major), paradise shelduck (Tadorna variegata), rock pigeon, Indian peafowl 

(Pavo cristatus), wild turkey (Meleagris gallopavo), eastern rosella (Platycercus 

eximius), bar-tailed godwit (Limosa lapponica), spur–winged plover (Vanellus miles 

novaehollandiae)

Brains were processed, modelled and volumetric estimates obtained as described in 

Chapter 3. For estimates of olfactory bulb size, the borders were defined as the outer edge 

of the periventricular layer proximally and the outer edge of the olfactory fila distally. 

Some sections containing the olfactory bulb were also labelled with an NCAM antibody 

(clone 4d) (Frelinger and Rutishauser, 1986; Watanabe et al., 1986). The 4d monoclonal 

antibody developed by U. Rutishauser was obtained from the Developmental Studies 

Hybridoma Bank, developed under the auspices of the NICHD and maintained by the 

University of Iowa, Department of Biology, Iowa City, IA 52242. This antibody appeared 

to label the glomerular layer, olfactory fila, olfactory nerve, and olfactory receptor cells. 

Sections were processed using the procedure outlined in Chapter 3 and the primary 

antibody was diluted 1:250 in a buffer consisting of 0.01M PBS containing 2.5% normal 

horse serum and 0.4% Triton X-100.  

, pukeko (Porphyrio porphyrio melanotus), and Australian magpie 

(Cracticus tibicen). All brains were obtained following University of Auckland and 

Department of Conservation regulations (see Chapter 3 for more details on the species 

specimens and permits).  

The olfactory turbinate, which is lined with the olfactory epithelium, was dissected from 

a one-week old kiwi. The calvarium was first removed to expose the brain and an incision 

made to separate the bulb from the telencephalon. The brain was removed from the skull, 
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leaving the bulb in place. The bone that encapsulated the olfactory turbinate was 

removed, as was the beak. The olfactory turbinate was embedded in a solution of 15% 

gelatine and 30% sucrose at 40o C for one hour, and then allowed to cool and harden at 4o

5.3 Results 

 

C. After the block was hardened it was placed in 4% paraformaldehyde (PFA) overnight 

and then sectioned sagittally at a thickness of 40 µm. Sections were either mounted on 

slides and stained with cresyl violet, or labelled with the NCAM (4d) antibody following 

the procedure outlined in Chapter 3.   

5.3.1 Trigeminal system 

The principal sensory trigeminal nucleus (PrV) was identified on the basis of previous 

studies (Arends and Dubbeldam, 1984; Dubbeldam, 1980; Dubbeldam and Karten, 1978; 

Wild and Zeigler, 1996). In general terms PrV is found dorsolaterally in the brainstem at 

the level of the cerebellar peduncles, and is clearly visible in Nissl stained material where 

it appears as a round or oval nucleus that stains darker than surrounding areas. 

The cytoarchitecture of PrV varied considerably among the species examined in this 

study (Figure 5.1). In the kiwi, godwit, duck and parrot, PrV appeared particularly well 

developed, consisting of a densely packed cell group with well defined boundaries and 

obvious subdivisions within the nucleus. A very conspicuous ventral subdivision was 

seen in these species and is herein referred to as PrVv. In kiwi, the cell density of PrVv 

appeared much greater than in the other species and extended ventrally almost to the 

ventral edge of the brain. The relative size of PrV, when regressed against the hindbrain,  
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Figure 5.1. Coronal sections stained with cresyl violet showing the principal sensory trigeminal 
nucleus (PrVd and PrVv) in kiwi (Apteryx mantelli), godwit (Limosa lapponica), turkey 
(Meleagris gallopavo), duck (Tadorna variegata), parrot (Platycercus eximius) and pigeon 
(Columba livia). PrVd indicates the dorsal subdivision of PrV and PrVv the ventral. D: dorsal; 
V: ventral; R: rostral; C: caudal. Scale bar = 500      µm.

Figure 5.2. Results from the model II allometric analysis of the 
(PrV) for kiwi and eleven other species of birds.  Log PrV against log hindbrain. The solid line 
represents the regression line from the model II allometric analysis and the broken lines the 95% 
confidence intervals (CI). B: Residual plots for PrV against log hindbrain calculated from the 
regression line. * indicates that the value has exceeded the 95% confidence interval. Species for 
which data have been obtained are 
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(Limosa lapponica), Australian magpie (Cracticus tibicen), eastern rosella (Platycercus eximius), 
wild turkey (Meleagris gallopavo), Indian peafowl (Pavo cristatus), paradise shelduck (Tadorna 
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was also highly variable amongst the species examined in this study (Figure 5.2). The 

largest relative PrV size was found in the godwit and parrot, with the kiwi and duck 

having a slightly smaller PrV size but still outside of the 95% confidence interval of the 

regression function. The turkey, peacock magpie and emu had a hypotrophied PrV, the 

emu in particular.  

Nucleus basorostralis (Bas) was identified as a thin sheet of cells that surrounds the 

rostral face of the basal ganglia in sagittal sections. With the use of 

immunocytochemistry the delimitation of Bas became quite clear. The architecture of Bas 

was similar in all species except in godwit, duck and kiwi (Figure 5.3). In the godwit and 

duck, Bas is a large flat sheet which covers the lateral-rostral surface of the basal ganglia 

and extends nearly to the midline of the forebrain. A similar feature is also present in 

kiwi except that Bas is more laterally placed and extends further caudally. Based on my 

95% CI criterion Bas was hypertrophied in the kiwi, godwit, duck and pigeon and 

hypotrophied in emu, magpie, turkey and peacock when regressed against the 

telencephalon rest (Figure 5.4). When regressed against the hind brain, Bas was 

hypertrophied in kiwi and godwit and to a lesser extent in duck. Emu, turkey and peacock 

again had a hypotrophied Bas. 

The kiwi, godwit and duck were consistent in having a better developed and larger PrV 

and Bas than the other birds examined in this study. The parrot had a relatively large PrV 

but Bas did not appear to be enlarged. The emu, turkey and peacock were consistent in 

having the smallest relative size of PrV and Bas.  
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Figure 5.4. Results from the model II allometric analysis of the nucleus basorostralis (Bas) for kiwi 
(Apteryx mantelli) and eleven other species of birds. A: log Bas against log telencephalon rest. B: 
Bas against log hindbrain. The solid line represents the regression line from the model II allometric 
analyses and the broken lines the 95% confidence intervals (CI).  Residual plots calculated from the 
regression line for all birds are shown to the right. * indicates that the value has exceeded the 95% 
confidence interval. Species for which data have been obtained are kiwi (Apteryx mantelli), emu 
(Dromaius novaehollandiae), great tinamous (Tinamus major), spur–winged plover (Vanellus miles 
novaehollandiae), bar-tailed godwit (Limosa lapponica), Australian magpie (Cracticus tibicen), eastern 
rosella (Platycercus eximius), wild turkey (Meleagris gallopavo), Indian peafowl (Pavo cristatus), 
paradise shelduck (Tadorna variegata), rock pigeon (Columba livia), and pukeko (Porphyrio porphyrio 
melanotus)
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5.3.2 Olfactory system  

In kiwi, the structure of the olfactory bulb differs from that of other birds (Figure 5.5 A). 

Instead of showing the pedunculated structure that is typical of other birds, kiwi had an 

extensive cortical-like sheet that surrounded the frontal pole of the brain. In sections 

stained with cresyl violet, the external plexiform, mitral cell, internal plexiform, granule 

cell and periventricular layers were visible (Figure 5.6 A). Compared to the pigeon, the 

layers appeared better defined in the kiwi; in particular, the mitral cell layer, which was 

organised as a relatively thin, compact layer with a clear external and internal plexiform 

layers flanking it. In the mitral cell layer of pigeon, cells were more loosely packed and 

the external and internal plexiform layers were less well defined. The glomerular layer, 

olfactory fila and olfactory nerve were labelled by the NCAM antibody and could easily 

be identified in kiwi (Figure 5.6 B). The lamination of the olfactory bulb in kiwi, 

therefore, resembles that of other birds. The relative size of this cortical-like sheet was 

larger than the relative size of the olfactory bulb of all other species examined in this 

study (Figure 5.5 B). The pigeon was the only other species that had a hypertrophied 

olfactory bulb, whereas the emu, magpie, turkey, and peacock had relatively small 

olfactory bulbs.  

In kiwi, the turbinate structure, which is lined with the olfactory epithelium, appeared 

large and complex (Figure 5.7). In the epithelium, only the olfactory receptor cells were 

labelled with the NCAM antibody. The area of the epithelium that contained the receptor  
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Figure 5.5. Structure and size of the olfactory bulb in kiwi . A: Sagittal sections of 
the kiwi and pigeon (Columba livia) stained with cresyl violet showing the olfactory bulb (OB).  B: 
Results from the model II allometric analysis of the olfactory bulb for kiwi and ten other species of 
birds. The log of the olfactory bulb size is regressed against the log of the hindbrain size. The solid 
line represents the regression line from the model II allometric analysis and the broken lines the 95% 
confidence intervals (CI). The residual plot for the olfactory bulb against log hindbrain is shown to the 
right and is calculated from the regression line for all birds. * indicates that the value has exceeded the 
95% confidence interval. 

Abbreviations:  Cb: 
cerebellum; M: mesopallium; H: hyperpallium; N: nidopallium; St: striatum; V: ventricle; APH: area 
parahippocampalis; D: dorsal; Ve: ventral; R: rostral; C: caudal. Scale bar = 2 mm.
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rock pigeon (Columba livia), and pukeko (Porphyrio porphyrio melanotus). 

D

Ve

R C



EPL

GL

MCL
IPL

GgCL

PL

Kiwi Pigeon

OF

A

GL

OF

Nerve

B

Figure 5.6. Structure of the layers in the olfactory bulb of kiwi 
. A: Sagittal sections stained with of the kiwi and pigeon

. The layers are indicated on the left. B: results of immunolabelling of the olfactory bulb of kiwi. The 
NCAM antibody appears to have labelled the glomerular cells, the olfactory fila and the olfactory 
nerve. Abbreviations: OF: olfactory fila; GL: glomerular layer; EPL: external plexiform layer; MCL: 
mitral cell layer; IPL: internal plexiform layer; GgCL: granule cell layer; PL: periventricular layer.   

(Apteryx mantelli)and 
cresyl violet olfactory bulb in  

pigeon 
(Columba livia)

EPL

GL

MCL

IPL

GgCL

PL

OF



OB

mc

OB

n
n

n

n n

Nerve fibres 

Receptor cells

Receptor cells

Nerve fibres 

Nerve fibres 

# O
E

A

B

B1

B2

Figure 5.7. The olfactory nerve and structure of the turbinate and olfactory epithelium in the kiwi . A: Sagittal section 
stained with cresyl violet of the olfactory bulb, turbinate, and nerve in kiwi. B: similar section to A, but stained with an NCAM 
antibody, which appears to label the glomerular cells, olfactory nerve and olfactory receptor cells. B1 and B2: higher magnification 
images of the olfactory epithelium showing the receptor cells. Abbreviations:  mc: maxillary concha; n: nerve bundles; OE: olfactory 
epithelium; OB: olfactory bulb. # indicates a region where the olfactory receptor cells stop, after which non-olfactory cells start. D: 
dorsal; V: ventral; R: rostral; C: caudal. Scale bar = 2 mm      

(Apteryx mantelli)

.

D

V

R C

Cartilage 



 

115 

 

cells appeared to be large, suggesting that the overall surface area containing these cells 

was also large in kiwi (Figure 5.7 B). In kiwi, the olfactory ‘bulb’ is in direct contact with 

the olfactory epithelium. Therefore, instead of having a well defined single olfactory 

nerve, as in many other birds, kiwi have two or three fibre bundles that leave the 

epithelium and enter the cortical-like ‘bulb’ at different points. In Figure 5.7 A three 

separate nerve bundles can be seen to enter the olfactory bulb. In Figure 5.7 B, nerve 

fibres that have been labelled with the NCAM antibody (black staining) are seen as two 

separate nerve bundles that enter the olfactory bulb.  

5.4 Discussion 

In kiwi, the cytoarchitecture of the principal sensory trigeminal nucleus (PrV), which 

receives trigeminal sensory information primarily from the bill and oral cavity, appeared 

to differ from that of most of the other species examined in this study, but most closely 

resembled that of the godwit, duck and parrot. The relative size of PrV was large in kiwi, 

a feature that was also present in the godwit, duck and parrot. Relatively large PrV 

volumes for members of the Anseriformes and Charadriiformes have previously been 

described (Dubbeldam, 1990) and are consistent with the findings of this study. The 

architecture and size of nucleus basorostralis (Bas) was also similar in the kiwi, godwit 

and duck and the nucleus was more developed and hypertrophied than in other species 

examined in this study. Interestingly, the emu, the only other ratite examined, had by far 

the smallest relative PrV size and a hypotrophied nucleus basorostralis. The plover, 

which is in the same taxonomic group as the godwit (Charadriiformes), also had negative 

residuals for both the PrV and nucleus basorostralis size, although it did not meet the 

http://en.wikipedia.org/wiki/Anseriformes�
http://en.wikipedia.org/wiki/Charadriiformes�
http://en.wikipedia.org/wiki/Charadriiformes�
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criterion to be classified as hypotrophied. Neither emu nor plover show any obvious 

feeding adaptations associated with the bill and are considered to use visual guidance for 

foraging. Taken together, these data suggest that lineage is not associated with the 

enlargements of PrV that were found in the kiwi and godwit. 

In Anseriformes, Charadriiformes, and Psittaciformes tactile information is thought to be 

of particular importance for behaviours such as feeding and preening. In the mallard 

(Anas platyrhynchos) it has been shown that the tactile sense is important for the 

detection, recognition, and transportation of food through the mouth (Berkhoudt, 1980; 

Zweers et al., 1977). In parrots, which exhibit complex manipulative ability of the beak 

and tongue (e.g. Cacatua roseicapilla Wild, 1981), and in shorebirds (e.g. Calidris alba 

Gerritsen and Meiboom, 1986), which use the bill for detecting and selecting food, tactile 

information from the bill plays a crucial role. Because tactile information from the beak 

and tongue is relayed to PrV and is processed in nucleus basorostralis (Bas) (Berkhoudt 

et al., 1981; Dubbeldam, 1990; Dubbeldam et al., 1981; Wild, 1985; Wild and Farabaugh, 

1996; Wild et al., 2001; Witkovsky et al., 1973), the large PrV and Bas sizes found in the 

godwit, duck and the large PrV found in parrots are probably the result of selective 

pressures towards the enhanced processing of this information. The enlargement of PrV 

and Bas in kiwi further supports the idea, first suggested by Martin et al. (2007), that the 

bill tip of kiwi is specialised for the detection and localisation of prey beneath the ground, 

as in Charadriiformes.  

Although PrV has been shown to receive trigeminal inputs, it also receives 

glossopharyngeal input in ducks, and a massive hypoglossal input in seed eating species 

http://en.wikipedia.org/wiki/Anseriformes�
http://en.wikipedia.org/wiki/Charadriiformes�
http://en.wikipedia.org/wiki/Charadriiformes�
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such as finches and budgerigars (Arends and Dubbeldam, 1984; Dubbeldam, 1980; 

Dubbeldam and Karten, 1978; Wild and Zeigler, 1996). PrV has also been shown to be 

somatotopically organised, with distinctive mandibular, ophthalmic, and maxillary zones 

(Wild and Zeigler, 1996). In addition to the projection from PrV, Bas receives auditory 

input from the lateral lemniscus (Arends and Zeigler, 1986; Delius et al., 1979; Hall et 

al., 1993; Maekawa, 1987; Schall et al., 1986; Wild and Farabaugh, 1996; Wild et al., 

2001), and a vestibular input in a few species (Schall et al., 1986; Wild and Farabaugh, 

1996). Bas also differs in the somatosensory representations between species. In pigeons 

and finches, Bas contains representations of the beak and cochlea (Funke, 1989; Wild, 

1987a; 1997; Wild and Farabaugh, 1996), whereas in the budgerigar and barn owl there 

is, in addition, a complete somatotopic representation of the whole body (Wild et al., 

2001; Wild et al., 2008; Wild et al., 1997). Therefore, the size of PrV and Bas could have 

been influenced to some extent by other sensory information and, indeed, by auditory 

processing or by the extent to which different body regions are represented in Bas. 

Although it could not be determined which regions of PrV and Bas are enlarged, their 

overall large size, and the high density of mechanoreceptor in the beak tip (Cunningham 

et al., 2007), suggests that peripheral sensory specialisations of the bill have coevolved 

with the enlargement of their neuronal processing areas in the central nervous system.  

In adult kiwi the structure of the olfactory bulb appears to be unique, in that it is not 

pedunculated, but instead forms a cortical-like sheet surrounding the rostral pole of the 

brain, adjacent to and in direct contact with the nidopallium. All of the layers that 

characterise the avian olfactory bulb can be identified in this cortical-like sheet. This 

structural modification appears to be formed at a relatively late period of development, 
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because in kiwi embryos and young hatchlings a more typical bulb structure is observed 

(personal observations and Kraabe, 1959). Gradually, during development, 

morphological transformations of an unknown nature in the rostral telencephalon change 

the pedunculated bulb into a cortical-like structure. 

In kiwi, the size of the olfactory bulb also differs from that of all other birds and its 

relative size was larger than all other species examined in this study. In Bang and Cobb 

(1968) the diameter of the bulb for kiwi was determined to represent 34% of that of the 

hemisphere. This ratio was the second highest of any of the bird species examined, 

second only to the snow petrel (Pagodromo nivea). It should be noted that, due the 

structure of the olfactory bulb in kiwi (cortical like sheet surrounding the front of the 

forebrain), Bang and Cobb’s estimates of its size would probably have included part of 

the nidopallium (Bang and Cobb, 1968), yielding an overestimate of bulb diameter. There 

was also some noteworthy difference between the two studies that provide more evidence 

for the need of a more accurate estimate of olfactory bulb size in other species. For 

example, in Bang and Cobb (1968) the ratio of bulb diameter to hemisphere diameter was 

18 in the pigeon and 23 in the pukeko. Results obtained in the current study suggested 

that the relative size of the olfactory bulb in pigeon was larger than that of the pukeko. A 

possible explanation is that in pigeon the relative telencephalon size was smaller than in 

nearly all other species; including the pukeko and that this has resulted in an 

underestimation of olfactory bulb size in the pigeon. In the current study the olfactory 

bulb was normalised to the size of the hindbrain, which is much less variable among 

species than the size of telencephalon (Portmann, 1947). Therefore, it seems reasonable 

to assume that the measurement obtained by Bang and Cobb (1968) for the kiwi olfactory 
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‘bulb provides an inaccurate measure, due to an enlargement of the telencephalon 

(described in Chapters 2 and 3) and the structure of the ‘olfactory bulb’ as described here.  

The turbinate structure, which is lined with the olfactory epithelium and olfactory 

receptor cells, appears large and complex in kiwi. The olfactory ‘bulb’ is also in direct 

contact with the olfactory epithelium and, instead of one single nerve bundle leaving the 

epithelium and entering the olfactory ‘bulb’ as in most other species, two or three nerve 

fibre bundles were observed. Multiple nerve fibre bundles are also present in many 

procellariiform seabirds, in particular, the snow petrel (Wenzel, 1971). It is thought that 

the massive size of the turbinate structure in this species imposes physical constraints on 

the morphology of the olfactory nerve bundle, which therefore passes directly to the bulb 

and distributes widely over its surface (Wenzel, 1987). Procellariiform seabirds also have 

some of the largest relative olfactory bulb sizes in birds and it has been suggested that 

there is a positive relationship between the surface area of the olfactory epithelium and 

the relative size of the olfactory bulb size (Bang and Cobb, 1968). The well developed 

olfactory abilities of procellariiform seabirds have been well characterized, particularly 

with respect to olfactory-based foraging strategies. Moreover, it has been shown that 

several species of storm-petrels (Oceanodroma sp.), prions (Pachyptila sp.), and gadfly 

petrels (Procellaria sp.) are able to detect dimethyl sulfide (DMS) caused by the 

breakdown of phytoplankton (Nevitt, 1999; Nevitt et al., 2004; Nevitt et al., 1995). 

Although there is no clear physiological mechanism linking relative olfactory bulb size 

with the ability to detect odours (Roper, 1999), it has been shown that larger olfactory 

bulbs contain more mitral cells and that the functional layers are much thicker (Wenzel 
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and Meisami, 1987), suggesting some correlation with the size and structure of the 

olfactory bulb with olfactory acuity.   

It has been proposed that olfactory acuity is an ancestral condition that has gradually been 

replaced by visual and auditory acuity in some modern birds (Wenzel, 1971). This is 

because of the tendency for more ancestral groups, such as Procellariiformes (petrels and 

albatrosses) and Apterygiformes (kiwi), to have proportionally larger olfactory bulbs than 

more recently evolved groups such as Passeriformes (Wenzel, 1971). In the current study, 

however, the olfactory bulb of the emu, turkey, and peacock, which are considered to 

have diverged earlier than other avian groups, had some of the smallest relative olfactory 

bulb sizes, which does not support this proposal. It is more likely that the large olfactory 

bulb in kiwi has evolved in association with specific ecological factors, in particular, with 

their nocturnal behaviour and feeding modality (Healy and Guilford, 1990). In a 

nocturnal environment, and in the absence of reliable vision, a well developed olfactory 

system may facilitate the detection and localisation of prey, as shown by Wenzel (1968; 

1971).  

The reliance upon tactile and olfactory information rather than visual information is 

reminiscent of the situation in many nocturnal mammals, such as rodents. It suggests the 

independent evolution in kiwi of similar sensory performances that are tuned to a 

common set of perceptual challenges presented by the nocturnal forest floor environment 

where vision may be a less reliable sensory modality (Dusenbery, 1992). 
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5.5 Summary 

The results described in this Chapter suggest that kiwi rely heavily on both tactile and 

olfactory cues to function in their nocturnal environment. Indeed, the olfactory 

epithelium and bulb were found to be very large, and the structure of the latter appeared 

to differ considerably from that of other birds. Also, the principal sensory trigeminal 

nucleus and nucleus basorostralis, which receive information from the tactile sense 

organs in the beak and tongue, were hypertrophied in the kiwi, as were in godwit and 

duck, known feeding specialists having tactile specialisations of their beak and tongue. 
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Chapter 6  

Kiwi auditory system 

6.1 Introduction 

6.1.1 Hearing  

Most birds rely heavily on their sense of hearing for communication in territorial, social 

and sexual contexts and the detection of alarm signals. Some birds, such as barn owls 

(Tyto alba) (Konishi, 1973), rely on hearing for passive sound localisation of prey; 

others, such as oilbirds (Steatornis caripensis) are capable of active echolocation 

(Konishi and Knudsen, 1979). Much is known about hearing in birds (Dooling et al., 

2000; Hienz et al., 1977; Konishi, 1970). In general, birds hear best between 1,000 and 

5,000 Hz, with absolute sensitivity approaching 0–10 dB SPL in the frequency of best 

hearing (typically around 2,000–3,000 Hz). Some species are more sensitive towards the 

lower end of the range, e.g., pigeons (Columba livia) (Kreithen and Quine, 1979) and 

other species towards the higher end, e.g., barn owls (Konishi, 1973). Barn owls are 

known to have both good absolute sensitivity and excellent high-frequency hearing 

compared with other birds (Konishi, 1973; Payne, 1971). In some birds, hearing 

sensitivities reflect the dominant frequencies within their vocalisations, suggestive of co-

evolution of hearing and vocalisations (Dooling et al., 2000; Dooling et al., 1971; 

Dooling and Saunders, 1975). However, a mismatch between vocal production and 

hearing sensitivity has been shown in other species, e.g. in the hummingbird 
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(Trochilidae: Apodiformes) (Pytte et al., 2004). This species produces songs with 

frequencies that extend well into the ultrasonic range (up to 30 kHz), although their 

hearing range does not extend above 7 kHz. Thus, the spectral structure of vocalisations 

is not necessarily a good predictor of hearing range.  

6.1.2 Anatomy of hearing organs 

The hearing sensory epithelium of birds is the basilar papilla (BP). Unlike the 

mammalian organ of Corti, which is coiled and has hair cells organised in discrete rows, 

the basilar papilla in birds is elongated and flat, with hair cells arranged in a complex 

mosaic (Manley et al., 2004). Like mammals, birds show a differentiation of auditory hair 

cells into two types, these being the tall hair cells (THC) and the short hair cells (SHC) 

(Fischer, 1992; 1994a; Takasaka and Smith, 1971). Unlike mammals, however, hair cells 

on the avian papilla show a gradual change from the THC extreme found at the neural 

edge of the BP to the SHC extreme found at the abneural edge of the BP (Fischer, 

1994a). Avian hair cells are therefore classified using a shape factor, which is the ratio of 

the hair cell’s height to its width: hair cells with a shape factor of less than 1 are classified 

as SHC and hair cells with a shape factor greater than 1 are classified as THC (Takasaka 

and Smith, 1971). The innervation pattern also provides a basis for distinction between 

the two types of avian hair cells. Tall hair cells have large afferent terminals and receive 

small efferent contacts, whereas SHC receive only large efferent contacts (Fischer, 1992; 

1994a). This innervation pattern gradually changes from the neural to the abneural side of 

the papilla. In addition to hair cell shape and innervation pattern, a number of other 

parameters have been shown to follow a morphological gradient along the basilar 
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papilla’s width as well as along its length (Counter and Tsao, 1986; Fischer et al., 1988; 

Gleich and Manley, 1988; Gleich et al., 1994; Jorgensen and Christensen, 1989; Köppl et 

al., 1998; Manley et al., 1996; Manley et al., 1993; Tilney and Saunders, 1983). These 

include the hair cell’s apical surface area, stereovilli bundle shape and orientation, height 

and diameter of the stereovilli, and number of stereovilli per hair cell. These 

morphological gradients underlie the basilar papilla’s tonotopic organisation with high 

frequencies being mapped basally and low frequencies apically (Manley et al., 1987).  

The morphology of the basilar papilla and associated hair cells has now been described in 

a number of avian species, ranging from those that have high or low frequency hearing, 

and those that are auditory generalists or specialists [chicken, Gallus gallus (Manley et 

al., 1996; Tilney and Saunders, 1983), seagull, Larus marinus (Counter and Tsao, 1986), 

starling, Sturnus vulgaris and pigeon (Gleich and Manley, 1988), barn owl (Fischer et al., 

1988), rhea, Rhea americana (Jorgensen and Christensen, 1989), budgerigar, 

Melopsittacus undulatus (Manley et al., 1993), canary, Serinus canaria and zebra finch, 

Taeniopygia guttata (Gleich et al., 1994), duck, Aythya fuligula (Manley et al., 1996), 

and emu, Dromaius novaehollandiae (Köppl et al., 1998)]. These studies have provided 

sufficient evidence that hair cell morphology can be used as an accurate predictor of 

frequency sensitivity. The best known example of the relationship that exists between 

hair cell morphology and frequency sensitivity is found in the barn owl’s basilar papilla, 

where a morphological gradient in the basal half of basilar papilla is absent, reflecting the 

owl's extended high-frequency hearing range and its special emphasis of frequencies 

between 5 and 10 kHz (Fischer et al., 1988; Köppl et al., 1993).  
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6.1.3 Auditory nerve 

The auditory nerve forms the link between the cochlear receptors and the brain. In birds it 

carries the afferent and efferent fibres of both the basilar papilla and the lagenar macula, a 

vestibular-like structure situated at the apical end of the cochlea duct. The afferent 

component of the cochlear nerve contains mostly myelinated fibres, with only 3% of 

afferent fibres being unmyelinated in the chicken (Fischer et al., 1994). Beginning at both 

ends of the papilla, exiting afferent fibres travel parallel to the papilla successively 

joining other fibres, and finally merging with the fibre bundle originating from the 

opposite end to exit through the internal auditory meatus.  

6.1.4 Central auditory system 

In the brainstem of birds, auditory stimuli are initially processed by two separate cochlear 

nuclei, nucleus magnocellularis (NM) and nucleus angularis (NA), both of which receive 

direct innervation from the auditory nerve (Ramón y Cajal, 1908; Takahashi et al., 1984). 

NM projects topographically to both ipsi- and contralateral nucleus laminaris (NL) (Carr 

and Konishi, 1990; Parks and Rubel, 1975; Parks and Rubel, 1978; Sullivan and Konishi, 

1984; Young and Rubel, 1986). In chickens, emus and barn owls the NM projections to 

NL have been shown to form a circuit suited for the detection of interaural time 

differences (ITDs), which are used for sound localisation (Carr and Konishi, 1990; 

Funabiki et al., 1998; Hyson, 2005; Hyson et al., 1989; Jeffress, 1948; MacLeod et al., 

2006; Sullivan and Konishi, 1986). Both NA and NL provide ascending projections to the 

superior olivary nucleus (OS), which in turn provides descending (feedback) inhibitory 
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input to NM, NA and NL (Carr et al., 1989; Lachica et al., 1994; Takahashi and Konishi, 

1988a; Westerberg and Schwartz, 1995; Yang et al., 1999). Nucleus angularis and NL 

also project to the nuclei of the lateral lemniscus and to nucleus mesencephalicus 

lateralis, pars dorsalis (MLd), also known as the torus semicircularis, or the central 

nucleus of the inferior colliculus (Ariëns Kappers et al., 1936; Boord, 1968; Conlee and 

Parks, 1986; Puelles et al., 1994; Takahashi and Konishi, 1988a; b; Wild, 1995). Nucleus 

MLd and both the ventral and dorsal nuclei of the lateral lemniscus then project upon 

nucleus ovoidalis (Ov) and nucleus parovoidalis (Ovp) of the dorsal thalamus (Karten, 

1967; Wild, 1987b).  

Nucleus magnocellularis (NM) and nucleus angularis (NA) 

Nucleus magnocellularis and NA are specialised for the extraction of time and intensity 

information, respectively, the two main cues used for sound localization (Köppl, 2001; 

Köppl and Carr, 2003; Moiseff, 1989; Takahashi et al., 1984). Nucleus magnocellularis 

cells have comparatively large somas and are round or oval shaped. The NM has been 

subdivided into a main nucleus (NM proper) and a distinct uncinate region at its caudal 

pole, sometimes called the ‘hook’ region (Boord and Rasmussen, 1963; Köppl and Carr, 

1997; Takahashi and Konishi, 1988b). Nucleus magnocellularis is tonotopically 

organised, with low best frequencies mapped caudolaterally and high best frequencies 

mapped rostromedially (Rubel and Parks, 1975; Rubel et al., 1976; Takahashi and 

Konishi, 1988b). The cells in NM proper have few dendrites, and the number of dendrites 

decreases from low to high best frequency regions of the nucleus (Carr and Boudreau, 

1993; Rubel and Parks, 1975; Rubel et al., 1976). The principal cells located in NM 
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proper receive specialised calyceal synaptic endings from the auditory axons, termed 

endbulbs of Held (Held, 1893; Jhaveri and Morest, 1982; Köppl, 1994). Nucleus 

angularis appears to be morphologically and functionally more heterogeneous than NM, 

with several neuronal types and physiological response patterns having been identified 

(Boord and Rasmussen, 1963; Hausler et al., 1999; Hotta, 1971; Köppl, 2001; Köppl and 

Carr, 2003; Sachs and Sinnott, 1978; Soares and Carr, 2001; Sullivan, 1985; Warchol and 

Dallos, 1990).  

Nucleus laminaris (NL) 

In chickens NL has been described as a flat, oblique plate of clear grey matter housing 

small bitufted cells organised in a monolayer in the centre of the lamina (Rubel and 

Parks, 1988). Nucleus laminaris is also tonotopically organised and the length of 

dendritic tufts of NL cells varies systematically along the tonotopic axis. Neurons in NL 

in chickens that are tuned to low best frequencies (BF) are associated with longer 

dendritic trees and fewer primary dendrites, whereas neurons tuned to high BFs are 

associated with numerous short primary dendrites (Jhaveri, 1982; Kuba et al., 2005; 

Smith and Rubel, 1979; Smith, 1981). In emus, NL cells are also arranged in a monolayer 

in the centre of the nucleus, surrounded by a clear neuropil (Kubke and Carr, 2006). Here 

too, a gradient in dendritic length is seen along the presumed tonotopic axis (MacLeod et 

al., 2006).This morphological organisation of NL seen in chickens and emus, is also seen 

in crocodilians, and is thus considered to represent the plesiomorphic morphotype (Ariëns 

Kappers et al., 1936; Kubke and Carr, 2000; 2006; Kubke et al., 2002b; MacLeod et al., 

2006). In barn owls the organisation of NL constitutes instead an apomorphic 
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morphotype, which has been described as consisting of sparsely distributed cells in a 

thick neuropil rich in myelinated fibres. Instead of being bitufted, barn owl NL cells have 

numerous short dendrites distributed around the soma (Carr and Boudreau, 1993; Carr et 

al., 1998; Kubke and Carr, 2000; Kubke et al., 2002b). This derived organisation of NL is 

thought to have arisen in association with the barn owl’s particularly acute high 

frequency hearing (up to 10 kHz), its sensitivity across a wide range of frequencies and 

its enhanced ability to encode auditory temporal cues for precise sound localisation 

(Dooling et al., 2000; Dyson et al., 1998; Konishi, 1973; Kubke and Carr, 2006; Van 

Dijk, 1973). Many other bird species exhibit an organisation in NL that is intermediate 

between barn owl and chickens, with the owl-like morphotype probably associated with 

high frequency coding (Kubke and Carr, 2006). 

Kiwi have evolved a complex system of vocal communication, as evidenced by their 

vocal behaviour and call structure (Colbourne and Kleinpaste, 1984; Corfield, 2005; 

Corfield et al., 2008), which is likely associated with an adaptation to life on the ground 

at night. Since many morphological parameters of the brain and basilar papilla correlate 

with frequency sensitivities and specialisations, an essential initial step in understanding 

the auditory system of the kiwi is to describe the cochlea, auditory nerve and central 

auditory system. Comparisons can then be made with the wealth of data that exists for 

other species to make accurate prediction on the evolution of hearing and auditory 

processing in the kiwi.  
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6.2 Materials and Methods 

6.2.1 Cochlea 

The data reported here on the cochlea and auditory nerve of kiwi are derived from 4 

North Island brown kiwi specimens (one adult and 3 juveniles, the juveniles ranging in 

age from 1 week to 3 months old). Kiwi are precocial birds and hatch fully developed and 

equipped to independently survive in their environment. Because of this it can be 

assumed that the auditory system of juvenile kiwi is in many respects adult-like, although 

it may argued that the auditory system may not be fully developed in the 1 week old 

chick (Dmitrieva and Gottlieb, 1992; Saunders, 1974; Saunders et al., 1973). Studies in 

the emu found that the morphology of the basilar papilla in hatchling emus showed small 

differences from that in the adults (Köppl et al., 1998). In developing chickens, however, 

the full number of hair cells is present 10 days prior to hatching (Tilney and Tilney, 

1986). Only the data of the hair cell width:height ratios were obtained from the 1 week 

old specimen.  

6.2.1.1 Light microscopy 

One isolated kiwi cochlea obtained from the 1-week old kiwi chick of unknown sex was 

dehydrated in a graded series of ethanol and embedded in araldite by sequentially 

immersing it in a solution of increasing concentration of araldite in propylene oxide. The 

entire basilar papilla was then cut into a series of 5 µm-thick cross sections. To maintain 

sections that were orthogonal to the long axis of the basilar papilla, the angle of 

sectioning was adjusted in areas of pronounced papilla curvature. Sections were mounted 
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onto superfrost slides, flattened on a hot plate at 60o

6.2.1.2 Scanning electron microscopy (SEM)  

C and stained with a 1% aqueous 

solution of toluidine blue. At 10% intervals along the basilar papilla, three neighbouring 

sections were then selected for detailed analysis. The sections were digitised using a 

Nikon Digital Sight cooled colour camera attached to a Leica DMR upright microscope 

and an oil immersion 100X objective. These images were used for the classification of 

hair cells into THCs and SHCs (see Section 6.2.1.3.1.).  

Three isolated kiwi cochlea (one adult male, one juvenile female and one juvenile male), 

were washed in PBS buffer and lightly stained with Janus Green. The tegmentum 

vasculosum, tectorial membrane, lagenar otolith and overhanging parts of the lagena 

were carefully dissected away with fine forceps (Figure 6.1). The cochleae were then 

postfixed in 1% OsO4 in PBS and dehydrated in a graded series of increasing 

concentrations of ethanol. Specimens were then critical-point dried in carbon dioxide, 

mounted on specimen mounting stubs and sputter-coated with a thin layer of gold.  

Specimens were viewed using a Philips XL30S FEG (University of Auckland) and a 

Zeiss ULTRA plus (University of Sydney, Australia) scanning electron microscopes at 5 

and 20 kV acceleration voltage, respectively. The entire basilar papilla was first 

documented as a series of photographs with a final print magnification of 800X that were 

used to produce a photomontage of the entire structure. During this process each 

specimen was rotated and tilted so that a perpendicular view of the papilla's surface was 

maintained throughout. The length and width of the basilar papilla and the total number 

of hair cells were then determined from this photomontage. Ten percent intervals along  



1mm

Figure 6.1. Light microscopy image of the cochlea of the kiwi. A and B: different views of an 
isolated cochlea showing the auditory nerve (A) and the tegmentum (B). C: the isolated 
cochlea as seen after removal of the tegmentum and staining with Janus green. The red dotted 
line demarcates the boundary of the basilar papillar.    
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the papilla were selected from this photomontage to be used for detailed analysis of hair 

cell parameters. At each 10% longitudinal position, a strip of basilar papilla from the 

neural to the abneural edge (approximately 40 µm wide) was imaged at a magnification 

of 6,500X. The images from each longitudinal position were merged using the 

Photomerge function of Adobe Photoshop (v 10.0, Adobe System Incorporated) and the 

hair cell bundle orientation was determined in all fully visible bundles (34 near the basal 

end of the papilla, up to 105 near the apical end). Also, at each longitudinal position, 3-5 

stereovillar bundles at neural, medial and abneural regions of the papilla were imaged at a 

magnification of 25,000X. The papilla was tilted so that the images obtained were 

perpendicular to the bundle for stereovillar counts and parallel to the bundle for 

stereovillar height. Because of the limitations associated with tilting the specimens, 

stereovillar heights could only be obtained along the neural edge of the cochlea of one of 

the specimen (NB20) and along a small section of the abneural edge in the cochlea of 

another specimen (NB10).  

6.2.1.3 Morphological quantification 

Analysis of light microscopy images 

The parameters that were measured under light microscopy were defined as follows: 

Width of basilar papilla was defined as the distance between the neural and abneural 

edge of the hair cell and supporting-cell area, measured along a curved line following the 

cell surfaces; Position of a hair cell across the papilla represents the distance between the 

neural edge of the papilla and the middle of the hair cell apical surface; Height of a hair 

cell was measured as the distance between the middle of the cell's apical surface and the 
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lowest point on the cell's basal pole; Width of a hair cell was measured at the papillar 

surface; this was usually the widest point of a hair cell in cross-section; Ratio of height to 

length: the ratio of hair cell height to width (shape factor) is the most commonly used 

criterion to distinguish between tall and short hair cells in the avian basilar papilla (e.g. 

Köppl et al., 1998). Tall hair cells (THC) have a shape factor greater than 1, short hair 

cells (SHC) less than 1. 

Analysis of SEM images 

The parameters measured from SEM images are defined as follows: Length of basilar 

papilla was obtained from a curved line along the midline of the epithelium. To estimate 

the in vivo length, the value was corrected assuming a tissue shrinkage of 25% due to 

critical-point drying for SEM (Gleich and Manley, 1988); Width of basilar papilla was 

measured as the distance between the neural and abneural edges measured along a 

straight line perpendicular to the neural edge; Total number of hair cells were obtained 

from the photomontage of the entire basilar papilla using ImageJ 

(http://rsbweb.nih.gov/ij/) to count all exposed hair cells; Orientation of stereovillar 

bundle was determined as the angle of the long axis of the bundle relative to the neural 

edge of the basilar papilla at the same longitudinal position. Near-zero angles thus 

indicate an orientation parallel to the neural edge. Positive angles indicate a deviation by 

which the tallest stereovilli are facing towards the papillar apex. Cells with negative 

angles have their tallest stereovilli facing the papillar base; Number of stereovilli per 

bundle was obtained from the complete count of stereovilli in well-preserved hair cell 

bundles (i.e., bundles that had not fallen over and where all stereovilli could be 
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indentified). Maximal stereovillar height is the height of the tallest stereovilli measured 

from the tip of the stereovilli and the hair cell's apical surface. Because of the difficulty in 

determining whether the full extent of the stereovilli was shown in the image, heights of 

the tallest three individual stereovilli were obtained and the tallest of these was then used 

for analysis. 

6.2.1.4 Predictions of best frequencies 

Stereovillar number and height are two salient parameters that determine a hair cell 

bundle’s micromechanics and thus its preferred frequency response (see review in Gleich 

and Manley, 2000). Quantitative data on stereovillar number and height were used to 

calculate an estimate of the expected resonance frequencies for individual hair bundles 

for the kiwi, chicken, barn owl and emu. Resonance frequencies are determined by 

bundle radius, mass and stiffness from quantitative data on stereovillar number and 

height, and assuming a rotational stiffness of 2*10-14

In chickens, emus and barn owls, the range of frequencies (in octaves) that the calculation 

predicted was compared with the known octave range of hearing (Gleich and Manley, 

2000; Köppl et al., 1993; Köppl and Manley, 1997). This showed that the calculation 

always predicted a too-small range, by a factor of ~2. Therefore, the number of octaves 

predicted from the calculation was multiplied by 2 in kiwi. To derive an estimate of the 

 Nm/rad (Crawford and Fettiplace, 

1985) (see below for formulae). Absolute resonance frequencies derived from this 

calculation are nonsensical because in vivo hair bundles are loaded and coupled into 

larger units by the overlying tectorial membrane. However, this calculation does provide 

an approximation of frequency representation along the papilla in kiwi. 
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kiwi upper best frequency (BF) limit, the hair cell morphology of the chicken, for which 

the actual frequency mapping functions are known, were used as a standard. In kiwi, the 

bundles of the basal-most hair cells were nearly identical to the bundles in hair cells of 

chickens that are known to be most sensitive to 5 kHz. Therefore the upper BF-limit for 

the kiwi was set at 5 kHz. The number of octaves that had been estimated for kiwi and 

the upper BF-limit were then used to predict the lower BF-limit. The different parameters 

were measured as follows: 

 

Where SVn = median stereovillar number; SVh = height of the tallest stereovilli; upper 

BF = the estimated upper best frequency based on the hair cell morphological of the 

chicken, lower BF = the estimated lower best frequency.  
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6.2.2 Auditory nerve 

The results obtained from the left auditory nerve of one juvenile kiwi are reported. The 

auditory nerve, including the auditory-vestibular ganglion and cochlea, were dissected 

out. The nerve was sectioned at the level of its entrance to the cochlea using fine iris 

scissors, washed in PBS buffer and cryoprotected in 30% sucrose in PBS. The nerve with 

the ganglion was then embedded in albumin-gelatine and serial sections 100 µm in 

thickness were cut in a sliding microtome. The floating sections were collected in PBS 

and examined under low magnification to select sections at the level of the central nerve. 

Nerve sections at this level contain both the afferent and efferent fibres that supply the 

basilar papilla and the lagenar macula (Köppl et al., 2000). Sections were then postfixed 

in 1% OsO4 in PBS for 2 hours, washed, and dehydrated in a graded series of alcohols. 

To prevent distortion of the sections, they were restrained in a flat position with a 

custom-built holder used during the dehydration process. Sections were embedded in 

araldite:propylene oxide using BEEM embedding capsule moulds and pre-prepared Epon 

epoxy cylinders to keep sections at the bottom of the mould. Semi-thin (1-2 µm) sections 

were cut, mounted on superfrost slides and flattened by waving a chloroform soaked 

cotton bud over the section on a hot plate. Sections were stained with a 1% aqueous 

solution of toluidine blue and coverslipped with DePeX (Serva) from xylene. 

The best nerve section (judged by the quality of staining and by whether it was sitting 

entirely flat on the slide) was imaged under a Leica DMR upright microscope, a Nikon 

Digital Sight cooled colour camera, and a 100X oil immersion objective. The resulting 

images were merged using the Photomerge function of Adobe Photoshop (v 10.0, Adobe 
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System Incorporated). Axons were counted manually using ImageJ (v1.34s, National 

Institutes of Health, USA). For analysis, each axon profile (enclosed by, but excluding, 

the myelin sheath) was identified and coloured white while everything else was coloured 

black, resulting in an image with only white axons on a black background. This image 

was then analysed using analySIS (Soft Imaging Software, Muster, Germany). Two 

measurement parameters were used to describe the axonal size: the equivalent circle 

diameter (ECD) and the minimum diameter. Because occasionally fibres were sectioned 

at an oblique angle, only axons with a shape factor (a measure of roundness) of less than 

2 were included in the analysis (Köppl, 1997). It was assumed that all fibres counted in 

this study are afferent, since efferent fibres are unmyelinated and too small to see with 

this technique (Köppl et al., 2000). 

6.2.3 Central auditory system 

The data presented in this section were obtained from 3 kiwi, one adult and 2 juveniles 

(one week and 2 months old). Brains were perfused using 4% paraformaldehyde (PFA) in 

0.1M PB shortly after the animals were pronounced dead by the Massey University 

(Palmerston North) veterinarian. All brains were cryoprotected in 30% sucrose in 0.01 M 

PBS until they had sunk (3 days to 1 week). The brains were processed and 3D models 

were obtained as described in Chapter 3. The brains of the adult and 1 week old 

specimens were cut in the coronal plane, and the 2 month old specimen was cut sagittally, 

and this was the brain used for 3D modelling.  
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6.2.3.1 Dextran amine labelling of the VIIIth nerve 

Chicken embryos at the pipping stage were anesthetised with pentobarbital, decapitated, 

the brain removed and the brainstem separated from the forebrain. A small amount of the 

neural tracer (Alexa 594-coupled dextran amine) was placed onto the cut end of the 

auditory nerve using fine forceps. The brainstem was placed for 3 hours in ACSF 

(artificial cerebro-spinal fluid) consisting of: 119 mM NaCl, 2.5 mM KCl, 1.3 mM 

MgCl2, 2.5 mM CaCl2, 1 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM glucose; with 

continuous bubbling with 95%O2/5%CO2. The brainstems were then placed in 4% PFA 

and kept in the dark until they were cut. The brainstems were cryoprotected in 30% 

sucrose in 0.01M PBS for 2 days. The region containing the auditory nerve, the cochlear 

nuclei and NL was sectioned on a freezing microtome at 50 µm, and the sections 

mounted on subbed slides and coverslipped with Citifluor (Glycerol/PBS solution). 

Imaging was undertaken on a Leica TCS SP2 confocal microscope. 

6.2.3.2 Dendritic analysis of NL 

Because all available data on NL dendritic morphology have been obtained from very 

young or embryonic birds, dendritic measurements from kiwi NL were mainly obtained 

from a juvenile kiwi approximately 2-3 months of age. It was not possible to obtain a 

hatchling or embryonic kiwi and the implications of this will be discussed later. Sagittal 

sections of NL stained with cresyl violet were imaged using a Nikon Eclipse 80i light 

microscope and camera and a 20X objective. The dendrites of NL neurons could be 

visualised using dark field filters. Images were merged using the Photomerge function of 

Adobe Photoshop and imported into ImageJ. For each image the entire rostrocaudal 
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length of NL was measured from the most caudal cell to the most rostral cell. For each 

cell, its distance from the most caudal cell was determined, and the length of its ventral 

and dorsal dendrites (from the base of the dendrite to the tip of the tuft) was measured. 

Measurements were only obtained from cells that were clearly positioned within a 

monolayer. From each image, and at 10% intervals along the NL rostrocaudal length, the 

width of the entire neuropil (consisting of the dorsal and ventral dendritic tufts and 

including the cell body) was also obtained. To validate the comparisons of these data to 

that previously published (MacLeod et al., 2006), neuropil measurements were also 

obtained from an emu hatchling, an adult emu and an adult kiwi. MacLeod et al. (2006) 

provide a formula that define the length of the NL dendrites as a function of frequency: 

length = -86.86*ln(f) + 777.12, where f is frequency and length is the thickness of the 

entire neuropil. (Note that in the original publication there is a typographical error in the 

formula where the dependent and independent variables are swapped.) The dendritic 

length for emu NL neurons provided in MacLeod et al.’s study were different when 

measures of the NL neuropil or measures obtained from biocytin filled neurons were 

used. The authors however, used the neuropil measurements for the calculation of the 

formula constants. The dendritic data obtained in this thesis is more in agreement with 

the values provided by MacLeod et al. based on intracellular fills. A possible source for 

this discrepancy may lie in the angle of cutting with respect to the plane of the NL 

monolayer. As was stated by MacLeod et al., their neuropil measurements could have 

overestimated the actual neuropil width. The main difference between this and their study 

is the cutting angle, and it is likely that this factor has resulted in the large discrepancies 

observed. In MacLeod et al. (2006), the plane of cutting was 45o to the main axis of the 
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hindbrain, whereas the cutting angle in this study was in the sagittal plane. Because of the 

changes in orientation of the NL lamina that occur throughout the rostrocaudal extent of 

NL, it is not possible to obtain consistent sections orthogonal to the lamina without 

constant adjustments in the angle of the block. Therefore, it is likely that some data 

reported by MacLeod et al. were not obtained from sections orthogonal to the lamina 

with the resulting overestimation of neuropil thickness. Sections obtained in the sagittal 

plane minimise this problem, because the 3D models show clearly that there is less 

curvature of NL in the mediolateral axis. In support of this view, the values of dendritic 

length obtained from sagittal sections of the emu brain from this thesis are congruent with 

the values obtained by MacLeod et al. from biocytin filled cells. Therefore, new function 

constants were calculated based on the data obtained from measurements of emu chick 

neuropil obtained from sagittal sections (length=-45.15 *ln(freq) -492.68) and the 

frequency hearing range predicted in Köppl  and Manley (1997).  

6.2.3.3 Analysis of NM cell size 

NM was imaged from sagittal and coronal sections stained with cresyl violet using a 40X 

objective, a Nikon Eclipse 80i light microscope and a 5 megapixel camera. Images were 

merged using the Photomerge function of Adobe Photoshop. Images were loaded into 

AMIRA (v5.1, Visage Imaging) which was used to identify and outline NM cells. The 

stack of images was then exported as a series of TIFF files. In these, NM cells are filled 

in black against a white background (see Chapter 3 for details). Only cells which 

appeared complete and contained a nucleus were labelled. The area of the cells was 

obtained using ImageJ (also see Chapter 3 for details).  
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6.2.3.4 3D modelling  

Sections and fiduciary points in the surrounding gelatine were imaged using a Leica 

stereomicroscope. Images were loaded into AMIRA, where they could be aligned 

according the fiduciary points and areas of interest could be modelled (see Chapter 3 for 

details).   

6.3 Results 

6.3.1 Cochlea 

6.3.1.1 Dimensions of the kiwi basilar papilla and hair cell number 

The basilar papilla of the kiwi was moderately curved and had a total length of 4 mm 

(Figure 6.2) (this value has been adjusted for 25% tissue shrinkage resulting from the 

critical-point drying step needed for SEM, in order to compare the value to those 

published for other species Gleich and Manley, 1988). Total hair cell number was 

approximately 4,050 (Figure 6.2 B). The basilar papilla in kiwi was typically narrow, 

being ~130 µm at its widest point - which was found at approximately 70% from the 

basal end of the papilla (Figure 6.3 A). The papilla begins to narrow approximately half 

way along its length and continues to narrow gradually towards the basal end, where it 

was only 50-60 µm wide. The number of hair cells across the width of the papilla at any 

one location was low and ranged from 19 at its widest point to 9 near the basal end 

(Figure 6.3 B). Compared to values reported in the literature for other bird species 

(Gleich and Manley, 2000), kiwi have the narrowest papilla, one of the lowest number of  



Chicken
Length: 3.7mm

Hair cells: 10500
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Figure 6.2. Gross morphology of the kiwi basilar papilla. A: Low magnification view of the surface 
of the kiwi basilar papilla obtained from scanning electron microscopy. B: The papillar dimensions 
for kiwi and eight other species of birds (obtained from Gleich and Manley, 2000). The black object 
represents the hair cell field as seen from above and as if it were flat. For each species the total 
length of the papilla and number of hair cells are given. The papilla outline for kiwi has been 
adjusted for 25% tissue shrinkage due to critical- point drying for SEM (Gleich and Manley, 1988). 
The smallest basilar papillas are those of the canary and zebra finch, with the barn owl having an 
extremely long basilar papilla.   
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Figure 6.3. Width of the basilar papilla (A) and the number of hair cells across the papilla (B) as a 
function of the normalised distance from the basal end of the kiwi basilar papilla. The same parameters 
are illustrated for the kiwi in C,D where data from other species are also included. E: the number of hair 
cells divided by the width of the papilla at each percentage, giving an estimate of hair cell density. Data 
obtained from the starling and pigeon (Gleich and Manley, 1988), duck and chicken (Manley et al., 
1996), emu (Köppl et al., 1998) canary and zebra finch (Gleich et al., 1994) budgerigar (Manley et al., 
1993) barn owl (Fischer et al., 1988).
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hair cells across the width of the papilla, and among the narrowest range in cell number 

from apical to basal ends (Figure 6.3 C, D). The differences in both BP width and hair 

cell number across the BP between kiwi and other species is greatest at the apical end of 

the papilla. Using the width of the BP and the number of hair cells across its width as a 

measure of density, suggested that the hair cells density in kiwi was similar to that of 

other species except the barn owl, which had a lower hair cell density (Figure 6.3 E).  

6.3.1.2 Number and height of stereovilli 

In kiwi, the number of stereovilli per hair cell bundle changed systematically along the 

length and width of the basilar papilla (Figure 6.4). Hair cell bundles near the apical end 

contained on average 71 stereovilli and 243 near the basal end. At all 10% intervals along 

the length of the papilla there was a significant difference between stereovilli number per 

hair cell in neural, medial and abneural positions (Kruskal-Wallis, p= 0.006, df = 2, Chi-

Square = 10.370). Hair cells in neural positions contained more stereovilli than both 

medial and abneural hair cells (Figure 6.4 B). In kiwi the average stereovilli number at 

the basal end of the papilla is higher than that of other birds (Figure 6.4 C).  

The height of the tallest stereovilli in kiwi hair cells was relatively short compared to 

other birds ranging from ~6 µm at the apical end and ~3 µm at the basal end (Figure 6.5 

B). Stereovilli height along the papilla gradually decreases from the apical end to 

approximately half way along the papilla, after which it remained relatively constant. 

This pattern is similar to that seen in the barn owl (Figure 6.5 C), but is not typical of any 

other bird. 
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Figure 6.4. Stereovilli number gradients in the kiwi basilar papilla A: Scanning electron 
microscopic image taken looking directly down onto the surface of one hair cell (25000X 
magnification). The stereovilli bundle can be seen inside the yellow circle where the tips 
of individual stereovilli can easily be identified and counted. B: The number of 
stereovilli per hair cell as a function of the normalised distance from the basal end of the 
papilla. Values for stereovilli at each percentage are shown for neural, medial and 
abneural locations across the papilla, as indicated in the legend. C: The average number 
of stereovilli per hair cell at each longitudinal position for the kiwi and nine other species 
of birds. Data obtained from the starling and pigeon (Gleich and Manley, 1988), duck 
and chicken (Manley et al., 1996), emu (Köppl et al., 1998) canary and zebra finch 
(Gleich et al., 1994) budgerigar (Manley et al., 1993) barn owl (Fischer et al., 1988).
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Figure 6.5. Stereovilli height gradients on the papilla. A: Scanning electron microscopic image taken 
looking from the side at a number of stereovilli bundles (25000X magnification). The gradient in 
stereovilli height within the bundle can be seen, with the tallest stereovilli being at the back of the 
bundle in this image. B: Height of the tallest stereovilli per hair cell as a function of the normalised 
distance from the basal end of the papilla. The solid line indicates heights obtained from cells along the 
neural edge and the dashed line from along the abneural edge. C: The height of the tallest stereovilli per 
hair cell as a function of the normalised distance for the kiwi and four other species of birds. Data for 
stereovilli heights on the neural edge are shown. Data for other species obtained from: chicken (Tilney 
et al., 1987), barn owl (Fischer, 1994), rhea (Jorgensen and Christensen, 1989), and emu (Köppl et al., 
1998).
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6.3.1.3 Orientation of hair cell bundles  

In kiwi, the orientation of the hair cell stereovillar bundles showed a consistent pattern of 

change across the width of the basilar papilla (Figure 6.6 A). Bundles of hair cells near 

the edges of the papilla were oriented near 0o and hair cells at increasing distances from 

either edge had their bundles increasingly rotated to positive angles (Figure 6.6 B). 

Maximal bundle rotations were observed at the apical end of the papilla and near the 

midline, where rotation was around 40o. Towards the basal half of the papilla, the change 

in bundle orientation was smaller and was not observed in the basal-most 30-40%. 

6.3.1.4 Resonance calculation 

The estimated resonance based on the height of the tallest stereovilli and the number of 

stereovilli in the bundle is thought to be a good indicator of hearing frequency (see 

Section 6.2.1.4 for a description of the calculations). In kiwi, the results from the 

resonance calculations for individual hair cell bundles showed a gradual linear decrease 

from the middle of the papilla to the apical end. Changes along the basal half of the 

papilla were less pronounced (Figure 6.7 A). In the emu the resonance frequency 

calculations predict a linear frequency map along the entire length of the papilla, which is 

in agreement with the actual frequency map (Figure 6.7 A). In the barn owl, the 

resonance calculations predict a plateau in the frequency map over the basal half of the 

papilla similar, albeit broader, to that seen in kiwi, which is also confirmed by the actual  
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frequency map (Figure 6.7 A). In the chicken, the actual frequency map was linear, but 

the predicted resonance frequency calculation did not entirely predict this (Figure 6.7 A).  

6.3.1.5 Predictions of hearing 

From the resonance frequency calculation it was predicted that kiwi map a range of 

frequencies of 1.7 octaves, which, when multiplied by 2 (see Section 6.2.1.4) predicted 

~3.4 realistic octaves. Based on the hair cell morphological parameters of the chicken and 

kiwi it was estimated that the upper BF-limit of kiwi is 5 kHz, and, considering a 3.4 

octave range, results in an estimated lower BF-limit of ~500 Hz (470 Hz, Table 6.1). The 

lower BF limit is similar to that of barn owls, with emu and chicken having a lower BF-

limit (Figure 6.7 B). The upper BF limit is much lower than that in the barn owl and 

slightly higher than in the chicken and the emu.  
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Table 6.1. Hair cell bundle morphological parameters, frequency mapping on the basilar 

papilla, and resonance frequency calculations for the chicken, barn owl, emu and kiwi. 

The frequency map on the basilar papilla and stereovilli number and height values for the 

chicken, barn owl and emu were obtained from published data (Fischer, 1994b; Gleich 

and Manley, 2000; Köppl et al., 1993; Köppl et al., 1998; Köppl and Manley, 1997; 

Tilney et al., 1987). The frequency map for kiwi (bold) is derived from the resonance 

calculations, after doubling the octave range, and fixing the high-frequency limit at 5 kHz 

(based on the hair cell morphological parameters of the chicken).  
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Species % from 
apex 

Frequency 
map (Hz) 

Stereovilli 
number 

Stereovilli 
height (µm) 

Bundle 
radius 

Stiffness Mass Resonance 

Chicken 10 78 64 7.9 1.35 0.00023 1.51586E-14 19501.38 
 30 330 90 7.7 1.61 0.00033 2.09129E-14 20094.45 
 40 530 106 6.6 1.74 0.00054 2.09397E-14 25635.23 
 50 805 132  1.94    
 60 1181 148 6.0 2.06 0.00092 2.65607E-14 29605.21 
 70 1696 261 4.0 2.73 0.00359 3.14598E-14 53785.04 
 80 2403 240 3.1 2.62 0.00546 2.25E-14 78411.22 
 90 3372 255 2.6 2.70 0.00860 1.96373E-14 105323.07 

Barn owl 10 534 81 6.6 1.52 0.00041 1.6038E-14 25546.85 
 20 1706 147 6.1 2.05 0.00089 2.66805E-14 29108.52 
 30 3209 222 3.5 2.52 0.00402 2.32575E-14 66153.25 
 40 4768 271 2.6 2.79 0.00898 2.10567E-14 103921.07 
 50 6186 330  3.07    
 60 7350 323 2.3 3.04 0.01345 2.23839E-14 123377.30 
 70 8226 356 2.3 3.19 0.01535 2.42436E-14 126652.70 
 80 8860 301 2.0 2.94 0.01631 1.82858E-14 150319.63 
 90 9382 341 2.2 3.13 0.01639 2.19945E-14 137402.79 

Emu 5 68 58 6.2 1.29 0.00033 1.0795E-14 28031.45 
 10 85 63 6.0 1.34 0.00039 1.13287E-14 29517.40 
 20 134 70 5.6 1.42 0.00050 1.17054E-14 32915.68 
 30 209 80 5.2 1.51 0.00067 1.23696E-14 37020.02 
 40 328 87 4.7 1.57 0.00086 1.22847E-14 42054.34 
 50 514 106 4.3 1.74 0.00127 1.37185E-14 48342.94 
 60 703 126 3.9 1.90 0.00185 1.47193E-14 56371.47 
 70 1152 141 3.5 2.01 0.00259 1.46429E-14 66897.29 
 80 1805 160 3.1 2.14 0.00381 1.46592E-14 81161.43 
 90 2829 182 2.6 2.28 0.00583 1.43816E-14 101328.03 
 95 3873 231 2.4 2.57 0.00874 1.67983E-14 114776.86 

Kiwi 10 474 79 6.3 1.50 0.00044 1.50089E-14 27180.27 
 20 896 86 5.6 1.57 0.00062 1.43632E-14 32976.51 
 30 1601 108 4.7 1.76 0.00109 1.51956E-14 42647.54 
 40 2939 120 3.7 1.85 0.00195 1.32994E-14 61003.89 
 50 3856 148 3.3 2.06 0.00309 1.44744E-14 73591.36 
 60 4139 185 3.2 2.30 0.00414 1.74825E-14 77479.61 
 70 5230 213 2.8 2.47 0.00604 1.7892E-14 92451.98 
 80 4329 242 3.1 2.63 0.00566 2.23712E-14 80080.19 
 90 5000 253 2.9 2.69 0.00683 2.17078E-14 89290.22 
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6.3.1.6 Hair cell height, width and shape factor 

In the kiwi basilar papilla, hair cells generally become taller from the abneural to the 

neural edge, as well as from the apical to the basal end (Figures 6.8, 6.9 A). Apical 

(10%), neurally-lying hair cells were the tallest at 20-24 µm high, which decreased to 11-

15 µm at the abneural edge (Figure 6.9 A). At the basal end (90%), hair cells did not vary 

much in height, with heights ranging from 8-12 µm, whereas at the apical end (10%) hair 

cell height ranged from 11-24 µm (Figure 6.9 A). Hair cell width did not show a clear 

trend either along the length or across the width of the papilla (Figure 6.9 B). Near the 

abneural edge of the papilla there were some hair cells that were much wider than 

elsewhere on the papilla, with hair cell widths ranging from 16-21 µm (Figure 6.9 B). 

Hair cell widths in other regions of the papilla ranged from ~6-15 µm. The ratio of hair 

cell height to hair cell width (shape factor) generally increased from the neural to the 

abneural side in any one cross section (Figure 6.10). The largest shape factor values were 

observed at the apical end of the papilla (3.3) and smallest at the basal end (0.4). 

According to the shape-factor criterion, more than half of the hair cells would qualify as 

THC (55.3%). Shape factors below 1, i.e. SHC, were typically observed in the abneural 

half of the papilla and their proportion increased from the apical to basal end (Figure 6.10 

J). 
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Figure 6.8. Semi thin cross sections of the kiwi cochlea. A: low magnification image of the 
kiwi cochlea showing the location of the basilar papilla, tectorial membrane, hair cells and 
basilar membrane. B: high magnification images of the basilar papilla at 10, 30, 50, 70, and 
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Figure 6.10. The ratio of hair cell height to width as a function of normalised distance from the 
neural papillar edge, for nine different positions along the papilla, as indicated (A-I). A dashed line 
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6.3.2 Auditory Nerve. 

The kiwi auditory nerve contained around 8,100 afferent fibres, which included 1,250 

lagenar fibres. The lagenar fibre number was determined from semithin cochlear sections, 

as the number of fibres that extended beyond the apical end of the basilar papillar (not 

shown). Subtracting the number of lagenar fibres from the total number of afferent fibres 

obtained from the cross sections of the auditory nerve gives an estimate of 6,850 papilla 

afferent fibres.  

In the kiwi auditory nerve the afferent fibres had an average equivalent circle diameter 

(ECD) of 2.7 µm and an average minimum diameter (MinD) of 2.2 µm (ECD min = 0.3 

µm, max = 7.7 µm, MinD min = 0.2 µm, max = 6.5 µm). The majority of axons for both 

measurements were between 2 and 3.5 µm. Within this range most axons had an ECD of 

around 3 µm (30%) and most had a MinD of around 2.5 µm (26%) (Figure 6.11). 

Sections of the auditory nerve in kiwi clearly showed a differential distribution of axon 

sizes (Figure 6.12). Fibres with MinD values of 2.5 µm and above were predominately 

found along the medial edge, with the smallest axons occurring on the opposite edge of 

the nerve where fibre size decreased to a MinD value of below 1. There was also an area 

of the nerve along the lateral edge where nerve fibre size varied substantially, with a 

mixture of both small and large fibres. This is possibly where the efferent fibres were 

located. 
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6.3.3 Auditory brainstem 

6.3.3.1 General organisation of the cochlear nuclei and NL 

In kiwi the cochlear NM and NA, and the third order NL, were clearly identifiable in 

sections stained with cresyl violet (Figure 6.13). Nucleus magnocellularis is the most 

caudal of the three nuclei, lying caudal to NL and extending slightly medial to it (Figure 

6.13 A, D, G, H). NA was located lateral to both NL and NM (Figure 6.13 A, E-H). 

There was also a small group of neurons located beneath the floor of the fourth ventricle 

and lying dorsal to both NL and NM (Figure 6.13 A, F, G, H). This cell group may be the 

medial extension of NA that has been described in some other birds (Craigie, 1930; 

Marin and Puelles, 1995), but is more pronounced in kiwi. In the coronal plane, cells at 

the rostral and caudomedial extents of NL were clearly seen in a monolayer, but at the 

caudolateral end NL cells appeared to be positioned within a broader cell grouping 

(Figure 6.13 A-C). This organisation appears to conform to the plesiomorphic 

morphotype.  

Nucleus angularis (NA) 

To determine whether the dorsal cell group that may be a medial extension of NA 

receives input from the auditory nerve, a small amount of Alexa-594 dextran amine 

crystals were placed on the cut end of the auditory nerve in isolated chicken brainstems. 

The medial cell group was examined in coronal sections to identify putative VIIIth nerve 

synaptic endings. The tracer could clearly be seen to have been transported anterogradely  
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through the nerve, where labelled fibres were found in the auditory nerve and within each 

of the cochlear nuclei (Figure 6.14 A). In NM, immunofluorescent labelling with a 

morphology consistent with that of immature end bulbs of Held was seen around the NM 

cells (Figure 6.14 B, arrows). Labelled fibres were also seen penetrating the region that is 

contentiously thought to correspond to a medial extension of NA. Labelled varicosities 

were present in close apposition to cell bodies, suggestive of putative synaptic 

terminations on these neurons (Figure 6.14 C, D). 

Nucleus magnocellularis (NM) 

The sizes of NM cells were determined from the cross sectional area of cells throughout 

the full extent of the nucleus. Areas ranged from 32.21-335.56 µm2. The largest 

proportion of NM cells had a cross sectional area of ~180 µm2 and the size distribution 

was skewed towards larger cells (Figure 6.15 A). However, the size distribution had two 

peaks, one at the larger cell sizes and the other, much smaller peak, at a smaller cell size 

range. The cross sectional area of NM neurons increased linearly from caudal to rostral 

and from lateral to medial (Figure 6.15 B, C).  

Nucleus laminaris (NL) 

The distribution of dendritic lengths throughout NL was obtained from measurements 

from both dorsal and ventral dendrites and from the entire neuropil thickness at regular 

intervals along NL. The dendritic length of NL ranged from ~30-180 µm. The largest 

proportion of cells had dendritic lengths between 50-60 µm with ~40% of all dendrites 

being between 50-70 µm long (Figure 6.16 A). Like in NM, there appeared to be two  



Figure 6.14. Images from confocal microscopy showing the distribution of Dextran Amine 
Alexa 594 when placed onto the auditory nerve. A: The tracer can clearly be seen to have 
entered the brain through the auditory nerve and fibres are seen through out the cochlear 
nuclei. B: The tracer can be clearly identified in the end bulbs of Held in nucleus 
magnocellularis neurons (arrows) suggesting that the tracer has travelled though auditory 
fibres. C-D: In the region that is thought to be the medial extension of nucleus angularis 
(NA), labelled fibres appear to enter this nucleus and labelling is present in close 
apposition to cell bodies (arrows).
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A: Distribution of dorsal (blue bar) and ventral (grey bar) dendritic lengths in NL, classified into 
10 m bins. B: Average dorsal (red line) and ventral (black line) dendritic lengths as a function of 
their lateral to medial position within NL. C: Dorsal (red line) and ventral (black line) dendritic 
lengths for nine positions within NL as a function of the normalised distance from the caudal most 
NL cell. c1 indicates dendritic lengths at the lateral most extent and c9 at the medial most extent, with 
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peaks in the number of cells with given dendritic lengths, with the major peak over the 

shorter dendritic lengths (~50-60 µm) and the other, much smaller peak, over the upper 

dendritic lengths. In NL, cells in more lateral positions had the longest dendrites (ventral 

~163-105 µm, dorsal ~184-103 µm) and cells in more medial positions had the shortest 

dendrites (ventral ~66-31 µm, dorsal ~57-46 µm) (Figure 6.16 B). From the lateral to 

medial extent of NL dendritic length increased over the first 50 µm and then sharply 

decreased over the next 150 µm, after which the rate of length decrease became less 

pronounced (Figure 6.15 B). The lateral half of NL showed a clear caudal to rostral 

decrease in dendritic length (Figure 6.16 C, c1-4). Within the medial half of NL, dendritic 

length remained constant along the rostrocaudal axis (Figure 6.16 C, c5-9). 

Topographically, the most interesting feature of the dendritic length in NL was that it 

remained relatively constant within the medial half of NL (Figure 6.17). In this medial 

half of NL dendritic length showed little or no changes either in the mediolateral or 

rostrocaudal axes. 

The total neuropil width ranged from about 100 µm to about 370 µm and showed similar 

spatial changes in width as did the dendritic lengths. The maximum and minimum values 

from these measurements were used to estimate the best frequency range. Predictions of 

best frequency (BF) range based on the NL neuropil width produced an estimated BF 

range for the kiwi chick of 16-6,239 Hz.  
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Figure 6.17. Topographical representations of the dendritic lengths of nucleus laminaris, 
both in the caudal to rostral and lateral to medial directions. Ventral (A, C) and dorsal 
(B, D) dendritic lengths first plotted as a flat topographical map (A, B) and then as a 3D 
map (C, D). Colours represent dendritic length, as shown in the legend.          
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6.4 Discussion 

6.4.1 Basilar papilla (BP) 

In kiwi, the BP was ~4 mm long and had ~4,050 hair cells. The total number of hair cells 

was much lower than would be expected given the length of the BP. For instance, the 

chicken has a similar BP length to that of kiwi, but has over twice as many hair cells 

(Manley et al., 1996). Another ratite, the emu, has 17,000 hair cells for a BP length that is 

only slightly longer than that of kiwi (Köppl et al., 1998; Manley et al., 1996). One 

feature of the kiwi BP that could explain the low number of hair cells is its narrow width. 

The kiwi BP is much narrower than the BP of all other birds examined, and only the barn 

owl has fewer hair cells across the width of its basal half (Fischer et al., 1988). This 

reduction in width and number of hair cells across the width is most extreme within the 

apical half of the papilla. The reduced number of hair cells in the kiwi BP appears to 

result from its narrow width rather than a decreased density. For example, comparable 

apical regions of the papilla of chickens are about twice as wide and they have about 

twice as many hair cells across the width of the papilla compared to kiwi (Manley et al., 

1996). A high extreme hair cell density was suggested in the emu based on the extreme 

high number of hair cells and the small apical surface area of the hair cells (Köppl et al., 

1998). This is not supported by estimated density calculation obtained from the ratio of 

the number of hair cells across the width of the papilla to the width of the papilla at that 

point calculated in this thesis. Instead, emus’ BPs appear, if anything, to have a low 

density of hair cells. Thus, the increase in hair cell number in the BP of the emu can 
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probably be accounted for by its increase in width. The hair cell density of the BP of kiwi 

did not appear to deviate from that of other birds.  

The low number of hair cells on the kiwi BP likely results in a low number of hair cells 

that can process each frequency band. The effect of low cell number should be more 

pronounced for the processing of frequencies mapped at the apical end. At the basal end, 

the overrepresentation of the high BF may compensate for the reduction in hair cell 

number that results from the narrow BP width. There are two ways to increase the 

number of hair cells that process a given frequency band: by increasing the width of the 

region of the papilla that codes for that frequency to house more hair cells, or by 

increasing the length over which the frequency is represented. The latter seems to be the 

solution found by kiwi.  

In birds, the ratio of hair cell length to width (shape factor) is used to classify hair cell 

into SHC (shape factor <1) and THC (shape factor >1) (Takasaka and Smith, 1971). Hair 

cell shape changes gradually from a tall and thin type (THC) to a shorter and wider type 

(SHC), both from apex to base and, at the same longitudinal position, from neural to 

abneural (see review by Gleich and Manley, 2000). In this respect the BP of kiwi is not 

different from that of other birds, the shape factor value decreasing from apical to basal 

and from neural to abneural. One interesting finding, however, is that kiwi have very few 

hair cells that meet the conventional criterion for SHC, i.e. a shape factor less than 1. This 

is a feature also present in the emu but not in any other avian species (Fischer, 1994a; 

1998; Köppl et al., 1998). This feature has been suggested to typify the ancestral 

condition because THC are less specialised than SHC and are most similar to the typical 
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hair cell of non-mammalian vertebrates, e.g., reptiles (Chandler, 1984; Takasaka and 

Smith, 1971). Kiwi did, however, show some differences from the emu (Köppl et al., 

1998). For example: emu had some of the tallest hair cells ever recorded in a bird (30-35 

µm), which kiwi did not have (up to 24 µm). In emu, SHC never occurred in the apical 

40%, but kiwi did have a small number of SHC in this area, even 10% from the apical 

end. In emu SHCs never outnumbered THCs at any position but in kiwi, a little over 60% 

of hair cells were SHC at the basal end of the papilla. Therefore, in this instance it 

appears that the kiwi basilar papilla shows the presumed ancestral condition, similar to 

emu, but also exhibit differences which are likely linked to differences in frequency 

sensitivity.  

The orientation of the stereovillar bundles in kiwi shows a pattern similar to that in most 

other birds (Fischer, 1998; Gleich and Manley, 1988; Gleich et al., 1994; Köppl et al., 

1998; Manley et al., 1996; Manley et al., 1993). Hair cells at both the neural and abneural 

edges of the papilla all have their bundles orientated nearly perpendicular to the edge of 

the papilla, with bundles towards the papillar midline increasingly orientated towards the 

apex. As in other birds, this change in bundle orientation is greatest in apical areas, and 

very small or uniform at the papillar base. Aside from the general trends listed above, 

there are some differences found in hair cell bundle orientation which are thought to 

correlate with hearing range. In species that hear higher frequencies, the hair cell bundle 

orientation is most severe at the extreme apical end of the papilla, whereas in species 

which hear lower frequencies, the most severe rotation occurs at ~20-30% from the apex 

(Gleich and Manley, 1988; Gleich et al., 1994; Köppl et al., 1998). The orientation of the 

hair cell bundles in kiwi appears to show the most severe rotation angles over the basal 
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most 30% of the papilla, which is similar to what is described in emu. If, indeed, this 

pattern of hair cell orientation is related to frequency sensitivity then it suggests that kiwi 

may have low frequency hearing. However, it is important to note that despite having low 

frequency hearing, emu do not show the large orientation angles (70-90o) that have been 

associated with lower frequency hearing in other birds (Köppl et al., 1998). Orientation 

angles in emu never extend above 50o, similar to that found in kiwi, which may suggest 

that orientation angle is not a good predictor of frequency sensitivities in this group. 

Stereovilli number and height are two salient parameters that determine a hair bundle's 

micromechanics and thus its preferred frequency response. In all birds examined to date, 

morphological gradients in both height and number of stereovilli along the basal to apical 

ends of the basilar papilla have been shown to mirror the corresponding changes in log 

best frequency (BF) along the BP (Counter and Tsao, 1986; Fischer et al., 1988; Gleich, 

1989; Gleich and Manley, 1988; Gleich and Manley, 2000; Gleich et al., 1994; Jorgensen 

and Christensen, 1989; Köppl et al., 1993; Köppl et al., 1998; Köppl and Manley, 1997; 

Manley et al., 1996; Manley et al., 1993; Tilney and Saunders, 1983). Likewise, in apical, 

low-frequency regions of the kiwi BP stereovilli bundles were taller and contained less 

stereovilli than those in basal, high-frequency regions. The descriptive parameters of the 

hair cell stereovilli were therefore used for an initial prediction of frequency hearing 

range in kiwi based on the predicted BF derived from the resonance properties of the hair 

cells. Based on the hair cell morphology of the chicken, the kiwi hair cells at the most 

basal end were predicted to have a BF of about 5,000 Hz. Using this value as an upper 

limit, and using the octave range predicted from the resonance frequency calculations, the 

lower BF limit was estimated to be about 500 Hz. It must also be noted that because hair 
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cell morphology was not quantified in the apical most and basal most 10%, the 

predictions for the extreme BF may not be accurate. For example, in the emu the BF 

estimate at 90% is 2,829 Hz, but at 95% it is 3,873 Hz (Table 6.1). In the barn owl the BF 

at 90% is 9,382 Hz, whereas the hearing range of barn owls is said to extend above 10 

kHz (Fay, 1988). It is therefore possible that the predicted values underestimate the actual 

BF range. The main assumption in this prediction is that hair cells in different species 

with similar bundle morphology will have similar BF responses. There were several 

morphological features that were unique in the kiwi BP. First, the stereovilli height in 

kiwi hair cells was overall shorter than in other species, especially at the apical end, and 

even the range of heights may be narrower. Second, at the basal end the number of 

stereovilli per hair cell was unusually high. Third, the basilar papilla of kiwi was 

narrower than that of other birds, which in itself may change its vibrational mechanical 

properties. Of these features, only the width of the basilar papilla was not considered in 

the BF predictions, but it is possible that this feature may influence the responses of the 

cells by affecting the mechanical properties of the BP.  

One unexpected morphological feature found in the kiwi BP was that stereovilli height 

did not map in a simple linear manner against apical to basal position as it does in most 

birds. Instead, at the basal end the length of the stereovilli remained largely unchanged, 

with the function describing the stereovilli height against the position in the BP showing 

a large decrease in slope, if not a plateau, at the basal end. A similar, albeit less 

pronounced, non linearity is seen in the resonance calculation. This plateauing in 

stereovilli length and resonance along the BP has only otherwise been described in barn 

owls. In this species this overrepresentation is proposed to be associated with an 
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enhanced ability to sound localise prey. In kiwi, in a similar manner, the 

overrepresentation may confer a resolution within the high frequency end, although the 

biological significance of this remains to be established (see Section 6.4.4).  

6.4.2 Auditory nerve 

The auditory nerve forms the link between the cochlear receptors and the brain. The 

morphology of the auditory-nerve has now been described in detail in chickens, emus, 

starlings, canaries, budgerigars, and barn owls (Fischer, 1994a; b; Fischer et al., 1994; 

Gleich et al., 1998; Köppl, 1997; Köppl et al., 2000; Manley et al., 1993) and it has been 

shown that certain morphological features of the nerve can provide some insight into 

hearing sensitivities, specialisations and innervation patterns in these species. The 

auditory nerve of the kiwi contained ~8,100 afferent fibres. This number is low compared 

to that reported in other species (barn owl: 32,500, chicken: 14,250, emu: 11,220, 

starling: 10,120, duck: 11, 000, budgerigar: 10,890 canary: 6,880), with only the canary 

(Serinus canaria) containing fewer hair cells (Köppl, 1997; Köppl et al., 2000). 

Subtracting the number of lagenar fibres from the total number of afferent fibres gave an 

estimate of 6,850 auditory afferent fibres in the kiwi. In barn owls, emus, starlings, tufted 

ducks, and budgerigars the number of auditory fibres was again much higher than in kiwi 

(31,140, 12,400, 10,000, 8,770, 9,740, 9,760, 9,800, respectively), with, again, only the 

canary having fewer auditory fibres (6,080). This result was not unexpected, considering 

the small number of hair cells found on the kiwi’s basilar papilla. 
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Knowledge of both the hair cell number and the number of innervating nerve fibres 

permits the calculation of a ratio that may serve as an indicator of average innervation 

density. In kiwi, the ratio of overall fibre number to hair cell number was 1.7, meaning 

that for every hair cell there is 1.7 nerve fibres. However, in birds a significant proportion 

of hair cells typically do not receive any afferent innervation (Fischer, 1994a), so these 

non-innervated hair cells should ideally be excluded from the calculations. Although it 

was not possible to determine the number of hair cells that do not receive any afferent 

innervations in kiwi, in most other species it is between 75-80% (Köppl et al., 2000). If 

true for kiwi, this would yield a corrected fibre to hair cell ratio of 2.1-2.3. Compared to 

other species this ratio is at the high end of the scale and is similar to that in the starling 

(2.01) (Köppl et al., 2000). The barn owl ratio is much higher, with three fibres 

innervating one hair cell. In the emu this ratio is much lower with 0.71 fibres to one hair 

cell (Köppl et al., 2000), possibly the result of nerve fibres branching to more than one 

cell (Fischer, 1998; Köppl and Manley, 1997). Although these values provide only a 

rough estimate of innervation ratio in kiwi, the results again appear to contradict the 

commonly held belief that only ‘advanced species’ have a dense afferent innervation ratio 

(Gleich and Manley, 2000). However, a more in-depth study of innervation patterns and 

regional innervation densities in the cochlea of kiwi is needed to confirm this.  

The average diameter of cochlear afferents in birds ranges from about 2-3 µm (Köppl and 

Manley, 1997). The emu and the barn owl, however, tend to have larger axons (closer to 

3 µm) than other species examined. The average diameter of cochlear afferent axons in 

kiwi were of an intermediate size, being around 2.5 µm. Axon diameter also showed a 

gradient across the nerve section in kiwi. The largest fibres were located towards the 
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medial edge of the nerve and the smallest towards the lateral edge. This gradient pattern 

has been found in most birds examined (barn owls, chickens, emus, ducks, but not in 

starlings) (Köppl, 1997; Köppl et al., 2000). This feature of the auditory nerve is thought 

to mirror the map of fibres innervating different regions along the basilar papilla, i.e. 

representing different frequency ranges. This was tested by Köppl (1997; 2000), who 

found a decline in fibre diameter from the basal most, high-frequency region of the 

papilla; to the middle regions of the papilla where axons were slightly larger than more 

apical ones. The findings suggested that axon diameter may not be related to the absolute 

frequency range but instead related to the spatial point of origin in the cochlea. 

Alternatively, the authors suggest that the variation in axonal size reflects the behavioural 

importance of specific frequencies, i.e. regions of the basilar papilla representing the 

behaviourally most important frequency range are innervated by the largest afferent 

axons. Therefore, in kiwi, it is difficult to determine the meaning of this fibre gradient at 

this stage; the gradient is most similar to that in emu, less so to that in chicken and duck.  

6.4.3 Central auditory system  

In the auditory system, the encoding of intensity and temporal information requires 

morphological specialisations of neuronal circuits to accurately process sound stimuli. 

Neural morphology, e.g. dendritic length, is critical for sound localisation, a task with 

direct behavioural relevance for many species (Carr and Konishi, 1990; Funabiki et al., 

1998; Hyson, 2005; Hyson et al., 1989; Jeffress, 1948; MacLeod et al., 2006; Sullivan 

and Konishi, 1986). The relationship between neural morphology and auditory processing 
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is best understood in the cochlear nuclei angularis and magnocellularis (NA and NM, 

respectively) and in the third order nucleus laminaris (NL).  

The organisation of NA deserves some special attention. Most accounts of the avian NA 

describe it as a nucleus that sits at the dorsolateral edge of the hindbrain, at the level of 

and extending rostrally with respect to the entry of the VIIIth nerve. A small group of 

cells is found below the floor of the fourth ventricle in some species, sometimes 

extending close to the midline, and embedded dorsally within the auditory nerve tract 

projecting to NM. Craigie mentions this cell mass in kiwi and describes it as a ‘well-

developed mass of gray matter corresponding exactly in appearance with that of. the angular 

nucleus, but entirely separate from it’ (Craigie, 1930 p.342). No mention of this mass is 

found in the literature except in Marin and Puelles (1995) where they describe this cell 

group in chickens as a ‘tail-like periventricular extension overlying nucleus laminaris 

and the rostral half of nucleus magnocellularis’ (Marin and Puelles, 1995 p.1722). A 

similar cell group has been seen in turkeys and emus (personal observations and Kubke 

personal communication) and in peacocks (personal observations). Marin and Puelles 

report that the patterns of staining for Acetylcholine esterase (AChE) and calretinin in 

this cell mass are consistent with it being part of NA, and this thesis shows that these 

cells may also receive direct inputs from the auditory nerve. It is not clear why this cell 

mass has received such little attention. Kubke (personal communication) has found that 

although easily identifiable in gallinaceous and ratites, it does not appear to be present as 

such in other bird groups, and it was not found in the other species used for this study 

other than in emu, kiwi, peacock and turkey. Although Craigie reports this region to be 
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separate from NA proper (Craigie, 1930), in the material used for this thesis it appeared 

to be continuous through a thin band of scattered cells. Further, a similar dorsal and 

medial extension of NA is seen in some reptiles (Schwab, 1979). Taken together the 

above arguments support the idea that this cell mass is part of the cochlear nuclei, and 

most probably part of NA. Its presence in reptiles, ratites and gallinaceous birds also 

suggest this may be an ancestral character that may have been lost in the ancestor of 

Neoaves. It is interesting to note that Marin and Puelles demonstrated that while NA 

proper originates embryologically from rhombomeres r3 and r4, it is r5 and r6 that give 

rise to this medial cell mass (Marin and Puelles, 1995). It remains to be determined 

whether the developmental field in r5-r6 that gives rise to this cell mass is lost in 

Neoaves, whether it acquires a new fate, or whether these cells migrate to a different 

location during embryogenesis.  

The general organisation of the kiwi NM closely resembled that of other species. Similar 

to the situation in chicken and pigeon (Hausler et al., 1999; Lippe, 1991), the cross 

sectional area of NM neurons in kiwi showed a gradient, where larger cells were found in 

a more rostromedial position and smaller cells found in a more caudolateral position. This 

suggests that NM is, like in other birds, tonotopically organised in the kiwi, with neurons 

with high best frequencies located medially and rostrally and those with low best 

frequencies located laterally and caudally. Interestingly, a frequency graph of cell sizes 

shows a bimodal distribution, with a large proportion of large cells. This suggests that 

there may be a hyperplasia in NM regions coding for higher best frequencies. This 

greater proportion of larger cells (probably higher BF) is in agreement to the findings in 

the BP and NL that suggest an overrepresentation of higher BFs.  
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The organisation of NL in kiwi closely resembles that of the emu and chicken, which are 

proposed to represent the ancestral, or plesiomorphic morphotype (Kubke and Carr, 

2000; 2006; Kubke et al., 2002b; MacLeod et al., 2006). Neurons in NL are organised in 

a monolayer forming a sheet that expands in the horizontal plane, their dendrites 

projecting in both dorsal and ventral directions. In the emu and chicken the most 

caudolateral end of NL is said not to be organised in a monolayer. In this region, cells are 

instead described as being organised in a broader layering. In coronal sections of kiwi 

brains, the caudolateral NL appeared to conform to this description. In sagittal sections, 

however, and based on the 3D models of NL, it appeared that the nucleus retains a 

monolayer structure throughout its full extent. Given the sharp change in orientation in 

the NL lamina, the cutting angle in the coronal plane is not orthogonal to the monolayer. 

Thus, this ‘obliqueness’ in the cutting angle may result in an apparent loss of the 

monolayer organisation. Indeed, the same may be true for the chicken and emu.  

In birds, the length of NL dendritic tufts varies along a rostromedial to caudolateral axis 

(Carr and Boudreau, 1993; Jhaveri, 1982; Kuba et al., 2005; MacLeod et al., 2006; Smith 

and Rubel, 1979; Smith, 1981). Neurons in NL with longer dendrites found in more 

caudolateral regions are tuned to lower best frequencies and those with short dendrites 

are found in more rostromedial regions and tuned to higher best frequencies (Carr and 

Boudreau, 1993; Jhaveri, 1982; Kuba et al., 2005; MacLeod et al., 2006; Smith and 

Rubel, 1979; Smith, 1981). In chicken and emu, where NL dendritic lengths have been 

carefully examined, a smooth and linear increase in dendritic length from rostromedial to 

caudolateral is seen. In kiwi the shortest dendritic lengths were found in the rostromedial 

area and the longest in the caudolateral area of NL although, in contrast to what is found 
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in chicken and emu, the dendritic gradient did not show a clear linear pattern in the 

rostromedial-caudolateral direction. Instead, dendritic length decreased along the putative 

frequency axis in more caudolateral regions, but remained relatively constant towards the 

rostromedial end of the nucleus. It is unlikely that these measurements were heavily 

influenced by the orientation of the lamina with respect to the cutting plane, since these 

measures were obtained from sagittal sections and overestimations of dendritic length 

should only occur at the most lateral (lower frequency) end. An examination of the 3D 

reconstructions of NL showed that, while cutting through the coronal plane produced 

sections through NL that are not orthogonal to the NL lamina, cutting in the sagittal plane 

provided a much more reliable cross section through the NL lamina. Because the change 

in angle of sectioning can influence the estimates of the dendritic neuropil thickness, an 

emu chick was also processed and cut in the same plane and the measurements obtained 

were compared to those in MacLeod et al. (2006) in order to validate the methodology 

used in this thesis. Although the actual values differed between that and the current study 

(see Section 6.2.3.2), the pattern of change in dendritic length was similar. Thus, the non-

linearities in the patterns of change of dendritic length in kiwi cannot be attributed to 

methodological differences between studies. Thus the morphological parameters that vary 

in parallel with frequency mapping (i.e., NM cell size, NL dendritic length) appear to 

reflect the overrepresentation of high frequencies mapped in the basilar papilla.  

Estimates of best frequency (BF) in the 1 week old kiwi based on NL neuropil width 

predicted a range of between 16-6,239 Hz. This is reasonably similar to that predicted by 

BP hair cell morphology in this study, but extends both the lower and the upper BF. It 

does, however, seem unlikely, based on their hair cell morphology, that kiwi are able to 
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process frequencies below 500 Hz. It is possible that dendritic length could have been 

overestimated at the low frequency end as described above. It is not unexpected that the 

upper BF prediction based on the neuropil length was higher than that predicted by the 

hair cell morphology. There are two reasons for this. First, the basal most 10% of the 

basilar papilla was not sampled, and thus the BP estimates may underestimate the upper 

BF limit. Second, neurons in NM are not thought to map the upper frequency limit of the 

cochlea, and therefore, these frequencies should also not be mapped in NL (Konishi, 

1969; Köppl, 2001). Konishi suggested that the highest best frequency mapped in NM is 

about 2 kHz lower than that found in the nucleus angularis (Konishi, 1969), but it is not 

known whether this is a peculiarity of songbirds or a general avian auditory feature. 

Therefore, this was not considered when calculating the constants in the equation used to 

relate dendritic length to BF. Thus, if the upper frequency mapped by emu NL neurons is 

actually below 4.8 kHz, as Konishi suggests, then the calculations based on dendritic 

length in kiwi would overestimate the upper BF limit by an equivalent amount. 

Regardless of what the actual extreme BF values are, it is clear that dendritic lengths do 

not vary at more rostromedial areas of the nucleus, suggesting that, here too, high 

frequencies are overrepresented. This, therefore, suggests that the overrepresentation of 

the high frequency end in the cochlea is accompanied by a congruent map of frequencies 

in NM and NL that maintain that high frequency overrepresentation.  

6.4.4 Behavioural considerations 

The BF range predicted for kiwi was of ~20-6,200 Hz (based on NL dendritic length) and 

~500 – 5000 Hz (based on hair cell morphology). These BF range predictions suggest 
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that kiwi hearing abilities are very different to those of their closest relative, the emu 

(Köppl and Manley, 1997). Emus are characterised by low frequency hearing that can go 

as low as 50 Hz, which matches their vocal communication signals. Emus are described 

as being nomadic, with movements ranging over many thousands of square kilometres 

(Davies, 1984; 2002). Thus there is an advantage for their vocalisations to be low 

frequency to increase their travel distance. The vocalisations of kiwi are very unlike the 

booming and grunting sounds of the emu, where the dominated frequencies are below 0.5 

kHz (Davies, 2002; Marchant and Higgins, 1990). The whistle call of the kiwi spans a 

broad frequency range (males: 1.5 - 13 kHz, females: 0.1 - 7 kHz) and the peak amplitude 

within the call of both sexes is produced within a frequency range of 1.0 to 2.7 kHz 

(Corfield, 2005; Corfield et al., 2008). North Island brown kiwi are highly territorial and 

maintain and defend a 30-40 hectare area against neighbours and wandering juveniles 

(Potter, 1989). Therefore, the call of the kiwi is primarily directed at immediate 

neighbours, mates and unknown kiwi intruding on their territory, and thus there is no 

obvious advantage to produce or to hear low frequencies (Corfield et al., 2008).  

Best frequency predictions suggested that kiwi can hear frequencies of or below 500 Hz. 

Although frequencies below 1.5 kHz are not part of the male kiwi call, there is a 

considerable proportion of energy below 1.5 kHz in the female call. In the call of females 

a structural feature consistent with formants has been described (Corfield, 2005; Corfield 

et al., 2008). Formants are thought to play an important role in animal communication 

and it has been shown that whooping cranes (Grus americana) are able to perceive 

changes in formant frequencies (Fitch and Kelley, 2000). In particular, formats have been 

shown to be information bearing element within a call. In macaques (Macaca mulatta) 
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(Fitch, 1997) and dogs (Canis familiaris) (Riede and Fitch, 1999) they have been found 

to be an accurate indicator of body size, and in the oilbird (Steatornis caripensis) 

(Suthers, 1994) they provide an acoustic cue for individual recognition. It is possible, 

therefore, that the low frequency components in the female call are an acoustic cue for 

individual identification, which may aid in reproductive activities and the maintenance of 

pair bonding (duetting) in a nocturnal environment (Colbourne and Kleinpaste, 1984; 

Corfield et al., 2008). Indeed, it has been shown that the spectral structure of the kiwi call 

has a high level of individuality (Corfield, 2005).  

In both the ear and brain of the kiwi there was an obvious overrepresentation of features 

thought to be involved in the processing of higher frequencies. Vocal behaviour and call 

structure do not provide an explanation as to why this auditory specialisation has evolved 

in kiwi. In barn owls a similar bias towards higher frequencies is also found (Fischer et 

al., 1988; Köppl et al., 1993), where a lack of morphological gradients within the basal 

half of the basilar papilla results in a massive overrepresentation of the hair cells that 

process higher frequencies. This barn owl feature has been studied in depth (Fischer, 

1994b; Fischer et al., 1988; Köppl, 1997; Köppl et al., 1993) and is thought to reflect a 

special emphasis on frequencies between 5 and 10 kHz and an adaptation for encoding 

auditory cues used for precise sound localisation of prey (Dooling et al., 2000). Although 

the degree of specialisation in kiwi is not as extreme as in barn owls, it is likely to play a 

similar role. Most of the energy in the calls of male and female kiwi falls below the 

frequencies that are overrepresented. It is thus unlikely that the auditory specialisations 

have arisen as a result of co-evolution with the kiwi vocal communication system. It is 

also unlikely that they would have evolved in association with predator avoidance. The 
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New Zealand native forest, however, houses large nocturnal insects that are likely to 

produce rustling sound in the forest floor litter akin to that of mice that are hunted by 

owls. Some of these large nocturnal insects and smaller insects also produce 

communication calls that can be used by kiwi to locate them. Thus, kiwi may be using 

hearing to locate prey in a similar way to barn owl.  

6.5 Summary  

The auditory system, consisting of the ear, auditory nerve and auditory brainstem has 

been described in the kiwi. In some instances the auditory system of the kiwi showed 

features also present in the emu, e.g., the ratio of SHC to THC, which supports the 

current theory that these features are ancestral. In other instances kiwi differed from emu, 

for example, hair cell density on the basilar papilla, suggesting that these features may be 

associated with the different frequency sensitivities of the two species.  

The most constant and interesting finding from this study was the apparent importance of 

higher frequencies in kiwi. In both the ear and brain there was an obvious 

overrepresentation of features thought to be involved in the processing of these higher 

frequencies. Higher frequency representation is also characteristic of the barn owl, which 

is also a nocturnal hunter and uses high frequency specialisations to help locate prey by 

sound. It is suggested by analogy, therefore, that kiwi are in some way using sound, 

especially higher frequency sound, to locate prey in their nocturnal environment.  

It is clear from findings in this study that the auditory system of kiwi has evolved in a 

manner quite unlike that in any other bird. The driving force behind this difference 
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appears to be the nocturnal and ground dwelling niche that kiwi have come to occupy. 

Indeed, functioning in this niche requires very different sensory strategies compared to 

those used by diurnal birds. It has already been shown that other sensory modalities in 

kiwi have undergone major changes, including substantial reductions to the visual 

system, which make the auditory system the only one available for long range 

communication, and specialisations to the tactile and olfactory systems. Thus, the 

findings in this study of the auditory system, although unexpected, accurately reflect the 

kind of sensory challenges that are faced by kiwi when functioning in their environment.  
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Chapter 7  

General discussion and conclusions  

Kiwi are unique amongst ratites and, indeed, amongst precocial birds in general, in that 

they have a relatively large brain compared to their body size. Kiwi have evolved under 

unique evolutionary pressures associated with a nocturnal niche, and as shown in this and 

other studies, have adapted to this life-style by enhancing their reliance on olfactory, 

tactile, and auditory sensory modalities (Bang and Cobb, 1968; Cunningham et al., 2007; 

Martin et al., 2007; Sales, 2005; Wenzel, 1968; 1971).  

A surprising feature of the kiwi brain was its large relative size. Prior to this study it was 

though that altriciality was an evolutionary prerequisite for birds to attain larger brains 

and many studies have shown this (Bennett and Harvey, 1985a; Bennett and Harvey, 

1985b; Iwaniuk and Nelson, 2003a; Portmann, 1946; 1947; Portmann and Stingelin, 

1961; Starck, 1993). Yet, although kiwi are classified as P2 in the precocial-altricial 

spectrum (Starck and Ricklefs, 1998), all species examined showed significant brain 

enlargements, especially in the telencephalon. In general, adult precocial birds have a 

smaller relative brain size than adult altricial birds, although precocial birds are born with 

larger brains with respect to their body weight than altricial birds (Bennett and Harvey, 

1985b; Sutter, 1951). Indeed, in some precocial species the brain of the hatchling is 

nearly identical in size to that of the adult (Rogers, 1995; Starck, 1993), whereas the brain 

of hatchling altricial species have, for example, poorly differentiated neurons, a lack of 

myelination and few fibre tracts (Starck, 1993).These differences in brain development 
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between precocial and altricial birds have been suggested to result from differences in the 

timing of neural growth, with the period of neurogenesis being extended in altricial birds 

(Starck and Ricklefs, 1998). Although a similar correlation between altriciality and brain 

size does not appear to be supported in mammals (Bennett and Harvey, 1985b), a 

prolonged period of precursor proliferation has been shown to underlie an overall 

increase in the number of neurons in the brain and an increase in brain size (Finlay and 

Darlington, 1995; Smart et al., 2002). A prolonged or delayed period of neurogenesis, 

however, also retards general systemic maturation. Thus, altricial birds complete their 

maturation after hatching, with the consequent requirement of parental care investment. 

The cost of parental investment is probably offset by the advantages conferred by an 

enlarged brain, whatever these advantages may be. In the case of parrots and songbirds, 

which lie at the extreme of the altricial spectrum, there is an additional advantage 

associated with parental tutoring of the learned song (Ziegler and Marler, 2004).  

It is not known what the relative size of the kiwi brain is at hatching, and how this 

compares to altricial or precocial species. What is known is that very little or no parental 

care is undertaken in this species. Because kiwi hatch fully formed and feathered (Calder, 

1979; Calder et al., 1978; Reid, 1977), it can be concluded that they are fully mature at 

hatching and, indeed, the external morphology of the brain of a one-day old kiwi 

resembles that of the adult in most respects (personal observation), except perhaps in the 

structure of the olfactory bulb. In precocial birds most neurons are formed during the 

embryonic phase of development (Ricklefs and Starck, 1998; Rogers, 1995; Starck, 1993; 

Tsai et al., 1981a; b); but the brain of the hatchling is nonetheless significantly smaller 

than that of the adult. One possibility is that kiwi have opted for a different solution to 
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enlarge their brains. In kiwi, incubation is 75-85 days (Prinzinger and Dietz, 2002), 

which is considerably longer than most birds, especially compared to other ratites: emu, 

~56 days and ostrich ~41 days (Bergtold, 1917; Saunders et al., 1984), and much longer 

than the 42-44 days that is expected for an egg of this mass (Ar and Rahn, 1978; 

Prinzinger and Dietz, 2002). Further, the kiwi egg is the largest (proportional to its body 

size) of any bird species, with a very high yolk content of up to 62% of fresh egg mass 

(expected 40-50%) (Calder, 1979; Calder et al., 1978; Prinzinger and Dietz, 2002; Reid, 

1977). This suggest that an increase in incubation time made possible by the additional 

nutrients in the egg resulting from egg composition and size, may allow kiwi to undergo a 

delayed growth process analogous to that of altricial birds, while still in ovo. Indeed, a 

significant correlation between relative brain volume and relative incubation period has 

been found (Iwaniuk and Nelson, 2003a). Thus, the differences in brain enlargements 

may not be a function of incubation period per se but rather of the absolute maturation 

time. Whether that is achieved in ovo, as in kiwi, or ex ovo, as in altricial species, may be 

less relevant. Since kiwi are not thought to require any parental contribution to early 

learning, an added energetic investment in egg size may be an alternative to allow for 

delayed development and an increase in brain size that does not require parental care of 

the hatchling. Therefore, a possible explanation is that the cognitive and sensory 

requirements of the niche that kiwi occupy coevolved with the development of a larger 

brain, which was uniquely achieved by a prolonged egg incubation period.  

In kiwi, the majority of the enlargement of the brain was accounted for by the 

enlargement of the telencephalon. In the telencephalon of birds a subventricular zone 

(SVZ) has been described (Striedter and Keefer, 2000) and it has been suggested that 
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both songbirds and parrots enlarged their telencephalon, at least in part, by expanding 

their SVZ (Charvet and Striedter, 2008; Striedter and Charvet, 2009). In Striedter and 

Charvet (2008) it was shown that in embryonic parrots (Melopsittacus undulatus) the 

SVZ is thicker than in age-matched quail (Colinus virgianus), which correlated with the 

proportionally larger telencephalon in parrots. These authors also found that in parrots the 

SVZ is thickened in both the striatum and the pallium, which correlated with the 

expansion in adult parrots of the striatum and several pallial regions of the telencephalon 

(Charvet and Striedter, 2008). Whether a similar SVZ expansion can account for the 

enlargement of the telencephalon of kiwi remains to be determined. If this was found to 

be the case, it would surely suggest the independently evolution of SVZ expansion in 

both songbirds and parrots and in the kiwi, a clear case of convergent evolution. Our data 

showed that, like in parrots and the magpie, in kiwi not all regions appear to contribute 

equally to the expansion of the forebrain. In parrots and magpie nucleus basorostralis 

(Bas) does not appear to scale with the enlarged forebrain, and increases beyond those 

that can be accounted for by the telencephalic enlargement are seen in the basal ganglia 

of parrots and the nidopallium of magpies. In kiwi the nidopallium, mesopallium, basal 

ganglia and Bas, appeared to accompany the telencephalic enlargement, whereas the 

arcopallium hyperpallium and entopallium appear not to have scaled with the forebrain. 

Indeed, the relative size of the entopallium appears to be reduced even when scaled 

against hindbrain. Further, the nidopallium and Bas appears to have expanded beyond the 

expansion of the forebrain as a whole. The olfactory bulb was also large when normalised 

to hindbrain size. If these changes in relative size were to be attained by differences in the 

timing of neurogenesis, then not all progenitor populations are affected equally (Alvarez-
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Buylla et al., 1994; Ling et al., 1997). This phenomenon has been demonstrated in the 

developing chick embryo, for example, where peak neurogenesis occurs in the 

nidopallium earlier than in the mesopallium and hyperpallium (Rogers, 1995). 

Expansions of the ventricular zone such as those described by Striedter and Charvet 

(2008) may also be expected to only occur in regions that give rise to these enlarged 

subdivisions of the forebrain. Changes in relative size of neuronal structures were also 

seen outside of the forebrain. Kiwi had an obvious hypertrophy of the principal sensory 

trigeminal nucleus (PrV) that parallels that of its telencephalic target Bas. A hypertrophy 

of PrV similar to that of kiwi was also found in the godwit, duck and parrot, species 

renowned for their sensitive tactile feeding mechanisms. In contrast, visual structures in 

kiwi (optic tectum and rotundus) were reduced in relative size. Future studies will 

determine whether the developmental mechanisms that underlie changes in relative size 

in the brainstem and diencephalon are similar to those described for the forebrain.  

Recent studies in mammals suggest that individual brain structures or functional systems 

can change in size independently of overall size changes in the rest of the brain (mosaic 

evolution) (Barton, 1996; Barton et al., 2003; Barton and Harvey, 2000; Clack et al., 

2001; de Winter and Oxnard, 2001; Glendenning and Masterton, 1998; Whiting and 

Barton, 2003), but see (Finlay and B, 1995; Finlay et al., 2001). The results presented in 

this study show that in birds too, functional systems may modify their relative size in a 

way that cannot be accounted for by changes in overall brain size. There are several 

previous studies that also support this hypothesis (Bang and Cobb, 1968; Bennett and 

Harvey, 1985a; Cobb, 1964; Devoogd et al., 1993a; Healy and Guilford, 1990; Healy and 

Krebs, 1996; Iwaniuk et al., 2006; Iwaniuk et al., 2008; Kubke et al., 2004; Lefebvre et 
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al., 2002; Timmermans et al., 2000). Mosaic evolution may be the mechanism by which 

the enlargement of specific structures that are associated with particular behavioural or 

cognitive needs can be attained without the added cost of an unnecessary overall 

enlargement of the brain. Both mammalian and avian brains are composed of a number of 

functionally distinct systems, and it is not surprising that natural selection of particular 

behavioural capacities would have led to the coevolution of changes in the size of the 

neuronal systems mediating those capacities. In some primates neocortical size is 

correlated with social group size, is smaller in nocturnal primates and, among diurnal 

haplorhines, is positively correlated with the degree of frugivory (Barton, 1996). Despite 

the original findings of Bennett and Harvey (1985a) that no correlation between specific 

brain structures and the niche occupied by the species exists, many subsequent studies 

showed evidence to the contrary. Many avian species are capable of sophisticated 

foraging strategies, and many are also capable of homing and migration, complex social 

behaviour, vocal learning, an ability to learn, and an amazing level of cognitive skills 

(e.g., Doupe and Kuhl, 1999; Emery, 2006; Emery and Clayton, 2004; Hunt, 1996; 

Pepperberg, 2002; Pepperberg and Brezinsky, 1991; Pepperberg and Shive, 2001; Prior et 

al., 2008). The most well known of these complex behaviours is probably the ability of 

New Caledonian crows (Corvus moneduloides) to fashion hook tools to retrieve 

otherwise inaccessible food items(Hunt, 1996). Many of these complex behaviours have 

been shown to be associated with an enlargement of the brain or the enlargement of 

specific brain regions (Bang and Cobb, 1968; Bennett and Harvey, 1985a; Cnotka et al., 

2008; Cobb, 1964; Devoogd et al., 1993a; Healy and Guilford, 1990; Healy and Krebs, 

1996; Iwaniuk et al., 2006; Iwaniuk et al., 2008; Kubke et al., 2004; Lefebvre et al., 2002; 
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Timmermans et al., 2000). Mosaic evolution in the hindbrain was shown in the barn owl, 

where the auditory nuclei showed a hypertrophy thought to be associated with an 

enhanced ability to localise sound (Kubke et al., 2004), a feature used to find prey in a 

nocturnal niche (Konishi, 1973). Together, the results from many studies that have 

examined variations in the size of individual brain structures or functional systems and 

how they relate to behaviour, ecology and habitat, demonstrate that mosaic evolution is 

an important factor that characterises the diversification of avian and mammalian brain 

composition. Indeed, the findings from this study provide strong evidence that mosaic 

evolution has been an important factor in the adaptive radiation of kiwi, and extend the 

support for mosaic evolution in avian brains to the Palaeognath lineage. 

In kiwi changes in the size of individual brain regions and functional pathways may have 

occurred in response to niche-specific cognitive and sensory challenges. The anatomical 

data presented in this study indicate that kiwi have evolved to rely on tactile and olfactory 

information for which they are more sensitive and specialised than most other birds. 

These specialisations are already apparent in the peripheral organs (e.g., elongated bill 

with nostrils and sensory pits at its tip, small eyes, and cochlear frequency 

overrepresentation) and are maintained along the central neural pathways. The unique 

ecology of the kiwi is reflected in the unique structure of its brain, and many of the 

findings of this thesis challenge some current views regarding the evolution of avian 

brains.  
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