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A. INTRODUCTION    

 

“A bird is a wing, guided by an eye.”   

 

This striking quote by André Rochon-Duvigneaud (1943) illustrates the immense importance 

of eyes, especially in birds. And, in fact, vision is one of the most important skills for survival 

of most animals. Complex visual systems evolved to provide their bearers with reliable 

information about the environment. Since birds move flying, we would expect outstanding 

visual abilities allowing them to avoid obstacles and react quickly to environmental changes. 

Over all raptors are believed to have the highest visual quality, combining flight with hunting 

(see Hirsch, 1982). 

 

However, in veterinary practice we regularly deal with birds, injured in collisions with 

windows, cars or power lines. At least some times they seem to have considerable trouble 

resolving distinct objects during flight. Along the lines of this observation, earlier studies 

found surprisingly poor spatial resolution and contrast sensitivity in birds, compared to other 

vertebrates (Ghim & Hodos, 2006; Harmening et al. 2009; Lind & Kelber, 2011; Lind et al. 

2012). All these studies tested birds behaviourally on stationary stimuli, which may not be of 

nominal importance for the understanding of vision during flight. When flying, it may be 

much more essential to process self-motion relative to the surroundings and object motion in 

the surroundings.  

Flight initiation distance of prey often relies on the speed of an approaching predator 

(Ydenberg & Dill, 1986; Cooper et al. 2006), which seems to correlate with the slow and 

careful movements of hunting animals like felines, when approaching avian prey. As motion 

awakes attention in birds extremely quick, ground-foraging birds flush rapidly when 

something around them moves (Ydenberg & Dill, 1986; Holmes et al. 1993). It has even been 

found that birds on motorways take flight at a distance depending on the roads’ speed limit 

(Legagneux & Ducatez, 2013). Similar escape reactions are seen in birds in captivity, for 

example in broilers (Elrom, 2000), young laying hens (Roden & Wechsler, 1998), and pet 

species depending on how familiar they are with the object that moves (personal observation). 

Is higher sensitivity for moving stimuli, compared to stationary stimuli, a key factor for this 

behaviour?   

 

Experiments with chicken let suggest high skills for motion detection, compared to poor 

visual response for steady state stimuli (Jarvis et al. 2002), and, furthermore, moving stimuli 

have been shown to have greater effects on learning performance of pigeons, compared to 

stationary stimuli (Dittrich & Lea, 1993). In several studies it has been confirmed that pigeons 

not only discriminate between stationary, pulsating and stimuli in apparent or real movement 

(Siegel, 1970), but also learn to distinguish between different directions of motion (Neiworth 

& Rilling, 1987). Even different forms of activities, shown to pigeons as video sequences of 

conspecifics walking or pecking, could be differentiated (Dittrich et al. 1998).  
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All these studies indicate a highly developed visual system in birds for movement, although 

they do not tell us anything about how motion may improve visual perception. Behavioural 

studies investigating the influence of motion on spatial resolution or contrast sensitivity, 

which are crucial and measurable parameters for eye quality, are very rare.   

 

Learning more about a bird’s perspective of view is expected to have great potential to 

improve animal welfare in livestock farming and pet housing, as well as veterinary care.  

A better knowledge about visual motion sensitivity in birds may lead to more conscious care 

for these highly sensible animals. A veterinarian duty is to point out abuses in animal keeping 

and advice owners as competent as possible. To keep birds in captivity healthy, living 

conditions should be adjusted to their natural habitats as far as possible, which means among 

other things to provide appropriate light conditions to allow their visual system to function. 

A competent treatment of traumatically injured birds, which often suffer from head, 

respectively eye and brain lesions, is desirable. Especially when dealing with wild birds that 

are to be released into their natural habitats, one needs to consider that functional eyes are 

extremely important for birds. 

Moreover, flying animals are a popular model species in biomedical engineering, aeronautical 

technology and robotics, providing functional systems for locomotion through flight. Any 

new insights on avian senses may be of importance for these fields of research, too. 

Additionally, bird collisions with airplanes and cars are both common and dangerous and may 

be avoidable if we understand motion vision of the birds.  

 

The present study investigates the influence of moving stimuli on visual perception of 

budgerigars as a model species, focussing especially on spatial contrast sensitivity. Five 

budgerigars (Melopsittacus undulatus) were tested in two choice discrimination experiments 

to determine whether or not stimulus motion improves contrast sensitivity for achromatic 

stimuli. Present findings may lead to a better appreciation of birds’ perception skills. 
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B. LITERATURE REVIEW  

 

1. Anatomy of the avian eye in relation to motion perception and flight  

 

To receive a better understanding of the visual perspective of birds, the details of their visual 

apparatus have to be scrutinized. The avian visual system is known to be equipped with a few 

specialties that do not occur in humans. 

 

 

1.1. Eye size 

 

Birds have very large eyes relative to their body, head and brain size (Fig. 1 A; Walls, 1942; 

Howland et al. 2004). The ostrich (Struthio camelus) is known to have the largest eyes of any 

land vertebrates with an axial length of 50 mm. Even some smaller birds, for example the 

nocturnal tawny owl (28.5 mm), have greater axial length than human eyes (24 mm) (Hughes, 

1977). In many species the eyes are so large that they even touch each other in the middle of 

the cranium (Martin, 1985). As flying animals have to minimize weight to allow for flight, 

eyes seem to be of immense importance for birds. 

 

 

 

Fig. 1. Eye anatomy in birds and humans.  

A Eye size and position. Schematic of a horizontal cross-section through the human and the avian skull (here a 

pigeon) with the eyes highlighted in blue colour (modified after Waldvogel, 1990). Avian eyes occupy much 

more space in the head and are positioned laterally. Humans have relatively small eyes that are strictly frontally 

positioned, providing greater binocularity.  

B Relevant parameters of eye size drawn on a schematic vertebrate eye (modified after Hall & Ross, 2006). The 

quality of an image relies, among other things, on corneal diameter, axial length and posterior nodal distance. 

They determine the amount of light reaching the retina and the size of an image produced on the retina. 
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Large eyes come with an enlarged corneal diameter (see Fig. 1 B) that allows an enlarged 

pupil, thereby increasing the amount of light and the probability of photons reaching the 

retina (Walls, 1942; Martin & Gordon, 1974b; Martin, 1982). Sparse light is a substantial 

restricting parameter of vision and thus plays a role in motion vision under dim light 

conditions, which occur in woodlands as well as during dusk and dawn. Especially nocturnal 

predators depend on sharp senses when hunting in the dark, which explains their often 

outstanding eye sizes (Hall & Ross, 2006) that come along with a very good sense of hearing 

(Payne, 1971). 

Greater axial length of the eye is furthermore associated with a greater distance between lens 

and receptor cells (posterior nodal distance, see Fig. 1 B), causing a larger image on the retina 

and thus improving the theoretical visual resolution (Miller, 1979; Land & Nilsson, 2002). 

 

 

1.2. Eye position 

 

Large eyes generally provide a wide field of view that is even wider when the eyes are 

positioned laterally, as it is the case in many bird species (Martin, 1984; Fernández-Juricic et 

al. 2008). Similar eye positions are seen in various vertebrate prey species like, for example, 

in rabbits (Hughes, 1971). 

The field of view in pigeons, being around 320°, almost doubles the human one of 180°, and 

this is common in most birds (Meyer, 1988), especially in prey species that are in 

consequence able to spot their surroundings for danger while pursuing vital activities like 

feeding. Since danger normally occurs in type of approaching predators, they strongly react to 

approaching, fast moving objects (Ydenberg & Dill, 1986; Holmes et al. 1993). As found in 

pigeons, the entire lateral field of view seems to be sensitive to fast movements (Martinoya et 

al. 1983; Maldonaldo et al. 1988).  

 

The lateral eye position, beneficial for panoramic (periscopic) vision, does not come without 

cost: the frontal binocular field in most birds is quite small, providing relatively poor spatial 

vision and depth perception (stereopsis). The binocular field in most birds is around 25° 

(Nalbach et al. 1990). However, some stereopsis is provided through converging eye 

movements (Holden & Low, 1989).  

The visual fields of psittacines have been studied recently in Senegal parrots (Poicephalus 

senegalus) showing a panoramic view of 344° with a horizontal binocularity of 27°. Even 

larger is the visual field in the plane that passes through the bill tip (355°), although there is 

not much binocularity (Demery et al. 2011). 

 

In predators, either birds or mammals, eyes are often more frontally positioned (Martin, 

1984). They use binocular vision to a greater extend, having a better depth perception for 

hunting. Similar to predator species, humans have a binocular field of 120°. 
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1.3. The orbital cave 

 

Bird eyes normally have very little flexibility in the orbital cave (Friedman, 1975), which 

comes with a reduced muscular system. Birds seem to counterbalance this lack of eye 

mobility with a higher rotation capacity of the head and the neck (King & McLelland, 1984). 

Movement of the eyes and the head play an important role in image stabilization and therefore 

in the detection of moving objects (see chapter 2.3.2.1.). 

Small lacrimal glands accompany the eyeball and produce fluids that are spread over the 

cornea to keep it moist especially during flight and walk (Duke-Elder, 1958). This is mainly 

done by the nictitating membrane, a third eyelid (palpebra tertia) that also protects against 

cooling and injury of neural structures (Korbel, 1994). 

 

 

1.4. The tunics of the eyeball  

 

As in all vertebrates the intraorbital eye is made of three layers: (i) the fibrous tunic (tunica 

fibrosa seu externa bulbi), containing the cornea in the anterior and the sclera in the middle 

and posterior part of the eyeball, (ii) the vascular pigmented tunic (tunica vasculosa seu 

media bulbi) with choroid, ciliary body and iris and (iii) the nervous tunic (tunica nervosa seu 

interna bulbi), a complex network of cells for image perception and primary analysing, the 

retina. 

 

Structure of cornea and sclera are quite similar to the human eye. Thickness and curvature of 

the cornea, as well as the shape of the ciliary body, vary a lot between different species of 

birds, depending on their living habitats and activity patterns (Reese et al. 1998a).  

Unlike humans, birds have various striated ciliary muscles that are directly connected to lens 

and cornea. As both control refraction of the eye through accommodation (Franz, 1934; 

Schaeffel & Howland, 1987), this process is more rapid in birds than in most other vertebrates 

(Bezzel & Prinzinger, 1990). In consequence, corneal lesions in birds complicate not only 

entrance of light, but also the eyes’ accommodation process (Reese et al. 1998a). Regulation 

of pupil size by the iris is similarly conducted by striated muscles, which allows rapid dark 

adaptation, a benefit for birds when flying through changing light levels, e.g. woodlands with 

light spots and deep shadows (Reese et al. 2001; Barbur et al. 2002). 

 

The bird eye contains a pigmented, vascular body projecting to the vitreous body above the 

entrance point of the optical nerve, close to the area centrales (Braekevelt, 1988), the pecten 

(Fig. 2). Its function seems to be mainly nutrition and oxygen supply of the retina (Kiama et 

al. 1994; Dayan & Ozaydin, 2013), which is relatively thick in birds and does not have blood 

capillaries (Pettigrew et al. 1990).   
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Fig. 2. The avian pecten (Waldvogel, 1990).   

 

 

1.4.1. The avian retina, primary light perception and image-analysing system  

 

Similar to the inverse eye of humans, the nervous tunic in birds is made of various layers of 

neural cells, through which light has to pass before it is absorbed by photosensitive cells that 

receive and forward visual information. The inversion of the retina is assumed to be a space-

saving mechanism that allows more photoreceptors in the same eye volume (Kröger & 

Biehlmaier, 2009).  

 

The outer nuclear layer with the photoreceptors is connected with horizontal and bipolar cells 

in the inner nuclear layer (Fig. 3). Horizontal cells have wide receptive fields and provide 

negative feedback to photoreceptor cells (Verweij et al. 1996), whereas bipolar cells mediate 

the ON or OFF response of receptor cells by conserving (hyperpolarizing) or inverting 

(depolarizing) signals (Hume, 2000). The retinal network of cross-linked neural cells finishes 

in amacrine and ganglion cells aligned closely to the vitreous body. They have modulatory 

functions and produce action potentials. The axons of ganglion cells form the optic nerve, 

linking primary processed visual information to the brain (Hume, 2000; Jadzinsky & Baccus, 

2013). 
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Fig. 3. Structure of the retina, modified after Delcomyn (1998).   

 

 

The photoreceptor cells of the retina are shaped as rods and five types of cones (Fig. 4). The 

rod to cone ratio in budgerigars is 1 : 2.1 (Lind & Kelber, 2009), which is quite different to 

the ratio of nocturnal species, for example 9 : 1 in owls (Fite, 1973), and to the human ratio of 

20 : 1 (Curcio et al. 1990). Rods are more sensitive to light than cones, mediating spatial 

vision in low light levels. Thus, diurnally active birds like budgerigars are expected to have 

poorer vision in dim light conditions.  

Otherwise, one can imagine benefits for motion perception with a cone-rich retina since cones 

generally have a much shorter integration time to light stimuli (Baylor & Hodgkin, 1973; 

Schnapf & Baylor, 1987). Indeed, avian photoreceptors have been found to respond quicker 

than photoreceptors of mammals at comparable light intensities (Jarvis et al. 2002).  

 

In birds cones are divided in single cones and double cones, similar to reptiles, amphibians, 

many fish species and marsupials (see Ahnelt & Kolb, 2000; Hart, 2001a). They provide 

spatial information and colour vision in bright light. Four different types of single cones exist 
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in birds, which are long wavelength-sensitive (LWS), medium wavelength-sensitive (MWS), 

short wavelength-sensitive (SWS) and ultraviolet-sensitive (UVS/VS) (Fig. 4; Osorio et al. 

1999; Hart, 2001a), providing tetrachromatic vision in virtually all diurnal bird species. In 

nocturnal birds, like owls, no ultraviolet sensitive cones have been found. They seem to make 

greater use of acoustical cues in addition to visual stimuli (Payne, 1971).  

 

Single cones in birds contain carotenoid-pigmented oil droplets, which filter incident light 

before it reaches the light-sensitive outer segments (Martin, 1993). Doing so, the oil droplets 

restrict the spectral sensitivity function of the single cones in a beneficial way (Vorobyev et 

al. 1998), although this comes with reduced receptor sensitivity due to greater absorption 

(Vorobyev, 2003). Similar oil droplets were found in lungfish, many reptiles and some 

marsupials (Walls 1942; Hart, 2001a). Over all, colour vision is quite elaborate in birds 

(Goldsmith & Butler, 2003; Kelber et al. 2003), especially because it includes the perception 

of ultraviolet radiation. Birds that are kept indoors without UV-light supply see their 

environment in complementary colours only, which is unnatural and may lead to changes in 

social behaviour, for example feather picking (Korbel et al. 2002a). Many birds, and among 

them budgerigars, have UV reflecting plumage, which is used as social signals (see Stevens & 

Cuthill, 2007). Thus, animal facilities should always be provided with UV-lighting. 

 

Another specialty of the bird retina, not existing in humans, is the double cone. Double cones 

have the same pigment as red single cones, but broader spectral sensitivity due to pale oil 

droplets. In some birds double cones represent up to 50% of all cones, and their ultimate 

function is yet unclear (Bennett & Théry, 2007). Rather than colour vision, they mediate 

luminance vision (Campenhausen & Kirschfeld, 1998; Osorio & Vorobyev, 2005). Since 

motion vision is mostly an achromatic visual task (Osorio et al. 1999; Burton, 2000), double 

cones are assumed to be specially engaged (Campenhausen & Kirschfeld, 1998; Osorio et al. 

1999; Goldsmith & Butler, 2003, 2005). 

Additional involvement in polarization sensitivity, which is a theory favoured for the double 

cones of fish (Hawryshyn, 1992), is currently subject of investigations in birds (Hart & Hunt, 

2007; Muheim, 2011). 
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Fig. 4. The photoreceptor cell types in the chicken by Kram et al. (2010). There are rods, four different types of 

single cones and double cones. Single cones are named according to the colour spectrum they mainly mediate. 
 

 

Several bird species have two areas of retinal specialisation with high cellular density, areae 

(see Collin, 2008). One is located centrally in the eye, equal to the area centralis of mammals, 

and points towards the lateral field of view. A second one is located in the dorso-temporal 

part of the eye, pointing towards the frontal field (Galifret, 1968). Many bird species have a 

depression within the area centralis, just like humans, called fovea, which has an even higher 

cone density and is each eye’s area of highest acuity (Walls, 1937). In the budgerigar no fovea 

has been found, but two areas of high cellular density (Mitkus et al. 2014). Pigeons have a 

central fovea, and it has been found to be the preferred part of the eye to focus moving stimuli 

(Maldonaldo et al. 1988).  

 

Furthermore, in all birds, the lateral position of the eyes and their retinal specialisations is 

assumed to facilitate motion detection in a wide field of view without the necessity to make 

large movements of eyes or head (Blough, 1971; Bischof, 1988; Lea & Dittrich, 2000).  

 

 

1.5. The avian brain, secondary image-analysing system  

 

On a cerebral level, motion processing in birds is mediated by two visual pathways that 

project to the cerebellum (Wylie, 2013). Involved are the tectofugal system and the accessory 

optic system, which closely parallel the extra-geniculo-cortical pathway and the accessory 

optic pathway in humans (Pettigrew & Konishi, 1976; Karten et al.1977).    

The tectofugal system, above all its nucleus rotundus, is especially involved in local object 

motion (Frost et al. 1990; Bischof & Watanabe, 1997), and thus plays an important role in the 
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detection of motion. In pigeons, the tectofugal system was found to respond to moderate and 

fast object motion (Frost et al. 1990), and has been described as directionally sensitive 

(Bischof & Watanabe, 1997).  

The accessory optic system analyses large-field motion resulting from self-motion (Frost et al. 

1990; Pakan & Wylie, 2006; Wylie, 2013), and is in consequence assumed to contribute to an 

animal’s body posture and locomotion control. Another component of the accessory optic 

system, the nucleus of the basal optic root, has been found to respond to slowly drifting 

patterns (1 to 5 deg/s; Frost et al. 1990). 

Higher levels of image analysis such as object recognition and visual learning take place in 

the hippocampal formation (Bingman et al. 1989), which closely parallels the human 

hippocampus (Casini et al. 1997). 

 

 

2. Performance capabilities of the avian eye  

 

To determine the actual capabilities of a visual system it is helpful to measure how good it 

resolves details in an image and how sensitive it is to light and contrasts. The present study 

additionally investigates the perception of stimuli that move.  

Measurements can be done either electrophysically by registering action potentials of neurons 

or psychophysically, examining behavioural response to stimuli. As we do not know whether 

the information seen by a neuron is really available to the behaving animal, behavioural tests 

are the only way to gain this knowledge. Thresholds measured in behavioural tests include 

mechanisms of image processing like binocular summation, lateral inhibition and possible 

other animate factors that we may not be fully aware off (Campbell & Green, 1965; Gaffney 

& Hodos, 2003). Psychophysical tests are furthermore non-invasive and thus preferable 

concerning animal welfare. 

Various factors of eye quality (light sensitivity, spatial resolution, contrast sensitivity) have to 

be tested with several intensity levels in order to determine threshold values. The threshold is 

the intensity of a factor, at which an animal starts to fail in a behavioural experiment. It is 

defined by a chosen level of statistical significance (p<0.025, equivalent to 72.5% correct 

choices) determined by the number of choices. Below the threshold a subject does no longer 

see a reliable difference between positive and negative stimuli.   

 

 

2.1. Light sensitivity 

 

The quality of an image is always depending on light conditions. Stimulus luminance, 

respectively the amount of emitted light from a light source, and the size of the retinal 

projection field, which is among others influenced by eye size and pupil size, determine the 

number of photons reaching the retinal photoreceptors.  
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The unit of luminance is cd/m
2
 (a standardized equivalent of the old “candle power”, Land & 

Nilsson, 2002) and luminance levels are to be kept in mind when comparing different 

sensitivity studies. Precise investigations on luminance-dependence of spatial vision in 

budgerigars were done recently by Lind et al. (2012) showing higher spatial resolution with 

higher light intensity, similar to other bird species. 

 

The luminance of a stimulus should always be adjusted to the background’s luminance that 

depends on the illuminance provided by the illuminating light source or naturally by sunshine 

or moonlight. The unit of illuminance is lux (lumens/m
2
).  

Lighting is an important aspect of animal welfare in animal facilities, especially in intensive 

rearing of broilers and keeping of lying hens. Time span of illuminance is a frequently used 

tool to influence the animals’ daily rhythm profitably, for example to make hens lay more 

eggs (Lewis at al. 1989) or to encourage quick growth in broilers (Kristensen et al. 2006a, 

2006b). Thereby light levels are kept relatively low (< 1 to 5 lux) to avoid exaggerated 

activity of the birds, aggressiveness and high mortality (Newberry et al. 1988). In the study of 

Lind et al. (2012) light levels at about 5 lux resulted in half the spatial resolution measured in 

a bird at about a 1000 lux, and the dimmest tested situation (2 lux) provided the birds with 

only a quarter of their real visual abilities. Since lighting should be adjusted to the visual 

system of an animal, evolved to work in the light conditions of its natural habitat, the 

sufficient range of illuminance in bird housing certainly is debatable.  

The comfort zone of birds seems to lie in a much higher light intensity range than usually 

provided in animal farming (Berk, 1997; Prescott & Watthes, 1999a, 1999b; Alvino et al. 

2009), and, besides the aspect of animal welfare, health issues like skeletal disorders and 

ocular defects occur with a constant lack of light (Newberry et al. 1988; Blatchford et al. 

2009). 

 

 

2.2. Spatial resolution 

 

Spatial vision is the modality to detect an image by measuring the amount of light reflected 

(illuminance) or emitted (luminance) from objects in our surroundings (Land & Nilsson, 

2002). Spatial resolution describes how detailed a subject sees light differences in an image, 

and is usually determined in behavioural experiments using sine-wave gratings of alternating 

black and white bars. In visual resolution tests a gratings spatial frequency is described in 

cycles (distance between front edge of one black bar to beginning of next black bar) per 

degree of visual angle (degree of arc). The smaller the cycle, the higher is the spatial 

frequency.  

Thus, spatial resolution quantifies, in a grating of square- or sine-waves, how close stripes can 

be to each other and still be visibly resolved. If the grating is not resolvable anymore, it 

appears as a homogenous grey field. 
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Within the retina, the density of photoreceptors and ganglion cells limit spatial resolution and 

these are not distributed homogenously across the retina (Querubin et al. 2009; see chapter 

1.4.1.). Ganglion cells either pool the information of many photoreceptors or forward 

information of a single photoreceptor. Pooling provides less spatial resolution, but greater 

light sensitivity (Warrant & Nilsson, 1998), whereas a one-to-one relation of ganglion cells 

and cones results in very high spatial resolution. The latter is rare and only the case in distinct 

areas of the eye, over all in the fovea (Hughes, 1977). Thus, spatial resolution is much higher 

in the fovea, compared to peripheral parts of the retina.  

Besides retinal anatomy, eye size (see chapter 1.1.), lens shape and external factors determine 

spatial resolution. As described previously luminance levels play a striking role with higher 

luminance resulting in better spatial vision.  

In budgerigars maximum spatial resolution was determined in tests with stationary stimuli as 

about 10 cyc/deg, very similar to many other bird species (see Lind et al. 2012, for a list and 

references). However, compared to humans that have resolution capacities of up to 60 

cyc/deg, spatial resolution is relatively poor in most birds (Campbell & Gubitsch, 1966; 

Hirsch & Curcio, 1989), excluding raptors that have a spatial resolution up to the range of 

humans (Hirsch, 1982; Gaffney & Hodos, 2003).  

Motion cues, on which the present study focuses, may have an impact on spatial resolution, 

too. If and in which way the resolution capacity may change when animals fly, is until now 

quite a mystery. 

 

 

2.2.1. Contrast sensitivity 

 

A robust measure of the spatial resolution is the spatial contrast sensitivity function, which 

describes contrast sensitivity as the inverse of the contrast threshold determined at various 

spatial frequencies. It uses differences in relative luminosity (contrast) instead of absolute 

luminance (Wandell, 1995).  

The mathematical definition of contrast for gratings is Michelson contrast (Michelson, 1927)  

 

𝐶  =
(L𝑚𝑎𝑥 − L𝑚𝑖𝑛)

(L𝑚𝑎𝑥 + L𝑚𝑖𝑛)                        (equation 1),  

 

where Lmax and Lmin are the maximum and minimum intensities of the grating. The contrast 

sensitivity function is typically a band-pass function, shaped like an inverse “U” with a 

maximum sensitivity at medium spatial frequencies and supressed sensitivity for low and high 

spatial frequencies (Fig. 5). This means that the visual system only encodes a particular range 

of spatial frequencies. Only these “pass” the visual system (De Valois & De Valois, 1990).  

The contrast sensitivity function allows an estimation of visual acuity by describing an upper 

limit of resolvable spatial frequencies (optical cut-off). Furthermore it gives information about 

the frequency range, to which a species visual channels are most sensitive (peak frequency) 
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and the maximum contrast sensitivity (peak sensitivity). The high frequency fall-off is 

determined by optical eye quality and fineness of receptor sampling (see chapter 1.1. & 2.2.), 

whereas lateral inhibition within the retinal layer controls the low frequency fall-off, possibly 

in conjunction with cortical integration (see Barten, 1999).  

 

Fig. 5 shows contrast sensitivity functions of human, cat, goldfish and various bird species. In 

humans the peak frequency is around 3 to 5 cyc/deg (De Valois et al. 1974, tested at 17 

cd/m
2
), in our example species, the budgerigar, around 1.4 cyc/deg (Lind et al. 2012, tested at 

50 cd/m
2
).  

Peak sensitivities of birds and humans are quite distinct. In humans the peak is at about 175, 

which equals a detection of 0.6% Michelson contrast (De Valois et al. 1974), whereas in 

budgerigars a sensitivity of 10 was measured recently, corresponding to a detection of 10% 

Michelson contrast (Lind et al. 2012). Besides predators, most birds detect similar contrasts as 

budgerigars (Ghim & Hodos, 2006). Predator species generally have lower contrast 

thresholds, as for example the American kestrel, which detects a contrast of 3.2% (Hirsch, 

1982).  

 

 
 

Fig. 5. Contrast sensitivity functions of various vertebrate species, modified after Harmening & Wagner (2011). 

The contrast sensitivity function of budgerigars, represented by the red curve (data of Lind et al. 2012), is similar 

to many other birds, but contrast sensitivity and spatial resolution are much lower, compared to humans. 
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2.3. Temporal modulation 

 

The visual system has to deal with a highly dynamic world that frequently changes when we 

move through it, when we move our eyes or something else moves. Retinal photoreceptors do 

not only sample the world in space (spatial resolution), but also in time (temporal resolution). 

To fully respond to a change in light intensity, they require 10 milliseconds or longer 

(differing widely between animal species) for signal integration before sending information to 

the brain. Thus, faster changes cannot be registered and the image appears blurring (Land & 

Nilsson, 2002).  

Although spatial vision in birds has been well studied concerning resolution and sensitivity, 

relatively little attention has been paid to the temporal properties of their vision. However, 

temporal sensitivity and resolution are of immense importance when it comes to motion 

perception and may be of particular importance to birds being highly active animals.  

 

 

2.3.1. Critical flicker fusion frequency  

 

Temporal resolution is determined by measuring flicker fusion frequencies. By discrimination 

of intermitted light flashes the temporal frequency is determined, at which flickering stimuli 

appear as steady to the observer. The flicker fusion frequency (FFF) highly depends on 

stimulus luminance, and the highest value found at any light intensity is called critical flicker 

fusion frequency (CFF) (Lisney et al. 2011). Processing activities within the retinal cell 

network determine a species’ temporal resolution (Rovamo et al. 1996).  

Humans have a critical flicker fusion frequency around 60 Hz with a light intensity of 135 

cd/m
2
. At lower light intensities it is expected to be much lower (Brundett, 1974). Since 

computer and TV screens commonly work with low light intensities, humans are able to 

watch movies at for example 30 Hz without any impression of flicker.  

In fast moving animal species, like birds, higher critical flicker fusion frequencies are 

expected (Lythgoe, 1979; McFarland & Loew, 1983). In pigeons values between 100 and 150 

Hz were measured by electroretinography (Dodt & Wirth, 1953; Bornshein & Tansley, 1961), 

and a recent study on chickens found a critical flicker fusion frequency of 87 Hz (Lisney et al. 

2011), although chicken do not fly regularly and may not count as fast moving species. 

Currently ongoing studies investigating the critical flicker fusion frequency of the budgerigar 

show remarkable higher values than found in humans at similar light intensities (unpublished 

data of the author). 

 

Conventional light sources flicker in frequencies above the human detection threshold, but 

possibly not above birds’ detection threshold (Nuboer et al. 1992; Prescott et al. 2003). This 

may be one reason for immense problems in animal husbandry, namely feather picking, 

cannibalism and mass panic death in intensive livestock farming of birds. The animals are 
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likely irritated by continuous flickering, and thinking about animal welfare this should be 

considered for lighting in any kind of bird housing.  

In vision studies computer screens are frequently used to present stimuli to an observer. Due 

to birds’ higher critical flicker fusion frequency, these screens may appear flickering in the 

eyes of birds. However, computer screens were found to be a highly acceptable tool to 

investigate motion perception (Lea & Dittrich, 2000). 

 

Various studies on flicker fusion frequency of other animals show highest values in species 

with a cone-rich retina (Crozier & Wolf, 1941; Gramini & Ali, 1970), similar to birds. Since a 

high critical flicker fusion frequency correlates with a superior detection of fast moving 

stimuli, good skills in motion detection are expected in birds (Lisney et al. 2011). 

 

 

2.3.2. Classes of motion 

 

To describe the eye’s perception of motion in general we need to differentiate between two 

classes of motion, called absolute (object) motion and relative motion. The latter is produced 

by self-motion (Frost et al. 1990). 

 

 

2.3.2.1. Absolute motion 

 

If eyes are kept still and a moving object crosses receptive fields of receptors in the retina, the 

observer deals with absolute motion. Eye movements allow an observer to keep a moving 

object in the field of view. To avoid motion blur the human eye typically moves in saccades 

with so-called hold-phases in between that allow the clearest period of viewing and a better 

perception of absolute motion (Robinson, 1964).  

In many birds saccade-like head movements replace eye saccades due to restricted eye 

flexibility in the orbital cave (Friedman, 1975; Land, 1999a; Jones et al. 2007a). The positive 

effect of gaze stabilization is expected to be similar: The more stable a subject’s gaze is the 

more sensitive its retina is to moving objects in front of a stationary background (Frost, 1978; 

Land, 1999a; Troje & Frost, 2000; Land & Nilsson, 2002).  

 

The detection threshold for motion of a rotating spiral pattern was determined in pigeons at 1 

to 3.5 deg/s (Martinoya & Delius, 1990), whereas lower thresholds between 0.17 deg/s and 

0.33 deg/s are known for humans (Johannson, 1978). Under comparable circumstances birds 

had higher detection thresholds for motion than human (Bischof et al. 1999). 
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2.3.2.2. Relative motion and optic flow 

 

Considering that birds rarely sit still, they deal most of the time with relative motion. Relative 

motion is described as the sum of moving images of stationary objects that are created on the 

retina when a subject moves itself (Gibson, 1954). If we read something written on our hand 

while moving the head (relative motion), we do not have any difficulties. In contrast, the 

writing is hardly readable when the hand itself moves instead of the head (absolute motion), 

although image motion on the retina is similar in both cases. Obviously, head (and eye) 

movements are taken into account when judging movement on the retina (Stoffregen et al. 

2006). 

 

Especially a flying bird sets its own body in high-speed motion (Leonard & Murray, 2004), 

and thus deals with relative motion of near and far objects, related to its point of view and its 

movement direction. Perception-wise objects that come closer enlarge and move quicker, then 

head towards the lateral visual field and get smaller and slower when left behind. This 

produces a continuous flow of retinal projections, the so-called optic flow (Fig. 6; 

Koenderink, 1986; Eckmeier et al. 2013). By calculating relative differences in motion 

velocity of images, related to flight direction and velocity, birds use optic flow cues to find a 

collision-free path through complex surroundings (Bhagavatula et al. 2011), similar to 

invertebrates (Esch & Burns, 1995; Schöne, 1996; Srinivasan et al. 1996). 

 

 

  
 

Fig. 6. Perception of optic flow (Max Planck Institute of Neurobiology / Schorner with kind permission, 

http://www.neuro.mpg.de/25403/news_publication_602158?c=2742). A flying animal receives passing objects 

in different velocities, here represented by different arrow sizes. Closer objects appear to move faster (larger 

arrows), whereas objects far away appear to move slower (smaller arrows). Neural cells calculate an animal’s 

own movement velocity using optic flow cues. 

http://www.neuro.mpg.de/25403/news_publication_602158?c=2742
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2.3.3. Angular velocity and contrast frequency 

 

Spatial vision of moving stimuli can be tested with sine wave gratings of various spatial 

frequencies and contrasts, similar to spatial vision of stationary stimuli (see chapter 2.2. & 

2.2.1.). With movement another variable is added, which is the gratings’ angular velocity, 

measured in degrees of visual angle per time [deg/s]. 

The velocity sensation that an observer perceives, can be expressed in contrast frequency 

[cyc/s], which describes the ratio of angular velocity of a moving pattern and the spatial 

wavelength of the grating (1/spatial frequency). Thus it defines the number of grating cycles 

passing a given point in space per second (see Eckert & Hamdorf, 1981) 

 

 𝐶𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =  
angular velocity 

spatial wavelength
                 (equation 2). 

 

Contrast sensitivity of birds for moving stimuli can be determined electrophysically or 

behaviourally, the latter by two choice experiments or using optomotor head reflexes. 

Optomotor reactions have been tested in chickens with relatively inconclusive results (Shi & 

Stell, 2013), but no dual choice tests have ever been performed.  

 

 

3. Summary and assignment 

 

The visual system of birds has evolved in parallel, but independently to the primate system 

and seems to be distinct in various details. Although the visual properties in different bird 

species vary, some skills are common in most of the species.  

Relatively huge, lateral positioned eyes allow a reasonable good panoramic vision. Striated 

muscles in ciliary body and iris provide short time frames for accommodation and dark 

adaption. And a quite distinct colour vision, that includes perception of ultraviolet radiation, 

makes the actual visual awareness/perception of birds a mystery to humans, lacking 

tetrachromacy. To keep birds in captivity healthy a better knowledge about their physiology, 

not at least about their visual properties is required. As already known it is important to 

provide sufficient light to allow a bird’s visual system to function, as well as UV-radiation 

and high-frequency lamps that do not flicker.  

 

In general, a flying animal is expected to have advanced visual skills to deal with complex 

situations like take-off, landing and collision-avoidance during flight. Surprisingly, resolution 

and contrast sensitivity, generally striking visual skills, appear to be very poor in resting birds. 

In consequence they may not resolve fine details or objects of low contrast in their 

environment. Additionally birds’ eyes are relatively strongly fixated in the skull and allow 

only small eye movements for image fixation, which is necessary to avoid image blur and to 
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detect moving objects. It seems that many bird species compensate this lack of eye mobility 

with saccade-like head movements during walk, but this is not the case in all species and does 

not explain image stabilisation during flight. 

 

Sometimes birds do have visual problems during flight, crashing into windows, cars or power 

lines. However, all these obstacles are man-made (anthropogenic), and birds seem to deal 

quite well with the highly demanding visual task of flight when flying through their natural 

environment. Rapid changes in light conditions, different contrast grades and movements of 

animate and inanimate objects do not seem to disturb their flight locomotion. May birds have 

much better visual skills during flight, compared to static situations?  

Vision studies with flying birds are quite rare and difficult to realise. Thus, testing birds’ 

perception of moving stimuli appears to be a reasonable beginning to learn more about 

possible advantages for vision during flight. 
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C. MATERIAL AND METHODS  

 

1.  Animals 

 

1.1. Experimental species 

 

Five budgerigars (Melopsittacus undulatus), two females and three males, took part in the 

experiment. Their age varied between six months and seven years, and two of them had 

previous experience of behavioural experiments. Budgerigars were chosen as model species 

because they have been shown to use optic flow for flight control (Bhagavatula et al. 2011), 

and their contrast sensitivity has been determined with stationary stimuli before (Lind & 

Kelber, 2011; Lind et al. 2012). 

 

 

1.2. Housing and nutrition 

 

The birds were kept in cages of similar size (ca. 80 cm length x 45 cm width x 70 cm height) 

in pairs in the same conditions as during at least half a year before experiments were started. 

They were fed on mixed seeds, supplemented with minerals and vegetables - mainly iceberg 

lettuce and carrots - for vitamin sustenance and amusement. 

On experiment days, budgerigars were fed with seeds during the experimental sessions, at 

least twice a day. Additionally they received vegetables in their housing cages. The birds had 

a resting phase over the middle of the day like budgerigars in natural environment 

(Wyndham, 1980). On two days every week, when no experiments were performed, birds 

were allowed to eat seeds ad libitum. The experiments were performed during approximately 

five months.  

Each animal was trained and tested in the experimental cage individually, but it could always 

communicate with the other birds by vocalisations. The animals were kept in accordance with 

the ethical guidelines stated by the Swedish Board of Agriculture and the experiments were 

approved by the local ethical committee (permit number M 405-12). 

 

 

2. Experimental setup 

 

An experimental cage that has been used in earlier studies on budgerigars’ vision (Lind & 

Kelber, 2011) was modified to suit the acquirements of the present study (Figs 9 & 10). The 

cage had a length of 1580 mm, a width of 860 mm and a height of 670 mm and was made of 

grey metal mesh, except for grey Perspex panels that covered the floor and replaced the mesh 

at one of the short ends. At this short end, the grey panel had two windows for stimulus 

presentation, each 150 mm x 150 mm in size, 250 mm apart from each other. 45 mm below 

each stimulus window a grey feeder box with a lit and a landing perch was inserted into a 
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small hole of 60 mm x 95 mm. The feeder boxes could be opened and closed by a person 

sitting behind the stimulus windows, invisible to the bird. The cage was partially divided by 

an opaque white plastic board, separating the stimuli windows up to a distance of 1268 mm. 

The budgerigars started stimulus approach from a perch 144 mm from the end of the dividing 

board. Thus, from the perch each stimulus window obtained a visual angle of 6.7°, with a 

distance between both stimuli of 11°.                 

The experimental cage was placed in a lightproof compartment and illuminated from above 

by four white light emitting diodes (LEDs; LZC-00NW40, LED Engin Inc., San Jose, USA), 

powered with a 175W dual power supply (CPX200, Thurlby Thandar instruments Ltd., 

Huntingdon, England). To produce homogenous illumination, the LEDs were directed 

upwards, and light was reflected into the cage by wrinkled aluminium foil covering the entire 

area of the cage. Luminance was measured with a radiometer (ILT1700 with detector 

SPM068 -01, International Light). The grey Perspex board around the stimulus windows had 

a luminance of 8 to 10 cd/m
2
 measured in a 90° angle. A white standard placed on the cage 

floor, measured in a 45° angle to avoid shading from the radiometer probe, had a luminance 

of 125 cd/m
2
.  

 

The birds were filmed with a video camera positioned on the end of the cage opposite to the 

stimuli, and observed by the experimenter on a separate monitor, invisible to the birds (Fig. 

7). 

 

 

 
 

Fig. 7. The experimental cage. A View from above and B from the side (see Methods). 
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3. Behavioural procedure and stimulus presentation  

 

3.1. Experimental task 

 

In the experimental session budgerigars had to discriminate a homogenous grey stimulus from 

achromatic sine-wave gratings of varying spatial frequency that were presented 

simultaneously (see Fig. 8). The gratings were tilted 45°, similar as in previous studies to 

avoid interference pattern that were seen with horizontally stripes due to the arrangement of 

phosphors in the screen (Lind, personal communication). The used black and white grating 

stimuli were expected to address mainly double cones as they mediate achromatic vision. 

Flying into the right or left cage division was counted as a choice. Landing on the feeder 

under the homogenous grey stimulus was rewarded with access to food for two to four 

seconds before the stimulus window turned black again. Flying to the grating had the only 

consequence that the stimulus windows turned black again. The bird had to fly back to the 

starting perch and wait for the next stimulus presentation.  

 

 

 

 
 

 

 

Fig. 8. The animals' perspective of view in the experimental cage. Under experimental conditions both sides of 

the cage were covered with black curtains.   
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3.2. Training procedure 

 

In the beginning a grey paperboard was placed behind one of the stimulus windows and 

presented to the budgerigars together with an open feeder box, teaching the birds to appreciate 

the cage and the feeder box. If a bird had learned to fly to one feeder, the other side of the 

experimental cage was trained in a similar way.   

After this pre-training a PowerPoint presentation (v. 14.2.3, Microsoft Corporation) was used 

to present grey and black stimuli alternating on the right and the left side with simultaneously 

opened feeder boxes at the side of the grey stimulus. After a few seconds the feeder was 

closed again, which sooner or later made the bird fly back to the starting perch. Finally, the 

birds were introduced to the actual stimuli presentation used in the experiments.  

 

 

3.3. Stimulus presentation  

 

Stimuli were presented on a large colour LCD screen (EIZO SX3031W-H) using a modified 

script from psychotoolbox3 (version 3.0.10, http://psychtoolbox.org) in matlab (version 

7.12.0.635, The MathWorks Inc.).  

The birds were tested with sine-wave gratings of five spatial frequencies: 0.48, 0.95, 1.9, 4.7 

and 6.5 cyc/deg. At each frequency Michelson contrast varied between 99% and 0.7% and 

gratings were presented either stationary or drifting. The mean stimulus luminance was 63 

cd/m
2
. Measurements of stimulus luminance and cage illumination were repeated on a regular 

basis, and no changes were detected throughout the experimental period.  

 

Experiments started with a frequency of 1.9 cyc/deg, because budgerigars were known to be 

most sensitive for stationary pattern of spatial frequencies between 1 and 2 cyc/deg (Lind & 

Kelber, 2011), and gratings were presented either stationary or drifting.  

The rewarded homogenous stimuli was presented in two shades of grey with approximately 

20% lower and 20% higher intensity than the unrewarded stimuli, in an equal number of 

trials, to make sure that the animals could not use brightness to make a decision. Initial tests 

with each spatial frequency were done with drifting stimuli, then with stationary stimuli, 

followed by additional experiments with faster or slower drift velocities. Some of the earliest 

tests were repeated in the end to test for possible learning effects during the experimental 

period, which could not be observed.  

 

Drift velocity varied between 0.9 and 12.6 deg/s, which equals a contrast frequency between 

1.5 and 9.2 cyc/s. Both dimensions, drift velocity and contrast frequency, were used in data 

analysis.  
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The LCD screen did not allow testing of high frequency gratings drifting at high velocities 

due to restrictions in spatial and temporal resolution. Tab. 1 shows which velocities and 

spatial frequencies were used and the resulting contrast frequencies.  

 

 

Tab. 1. Contrast frequencies (cyc/s) resulting from the tested combinations of spatial frequency and drift 

velocity (deg/s).  

 

 Drift velocity [deg/s] 

Spatial 

frequency 

[cyc/deg] 

 

0.0 

 

0.9 

 

1.6

*  

 

3.2 

 

6.3 

 

12.6 

0.48 

 

0.0   1.5 3.0 6.0 

0.95 

 

0.0 

 

  3.0 6.0  

1.9 

 

0.0  3.0 6.1   

4.7 

 

0.0  7.5    

6.5 

 

0.0 6.0 9.1    

*For the spatial frequency of 6.5 cyc/deg a drift velocity of 1.4 deg/s was used.   

 

 

For each bird, testing series of 20 trials were created with five different contrasts, depending 

on individual abilities of each bird that were observed during training sessions. Easy detection 

of at least two of the stimuli was expected to keep the animals motivated and, at the same 

time, to allow for reliable fit of psychometric functions. 

The order of unrewarded patterns and the side of presentation were varied pseudorandomly 

(Gellermann, 1933), such that rewarded stimuli appeared in no more than three consecutive 

trials on the same side, and equally often on the left and right sides. 

 

A bird was tested with between two and four series a day. After finishing 10 series with a 

total of 200 trials, which is 40 trials for each contrast, spatial frequency or drifting velocity 

were changed. Before tests with a new spatial frequency were started, each bird had to reach 

80% correct choices in two consecutive training series of 20 trials with high contrast gratings 

to favour similar preconditions.  

 

 

 

 

 



  

Material and Methods - 24 - 

     

4. Data Analysis  

 

4.1. Threshold values 

 

Contrast threshold values were estimated by fitting a logistic function to the pooled data of all 

five birds using the Palamedes toolbox (version 1.6.2, Prins & Kingdom, 2009) in matlab: 

 

𝜓(𝑥) = 𝑦 + (1 − 𝑦 − 𝜆)
1

1+e
𝑎−𝑥

𝑏

               (equation 3), 

where is the correct choice frequency at stimulus contrast x, is the lower asymptote of the 

psychometric function (fixed to 0.5),  is the lapse rate, i.e. the difference between the upper 

asymptote and 1 (limited to vary between 0 and 0.2), and a and b are unrestricted fit 

parameters.  

To estimate the accuracy of the fitted function, a non-parametric bootstrapping procedure 

(500 simulations) was used with Palamedes toolbox in matlab. 

 

 

4.2. Contrast sensitivity 

 

As in earlier test of contrast sensitivity in budgerigars (Lind & Kelber, 2011), the threshold 

was set to 72.5% correct choices, which corresponds to the choice frequency that is 

significantly different from random behaviour (one-sided binomial distribution, n = 40, 

p<0.005).  

To describe the contrast sensitivity as a function of spatial frequency, a double-exponential 

function was fitted with a non-linear least square procedure to the data as suggested by 

Uhlrich et al. (1981): 

 

S(𝜈) = 100(K1e−2𝜋𝛼𝜈 − K2e−2𝜋𝜈)                        (equation 4), 
 

where S ( ) is the contrast sensitivity for the spatial frequency  , and K, and are free 

fitting parameters. 

A two-way analysis of variance (ANOVA, see Appendix 1.) was used in matlab to determine 

whether spatial contrast sensitivities for stationary and drifting gratings were significantly 

different. 
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D. RESULTS 

 

1. Learning performance  

 

All birds learned the discrimination task with high-contrast gratings. Three budgerigars that 

had never been trained before needed slightly prolonged pre-training to feel confident in the 

experimental cage, individually. The last bird that started experiments with matlab stimuli had 

been trained for about five weeks, whereas the most courageous birds could start after twelve 

days. 

All birds made between 90% and 100% correct choices in training series with stationary and 

drifting patterns of the start frequency, 1.9 cyc/deg. Training the animals to gratings of lower 

and higher frequencies required slightly more time and lapse rates were higher, but all five 

birds met the criterion of 80% correct choices in two consecutive trials and could be tested 

with lower contrasts in all five tested spatial frequencies.  

 

 

2. Contrast threshold evaluation 

 

2.1. Contrast thresholds for stationary stimuli 

 

Fig. 9 shows the mean performance of all budgerigars in contrast threshold experiments with 

stationary stimuli of spatial frequencies between 0.48 and 6.5 cyc/deg. The lowest mean 

contrast threshold of all birds was 7.1% Michelson contrast with a spatial frequency of 1.9 

cyc/deg, corresponding to a contrast sensitivity of 14. Detection thresholds for the lowest and 

highest tested spatial frequency were 19% and 61% contrast, respectively.  

The contrast sensitivity curve created by fitting a double exponential function to the data, has 

the expected shape of an inverse “U” (see Literature review, chapter 2.2.1.) and peaks at a 

spatial frequency of 1.7 cyc/deg with a contrast sensitivity of 13.3.  
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Fig. 9. Contrast sensitivity for stationary gratings.  

A Contrast thresholds of budgerigars and psychometric functions for stationary gratings with spatial frequencies 

between 0.48 and 6.5 cyc/deg. Filled circles are choice frequencies of the birds with circle size related to the 

number of birds tested on each particular Michelson contrast. Smallest circles represent one bird (40 choices), 

largest circles five birds (200 choices). Dashed lines give the logistic functions fitted to the data. Red squares 

with error bars represent threshold values with standard errors as estimated from bootstrapping (see Methods).  

B Table of determined contrast thresholds.  

C Spatial contrast sensitivity of budgerigars for stationary stimuli. Filled circles represent contrast sensitivities 

(1/contrast thresholds) for stationary stimuli and the solid line is a double exponential function fitted with a non-

linear least square procedure to the data. Peak frequency (X), peak sensitivity (Y) and cut-off frequency (x) are 

marked. 
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2.2. Contrast thresholds for drifting stimuli 

 

In Fig. 10 contrast thresholds of each spatial frequency in various motion speeds are shown. 

With drifting stimuli the lowest threshold was found with a drift velocity of 3.2 deg/s (6 

cyc/s), again at a spatial frequency of 1.9 cyc/deg. The mean threshold of all birds for these 

conditions was 5.8% Michelson contrast that corresponds to a contrast sensitivity of 17.4, 

compared to the threshold of 7.1% and a contrast sensitivity of 13.3 with stationary stimuli. 

Two budgerigars even had a threshold below the average, discriminating 4.4% Michelson 

contrast, and a corresponding contrast sensitivity of 22.5 (Lucky & Milou; see Results, 

chapter 3, Tab. 2).  

 

 

2.3. Influence of drift velocity on spatial contrast sensitivity 

 

Increasing drift velocity (and contrast frequency) led to significantly higher contrast 

sensitivity for patterns of all tested spatial frequencies (Figs 10 & 11, p<0.05, see Appendix 

1.), except for 1.9 deg/s, where one bird surprisingly had a lower threshold with the stationary 

patterns. 

 

The largest differences were seen with very low and very high spatial frequencies. The 

detection threshold for the lowest spatial frequency was as low as 6.6% Michelson contrast 

with a drift velocity of 12.6 deg/s (6 cyc/s), compared to 19% contrast with the stationary 

pattern. The detection threshold for the highest spatial frequency was 42% contrast, with a 

drift velocity of 0.9 deg/s (6 cyc/s) and 32% contrast with a higher velocity of 1.4 deg/s (9.1 

cyc/s), compared to 61% contrast with stationary stimuli (Fig. 10). 

 

Fig. 12 shows the influence of increasing drift velocity and contrast frequency on contrast 

sensitivity in budgerigars, which shows the results of Fig. 11 even clearer.  
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Fig. 10. Influence of motion on contrast threshold.  

A Logistic functions fitted to the psychophysical data from all birds for spatial frequencies between 0.48 and 6.5 

cyc/deg at various drift velocities. Solid lines: stationary gratings, dashed lines: drifting gratings. Average 

thresholds of all five birds and standard errors are represented by red squares with error bars. Each bird 

performed 200 trials, which is 40 trials for each contrasts, at each drift velocity (see Methods).  

B Table of determined contrast thresholds.  
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Fig. 11. Influence of drift velocity on spatial contrast sensitivity.  

A Collected data of five budgerigars. Filled circles represent contrast sensitivities (1/contrast threshold) for 

stationary stimuli and the solid line is a double exponential function fitted with a non-linear least square 

procedure to the data. Triangles represent inverse contrast thresholds for drifting gratings with darker colours for 

higher drift velocities (in deg/s: light yellow 0.9, dark yellow 1.4 - 1.6, light orange 3.2, dark orange 6.3, red 

12.6). Error bars give standard errors. Stars indicate at which spatial frequencies drift velocity had a significant 

influence on contrast sensitivity. 

B Comparison of contrast sensitivity functions for stationary and moving stimuli. Fitted curves for experiments 

with stationary stimuli (solid line) and stimuli drifting with the same contrast frequency, 6 cyc/s (dashed, red 

line; see bold letters in Tab. 1). 
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Fig. 12. Contrast sensitivity for various spatial frequencies (numbers) as a function of A drift velocity (deg/s) 

and B contrast frequency (cyc/s). Coloured data points were used for calculations in Fig. 11 B (blue: stationary 

stimuli, red: 6 cyc/s). 
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3. Inter-individual variation 

 

Inter-individual variation was generally not very large although there were slight differences 

in performance (Tab. 2; Fig. 13). Two birds, Bart and Pippi, performed slightly poorer during 

all experiments, whereas the other three participants were on very similar sensitivity levels. 

Weather these differences are only caused by eye quality cannot be assured since behavioural 

characteristics may have interfered, too.  

Bart as a more restless bird may have taken less time to inspect the stimulus and thus may 

have made more incorrect choices due to nervousness. This bird already required the longest 

pre-training to of all birds to learn the task. Pippi was generally a bit slower in decision 

making and not equally strong interested in training as the other birds. Since all birds were 

tested with individually adjusted discrimination tasks depending on their individual 

performance in earlier tests, less motivation could not be due to mental overload.   

 

 

Tab. 2. Contrast thresholds of all budgerigars individually. 

 

 

Frequency 

(cyc/deg) 

Velocity 

(deg/s) 

Michelson contrast 

Milou       Bud          Lucky      Pippi        Bart 

 

0.48 0.0 5.76 6.51 6.03 4.25 5.85 

 

 3.2 8.68 7.72 6.35 5.29 5.97 

 

 6.3 10.9 10.6 13.0 8.85 7.57 

 

 12.6 17.2 17.9 15.8 12.5 12.9 

 

 

      

 

0.95 0.0 13.0 10.7 11.7 7.68 9.25 

 

 3.2 17.5 13.6 17.3 11.5 12.8 

 

 6.3 20.5 16.3 20.6 15.1 15.1 

 

 

      

 

1.9 0.0 15.8 24.0 13.9 9.58 11.6 

 

 1.6 17.2 15.7 22.0 11.4 12.5 

 

 3.2 22.6 18.0 22.4 14.1 13.1 

 

 

      

 

4.7 0.0 6.20 6.39 4.29 3.30 3.57 

 

 1.6 11.5 11.5 12.0 5.88 4.07 

 

 

      

 

6.5 0.0 1.79 1.65 1.70 1.61 1.36 

 

 0.9 3.96 3.07 2.43 2.07 1.35 

 

 1.4 4.29 3.28 2.57 2.71 2.42 
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Fig. 13. Inter-individual variation in spatial contrast sensitivity of five budgerigars.  

A Contrast sensitivity for stationary stimuli and B for stimuli drifting in a contrast frequency of approximately 6 

cyc/s. Coloured lines represent different individuals. The black, dotted line represents mean values of all five 

birds.  
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E. DISCUSSION   

 

The present study investigated the influence of motion on spatial vision in birds, wondering 

how birds with relatively poor visual resolution and contrast sensitivity (Ghim & Hodos, 

2006; Harmening et al. 2009; Lind & Kelber, 2011; Lind et al. 2012) perceive their 

surroundings.  

Based on an approved experimental method for the estimation of visual capabilities (Lind & 

Kelber, 2011), five budgerigars were tested with stationary and moving stimuli. Results show 

that stimulus motion significantly improves contrast sensitivity of budgerigars for achromatic 

gratings at spatial frequencies between 0.48 and 6.5 cyc/deg (Figs 10 & 11).  

 

 

1. Contrast sensitivity of budgerigars for stationary stimuli 

 

Maximum contrast sensitivity for stationary gratings in budgerigars has earlier been measured 

as about 10 (Lind & Kelber, 2011). Other birds show similar values (Wedge-tailed eagle: 14, 

Reymond & Wolfe, 1981; Pigeon: 12, Hodos et al. 2002; Chicken: 12, Jarvis et al. 2009; Barn 

owl: 13, Harmening et al. 2009) and a higher contrast sensitivity of 31 has been determined 

only for an American kestrel (Hirsch, 1982). Among mammals, many species have higher 

contrast sensitivity than birds (see Lind et al. 2012, for a list and references), and primates 

generally show the highest values (De Valois et al. 1974; Burr & Ross, 1982). All these 

species were tested with stationary stimuli. 

 

Fig. 14 shows contrast sensitivity curves of budgerigars for stationary stimuli calculated from 

data of the present study and the earlier study of Lind and Kelber (2011). In the present 

experiments higher maximum contrast sensitivity was found, and the determined peak 

frequency was slightly higher, too.  

The interpolated contrast sensitivity maximum of present data is 13.3, for a spatial frequency 

of 1.7 cyc/deg, while Lind and Kelber (2011) found a sensitivity maximum of 10 at 1.4 

cyc/deg. The extrapolated cut-off frequency is slightly lower with 7.7 cyc/deg, compared to 

10 cyc/deg in the previous experiment.  
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Fig. 14. Contrast sensitivity functions for stationary gratings. Each circle represents the inverse of the contrast 

threshold at a particular spatial frequency. The bold solid line stands for a double exponential function fitted to 

data of the present study, and error bars represent standard errors. The thinner line refers to data of Lind & 

Kelber (2011), and error bars represents 95% confidence intervals. Filled squares indicate peak sensitivities (Y), 

peak frequencies (X) and cut-off frequencies (x) of both studies.  

 

 

1.1. Influences on contrast sensitivity  

 

Although the experimental conditions in the present study were similar to those described for 

the earlier one (Lind & Kelber, 2011), several parameters differed between the studies: (i) a 

slightly higher stimulus luminance of 63 cd/m
2
 (compared to 50 cd/m

2
) was used, (ii) the 

stimuli were presented as sine-wave gratings instead of square-wave gratings, (iii) different 

experimental animals took part, and (iv) the angular size of the stimuli was 6.7°, compared to 

3.6° in the earlier study.  

If the difference in stimulus luminance had an effect, a shift of maximum sensitivity towards 

higher frequencies would be expected (human: Kelly, 1977; chicken: Jarvis et al. 2009), and 

with the use of sine-wave instead of square-wave gratings, a lower sensitivity for low spatial 

frequencies would be expected (De Valois & De Valois, 1990). However, neither of these 

effects was observed, but rather tendencies in the opposite directions occurred.  

 

Furthermore, differences in visual capabilities of the experimental animals in this and the 

previous study cannot be excluded. Anatomical studies in budgerigars (Mitkus et al. 2014) 

indicate a high inter-individual variation of ganglion cell density, which has an immense 

influence on quality of visual perception. Behavioural studies in budgerigar and Bourke´s 

parrot also found a relatively high inter-individual variation of performance (Lind et al. 2012), 
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and the present study is no exception of this phenomenon showing slightly different results 

for each individual (Tab. 2). 

Two of the budgerigars, Milou and Bud, also participated in the earlier study (Lind & Kelber, 

2011). In the present experiments, both birds reached higher maximum contrast sensitivities 

and a slightly lower extrapolated spatial resolution for stationary gratings, compared to the 

earlier experiments of Lind and Kelber (2011). This indicates that other factors may have 

influenced experimental performance. 

 

Finally, changes in stimulus size are known to modify contrast sensitivity in humans (Cohen 

et al. 1976) and in birds (Jarvis et al. 2009; see Fig. 15). Contrast sensitivity of chickens 

improved as grating size was increased from 7.6° to 32° of visual angle, especially for low 

spatial frequencies.  

 

 
 

Fig. 15. Spatial contrast sensitivity of the chicken with two different stimulus sizes, modified after Jarvis et al. 

(2009). Dashed line and open circles represent data from tests with a grating field size of 7° x 7°, whereas the 

solid line and closed circles represent data for a field size of 32° x 32°. 

 

 

The differences between contrast sensitivity curves of the present and the earlier study on 

budgerigars (Fig. 14) show similarities to the results obtained by Jarvis et al. (2009) with 

different stimulus sizes in experiments with chickens. Thus, I assume that larger stimulus size 

is the main reason for the higher contrast sensitivity observed in the present study.  
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2. Stimulus motion improves contrast sensitivity in budgerigars  

 

A general improvement of contrast sensitivity for drifting gratings at all spatial frequencies 

was found, but the greatest improvement was seen with low spatial frequencies (Figs 10 & 

11). 

 

 

2.1. Comparison to human motion vision 

 

Results on humans show that stimulus motion improves contrast sensitivity selectively at 

lower spatial frequencies. With motion the contrast sensitivity function is low-frequency 

shifted without any change in shape or peak sensitivity (Burr & Ross, 1982). This means that 

in humans, contrast sensitivity is lower for high spatial frequencies with moving stimuli, 

compared to stationary stimuli, and the effect is larger for fast than for slow drift velocities 

(Fig. 16). 

 

 

 
 

Fig. 16. Spatial contrast sensitivity functions of humans with various drift velocities, modified after Burr & Ross 

(1982). Drift velocity of gratings were 0 (open triangles), 1 (filled circles), 10 (open squares), 100 (filled 

triangles) and 800 (open circles) deg/s. Note that the shape of the curve is identical at all drift velocities, but 

faster velocities make the peak frequency shift towards lower spatial frequencies.   

 

 

Similar to humans the greatest improvement of contrast sensitivity in budgerigars was seen in 

the lowest spatial frequency (Figs 10 & 11). Already in the 1960s indices were found that 

motion makes gratings, over all low frequency gratings, more visible to human observers 

(Robson, 1966; Tolhurst, 1973). Tolhurst (1973) favoured the assumption that those findings 
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were owed to the existence of different visual channels for particular spatial frequencies that 

vary in their sensitivity for temporal modulation. Thus, low frequency channels in particular 

were expected to be motion-sensitive, although the existence of these frequency-specific 

channels has never been verified.  

At present it is believed that processes of lateral inhibition within the retina control the low 

frequency fall-off (see Literature review, chapter 2.2.1.). Why lateral inhibition may appear 

less marked when a low frequency grating moves, is not yet completely understood. 

 

Unlike in humans, in budgerigars no loss of contrast sensitivity was observed when high 

spatial frequency gratings moved. In the contrary, contrast sensitivity increased at all spatial 

frequencies (Fig. 11).  

Interestingly, it has been found that for humans blurred images appear sharper in motion, 

whereas sharp images in motion appear rather blurred (Ramachandran et al. 1974; Hammett 

& Bex, 1996). Another study found the former to be true especially in peripheral regions of 

the eye that have poorer spatial resolution, compared to the fovea (Galvin et al. 1997). The 

existence of two stages of retinal image processing was suggested that may be responsible for 

this phenomenon (Hammett et al. 1998). In the first stage, photoreceptors would function as 

temporal filters, whereas in the second stage, differential recruitment of ganglion cells would 

encode contrast in a velocity-dependent way.  

If this is true, it is not unimaginable that budgerigars, having poorer spatial resolution than 

humans and a complex system of ganglion cells, indeed see stimuli of all spatial frequencies 

better when they move.  

 

To further investigate the observed similarities (low-frequency bias) and differences (contrast 

sensitivities for drifting high frequency gratings) in motion vision of birds and humans, more 

experiments are needed. 

 

 

2.2. Influence of drift velocity on spatial contrast sensitivity  

 

Drift velocity, respectively contrast frequency, of presented stimuli seems to play a 

noteworthy role in spatial vision of birds as the present study shows improved contrast 

sensitivity with increasing drifting velocity. Similar to these behaviourally determined 

findings, neurophysiological studies on the nucleus of the basal optic root (in pigeons) 

showed that higher stimulus velocity results in a greater response of neural cells to low 

contrast (5%) sine-wave gratings (Wolf-Oberhollenzer & Kirschfeld, 1994). In general, 

contrast sensitivity of the neural pathways for motion vision in birds, has not been studied 

very intensely.  

 

Considering birds’ relatively high detection thresholds for moving stimuli (Martinoya & 

Delius, 1990; Bischof et al. 1999) and the fact that flying birds generally move rapidly 
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through their environment, improved vision for fast movements appears to be a good 

adaptation. However, a loss of contrast is expected when stimuli move faster than a limit set 

by the photoreceptors response time to changes in intensity (Land, 1999a). Thus, one may 

rather wonder where the upper limit of velocity is that still improves contrast sensitivity for 

high spatial frequencies in birds, and if this limit affects maximum flight speed of individuals.  

 

In the present study a maximum drift velocity of 1.4 deg/s, which is still rather slow, could be 

tested with the highest spatial frequency, 6.5 cyc/deg (Tab. 1). Contrast sensitivity still 

increased with this velocity, compared to stationary experiments. The spatial contrast 

sensitivity for stationary stimuli was 1.6, whereas movement of 0.9 and 1.4 deg/s resulted in 

contrast sensitivities of 2.4 and 3.0 (Fig. 10).  

Due to limited screen capabilities, tests with faster drift velocity could not be done and are 

recommended for future studies.  

 

 

2.2.1. Is there an optimal drift velocity or contrast frequency? 

 

According to electrophysiological findings in cats (Hubel & Wiesel, 1965; Pettigrew et al. 

1968) and humans (Tolhurst et al. 1973, Campbell & Maffei, 1981), slow drift velocities are 

expected to result in high sensitivities for high spatial frequencies, whereas fast velocities 

would result in high sensitivity for low spatial frequencies. In consequence, one single 

contrast frequency, 6 cyc/s in humans, is suggested to be optimal for the visibility of various 

spatial frequencies (Robson, 1966; Tolhurst et al. 1973). A bird experiences this contrast 

frequency when flying at 12 m/s and passing a row of trees in a distance of 6 m, that are 1 m 

wide and equally spaced.  

This finding leads to assumption that the dimension of contrast frequency is more adequate to 

describe the visual system’s processing of moving stimuli (see Breitmeyer, 1973; Tolhurst et 

al. 1973; Kelly, 1979; Burr & Ross, 1982), although the dimension of drift velocity is used 

more commonly in vision studies. 

 

In the present study no particular efforts were made to look for an optimal contrast frequency, 

and therefore the following is mainly speculative. If there exists an optimal velocity for the 

perception of each spatial frequency or an optimal contrast frequency for the visual system in 

general, which is until now merely a conjecture, it may be in a higher range for birds, 

compared to humans, considering their higher motion detection threshold (see Literature 

review, chapter 2.3.2.1.).  

In budgerigars higher sensitivities were found at all spatial frequencies with a contrast 

frequency of 6 cyc/s, compared to experiments with stationary stimuli and lower contrast 

frequencies (Fig. 11 B). However, due to limits in screen resolution only the highest spatial 

frequency, 6.5 cyc/deg, was tested with a faster drift velocity than 6 cyc/s. With 9.1 cyc/s 

contrast sensitivity still increased, which would be in agreement with the idea of a higher 
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optimum for birds. The present experiments certainly do not provide a sufficient basis to 

allow us a real statement about this interesting domain of motion vision, why further studies 

with faster stimuli motion are recommended.  

 

 

2.3. Perception of absolute and relative motion in the present study 

  

In the experiments of the present study birds were freely moving, sitting on a starting perch, 

and responding to small-field motion stimuli at a constant distance. Thus, stimuli have been 

more related to absolute motion than to relative motion.  

The animals could move heads and eyes freely when inspecting presented stimuli. As head 

movements in birds seem to have a notable impact on their vision, they should be considered 

in every visual study. It has been suggested that the saccade-like head movements of many 

birds even have two functions, such as allowing the detection of absolute object motion 

during the hold-phase and amplifying relative motion in the retinal image during the thrust 

phase to improve the detection of non-moving objects like food (Davies & Green, 1988). If 

this is true, absolute and relative image motion are constantly used to improve vision, more 

than we may be presently aware. 

Certainly, there is a difference between the visual impression a bird receives in a situation of 

flight and perception in static situations like sitting. Thus, additional experiments are needed 

to fully understand a bird’s perspective of view during flight, for instance with birds flying in 

a wind tunnel. 

 

 

3. Conclusions 

 

The results of the present study show that motion cues have positive effects on visual 

perception of budgerigars. Contrast sensitivity, tested solely with stationary stimuli, likely 

underestimates the sensory capacities of birds, animals that move flying through their 

environment.  

Having higher contrast sensitivity for moving objects and superior visual skills for the 

perception of motion, may help birds to escape in time when a predator approaches and to 

deal with complex situations during flight. Although many prey species may not discriminate 

as small details during flight as predators having higher spatial resolution, they seem to have a 

reasonable good contrast sensitivity to perform effective collision-avoidance and body posture 

control during take-off, flight and landing, which seems to be even better when it comes to 

rapid motion. Together with the ability to use optic flow cues for observing and regulating 

flight velocity in narrow passageways (Bhagavatula et al. 2011), these adaptations may 

provide sufficiently good vision for a flying animal.  
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If higher contrast sensitivity in some individuals directly affects their locomotion abilities 

during flight, for instance in allowing a higher maximum flight speed, would be interesting to 

examine.   

When dealing with birds, one should be aware of the specialties of their visual system. 

Handling them in a calm and careful way appears even more important considering the 

superior perception of motion, found in the present study. Additionally it seems worthy to 

consider present knowledge when planning new housing facilities for avian species. Choosing 

a quiet location, secluded from very lively areas, at least when access to natural environment 

is going to be provided, may keep animals unstressed and in better health. 

 

The high importance of functional eyes for a flying animal is quite obvious, especially to 

survive in the wilderness. Birds rely on their visual skills to control flight and thus feeding, 

mating and escape. In veterinary practice every injured bird needs to be examined for eye 

damage, which often occurs after head traumata, and extensive treatment should be provided. 

A long-term dysfunctional eye is reason enough not to release a wild bird into the wild.   
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F. SUMMARY   

 

Nicola Kristin Haller 

The influence of motion on spatial contrast sensitivity in budgerigars (Melopsittacus 

undulatus) 

 

Survival of small animals often depends on their visual ability to quickly notice 

environmental changes. Birds are generally thought to have excellent vision allowing them 

quick escape reactions and movement through flight without a high rate of collision. 

However, spatial contrast sensitivity of birds for stationary targets is low compared to other 

animals with similar acuity, such as mammals.  

Since visual motion cues are known to be relevant for flight control in birds, I suggest motion 

to be an important visual cue, possibly providing birds with higher contrast sensitivity than 

until now found under experimental conditions. Five budgerigars (Melopsittacus undulatus) 

were tested in behavioural discrimination experiments distinguishing between a homogenous 

grey field and equally bright sine-wave gratings of spatial frequencies between 0.48 and 6.5 

cyc/deg and Michelson contrasts between 0.71% and 99.34%. The gratings were presented 

either stationary or drifting with velocities between 0 and 12.6 deg/s.  

 

Budgerigars were able to discriminate significantly lower contrast when gratings were 

drifting, which supports the idea of spatial vision being positively influenced by motion. The 

largest effects were seen with low spatial frequencies, and contrast sensitivity generally 

increased with higher velocity of pattern movement.   

Present findings indicate that contrast sensitivity of birds is likely underestimated when tested 

solely with stationary stimuli, and may lead to a better understanding of avian vision in 

general and visual perception during flight, adjusted to fast velocities. Potential advantages 

are expected for animal welfare in poultry farming, avian veterinary care and technical 

sciences that are concerned with flight control. 
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G. ERWEITERTE ZUSAMMENFASSUNG   

 

Nicola Kristin Haller 

Der Einfluss von Bewegung auf die räumliche Kontrastempfindlichkeit des 

Wellensittichs (Melopsittacus undulatus) 

 

Das Überleben kleiner Tiere ist häufig von ihren visuellen Fähigkeiten abhängig, 

Veränderungen in ihrer Umgebung schnell zu erkennen. Von Vögeln wird grundsätzlich 

angenommen, dass sie ein exzellentes Sehvermögen haben, das ihnen blitzschnelle 

Fluchtreaktionen und die Fortbewegung per Flug ermöglicht, ohne dabei eine hohe 

Kollisionsrate zu haben. Die räumliche Kontrastempfindlichkeit von Vögeln für statische 

Objekte ist jedoch gering im Vergleich zu anderen Tieren mit ähnlicher Sehschärfe, wie 

beispielsweise Säugetieren. 

Da optische Bewegungsreize für die Flugsteuerung von Vögeln relevant sind, nehme ich an, 

dass Bewegung ein wichtiger visueller Reiz ist, der Vögel möglicherweise mit einer höheren 

Kontrastempfindlichkeit ausstattet als bisher unter experimentellen Bedingungen festgestellt 

werden konnte. Fünf Wellensittiche (Melopsittacus undulatus) wurden in Zweifachwahl-

Verhaltensversuchen getestet, in denen sie zwischen einer homogenen grauen Fläche und 

einem gleich hellen Sinusmuster mit räumlichen Frequenzen zwischen 0.48 und 6.5 cyc/deg 

und Kontrasten zwischen 0.71% und 99.34% differenzierten. Die Muster wurden entweder 

statisch präsentiert oder sie drifteten in Geschwindigkeiten zwischen 0 und 12.6 deg/s.  

 

Die Wellensittiche waren dazu in der Lage, signifikant niedrigere Kontraste zu erkennen, 

wenn die Muster drifteten, was die Annahme unterstützt, dass räumliche 

Kontrastempfindlichkeit positiv von Bewegung beeinflusst wird. Die größten Effekte konnten 

bei niedrigen räumlichen Frequenzen beobachtet werden, und die Kontrastempfindlichkeit 

wurde umso besser, je schneller die Muster sich bewegten.  

Diese Ergebnisse weisen darauf hin, dass die Kontrastempfindlichkeit von Vögeln vermutlich 

unterschätzt wird, wenn sie allein mit stationären Reizen getestet wird. Die neuen Befunde 

können zu einem besseren Verständnis des Sehvermögens von Vögeln im Allgemeinen sowie 

der visuellen Wahrnehmung, angepasst an hohe Bewegungsgeschwindigkeiten während des 

Fluges, führen. Mögliche Vorzüge sind zu erwarten für den Tierschutz in 

Haltungseinrichtungen für Nutzgeflügel, für die tiermedizinische Versorgung von Vögeln 

sowie für technische Wissenschaften, die sich mit dem Thema Flugsteuerung beschäftigen.  
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I. APPENDICES 

 

1. Two-way ANOVA 

Source SS df MS F prob>F 

 Birds 33.85 4 8.462 5.6257 8.70E-03 

Drift Velocity 278.7 3 92.89 61.753 <1.00E+06 

Error 18.05 12 1.504 

 

  

Total 330.6 19 

  

  

Birds 74.58 4 18.65 35.645 4.00E-05 

Drift Velocity 124.9 2 62.44 119.36 1.00E-06 

Error 4.185 8 0.523 

 

  

Total 203.6 14       

Birds 180.3 4 45.07 3.8281 5.03E-02 

Drift Velocity 25.37 2 12.68 1.0775 3.85E-01 

Error 94.18 8 11.77 

 

  

Total 299.8 14       

Birds 48.88 4 12.22 3.1700 1.45E-01 

Drift Velocity 45.22 1 45.22 11.730 2.67E-02 

Error 15.42 4 3.855 

 

  

Total 109.5 9       

Birds 4.625 4 1.156 5.2818 2.22E-02 

Drift Velocity 5.311 2 2.655 12.130 3.80E-03 

Error 1.751 8 0.219 

 

  

Total 11.69 14       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Appendices - 63 - 

     

2. List of figures 

 

Figure 1.  Eye anatomy in birds and humans. A Eye size and position. Schematic of a 

horizontal cross-section through the human and the avian skull (here a pigeon) 

with the eyes highlighted in blue colour (modified after Waldvogel, 1990). B 

Relevant parameters of eye size drawn on a schematic vertebrate eye (modified 

after Hall & Ross, 2006). 

 

Figure 2.  The avian pecten (Waldvogel, 1990).   

 

Figure 3.  Structure of the retina, modified after Delcomyn (1998).   

 

Figure 4.  The photoreceptor cell types in the chicken by Kram et al. (2010).  

 

Figure 5.  Contrast sensitivity functions of various vertebrate species, modified after 

Harmening & Wagner (2011).  

 

Figure 6.  Perception of optic flow (Max Planck Institute of Neurobiology / Schorner with 

kind permission, 

http://www.neuro.mpg.de/25403/news_publication_602158?c=2742). 

 

Figure 7.  The experimental cage. A View from above and B from the side (see Methods). 

 

Figure 8. The animals' perspective of view in the experimental cage. 

 

Figure 9.  Contrast sensitivity for stationary gratings. A Contrast thresholds of 

budgerigars and psychometric functions for stationary gratings with spatial 

frequencies between 0.48 and 6.5 cyc/deg. B Table of determined contrast 

thresholds. C Spatial contrast sensitivity of budgerigars for stationary stimuli. 

 

Figure 10.  Influence of motion on contrast threshold. A Logistic functions fitted to the 

psychophysical data from all birds (see Fig.11) for spatial frequencies between 

0.48 and 6.5 cyc/deg at various drift velocities. B Table of determined contrast 

thresholds.  

 

Figure 11.  Influence of drift velocity on spatial contrast sensitivity. A Collected data of 

five budgerigars. B Comparison of contrast sensitivity functions for stationary 

and moving stimuli. 

 

Figure 12.  Contrast sensitivity as a function of A drift velocity (deg/s) and B contrast 

frequency (cyc/s).  

http://www.neuro.mpg.de/25403/news_publication_602158?c=2742
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Figure 13.  Inter-individual variation in spatial contrast sensitivity of five budgerigars.  

 

Figure 14.  Contrast sensitivity functions for stationary gratings. 

 

Figure 15.  Spatial contrast sensitivity of the chicken with two different stimulus sizes, 

modified after Jarvis et al. (2009). 

 

Figure 16.  Spatial contrast sensitivity functions of humans with various drift velocities, 

modified after Burr & Ross (1982).  

 

 

 

3. List of tables 

 

Table 1.  Contrast frequencies (cyc/s) resulting from the tested combinations of spatial 

frequency and drift velocity (deg/s).  

 

Table 2.  Contrast thresholds of all budgerigars individually. 

 

 

 

4. List of equations 

 

Equation 1.  Michelson contrast. 

 

Equation 2.  Contrast frequency. 

 

Equation 3.  Correct choice frequency. 

 

Equation 4.  Contrast sensitivity.     
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