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T H E C O L O U R VISION O F T H E P I G E O N 

A B S T R A C T 

The pigeon's colour vision was examined, using behavioural and 

physiological techniques Avian colour vision has aroused interest 

because of the suggestion that chromatic discrimination in birds is 

mediated by a single cone pigment, combined with several types of 

retinal oil-droplets which act as differential colour f i l ters 

Using an operant conditioning method, difference thresholds were 

measured throughout the spectrum (400 - 680 nm) to generate a 

wavelength discrimination function, which yields information about the 

type of visual system an animal possesses. E a r l i e r work had 

suggested that birds are trichromatic, but the finding of three clearly 

defined regions of optimum discrimination at 595, 530 and 460 nm 

indicates instead that the pigeon's colour vision is at least 

tetrachromatic 

The pigeon's saturation discrimination abilities were also studied 

using a s imilar technique Saturation increased towards the spectral 

extremes while a point of least saturation occurred at 597 nm 

Additional subsidiary saturation minima were found at 443, 496, 536 

and 662 nm These results largely corroborated those of the wave

length discrimination experiment but indicated that the pigeon's visual 

system may be more complex than a tetrachromatic one 



Prel iminary to an extension of the wavelength discrimination 

study, the pigeon's spectral sensitivity was measured 

electroretinographically The resulting spectral sensitivity curve 

peaked at 560 - 580 nm, in agreement with previously reported data 

Fuithermore, spectral sensitivity extended well into the ultraviolet 

region ( < 400 nm), where sensitivity was quite high In a second 

study of wavelength discrimination, results of the f i r s t experiment 

showing three threshold minima were confirmed and, additionally, 

pigeons maintained good discrimination between wavelengths within 

the ultraviolet range 

Experimental findings were discussed in terms of the 

physiological mechanisms underlying visual performance, in 

particular, the piesent lesults , together with other evidence, suggest 

that the retinal oil-droplets are not basic to avian colour<vision The 

functional significance of the pigeon's colour vision was also 

considered 



C H A P T E R 1 

I N T R O D U C T I O N 

The sensory systems of an animal enable it to detect changes in 

physical energy m its environment and to use the information thus 

obtained in modifying its behaviour in response to conditions in the 

world about it Which information an animal can extract and utilise 

depends, in the f i r s t instance, on the filtering properties of its sensory 

systems. These systems are adapted to detect certain types and ranges 

of physical energy the normal human visual system, for example, i s 

sensitive 10 electromagnetic radiation ranging from about 390 - 760 nm 

in wavelength (Graham, 1965). 

In addition to the limitations imposed by an animal's sensory 

equipment, other factors may be important in determining the final 

behavioural responses. Thus the effectiveness of a stimulus m eliciting 

an overt response may be influenced by, amongst other factors, the 

stimulus context, and the animal's attentional or motivational state. One 

example of selective responding which is not solely related to sensory 

limitations is found in the colour preferences shown by neonate gulls 

(Tinbergen and Perdeck, 1950, Hailman, 1967), which peck most 

frequently at long and short wavelength stimuli while responding little 
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to middle wavelen gths This behaviour seems to be due not to the 

filtering attributes of the bird's visual system but instead to some post-

perceptual filtering mechanism (Delius et al , 1972). However, the 

pr imary concern here is with the properties of sensory systems them

selves-and a discussion of other factors influencing the effectiveness of 

stimuli in controlling overt behaviour can be found in Hinde (1970). 

F o r any sensory modality, the properties of a particular sensory 

system need not be the same for al l species. It is only advantageous if 

an animal's sensory systems select and transmit information to which 

it could subsequently make an appropriate behavioural response. Hence 

an organism's sensory equipment should be adapted to provide it with 

information necessary for its survival within a particular environment. 

In the visual modality, one particularly impoitant pioperty of the 

sensory system is the ability to detect contrast in the environment This 

contrast response could be to differences in energy levels, irrespective 

of wavelength content, i . e . the system could make a brightness d i s c r i m 

ination. But another visual ability is that of detecting contrast available 

in terms of wavelength differences even when there are no differences 

in stimulus intensity An animal whose visual system can encode wave

length differences is said to have colour vision, a perceptual ability that 

wi l l be considered in detail here. 

While colour vision has been demonstrated m insects (Goldsmith, 

1961), f ish (Yager, 1968), amphibians (Muntz, 1964, Hailman and Jaeger, 

1974), reptiles (Graf, 1967 Tiemann, 1970), birds (Lashley, 1916 

Martin, 1974) and some mammalian species (De Valois and Jacobs, 1968, 



Jacobs and Yolton, 1971), these diverse groups of animals do not al l 

share the same colour vision abilities. The visual spectrum of bees, 

for example, is shifted to shorter wavelengths when compared with that 

of man the bee's eye is highly sensitive to short wavelengths, particularly 

those in the ultraviolet range (Autrum, 1965, von Helversen, 1972) to 

which man is insensitive, while longer wavelengths, seen as red by 

humans, are quite invisible to the bee. This characterist ic adaptation 

in the bee's colour vision enables it to detect and respond to flower 

patterns which the human eye cannot see (Daumer, 1958, Jones and 

Buchmann, 1974). Thus, the bee's wavelength sensitivity i s highly 

advantageous to the animal m facilitating its foraging activity. 

The extent to which an animal can differentiate wavelengths wi l l 

depend on the functioning of components of it& visual system the number 

of receptor types, the range of wavelengths to which each receptor is 

sensitive and the mode of interaction of chromatically responsive com

ponents at a l l levels of the visual system can al l play a part in modifying 

colour vision. Interspecific differences relating to colour vision wi l l , 

therefore, obviously be expected in the physiological functioning of 

different animals' visual systems. To extend a previous example, both 

bees and humans possess three types of receptor cel ls which are 

differentially sensitive to wavelength, making vision in both species 

trichromatic. Because of discrepancies in the wavelength ranges to 

which each receptor is sensitive, however, the regions of the spectrum 

in which both subjects make their best discriminations a i e not the same 

(von Helversen, 1972). 



Again, differences in colour vision may also be found in much more 

closely related species, Old and New World monkeys While the psycho

physical functions of the macaque closely resemble those of a normal 

human, results on colour vision tests with the squirrel monkey are more 

s imi lar to those typical of a protanomalous human observer (De Valois 

and Jacobs, 1968). It seems that both species have three visual pigments 

in their cone receptor cells but that one of the pigments has a different 

sensitivity range in the two monkeys Another difference between the 

species i s m the numbers and relative activity rates of two types of 

opponent-cell, a mechanism whose response depends on the input from 

two differentially sensitive receptors. Both these factors therefore 

underlie the discrepancies in colour vision abilities 

Another interspecific variation i s that not a l l animals have three 

receptor types as humans do. There are only two groups of receptor 

cel ls in ground squirrels , for instance, making this animal's colour 

vision dichromatic (Jacobs and Yolton, 1971, Michael, 1968). 

Some animals, although possessing the necessary mechanisms for 

colour discrimination, are said to show only 'weak' colour vision. Cats , 

for example, appear to have the receptor basis for colour vision (Daw 

and Pearlman, 1970) but their ability to discriminate wavelengths can 

only be demonstrated with difficulty in behavioural tests (Brown et a l . , 

1973, Mello and Peterson, 1964 Sechzer and Brown, 1964). Central 

opponent units, sensitive to wavelength differences, are scarce in this 

animal (Pearlman and Daw, 1970), which more readily learns a brightness 

discrimination than a colour discrimination (Meyer and Anderson, 1965). 



5. 

As the above examples i l lustrate, interspecific differences in 

colour vision may be considered at two levels -

1) the adaptive function of colour vision as a sensory capability 

which has been moulded to suit an animal's behaviour and survival 

requirements, 

2) the mechanisms by which colour vision is attained and the 

modifications of structure and physiological function by which a species 

achieves its characterist ic colour vision abilities. 

In view of the characterist ical ly different colour vision abilities 

of some other animals when compared with those of humans, we might 

expect that in pigeons, whose behaviour and survival needs are so 

different from oui own, correlated adaptations would be found in this 

animal's colour vision. Instead, seve ia l experimental studies of colour 

vision in this species have indicated that its perceptual abilities closely 

paral lel those of man. One of the f i r s t detailed examinations of the pigeon's 

hue discrimination abilities was performed by Hamilton and Coleman 

(1933), employing a jumping-stand method. Birds were tiamed to either 

jump towards a constant wavelength while the wavelength of a second 

stimulus was systematically altered or else to avoid a fixed wavelength 

while choosing a stimulus whose wavelength was progressively changed. 

Stimulus luminance was randomly varied so that this dimension could 

not act as a reliable discrimination cue When a pigeon could no longer 

discriminate between a pair of wavelengths, after one had been varied, 



its difference threshold was recorded and tests were repeated at other 

points in the spectrum to discover the pigeon's ability to discriminate 

between wavelengths over a wide range of the spectrum. Results showed 

that the pigeon's colour vision appeared to be trichromatic and very 

s imilar to that of man pigeons, like humans (Wright and Pitt, 1934), 

made their finest discriminations m the yellow-orange (580 - 590 nm) 

and blue-green (500 nm) spectral regions 

Certain s imilarit ies between avian and human colour vision have also 

been reported by other authors. Pigeons trained to respond to a red 

stimulus wi l l generalise their responses to a blue stimulus (Guttman, 

1956 Wright and Cumming, 1971) Simi lar ly , chickens trained to peck 

a purple stimulus also generalise their behaviour to r e d and blue stimuli 

(Guttman, 1956). This would suggest that the colour vision of birds, 

l ike that of man, can be represented on a 'colour c i rc l e ' (Kling and Riggs, 

1971), in which the long and short wavelength extremes of the spectrum are 

linked by extra-spectral purples. 

Mori et a l . (1969), working with pigeons, put forward some evidence 

of a pairing of red with green and blue with yellow, s imilar to the opponent 

pairing of colours by humans (Hurvich and Jameson, 1957) After f i r s t 

training birds on a red-green colour discrimination task, two matched 

groups of subjects were obtained. One of these groups was then main

tained for 5 months under monochromatic green illumination while a 

control group was kept for a s imi lar period under white light illumination. 



When retested on the red-green discrimination problem, the birds 

kept in green light showed an initial marked deterioration in their 

discrimination performance and took a prolonged time to re-acquire 

the learning criterion whereas the control group started at a high level 

of correct responding and quickly relearned the discrimination problem. 

After a further 3 months, the two groups were tested on a blue-yellow 

discrimination and again on the red-green discrimination. There were 

no significant differences between the two groups for the acquisition of 

the blue-yellow discrimination task but results of the red-green dis

crimination resembled those in the f i r s t re-test of this problem. Thus, 

in the animals which had been kept for prolonged periods m green light, 

the ability to discriminate between green and red greatly decreased 

whereas blue-yellow discrimination was unaffected. The authors 

postulated that these results were due to some neurological change 

related only to the contrast of red and green. It should be noted that 

less prolonged exposure to monochromatic illumination conditions does 

not significantly affect acquisition of wavelength differences encountered 

in stimulus-generalisation tests (Rudolph and Homg, 1972, Mountjoy and 

Malott, 1968, Ri ley and Leum, 1971, Tracy , 1970). 

A s imi lar pairing of red with green and blue with yellow for chickens 

is also implied by behaviour which appears to rely on simultaneous colour 

contrast (Revesz, 1921), since one explanation of simultaneous contrast 

effects m human vision is that these phenomena are a product of red-green 

and blue-yellow opponent piocesses within the visual system (Jameson and 

Hurvich, 1964). 
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Final ly , s imilarit ies between the pigeon's and man's colour vision 

have been claimed by Skinner and Beishon (1971), based on the results of 

their experiment on colour discrimination using a matching-to-sample 

technique They argue that the relative sizes of retinal colour zones 

in the pigeon's eye are s imi lar to human retinal zones within which 

different colours can be detected This conclusion was based upon the 

distribution of responses to the four colours presented. After the 

matching-to-sample task had been acquired, the greatest proportion of 

correct responses were made to blue stimuli, with a smaller ratio of 

correct responses being directed to yellow, red and green stimuli 

respectively The conclusions they draw from their results seem un

warranted, however, since the response distributions could more con

vincingly be attributed to the pigeon's colour preferences (see, for 

example, Delius, 1968), an explanation which they reject . Nevertheless, 

Kovach and Hickox (1971) have demonstrated that unlearned colour pre

ferences in chicks play a significant part in their acquisition of colour 

discrimination. Even after prior reinforcement on exposure to either 

a preferred blue or an unpreferred green stimulus, chicks tested on a 

blue-green discrimination, m which the previously reinforced colour 

was the positive stimulus, learned the discrimination more quickly 

when the preferred blue was the rewarded discrimination stimulus. 

Such s imilarit ies in colour vision are surprising, not only in view 

of the different survival needs which would be expected of pigeons and 

men, but also because of anatomical differences in their visual systems 



which would lead us to look for concomitant adaptations in physiological 

functioning The colour vision of pigeons, along with that of other birds, 

has aroused particular interest since certain distinctive features of the 

avian retina have, in fact, led to conjecture that the mechanisms mediating 

colour vision m birds operate in a way different from those in many of 

the other animal groups tested (e.g. f i sh Yager, 1967, amphibians 

Muntz, 1964, mammals Jacobs and Yolton, 1971, De Valois and Jacobs, 

1968). Included in the avian retinal cones are oil-droplets coloured by 

the light-stable carotenoid pigments they hold (Bridges, 1962 Meyer 

et a l . , 1965, StroLher and Wolken, 1960, Wald and Zussman, 1938). 

These oil-droplets are positioned adjacent to the photopigment-containing 

outer segments m such a way that incoming light must pass through an 

individual cone oil-droplet before reaching that receptor's visual pigment 

(Morris and Shorey, 1967). In diurnal birds, 3 or 4 groups of brightly 

coloured oil-droplets have been described (Meyer and Cooper, 1966, 

Strother, 1963, Strother and Wolken, 1960) while m nocturnal species, 

such as owls, the strong colouration i s absent and only colourless or pale 

yellow droplets occur (Walls and Judd, 1933). In the pigeon, 4 types of 

large droplets have been observed, red, orange, yellow and greenish-

yellow in colour (van Genderen Stort, 1887, King-Smith, 1969, Donner, 

1960, Fujimoto et a l . , 1957, Adams, 1967, Galifret , 1968), as wel l as 

a large number of red microdroplets in the red cones of the dorsal retina 

(Pedler and Boyle, 1969). Studies of the absorption spectra of the oi l -
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droplets have shown them to have sharp cut-off characterist ics towards 

the shorter wavelength end of the spectrum (King-Smith, 1969, Fujimoto 

et a l . , 1957, Strother, 1963). The droplets may thus act as individual 

colour f i l ters , restricting the range of wavelengths that wi l l be trans

mitted to each cone outer segment. 

Krause (1863) and Schultze (1866) early on proposed that the oi l -

droplets are actually basic to avian colour vision. Studies of the cone 

visual pigments of birds have not so far been able to refute this idea 

In contrast to the situation in f ish, man and other primates, m which 

microspectrophotometric measures of single cones have disclosed three 

separate cone pigments (Marks, 1965, Marks et al , 1964), each 

examination of avian retinae has revealed only a single cone pigment 

Iodopsin, with its absorption peak at 56Z nm, has been extracted from 

the retinae of turkeys, chickens and pigeons (Cresci te l l i et a l . , 1964, 

W a l d e t a l . , 1955, Wald, 1958). Bridges (1962), on the other hand, 

failed to find lodopsm in the pigeon retina but instead reported a single 

cone pigment having its A max at 544 nm. Attempts to directly measure 

the photopigment content of avian cones using microspectrophotometry 

have met with optical problems posed by the slenderness of the cone 

outer segments. But Liebman's (1972) measurements from pigeons, 

chickens and laughing gulls may lend support for the occurrence of 

lodopsm in the retinae of these species. The broadness of the pigment 

absorption peak, at 560 - 575 nm, and the poor agreement between 

repeated measures of the absorption spectrum, makes the conclusion 
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that there is only a single cone pigment for these animals rather 

tentative however. But as a result of these findings it has been 

hypothesised that colour discrimination in birds is achieved by the 

differential filtering action of the oil-droplets upon light falling on 

one photopigment in al l cone ce l l s . 

Several authors, in considering the physiological mechanisms 

mediating a bird's wavelength discrimination abilities, have adhered 

to this 'single pigment hypothesis' of avian colour vision (Bloch and 

Martmoya, 1971, Hailman, 1964, King-Smith, 1969, Wald, 1937, 

Wald and Zussman, 1938) Hailman (1964), in particular, demonstrated 

that the pecking responses of gull chicks in tests of colour preference 

could be matched by a model assuming subtractive interaction between 

c lasses of cones, containing different oil-droplets but the same underlying 

pigment. This model has proved inadequate, however, to account for 

gull chicks' behaviour in other experimental situations in which their 

colour preferences were monitored (Delius et a l . , 1972). 

In another experiment in which support was claimed for the single 

pigment hypothesis, Bloch and Martinoya (1971) tested the pigeon's 

discrimination of wavelengths within the long (57 0 - 610 nm) and short 

(470 - 530 nm) wavelength parts of the spectrum. While no c lear-cut 

results were obtained within the shorter wavelength range, a region of 

good discrimination at wavelengths 590 - 600 nm was found within the 

longer wavelengths. Because this area of best discrimination correspond 

closely with the cut-off slope of the red droplets' absorption spectrum 

they concluded that the red droplets are the fundamental mediators of 
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long wavelength discrimination. However, the coincidence of good 

wavelength discrimination with the steep cut-off slopes of the o i l -

droplets might be expected, whether they are combined with one or 

several visual pigments. Thus, this experiment by itself does little 

to resolve the argument of whether or not avian colour vision can depend 

on a single pigment m combination with several oil-droplets. 

But the single pigment hypothesis has, by no means, received 

unanimous support L e Grand (1962), for example, calculated that, 

if the chicken's retina contained only lodopsm in combination with 

three types of oil-droplets, its colour vision would be almost dichromatic 

and discrimination would be particularly poor in the long wavelengths 

(above 560 nm). Lashley (1916) had already shown that the hen's d is 

crimination abilities were better than the single pigment hypothesis 

would appear to predict. L e Grand, finding that the differential filtering 

action of the droplets was inadequate as the sole basis for colour dis

crimination in this animal, argued instead for the existence of additional 

photopigments. L e Grand's calculations might be inaccurate, though, 

because of his use of Wald and Zussman's (1938) data on oil-droplet 

transmission spectra These data are derived from extracts, in hexane, 

of the oil-droplet carotenoid pigments which give transmission curves 

rather different from those measured from droplets in situ (cf. King-

Smith, 1969). 

More generalised cr i t i c i sms of the idea that oil-droplets may be 

basic to colour vision, and other speculations about their role, have 

come from Walls and Judd (1933) and Walls (1942) They considered 



the oil-droplets 1 function in conjunction with that of other ocular f i l ters , 

provided in other species by yellow lenses or corneae, maculae luteae, 

and retinal capil laries The oil-droplets were regarded as modifiers of col 

vision rather than being basic to it Yellow droplets, in common with 

other yellow f i l ters , were said to serve a quadruple purpose, under 

normal illumination conditions, of -

1) reducing chromatic aberration and thus increasing acuity, 

2) reducing glareand dazzle resulting from scattered short 

wavelength light, 

3) enhancing detail by absorbing atmospheric 'blue haze' 

and 4) enhancing the contrast of objects seen against their backgrounds. 

The red droplets, which occur only in birds and turtles, were said to 

supplement and improve on the functions of the yellow droplets when 

illumination levels were high. Furthermore, cones bearing red droplets 

were thought to act independently of cones with yellow or orange droplets, 

receptors of the latter type being a functionally intermediate mechanism 

brought into operation as light conditions changed Some of these functions 

were related to the variations in the proportions of the differently coloured 

oil-droplets, both between species and within the retina of a particular 

species, such as the pigeon. In particular, the ability to reduce glare 

and dazzle over water surfaces was said to account for the high proportion 

of red droplets in turtles and diving birds Further evidence, which 

appears to confirm this relationship between an animal's behavioural 

environment and the differential pioportions of coloured oil-droplets, 

is given by Cullen, cited by Muntz (1972). An additional proposal of 
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Walls and Judd, that the varying distribution of types of oil-droplet 
within the pigeon's retina i s related to the enhancement of contrast of 
objects seen against various backgrounds, has, however, been cr i t ic i sed 
by Muntz. He instead pioposes that the presence of red droplets within 
certain regions of the retina is associated with better colour vision 
whereas these droplets arc lacking when sensitivity to brightness 
differences is of pr imary importance 

Other functions have been attributed to the oil-droplets. Muntz 

argued that their sharp cut-off characterist ics would act to increase the 

rate of change of a receptor's output m response to a given wavelength 

change By this means the oil-droplets would improve wavelength d is 

crimination at certain regions, an idea which has also been put forward 

by Donner (1960) 

Further evidence is reviewed by Muntz which indicates'that, in 

turtles and l i zards , oil-droplets can actually enrich an animal's colour 

vision by combining with one or more photopigments to increase the number 

of functionally distinct receptor types. Of particular importance to the 

argument of whether avian oil-droplets are a prerequisite of wavelength 

discrimination or whether they modify cone sensitivities in such a way 

as to enhance colour vision i s the demonstration that the retinae of turtles, 

which are structurally s imi lar to those of birds, contain 3 cone photopigmen 

as well as accommodating a number of brightly coloured droplets 

(Licbman and Granda, 1971, Liebman, 1972). 

More than one photopigment might also be expected in owls Although 

only a rhodopsin pigment has been extracted from the owl's retina 

(Sillman, 1969), spectral sensitivity measuies from one species, the 
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tawny owl, show two peaks of sensitivity, one of which may be attributed 

to the rod receptors and the other to a photopic system (Martin and 

Gordon, 1974, Martin ct a l . , 1975). F r o m colour discrimination tests 

it appeals that this bird has colour vision of a dichromatic or anomalous 

trichromatic type (Martin, 1974). Since the oil-droplets of this nocturnal 

species lack the various bright colours found in diurnal birds (Walls and 

Judd, 1933), vision m this avian species could not be attributed to 

differential filtering by the oil-dioplets and musL presumably rely on the 

presence of more than one photopigment in the bird's retina 

Another chance of directly assessing the effect of the oil-droplets' 

fi ltering action upon avian colour vision has been offered by experiments 

in which quail with only colourless oil-droplets have been hatched after 

exclusion of carotenoids from the parents' diet (Meyer, 1971, Meyer et 

a l . , 1971). Although investigations of the spectral sensitivity of these 

animals were reported to be in progress, unfortunately no reports of 

these experiments appear to be available to date. 

However, some insight into the part played by the oil-droplets might 

also be gained by considering othei psychophysical data, which have 

been largely collected from the pigeon. Contrary to the previously 

described experiments in which close s imilarit ies between the colour 

vision of man and pigeons are claimed, these data begin to point to inter

specific differences Many authors report that the avian photopic spectral 

sensitivity curve, whether obtained by behavioural or physiological means, 

shows a shift in peak sensitivity towards longer wavelengths v,hen compared 

with the sensitivity function of man and most other diurnal animals 

(Donner, 1953, Granit, 1942, Blough, 1957, Giaf , 1969 Meissner, 1970, 
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Blough et al , 1972, Giaf and Norren, 1974). Several of these authors 

have related this shift in sensitivity relative to the filtering action of 

the oil-droplets 

There is some disagreement about the effect on colour vision of 

the differential distribution of oil-droplets within the pigeon's retina 

(Galifret, 1968) King-Smith (cited by Muntz, 1972) has reported a 

discrepancy between the sensitivity curves of tectal units which had 

their receptive fields in the yellow or red retinal fields of the pigeon. 

The sensitivity function of units receiving input from the dorsal red 

field is shifted to longer wavelengths, a displacement which appears to 

relate to the higher proportion of red and orange droplets found in this 

part of the retina. Blough et a l . , (1972), who albo measured the pigeon's 

photopic spectral sensitivity in both red and yello™' fields using the 

electroretinogram, found, by contrast, that the sensitivity functions 

from both these parts of the retina were identical Similarly , wavelength 

discrimination functions which most l ikely depended on stimulation of the 

red field (Wright, 1972a) and yellow field (Riggs et al , 1972) also show 

good agreement in the positions of the spectral regions of best discrimination. 

Another study investigated the effect of differences m the proportions 

of the coloured oil-droplets in various areas of the pigeon's retina upon 

colour recognition (Bloch and Maturana, 1971) Pigeons trained to dis 

criminate between a pair of colours presented in the frontal or posterior 

visual field were then tested using the same stimuli displayed in some 

other part of the visual field Colour discrimination learned using one 



part of the visual field was found to transfer immediately to another 

part of the visual field F r o m these results , the authors concluded 

that colour recognition does not depend on the proportions of the 4 

types of coloured droplets found in different retinal areas In this 

case, though, any differences which might exist would, most likely, 

only be revealed by rather more detailed psychophysical tests than 

were performed in this expenment. So far, however, there appears 

to be little evidence that the differential distribution of oil-droplet 

types within the pigeon's retina has any substantial effect on the 

results of colour vision tests 

Although arguments about the functions of the oil-droplets have 

yet to be resolved, there has been a growing body of information in 

recent years about the pigeon's colour vision Most of these studies 

show that the pigeon's colour vision does, in fact, differ from that of 

man in an important respect, that i s , in its ability to discriminate 

between wavelengths which, to the human eye, appear to be of the 

same green hue Wright and Gumming (1971) plotted 'colour-naming' 

functions, which describe how the pigeon groups together wavelengths 

which presumably appear, to its eye, to have s imilar hues In this 

experiment the spectral range they tested was grouped, by the pigeon, 

into three hues, which intersected at 595 and 540 nm The positions 

of wavelengths representing transition points m pigeon hues have also 

been confirmed by Riggs et al (1972), who derived a wavelength dis

crimination function from electroretinographic responses produced 
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when the eye of this animal was stimulated by different pairs of 

wavelengths Results of these two experiments indicate that the 

pigeon has a trichromatic colour vision system Wright (1972a), 

though, who measured the pigeon's wavelength discrimination thres

holds across the spectrum using a conditioning technique, found an 

additional point of good discrimination at 500 nm as well as other 

regions at 540 - 550 nm and 600 nm where wavelength discrimination 

was optimal His results would imply that the pigeon's vision is 

tetr achromatic 

The shapes of wavelength generalisation gradients are now also 

shown to be related to the pigeon's wavelength discrimination abilities. 

Gradients of generalisation about test wavelengths which were positioned 

in the centre of a pigeon hue or at regions of good wavelength dis-

crimination or at transition points between pigeon hues were found to 

be symmetrical . The steepest gradients occurred at 600 nm and 540 

nm, where other authors have found discrimination to be best If 

generalisation was tested at a wavelength slightly displaced from a 

region of best discrimination, the gradient was asymmetrical , with 

the steeper slope being towards the area of good wavelength d i s c r i m -

mabihty (Blough, 1972) 

In another type of conditioning experiment, pigeons were trained 

to rate pairs of wavelengths as being 'the same' or 'different' 

(Schneider, 1972) The 'psychological spacing' of wavelengths along 

the spectrum was then estimated and the widest spacing was found 

between wavelengths which, in other experiments, were the most 
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readily discriminated whereas wavelengths which were less d is 

c r i m i n a t e , or were grouped together as constituting a single 

pigeon hue, were more closely spaced This relationship between 

'psychological spacing 1 and hue discriminability was also predicted 

by Shepard (1965), who, by transforming the wavelength scale, was 

able to show that wavelength generalisation gradients obtained 

previously by Guttman and Kal i sh (1956) and Blough (1961) a l l r e 

presented a uniform function. 

These results , which are discussed in more detail in subsequent 

chapters, al l show that the wavelength discrimination abilities of 

pigeons do not correspond as closely to those of man as Hamilton 

and Coleman's original hue discrimination experiment indicated 

The greatest discrepancy between the colour vision of man and pigeon 

occurs within the 'green' part of the spectrum, where the pigeon's 

wavelength discrimination surpasses that of the human eye There is 

also some disagreement arising about the type of visual system the 

pigeon possesses . Whereas the wavelength discrimination function 

of Riggs et a l . (1972) concurs with Hamilton and Coleman's in showing 

two regions of fine discrimination, indicative of a trichromatic system, 

Wright's (1972a) function includes a third threshold minimum, which 

would instead suggest that the pigeon has tetrachromatic colour vision 

Tests of wavelength discrimination are only one type of psycho

physical investigation of an animal's colour vision In Schneider's 

(1972) study, mentioned above, data were also obtained about the 

pigeon's ability to detect differences in spectral saturation. Results 

of this experiment showed that the extremes of the spectrum appeared 



the most highly saturated to the pigeon, as they do to man (Martin 

et a l . , 1933), but that the wavelength which was least saturated was 

displaced 20 nm towards a shorter wavelength when compared with 

the minimum position in the human saturation discrimination curve. 

Thus, while the pigeon can detect differences in saturation across 

the spectrum, the details of its discrimination performance again 

differ in some respects from the performance of the human visual 

system. 

Apart from the above behavioural studies, which, in reassess ing 

the pigeon's performance on colour vision tests, show some important 

interspecific differences between pigeon and man, much interest has 

also been centred on the physiological mechanisms which may mediate 

the pigeon's discrimination abilities Some information has been 

obtained, using chromatic adaptation techniques, about the separate 

photopic channels which contribute to the compound chromatic response, 

represented by the spectral sensitivity curve. Ikeda (1965), using the 

electroretmographic response to assess the photopic spectral sensitivity 

of the pigeon, revealed two functionally distinct chromatic processes 

with peak sensitivities at 547 nm and 605 nm. The short-wavelength 

sensitivity peak closely corresponded with the maximum absorption of 

pigment 544, extracted from the pigeon's retina by Bridges (1962). 

A s imi lar electroretinographic study of spectral sensitivity in the 

chicken (Bonaventure et a l . , 1972) gave comparable results In this 

species, systems with different response characterist ics and with 
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peak sensitivities at 605 nm and 560 nm were found. The cone 

pigment lodopsin, obtained from the chicken retina by Wald et a l . 

(1955), also has its maximal absorption at about 560 nm. However, 

the sensitivity curves produced after chromatic adaptation did not 

match the characterist ic shape of visual pigment absorption curves 

(Dartnall, 1953) therefore these experiments do not in themselves 

constitute evidence of separate pigments underlying the sensitivity 

functions Evidence of an additional 'blue' pigment in the pigeon 

has been put forward by Graf and Norren (1974) though. The 

electroretinographic sensitivity function following chromatic adap

tation this time closely matched Darmai l ' s nomogram for a pigment 

with maximal absorption at 400 nm. 

A behavioural study of the effects of chromatic adaptation on 

the pigeon's spectral sensitivity function has also been performed by 

Meissner (1970) The results tend to corroborate Ikeda's (1965) 

findings, since sensitivity, following chromatic adaptation, was 

most depressed in spectral regions served by the long- and short-

wavelength processes identified by Ikeda 

Another way of investigating the pigeon's colour vision mechanisms 

is to directly record the responses of chromatically driven units 

within the visual system. The pigeon's visual system consists of two 

major central pathways F r o m the optic nerve one projection goes 

to the optic"tectum and thence via the thalamic nucleus rotundus to 

the ectosti latum The other pathway to the dorsolateral anterior 

thalamic complex then ascends via the lateral forebram bundle to 



terminate in the hyper striatum accessorium and hyper striatum 

dorsale (Karten, 1969) 

Single unit recordings have been made from the retinal ganglion 

cells themselves (Donncr, 1953) Donner found unit's whose response 

patterns conformed to the type labelled by Granit (1947) as 'dominators' 

and 'modulators'. The photopic dominator showed a broad range of 

response, peaking at 580 - 590 nm, in agreement with the maximal 

photopic sensitivity that has been found by other authors, using both 

behavioural and physiological techniques. Other units, the modulators, 

gave much narrower response curves , which rose particularly steeply 

towards the shorter wavelength end of the spectrum. This finding 

Donner attributed to the corresponding cut-off characterist ics of the 

cone oil-droplets The majonty of the modulator units fel l into three 

groups with sensitivity peaks in the 'red' , 'green' and 'blue' at about 

600, 540 and 480 nm respectively 

Recording from diencephalic units, in the nucleus geniculates 

lateral is and nucleus superficialis synencephali, Galifret (1961) also 

grouped the units' responses into three types showing maximal 

sensitivities at 590, 540 and 500 nm. Confirmation for three regions 

of peak sensitivity m diencephalic unit responses comes from Granda 

and Yazulla (1971), who recorded from the nucleus rotundus Peaks 

of activity were found at 500, 540 and 600 - 620 nm 

The results of a l l these studies, showing three families of peak 

sensitivity, would appear to confirm the conclusions of Hamilton and 

Coleman (1933) and Riggs et a l . (1972) that the pigeon's colour vision is 



trichromatic However, if the sensitivity peaks are directly r e 

presentative of cone receptor sensitivities, then the sensitivity 

maxima of the pigeon's cones would correspond little with those of 

human cones, which contain pigments with absoiption maxima at 

445, 535 and 570 nm (Marks et al , 1964) 

As well as the above types of unit, which al l responded um-

directionally with either excitation or inhibition, cel ls with an opponent 

mode of response have been reported in the nucleus rotundus by Yazulla 

and Granda (1973) A l l these opponent-process units responded maximally 

with either excitation or inhibition in the 'blue' and 'yellow' regions of 

the spectrum but two gioups of cells were defined by the wavelengths 

at which the response pattern changed direction. In one group, a 

changeover m activity occurred at about 500 nm while the crossover 

point for the second group of units fel l at about 520 nm. A few units 

also showed a more complex pattern of 'on' and 'off responding, 

s imi lar to complex response functions of an opponent nature which 

have been demonstrated in units from the pretectal region and in 

the anterior part of the optic lobe (Galifret, 1960). Opponent-process 

units have been reported in a variety of other animals with colour 

vision (Michael, 1968, MacNichol et a l . , 1961, De Valois et al , 

1966, Pearlman and Daw, 1970) and may well be a feature common 

to al l animals which can discriminate between wavelengths. 

Some discrepancies amongst the results of behavioural investigations 

of the pigeon's colour vision are mentioned in the above review some 

experiments indicate that this species' colour vision i s very s imi la i 



to our own and others that it differs in several important respects. 

The aim of the present thesis is therefore ID obtain more information 

about certain aspects of the pigeon's colour vision, using behavioural 

and physiological techniques. The data obtained can then be compared 

with previous results from both avian and human subjects to c lar i fy 

the nature of the pigeon's colour vision, in particular whether its 

vision is trichromatic or i s more complex than that The results 

of these investigations can also be interpreted in terms of what is 

known about the above mentioned physiological mechanisms which 

underlie visual performance Furthermore the role of the multi

coloured oil-droplets in the pigeon's colour vision can be considered, 

since brightly-coloured droplets are a feature peculiar to the retinae 

of avian and chelonian species The characterist ic adaptations of 

visual structure, function and performance in the pigeon can then be 

related to this animal's mode of life, thus analysing one of the sensory 

processes of this animal, at another level, in terms of the pigeon's 

behavioural needs. 



C H A P T E R 2 

W A V E L E N G T H DISCRIMINATION IN PIGEONS 

I N T R O D U C T I O N 

Anatomical differences between the retinae and the central 

visual projections of the pigeon and man make it surprising that 

the colour vision of these two species should be so s imi lar . A 

close s imilarity in their hue discrimination abilities has been 
i 

demonstrated, however, by Hamilton and Coleman's (1933) study 

Their results imply that pigeons, like man, are trichromatic and 

can discriminate most finely in the spectral regions in which human 

wavelength discrimination capabilities are also at their best On 

the other hand, the occurrence in the pigeon's retina of four types 

of oil-droplets, which can act as independent chromatic f i l ters , 

would lead us to expect that this animal's "isual system is , at least, 

of a tetrachromatic type. 

Hamilton and Coleman's experiment, upon which much of the 

argument relating to the pigeon's colour vision has been based (e.g. 

King-Smith, 1969), does not seem very satisfactory however. Their 

method, in v/hich some animals were required to choose a stimulus 

whose wavelength was constantly changing during a threshold test, 

appears to have presented their subjects with certain difficulties 



which resulted in some inconsistencies in their animals' response 

pattern. A l l three animals tested showed spontaneous reversals 

in their mode of response at certain wavelengths two birds, 

for example, which had consistently chosen the shorter wavelength 

stimulus of a l l wavelength pairs above 530 nm would unexpectedly 

jump towards the longer wavelength when stimuli were used which 

were of shorter wavelengths than 530 nm. Furthermore, it is un

clear how many of the results they plotted on their wavelength dis 

crimination function could have been obtained using the procedure 

they described. 

The results of more lecent studies relating to the pigeon's 

wavelength discrimination abilities (Wright and Cumming, 1971, 

Blough, 1972, Riggs, Blough and Schafer, 1972, Schneider, 1972, 

Wright, 1972a) do not entirely concur with Hamilton and Coleman's 

data. There is also some disagreement amongst these authors about 

the number and spectral positioning of the regions of best wavelength 

discrimination. 

An experiment was therefore designed to re-examine the nature 

of the pigeon's colour discrimination, using a method which would 

avoid the pioblems met by Hamilton and Coleman. This study i n 

cludes an examination of discrimination within the shorter wavelength 

end of the spectrum, for which there is less information. The results 

of the ensuing behavioural investigation can then be compared with 

pi evious data and can be related to the physiological mechanisms 
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which may mediate wavelength discrimination The role played 

by the pigeon's oil-droplets in its colour vision can also be 

assessed m the light of the results . 

METHOD 

Subjects 

F i v e pigeons (Columba l ivia) of mixed breed were used as 

subjects and maintained at approximately 80% of their free-feeding 

body weight Two subjects, SI and S3, had been used in a previous 

colour-preference study while the l e s t were naive In the latter 

experiment, using the same Skinner box as in this study, red-

and blue-il iummated response keys were simultaneously presented 

to the birds which were rewarded for pecks to either key No 

deliberate discrimination training was given and it was assumed 

that the birds' performance in the colour-preference test would 

not, after quite prolonged discrimination training, affect the present 

results The precaution was taken, however, of not using the 

preferred blue wavelength in the f i r s t pair of discrimination stimuli 

given in this study. 

Apparatus 

A Skinner box of dimensions 38 x 36 x 36 cm, constructed of 

aluminium painted matt grey, was used foi testing. On one panel 

were situated two c ircular ground perspex response keys In the 

opposite panel of the box was a food hoppei aperture On the floor 

was a platform which, when depressed, activated a microswitch 

beneath it (Fig. 1). 
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F i g . 1 

Top - Skinner box used f o r d i s c r i m i n a t i o n t e s t i n g . 

Bottom - O p t i c a l system, p r o v i d i n g coloured h o r i z o n t a l bar s t i m u l i 

which were b a c k - p r o j e c t e d onto the response keys o f the Skinner box . 

S = l i g h t source, HF = heat f i l t e r s , CON = condensor l e n s , 

ND = compensated n e u t r a l dens i t y wedge, PROJ = p r o j e c t i o n l e n s , 

DIV - d i v e r g i n g l e n s , M = f r o n t - s i l v e r e d m i r r o r , 

MON = monochromator, RK = response k e y . 
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A c e i l i n g l a m p was u sed to s i g n a l an i n c o r r e c t c h o i c e d u r i n g 

d i s c u m i n a t i o n t r i a l s . W i t h t h i s l i g h t on , p h o t o m e t e r r e a d i n g s 

showed the l u m i n a n c e of the back w a l l of the box to be 0. 02 m L 

and o f the s ide w a l l s 0. 01 m L . W i t h the f o o d h o p p e r l i g h t on the 

l u m i n a n c e of the h o p p e r a p e r t u r e was 5 0 m L , 

T w o i d e n t i c a l o p t i c a l s y s t e m s w e r e c o n s t i u c t e d , p r o v i d i n g 

the l i g h t s t i m u l i w h i c h w e r e p r o j e c t e d onto the backs o f the r e s p o n s e 

k e y s ( F i g . 1). I n each s y s t e m the l i g h t s o u r c e was a 50W 12V tungs t en 

h a l o g e n l a m p , s h i e l d e d to m i n i m i s e s t r a y l i g h t . H e a t f i l t e r s w e r e 

p l a c e d a d j a c e n t to the l a m p . The condenso r and p r o j e c t i o n l enses 

w e r e 5 c m d i a m e t e r a c h r o m a t i c d o u b l e t s . T h e l u m i n a n c e of the 

s t i m u l u s c o u l d be c o n t r o l l e d by means of a c o m p e n s a t e d n e u t r a l 

d e n s i t y wedge . A l o w p o w e r d i v e r g i n g l ens b r o u g h t the b e a m of 

l i g h t onto a f r o n t - s i l v e r e d m i r r o r tha t d e f l e c t e d i t t h r o u g h a g r a t i n g 

m o n o c h r o m a t o r ( H i l g e r & W a t t s D 2 9 2 ) . The s t i m u l u s p r o j e c t e d onto 

the r e s p o n s e k e y s was a n a r r o w h o r i z o n t a l b a r , 10 x 1 m m . 

W i t h s l i t w i d t h s o f 1 m m the m o n o c h r o m a t o r s had h a l f - b a n d -

w i d t h s of 6 6 n m . S p e c t r a l d i s c h a r g e l a m p s ( m e r c u r y and h e l i u m ) 

a n d a c a d m i u m s u l p h i d e p h o t o c o n d u c t i v e d e t e c t o r t o g e t h e r w i t h a 

d i g i t a l v o l t m e t e r w e r e u sed to check the c a l i b r a t i o n o f each m o n o 

c h r o m a t o r . 

U s i n g an SE1 p h o t o m e t e r a n d a d j u s t i n g the n e u t r a l d e n s i t y wedges , 

s t i m u l i w e r e equated i n s u b j e c t i v e l u m i n o s i t y f o r the h u m a n eye to a 

va lue of 17.1 m L a t 10 n m i n t e r v a l s o v e r the r a n g e of w a v e l e n g t h s 
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400 - 700 n m S e v e r a l r e a d i n g s w e r e t aken at each p o i n t and the 

n e u t r a l d e n s i t y s e t t i n g r e c o r d e d w h e n the r e p e a t e d r e a d i n g s a g r e e d 

w i t h i n a r ange o f 1 7 m L U s i n g B l o u g h ' s (1957) data, t ha t c o m p a r e 

the p i g e o n ' s pho top i c s p e c t r a l s e n s i t i v i t y w i t h tha t of the h u m a n 

f o v e a , a d j u s t m e n t s i n the n e u t i a l d e n s i t y s e t t i ngs w e r e then c a l 

c u l a t e d to g ive a s p e c t r u m of equa l s u b j e c t i v e l u m i n o s i t y f o r the 

p i g e o n . The a c c u r a c y of these s e t t i n g s , c a l c u l a t e d on the ba s i s of 

p h o t o m e t e r m e a s u r e s , was c h e c k e d u s i n g a c a l i b r a t e d t h e r m o p i l e 

( H i l g e r - W a t t s F T 17). R a d i o m e t r i c m e a s u r e s of the una t t enua t ed 

s t i m u l i w e r e c o r r e c t e d f o r the n e u t r a l d e n s i t y w e d g e s ' a t t e n u a t i o n 

and c o m p a r e d w i t h B l o u g h ' s s p e c t i a l s e n s i t i v i t y c u r v e . The a g r e e 

m e n t w a s s a t i s f a c t o r y 

T h e t r a i n i n g appa ra tu s was housed i n a d a r k e n e d r o o m w h i l e 

the p r o g r a m m i n g a p p a r a t u s , t h a t p a r t i a l l y c o n t r o l l e d the o p e r a t i o n 

o f the S k i n n e r box , was k e p t i n a s e p a r a t e r o o m . 

C o n v e n t i o n a l p r o g i a m m i n g e q u i p m e n t was u sed to c o n t r o l the 

sequence of events i n the S k i n n e r box ( F i g . 2) as f o l l o w s - pecks 

to the r e s p o n s e k e y s t u r n e d o f f the s t i m u l i . I f pecks w e r e m a d e to 

the ' p o s i t i v e ' k e y 5 sees f o o d r e w a r d was g i v e n . The c e i l i n g l a m p 

c a m e on i f r e s p o n s e s w e r e m a d e to the ' n e g a t i v e ' k e y . T o t u r n o f f 

the c e i l i n g l a m p and enable the n e x t t r i a l to b e g i n the a n i m a l h a d to 

d e p r e s s the f l o o r p l a t f o r m , thus o p e r a t i n g a m i c r o s w i t c h benea th i t 

Because of i t s p o s i t i o n , t h i s was done a u t o m a t i c a l l y d u r i n g p o s i t i v e 

r e m f o i c e m e n t when the b i r d c r o s s e d the box f r o m the r e s p o n s e k e y s 

to the f o o d h o p p e r 
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A n i n t e r - t r i a l i n t e r v a l of a p p r o x i m a t e l y 8 sees a l l o w e d the 

e x p e r i m e n t e r to m a k e any n e c e s s a r y a d j u s t m e n t s of the m o n o 

c h r o m a t o r and n e u t r a l d e n s i t y se t t i ngs and to o p e r a t e a s w i t c h 

d e t e r m i n i n g w h i c h r e s p o n s e k e y w o u l d be p o s i t i v e A n o t h e r 

s w i t c h , b r i n g i n g on the s t i m u l i , s t a r t e d the n e x t t r i a l 

P r o c e d u r e 

A f t e r p r e l i m i n a r y shaping i n a S k i n n e r box w i t h a s i ng l e r e s 

ponse k e y , p o s i t i o n e d on the same pane l as the f o o d hoppe r a p e r t u r e , 

the p i g e o n was t r a n s f e r r e d to the S k i n n e r box u s e d f o r d i s c r i m i n a t i o n 

t r a i n i n g . H e r e the a n i m a l was t r a i n e d to peck a t b o t h r e s p o n s e k e y s 

and m o v e away to the h o p p e r f o r f o o d r e w a r d A n y i n i t i a l p o s i t i o n 

p r e f e r e n c e s w e r e b r o k e n down and a f i x e d r a t i o ( F R 5 1) r e i n f o r c e 

m e n t schedule i n t r o d u c e d , p r i o r to the use of a s p e c i a l ' a d d / s u b t r a c t ' 

r a t i o schedule i n d i s c r i m i n a t i o n t r a i n i n g i t s e l f . T h r o u g h o u t shap ing , 

r e s p o n s e k e y s w e r e i l l u m i n a t e d w i t h w h i t e l i g h t . 

D u r i n g t r a i n i n g two m o n o c h r o m a t i c h o r i z o n t a l - s l i t shaped 

s t i m u l i w e r e p r e s e n t e d s i m u l t a n e o u s l y onto the r e s p o n s e k e y s . 

R e s p o n d i n g was r e i n f o r c e d on a f i x e d r a t i o schedu le m w h i c h 5 c o n 

s e c u t i v e pecks to one k e y p r o d u c e d e i t h e r p o s i t i v e o r n e g a t i v e r e 

i n f o r c e m e n t . I f the b i r d changed to p e c k i n g on the o t h e r k e y b e f o r e 

a r u n o f 5 c o n s e c u t i v e pecks was c o m p l e t e d , say a f t e r 3 p e c k s , t hen , 

t o o b t a i n r e i n f o r c e m e n t , i t had to m a k e 3 pecks to c a n c e l out the 

p r e v i o u s pecks on the f i r s t k e y p l u s 5 a d d i t i o n a l p e c k s . T o p r e v e n t 

the p o s s i b i l i t y of o s c i l l a t i o n f r o m one k e y to the o t h e r ad i n f i n i t u m , 
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the ' a d d / s u b t r a c t ' schedule was o v e r r i d d e n i f a t o t a l of 10 pecks 

to e i t h e r k e y f a i l e d to p r o d u c e r e w a r d . The b i r d was then r e i n 

f o r c e d f o r the 5th peck f o l l o w i n g t h i s t o t a l . 

N o t e tha t the schedu le d i d no t r e q u i r e the b i r d to c r o s s the 

p l a t f o r m be tween each peck , t h i s was o n l y n e c e s s a r y b e t w e e n 

t r i a l s I n t h i s r e s p e c t the 5 c o n s e c u t i v e pecks a r e n o t i ndependen t 

c h o i c e s as a r e the r e s p o n s e s m a d e on d i f f e r e n t t r i a d s . The f i x e d 

r a t i o schedule u s e d was h e l p f u l i n m a i n t a i n i n g r e s p o n d i n g i n a 

s i t u a t i o n i n w h i c h f a i r l y l o n g i n t e r - t r i a l i n t e r v a l s w e r e n e c e s s a r y 

and w h e r p the b i r d had to m a k e a d i f f i c u l t d i s c r i m i n a t i o n . The 

' a d d / s u b t r a c t ' schedule was u sed to r e d u c e the chances of a p i g e o n 

b e i n g r e i n f o r c e d w h i l e m e r e l y m a k i n g r a n d o m c h o i c e s . I n a d d i t i o n 

t h i s schedule enabled the b i r d to change i t s i n i t i a l d e c i s i o n as to 

w h i c h s t i m u l u s w a s c o r r e c t b e f o r e r e i n f o r c e m e n t w a s g i v e n . B u t 

a f t e r m a k i n g the new d e c i s i o n i t had to i n d i c a t e t h a t the second 

c h o i c e was the d e f i n i t e one by c a n c e l l i n g the p r e v i o u s pecks a n d 

a l s o r e s p o n d i n g a f u r t h e r f i v e t i m e s . T h u s , a f t e r a l t e r i n g i t s 

c h o i c e , a p igeon h a d to do m o r e pecks than i f i t h a d k e p t to i t s 

o r i g i n a l d e c i s i o n . ( In f a c t , changes i n r e s p o n s e f r o m one k e y to 

a n o t h e r w e r e o b s e r v e d m a i n l y a t the b e g i n n i n g o f the e x p e r i m e n t , 

w h e n the d i s c r i m i n a t i o n t a s k was s t i l l q u i t e new to the a n i m a l s , 

and w h e n d i s c r i m i n a t i o n was p i e s u m a b l y b e c o m i n g m o r e d i f f i c u l t 

f o r t h e m , s h o r t l y b e f o r e t h r e s h o l d s w e r e r e a c h e d ) . 



Table I . 
Wavelengths of s t i m u l i used m discrimination t r a i n i n g . 

Wavelength of 
Wavelength of negative stimulus 

positive stimulus 
•S+- > S-' series 'S+ < S-» scries 

400 nm 460 nm 46O nm 
420 490 490 
440 490 490 
460 400 520 
480 430 530 
500 450 550 
520 470 570 
540 490 590 
560 510 610 
580 530 630 » 
590 540 640 
595 550 650 
600 550 650 
620 570 690 
640 590 590 
680 580 580 
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T w o sess ions o f t r i a l s w e r e g i v e n d a i l y , w i t h 20 t r i a l s p e r 

s e s s i o n . The p o s i t i o n s of p o s i t i v e and n e g a t i v e s t i m u l i w e r e r a n 

d o m l y a l t e r n a t e d a c c o r d i n g to a G e l l e i m a n n (1933) schedu le The 

t o t a l n u m b e r of t r i a l s , n u m b e r o f p o s i t i v e and of n e g a t i v e r e i n f o r c e 

m e n t s g i v e n w e r e r e c o r d e d on c o u n t e r s F r o m these n u m b e r s the 

p e r c e n t a g e of s u c c e s s f u l and u n s u c c e s s f u l d i s c r i m i n a t i o n t r i a l s 

was c a l c u l a t e d 

E a c h b i r d was g i v e n a s e r i e s of d i s c r i m i n a t i o n t e s t s A t e s t 

i n v o l v e d be tween 9 and 40 s e s s i o n s . F o r each t e s t the b i r d s w e r e 

g i v e n a n u m b e r of i n i t i a l t r a i n i n g se s s ions w i t h one of 16 p a i r s of 

s t i m u l i t ha t c o v e r e d the s p e c t r u m be tween 400 and 680 n m . 

( T a b l e 1). The o r d e r i n w h i c h s t i m u l u s p a i r s w e r e u s e d w a s 

r a n d o m i s e d . F o r 3 of the s u b j e c t s the p o s i t i v e s t i m u l u s w a s , 

excep t a t the e x t r e m e s of the s p e c t r u m , a l w a y s of l o n g e r w a v e l e n g t h 

t han the n e g a t i v e s t i m u l u s . F o r the o t h e r 2 p i g e o n s , the p o s i t i v e 

s t i m u l u s was p a i r e d w i t h a n e g a t i v e s t i m u l u s of s h o r t e r w a v e l e n g t h . 

T h i s d i v i s i o n of s u b j e c t s w a s m a d e to a l l o w f o r any d i f f e r e n c e s 

w h i c h m i g h t a r i s e i f the p o s i t i v e s t i m u l u s w a s a p p r o a c h e d f r o m 

d i f f e r e n t ends of the s p e c t r u m . 

F o r each s t i m u l u s p a i r the b i r d was t r a i n e d to choose a l w a y s 

the p o s i t i v e s t i m u l u s u n t i l i t r e a c h e d , on 2 c o n s e c u t i v e s e s s i o n s , a 

c r i t e r i o n o f a t l e a s t 90% of c o r r e c t l e s p o n s e s . O v e r the f o l l o w i n g 

s e s s i o n s , w i t h the p o s i t i v e s t i m u l u s r e m a i n i n g the s a m e , the w a v e 

l e n g t h o f the n e g a t i v e s t i m u l u s was changed such tha t the d i f f e r e n c e 

be tween the s t i m u l i d e c r e a s e d . I n i t i a l l y the w a v e l e n g t h d i f f e r e n c e 

was d i m i n i s h e d i n s teps of 10 n m p e r s e s s i o n , w h e n the a c c u r a c y 
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Course o f d i s c r i m i n a t i o n f o r a sample o f t h r e s h o l d t e s t s f o r 
two s u b j e c t s . 

Each graph shows the percentage d i s c r i m i n a t i o n score on each 
session as the wavelength d i f f e r e n c e between p o s i t i v e and nega t ive 
s t i m u l i was decreased by 10, 5 o r 2 nm steps (see Procedure ) . 
A v a r i a b l e number o f sessions were needed a t the s t a r t o f each t e s t 
t o l e a r n which s t imulus was the c o r r e c t one. The r e s u l t s o f these 
a c q u i s i t i o n sessions are no t d i s p l a y e d , so the graphs show scores 
once the i n i t i a l c r i t e r i o n o f 90% c o r r e c t choices had been reached. 
S ingle p o i n t s show the d i s c r i m i n a t i o n scores on each sess ion . Where 
the score f e l l below 90% c o r r e c t , a session was repeated us ing the 
same wavelength s e t t i n g s . The s o l i d l i n e j o i n s the mean scores a t 
each wavelength d i f f e r e n c e vaJue. Thresholds were ob ta ined when the 
scores on repeated sessions bo th f e l l a t or below 70% c o r r e c t . 

Beside each graph i s shown the wavelength o f the p o s i t i v e 
s t i m u l u s . For S7, except f o r = 640 nm, was l e s s than S-^ • 
For S9, S+ x was g rea t e r than S- x t h roughou t . Graphs were chosen t o 
i l l u s t r a t e the course o f d i s c r i m i n a t i o n t o t h r e s h o l d f o r t h re sho lds 
a t or near b o t h peaks and t roughs m the wavelength d i s c r i m i n a t i o n 
f u n c t i o n (see Table I I A , B and F i g . 4 ) . 
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of d i s c r i m i n a t i o n began to d e t e r i o r a t e s teps of 5 n m and 2 n m 

w e r e i n t r o d u c e d I f the b i r d ' s s c o r e was s t i l l above c r i t e r i o n 

a f t e r a g i v e n change, the w a v e l e n g t h d i f f e r e n c e was f u r t h e r 

d e c r e a s e d on the n e x t s e s s i o n I f the b i r d ' s p e r f o r m a n c e f e l l 

below c r i t e r i o n , the s u b j e c t was g i v e n one m o r e t r a i n i n g s e s s i o n 

w i t h t h i s s ame w a v e l e n g t h d i f f e r e n c e T h e n , i r r e s p e c t i v e of 

w h e t h e r o r n o t the b i r d showed i m p r o v e m e n t i n p e r f o r m a n c e 

a f t e r t h i s second t r a i n i n g s e s s i o n a t t ha t w a v e l e n g t h d i f f e r e n c e , 

a f u r t h e r d e c r e a s e i n the w a v e l e n g t h d i f f e r e n c e was m a d e . T h i s 

p r o c e d u r e c o n t i n u e d u n t i l the p i g e o n ' s p e r f o r m a n c e f e l l to a l e v e l 

o f 70% o r l e s s c o r r e c t t u a l s on 2 c o n s e c u t i v e s e s s i o n s . A t t h i s 

p o i n t the w a v e l e n g t h s o f the p o s i t i v e and f i n a l n e g a t i v e s t i m u l i 

w e r e r e c o r d e d f o r c a l c u l a t i o n of the t h r e s h o l d . 

T h e p i g e o n was then r e t r a i n e d u s i n g a n e w p a i r of s t i m u l u s 

va lue s and the above p r o c e d u r e r e p e a t e d . 

R E S U L T S 

I n F i g 3 a r e g i v e n some e x a m p l e s o f the c o u r s e of d i s c r i m i n a t i o n 

s c o r e s d u r i n g t h r e s h o l d t e s t s . S ince the n u m b e r of s e s s ions r e q u i r e d 

to i n i t i a l l y l e a r n w h i c h of a p a i r of w a v e l e n g t h s was the c o r r e c t one 

v a r i e d w i d e l y (be tween 1 and 38 se s s ions to r e a c h a l e a r n i n g c r i t e r i o n 

of 90% or m o r e c o r r e c t c h o i c e s ) , o n l y s c o r e s a f t e r the l e a r n i n g 

c r i t e r i o n had been r e a c h e d a r e shown T h e r e a f t e r , on m a n y t e s t s 

a h i g h d i s c r i m i n a t i o n s c o r e was m a i n t a i n e d u n t i l s h o r t l y b e f o r e the 

t h r e s h o l d of w a v e l e n g t h d i s c r i m i n a t i o n was r e a c h e d B u t t h i s was 



Table I I 

I n d i v i d u a l r e s u l t s on wavelength d x s c r i m i n a t i o n t e s t s 

F igures show the t h r e s h o l d va lues an nm, 
g i v e n by the f o r m u l a 

AX = | S + A - S - J 

A: S+ > S-

Subjec ts 
s+ s+ 

SI S3 S7 S9 S10 

400 

420 

440 
460 2 2 8 
480 12 10 8 
500 16 24 24 
520 15 8 14 
540 5 2 ' 5 
560 12 2 12 
580 10 10 10 
590 6 8 8 

595 10 2 2 
600 6 4 6 
620 8 8 14 
640 10 15 15 10 10 
680 55 40 40 35 35 

S+ > S- = wavelength o f p o s i t i v e s t imulus always 

l o n g e r than t h a t o f nega t ive s t i m u l u s . 

S+ < S- = wavelength o f p o s i t i v e s t imulus always 

s h o r t e r than t h a t o f nega t ive s t i m u l u s . 

S-k = wavelength o f p o s i t i v e s t i m u l u s . 



Table I I cont 0 

B: S+ < S-

s+ 
Subjects 

> SI S3 S7 S9 S10 

400 34 38 36 38 40 
420 22 24 25 26 26 
440 6 6 4 6 6 
460 2 2 
480 18 36 
500 12 8 
520 4 6 
540 5 10 
560 14 16 
580 10 15 
590 4 10 » 

595 10 2 
600 8 6 
620 10 12 
640 
680 
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n o t a l w a y s so and the cases i n w h i c h the c o u r s e of d i s c r i m i n a t i o n 

s c o r e s was m o r e i r r e g u l a r d i d n o t appear to r e l a t e to any p a r t i c u l a r 

w a v e l e n g t h s , n o r s u b j e c t s t h e r e was some v a r i a b i l i t y i n the p a t t e r n s 

o f g r a p h s f o j a l l s u b j e c t s and w a v e l e n g t h s but the a g r e e m e n t a m o n g s t 

s u b j e c t s ' f i n a l t h r e s h o l d r e s u l t s was good 

The w a v e l e n g t h d i f f e r e n c e be tween the p o s i t i v e and the n e g a t i v e 

s t i m u l u s w h e n the b i r d ' s p e r f o r m a n c e had j u s t f a l l e n b e l o w 7 0% c o r r e c t 

w a s t a k e n as t h r e s h o l d va lue 16 such t h r e s h o l d s s p r e a d m o r e 

o r l e s s e v e n l y o v e r the s p e c t r u m w e r e o b t a i n e d f o r each of the 5 

p igeons ( T a b l e I I A , B ) . 

W a v e l e n g t h d i s c r i m i n a t i o n f u n c t i o n s w e r e then p l o t t e d f r o m the 

da ta f o r each i n d i v i d u a l ( F i g . 4) E a c h t h r e s h o l d was p l o t t e d a t an 

a b s c i s s a l w a v e l e n g t h va lue w h i c h f e l l a t the m i d p o i n t o f the i n t e r v a l 

b e t w e e n the two j u s t d i s t i n g u i s h a b l e w a v e l e n g t h s . 

T h u s , w h e r e S \ r e p r e s e n t s the w a v e l e n g t h o f the p o s i t i v e s t i m u l u s 

o f a d i s c r i m i n a t i o n p a i r and S- the f i n a l n e g a t i v e s t i m u l u s w a v e l e n g t h , 

t h r e s h o l d va lue i s g i v e n by 

A~\ - /S+ N - S- / in nm 

w h i c h i s p l o t t e d a t a w a v e l e n g t h va lue g i v e n by 

A = ± ~2 nm 

M e a n t h r e s h o l d s w e r e c a l c u l a t e d f o r a l l 5 s u b j e c t s t aken t o g e t h e r 

( F i g 5) F o r t h i s , t h r e s h o l d s o b t a i n e d u s i n g a p a r t i c u l a r w a v e l e n g t h 

as p o s i t i v e s t i m u l u s and u n d e r the same c o n d i t i o n s o f t e s t i n g ( i . e . w i t h 

the n e g a t i v e w a v e l e n g t h e i t h e r g r e a t e r o r s m a l l e r ) w e r e a v e r a g e d (A)[ ). 
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Tabic I I I . 
Data of Mean Wavelength Discr iminat ion Function. 

S+ > S- s+ < s 

A AX 

400 — — 418.6 37.2 
420 — — 432.3 24.6 

440 — — 442.8 5.6 
460 458 4 461 2 
480 475 10 488.5 17 
500 489.3 21.3 505 10 
520 513.8 12.3 522.5 5 
540 538 4 543.8 7.5 
563 555.6 8.7 567.5 15 
580 575 10 586.3 12.5 
590 586.3 7.3 593.5 7 
595 592.6 4.7 598 6 

600 597.3 5.3 603.5 7 
620 615 10 625.5 11 

640 634 12 — — 
680 659.5 41 — — 

Sf > S- = wavelength of pos i t ive stimulus always 

longer than tha t of negative s t imulus. 

S+ < S- = wavelength of pos i t ive stimulus always 

shorter than that of negative st imulus. 

Srf̂  = wavelength of pos i t ive s t imulus. 

X = abscissa! wavelength value i n nm. 

AX = mean threshold m nm0 



These values were plotted at a point on the wavelength axis given 

by _ 

A -- S+x ± & nm 

The ind iv idua l and mean curves were f i t t e d by eye. The coordinates 

of the points i n F i g . 5 a i e set out separately, i n Table I I I , according 

to the conditions of test ing under which they were obtained. 

The method of p lo t t ing thresholds d i f f e r s f r o m that used by 

severa l other authors (Wrigh t and P i t t , 1934, De Valo is and Jacobs, 

1968, Jacobs and Yolton, 1971). Usual ly the exper imenta l design i s 

such that, f o r every subject, each posi t ive s t imulus is approached 

w i t h the negatives f r o m both ends of the spect rum giving two thresholds 

at each point tested. The mean threshold of these two i s then plot ted 

a t the wavelength value of the common posi t ive s t imulus 

I t can be argued that this conventional plot t ing method' is un 

sa t i s fac to ry I f thresholds are to be obtained over the m a x i m u m 

spec t i a l range then a balanced design, approaching the negative to 

the pos i t ive s t imulus f r o m both ends of the spec t rum, is obviously 

imposs ib le at the spectra l extremes where choice of s t i m u l i i s l i m i t e d 

to those which are ac tua l ly v i s ib le to the an ima l The usual methods 

of p lo t t ing resul ts also ignore consistent discrepancies found m 

thresholds obtained when the posi t ive s t imulus is approached f r o m 

d i f f e r e n t ends of the spec t rum In the present exper iment these 

d i f f e i ences are c l e a r l y seen i f thresholds obtained under the two 

condit ions of testing are plotted separately (F ig 6). 
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In e f fec t , using f o r m e r methods of p lo t t ing , the spectra l range 

of threshold data was being cu r t a i l ed in order to keep a balanced 

design or else two d i f f e r e n t sets of data were being shown on the 

same giaph This l a t l e i s i tuat ion a r i ses , as the authors t hem

selves point out, i n the plot of the ground s q u i r r e l ' s wavelength 

d i s c r i m i n a t i o n func t ion given by Jacobs and Yol ton (1971). I n the i r 

F i g 14, at the extremes of the spec t rum the data were obtained 

using only one d i rec t ion of approach of the negative to the posi t ive 

test s t imulus , whi le i n the middle por t ions the threshold values 

plot ted are the means of the thresholds obtained a f te r testing i n 

both spect ra l d i rec t ions In su f f i c i en t i n f o r m a t i o n is given i n the 

paper to see whether or not the mean threshold values also hide 

discrepancies of the type found he re . 

The previous plot t ing methods are presumably der ived f r o m 

the procedure used f o r p lot t ing d i f fe rence thresholds under c i r c u m 

stances in which Weber 's Law appl ies . However , the Weber Law, 

^ ^ = k , i s not applicable i n the case of colour d i s c r i m i n a t i o n 

since there is c l e a r l y not a monotomc increase i n the threshold 

value across the spectrum as i s found, f o r example , across a l a rge 

range of values i n in tens i ty d i s c r i m i n a t i o n . The present method of 

p lo t t ing resul ts i s instead based on the ra t ionale that, at threshold , 

posi t ive and negative s t i m u l i are interchangeable, i . e . i t i s not 

impor t an t whether, m the case of two wavelengths being 500 and 

510 nm at t h i c sho ld , 500 nm is the posi t ive or the negative s t imulus 



4 1 . 

To the b i r d they w i l l be m o r e or less indist inguishable so that a 

th reshold of 10 nm would be expected i f a posi t ive s t imulus of 500 

4 

n m were to be appioached f r o m the longer wavelength end of the 

spect rum, s i m i l a i l y a threshold of 10 nm would be predic ted f o r 

a posi t ive s t imulus of 510 nm approached wi th shor ter wavelengths. 

Where the resul ts a l low compar i son , approximate c o n f i r m a t i o n f o r 

this is found. Because of this in terchangeabi l i ty of resul t s the 

thresholds are actual ly plot ted at points midway between the 

wavelengths at threshold of the two s t i m u l i i n each d i s c r i m i n a t i o n 

p a i r . 

The o v e r a l l shapes of the d i s c r i m i n a t i o n funct ions are ve ry 

s i m i l a i f o r a l l ind iv idua l subjects ( F i g . 4), each curve has three 

t roughs where d i s c r i m i n a t i o n Lhresholds f a l l to a m i n i m u m . The 

only exception occurs i n the case of the resul ts f o r SI m which the 

t rough at the long wavelength end of the spectrum is not ve ry c lea r . 

The n a r r o w range of ind iv idua l d i f fe rences f o r each threshold value, 

together w i t h the lower absolute threshold values found in the present 

exper iment , when compared w i t h the resul ts of H a m i l t o n and Coleman's 

(1933) study, point to the r e l i a b i l i t y of this method of obtaining data. 

DISCUSSION 

Compar i son of resul t s w i t h other studies re la t ing to wavelength 
d i s c u m i n a t i o n 

The resul t s of the present study, showing three regions of op t imum 

wavelength d i s c r i m i n a t i o n at about 595, 530 and 460 n m , may be c o m 

pared wi th f indings of s i m i l a r previous experiments ( F i g . 7). Using 
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a jumping-s tand d i s c r i m i n a t i o n method, H a m i l t o n and Coleman 

(1933) obtained a wavelength d i s c r i m i n a t i o n funct ion showing a long 

wavelength m i n i m u m at 580 - 590 n m , i n approximate agreement 

w i t h that found here , but no correspondence is found wi th the i r 

resul ts at shor ter wavelengths Although the i r thresholds appear 

to be plot ted at the longer wavelength s t imulus of a test p a n , this 

d i f fe rence m p lo t t ing does not substantial ly a f fec t the posi t ion of 

m i n i m a in the graph and a d i r e c t compar ison may be made between 

the two d i s c r i m i n a t i o n funct ions 

Closer agreement f o r two of the m i n i m a i s obtained, however, 

w i t h points of in te r sec t ion at 540 and 595 n m i n co lour -naming 

funct ions f o r the pigeon (Wrigh t and Cumming , 1971) This exper iment 

used a 'ma tch ing- to -sample ' technique, co lour -naming funct ions being 

calculated f i o m the percentage of responses to t r a in ing s t imulus wave

lengths shown on side keys when a pa r t i cu l a r 'probe ' wavelength was 

presented as the ' sample ' on the centre key 

A wavelength d i s c r i m i n a t i o n func t ion , de r ived f r o m a study of 

ERG responses of the pigeon's eye to d i f f e r e n t wavelengths (Riggs, 

Blough and Schafer, 1972), shows s i m i l a r features to the present 

func t ion w i t h op t imal d i s c r i m i n a t i o n i n the range 510 - 540 n m , 

another point of good d i s c r i m i n a t i o n at about 585 n m and poor 

d i s c r i m i n a t i o n above 630 n m . 



Another recent hue d i s c r i m i n a t i o n curve f o r the pigeon, 

de termined by a signal detection procedure (Wright , 1972a), has 

m i n i m a at 600, 540 - 550 and 500 n m The spectral posi t ions of the 

f i r s t two m i n i m a are close to the long and middle wavelength m i n i m a 

obtained i n this exper iment . The present func t ion also concurs w i t h 

W r i g h t ' s i n showing three d i s c r i m i n a t i o n m i n i m a instead of only two 

as p rev ious ly repor ted but the t h i r d m i n i m u m found here occurs at 

a shor ter wavelength of 460 nm, which i s below the spect ra l range 

tested by W r i g h t . A t 500 nm, a point of op t imum d i s c r i m i n a t i o n i n 

W r i g h t ' s func t ion , the thresholds f o r a l l f i ve pigeons are increas ing 

as i s the case i n the exper iment of Riggs et a l . (1972), 

Fu r the r experiments r e l a t ing to the pigeon's wavelength d i s c r i m i n a t i o n 

ab i l i t i e s are repor ted by Blough (1972) and Schneider (1972). In the 

f o r m e r study general isat ion gradients around a number of t r a in ing 

wavelengths across the spec t rum were examined and showed var ia t ions 

i n thei r degree of a s y m m e t r y and steepness. Blough argues that a 

steeper gradient i s found where wavelengths are m o r e d i s c r i m i n a b l e 

to the pigeon and a f l a t t e r gradient indicates that the an imal is less 

sensi t ive to wavelength d i f f e rences . F r o m the data, two regions of 

h igher d i s c n m i n a b i l i t y are shown at 600 n m and 540 n m whi le a t h i r d 

r eg ion of increased sens i t iv i ty occurs at about 460 n m . 

Schneider 's exper iment , i n which pigeons were r equ i r ed to 

d i s c r i m i n a t e between 'same' and ' d i f f e r e n t ' pa i r s of wavelengths, 

gcneiates a 'colour c u c l e 1 on which the spacing between wavelengths 



i s p ropor t iona l to their perceived s i m i l a r i t y or d i s s i m i l a r i t y . Here , 

perceptual d i s s i m i l a r i t y corresponds to widespread spacing of wave

lengths The resul ts of this work point to three regions of good d i s 

c r i m i n a t i o n at 500, 540 and 600 n m . A s i m i l a r scale of the 'psycho

log ica l spacing 1 of wavelengths was calculated by Shepard (1965), who 

appl ied a t r ans fo rma t ion to the ea r l i e r general isat ion gradient data of 

Guttman and Ka l i sh (1956). M a x i m a l spacing, consistent w i t h good 

wavelength d i s c r i m i n a t i o n , was at about 490, 530 and 610 n m on this 

scale. 

I n a f u r t h e r wavelength d i s c r i m i n a t i o n func t ion , obtained f r o m the 

jackdaw, three m i n i m a have also been repor ted (Wessels, 1974). Two 

of these m i n i m a , at about 590 and 530 nm, agree w i t h regions of good 

wavelength d i s c r i m i n a t i o n i n the pigeon data However, the t h i r d 

m i n i m u m at 570 n m m the jackdaw's wavelength d i s c r i m i n a t i o n func t ion 

f inds no counterpar t i n the resul ts obtained f r o m pigeons. In addit ion 

Wessels repor t s a ' r e v e r s a l ' i n the jackdaw's response behaviour when 

a posi t ive wavelength of 500 n m was used, a f t e r the jackdaw had been 

tested at a ser ies of longer wavelengths. A t this wavelength the b i rds 

made consis tent ly 'wrong 1 choices and Wessels concluded that 500 n m 

represents a 'hue border ' to the jackdaw, but there i s no evidence of 

a m i n i m u m i n the d i s c r i m i n a t i o n func t ion at this point 

F o r compar ison , the regions of best wavelength d i s c r i m i n a t i o n 

r epor t ed in a l l the studies on pigeons are tabulated i n F i g . 8, which 

shows that the most noticeable discrepancies are found amongst the 
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posi t ions of short wavelengths m i n i m a . In several cases, a m i n i m u m 

occurs at about 500 n m ra ther than at 460 n m , as i n the present 

exper iment . In the studies by Shepard, Wr igh t , Riggs et a l . and 

W r i g h t and Cumming the s t imulus range did not extend f a r enough 

into the short-wavelength region to test f o r a 460 n m m i n i m u m . However 

the d i spa r i ty amongst exis t ing resul ts remains to be explained 

I n humans, several wavelength-dependent psychophysical funct ions 

are m o d i f i e d by a change i n s t imulus luminance. For instance, the 

mos t pronounced short-wavelength m i n i m u m i n the hue d i s c r i m i n a t i o n 

func t ion shif ts f r o m 480 to 460 n m wi th a decrease m luminance (Weale, 

1951). Th i s , and other funct ions which a i e m o d i f i e d by luminance 

changes, have been accounted f o r m an opponent-process model of 

human colour v i s ion i n which H u r v i c h and Jameson (1955) postulate that th 

b lue-ye l low chromat ic system predominates at h igh luminance levels 

whi le reds and greens predominate at lower luminances . Using pigeons, 

Blough (1972) repor t s a s l ight sh i f t i n the general isa t ion gradient to a 

600 n m st imulus w i t h luminance change. This resu l t , whi le demon

s t r a t ing some ef fec t of luminance, d i f f e r s i n two respects f r o m c o m 

parable human data. F o r humans, the posi t ion of the long-wavelength 

d i s c r i m i n a t i o n m i n i m u m remains stable at d i f f e r e n t luminance l eve l s . 

A l s o , f o r pigeons, an increase i n luminance produced a s h i f t towards 

shor ter wavelengths whereas, i n humans, any shi f t s i n this d i r ec t i on 

i n the wavelength d i s c r i m i n a t i o n func t ion resu l t f r o m a luminance 

decrease. The presence of any f u r t h e r gradient displacements there 

may have been at other wavelengths m Blough's exper iment were 



masked by the f latness of gradients which were usual ly generated 

w i t h lower luminance s t i m u l i 

However , since s t imulus luminance may be a c r i t i c a l fac.tor 

i n f i x i n g the posit ions of wavelength d i s c r i m i n a t i o n m i n i m a , the 

occurrence of a m i n i m u m at 460 n m or 500 n m i n the tabulated 

exper iments was compared w i t h the s t imulus luminance levels used, 

where these data (given f o r wavelengths between 560 and 580 nm) 

were avai lable . Schneider's exper iment , which gave a 500 n m 

m i n i m u m , employed s t i m u l i of higher luminance (30 m L as opposed 

to a luminance of 16 m L f o r the present exper iment) . On the other 

hand, i n Wr igh t ' s w o r k , which also showed a 500 n m m i n i m u m , the 

luminance leve l was much lower (8 6 m L ) , whi le there was evidence 

of a 460 n m m i n i m u m i n Blough's general isa t ion g iadient study, m 

which a luminance l eve l of about 0. 04 m L was used C l e a r l y , these 

resu l t s , obtained f r o m a va r i e ty of test methods, lead to con t rad ic to ry 

conclusions about the effect of luminance on wavelength d i s c r i m i n a t i o n 

th i e sho lds . Less equivocal resu l t s migh t be given i f luminance l eve l 

were manipulated w i t h i n a standard wavelength d i s c r i m i n a t i o n test 

procedure . 

In t e rp re t a t ion of the wavelength d i s c r i m i n a t i o n funct ion 

A m i n i m u m in the d i s c r i m i n a t i o n curve indicates a point of m a x i m u m 

sens i t iv i ty to wavelength change. Since wavelength responsiveness i s 

i n i t i a t ed by the receptors , an an imal ' s d i s c r i m i n a t i v e ab i l i t i e s must 

u l t i m a t e l y depend on the response charac te r i s t i c s of these c e l l s . While 
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psychophysical data, dependent on the processing capacities of 

the whole v isua l system, are d i f f i c u l t to re la te i n any quanti tat ive 

ways to the recep tors ' sens i t iv i t ies , the shape of the curve does 

indicate the type of v i sua l system possessed by the subject. A 

wavelength d i s c r i m i n a t i o n funct ion showing two w e l l - d e f i n e d m i n i m a 

i s c h a r a c t e i i s t i c of the per formance of a t r i c h r o m a t (De Valois and 

Jacobs, 1968, W r i g h t and P i t t , 1934). F r o m the f ind ing of three 

m i n i m a in the pigeon's d i sc r imina t ion curve , this an imal ' s v i sua l 

system appears to be te t rachromat ic ra ther than t r i c h r o m a t i c as 

previous behavioural and phybiological i n f o i m a t i o n has indicated 

(Hamil ton and Coleman, 1933, Donner, 1953, G a l i f r e t , 1961, Riggs 

et a l . , 1972). A secondary dip in the b lue -v io le t pa r t of the spect rum, 

however, of ten appears in the human wavelength d i s c u m i n a t i o n curve 

( W n g h t and P i t t , 1934) (F ig 9) This subsidiary m i n i m u m becomes 

m o r e d is t inc t w i th decrease m s t imulus in tens i ty , or w i t h pe r iphe ra l 

s t imulus presentat ion (Weale, 1951) Under ce r t a in condit ions, human 

colour v i s ion i s t e t rachromat ic (Cornsweet, 1970) Since eye movements 

could lead to e x t i a - f o v e a l s t imula t ion of the re t ina , and as, i n W r i g h t 

and P i t t ' s work , in tens i ty was matched f o r each d i s c r i m i n a t i o n test 

ra ther than across the ent i re spect rum, suggesting that short wave

length s t i m u l i were of low in tens i t ies , i t i s possible that the rods were 

act ing as a fourth colour processing mechanism f o r short wavelengths 

(Trezona, 1970) The c l e a r l y defined short wavelength m i n i m u m i n the 

pigeon data, together w i t h the two other regions of op t imum d i s c r i m i n 

at ion show that th is an imal has at least f o u i colour processing mechanism 
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4 8 . 

Phys io logica l basis of wavelength d i s c r i m i n a t i o n 

1. Comparison w i t h receptor charac te r i s t i c s 

Studies of the pigeon's photopigments using ext rac t ion techniques 

have revealed only a single cone pigment, c l a imed by Wald (1958) to 

be lodopsin w i t h a peak sens i t iv i ty at 562 n m whi le Bridges (1962) 

has found a pigment w i t h m a x i m a l absorpt ion at 544 n m . Support f o r 

the occurrence of lodopsin m pigeons' cones comes f r o m L iebman 

(1972) who, w i th mic rospec t rophotomet ry , could detect jus t one cone 

pigment having a broad absorpt ion peak at 560 - 57 5 n m . For a l l 

droplets f r o m both red and yel low rp t i na l f i e ld s (King-Smi th , 1969) 

t ransmiss ion spectra are at a m i n i m u m below 450 nm, thus, c o m 

bination of the o i l - d r o p l e t f i l t e r s w i t h either of these pigments migh t 

a l low d i s c u m i n a t i o n amongst longer wavelengths. Compar ing the 

wavelength func t ion w i t h oi l-droplet t r ansmiss ion spectra ( F i g . 10), 

the pigeon's capacity to d i s c r imina t e between shorter wavelengths 

suggests that there is another short wavelength sensitive receptor . 

Evidence f o r such a receptor , wif t i m a x i m u m sens i t iv i ty at 400 n m , 

has recent ly been provided by an experiment by Graf and N o r r e n 

(1974) using an ERG technique. Indeed their exper iment not only 

demonstrated an independent blue photopic mechanism but chromat ic 

adaptation revealed that the sens i t iv i ty curve of this mechanism was 

closely matched by the nomogram f o r a pigment w i t h peak sens i t iv i ty 

at 400 nm, thus arguing f o r the presence of an addi t ional v i sua l 

pigment F u r t h e r m o r e , W n g h t (1972b) has shown that pigeons can 
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detect u l t i a v i o l e t l igh t (1. e. wavelengths below 400 nm) . Poss ib ly 

th is sens i t iv i ty to ve ry short wavelengths i s common to other groups 

of b i rds since UV sens i t iv i ty has also been repor ted in a h u m m i n g 

b i r d , an un i elated species (Huth and Burkhard t , 1972) 

Other ERG experiments provide evidence of sepaiate chromat ic 

channels m the avian v i sua l sys tem. Studying the pigeon's photopic 

spect ra l sens i t iv i ty , Ikeda (1965) demonstrated that there were at 

least two colour- respons ive mechanisms, showing m a x i m u m sens i t iv i ty 

at 547 and 605 n m . She suggests a t h i r d v isual pigment, i n addit ion to 

rhodopsin and pigment 544, to account f o r the long wavelength sensi t

i v i t y While she c l e a r l y shows that there are two independent photopic 

mechanisms, her resu l t s do not meet Abramov ' s (1972) c r i t e r i a f o r 

c l a i m i n g an addi t ional under ly ing v isua l pigment since the response 

func t ion of the 605 nm mechanism is much n a r r o w e r than the nomogram 

curve f o r a pigment w i t h this peak wavelength. But f u r t h e r support 

f o r separate photopic systems comes f r o m other avian species 

(Bonaventure, Wioland and K a r l i , 1972 ERG experiments on the 

chicken, Thompson, 1971 ERG and pup i l l ome t r i c studies on gulls) 

Whi le the assumption of several v i sua l pigments i n the avian re t ina 

migh t account f o r the resu l t s , these ERG data cannot at present re fu te 

the single pigment hypothesis of avian colour v i s ion since m u l t i p l e 

chromat ic channels could also be explained by a model of neura l 

i n t e rac t ion between receptors containing d i f f e r e n t o i l - d r o p l e t f i l t e r s 

( e .g Thompson, 1971) 
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However , i f the func t ion of the o i l -d rop le t s i n b i rds i s to p e r m i t 

colour d i s c r i m i n a t i o n , i t would be expected that i n another species, 

whose re t ina also had o i l -d rop le t s of several co lours , these droplets 

would serve a s i m i l a r purpose Recent work , though, by L iebman 

and Granda (1971) on t u r t l e s , which have three or fou r types of o i l -

drople ts (Strother, 1963, Granda and Haden, 19 7 0), has shown that 

the cone cel ls contain three d i f f e r e n t v isual pigments 

Although o i l -d rop le t s may, there fore , not be a necessity f o r 

wavelength d i s c r i m i n a t i o n i n b i rds , they may s t i l l m o d i f y the sensi

t i v i t y of the colour processing mechanisms. As w e l l as reducing 

c h i o m a t i c aber ra t ion by e l imina t ing most of the short wavelengths 

(Wal l s and Judd, 1933), the r e l a t i v e l y sudden decrease i n cone 

sens i t iv i ty towards the shor ter wavelength end of the spect rum, 

given by the cu t -o f f cha rac te r i s t i c s of the o i l - d r o p f i l t e r , could be 

invo lved in enhancing wavelength d i s c r i m i n a t i o n at ce r ta in regions 

of the spec t rum This argument has been made by Muntz (1972) 

and by Donner (1960), who also suggests that oil-droplets f o r m an 

adaptive mechanism prov id ing a means of i n t e r - s p e c i f i c var ia t ions 

i n wavelength d i s c r i m i n a t i o n a b i l i t y to suit the demands of the an imal ' s 

behavioural environment . This view is extended by Wessels (1974), 

who reasons that, i f i t were easier to m o d i f y the pigment content of 

the o i l -d rop le t s d u n n g the course of evolution than to generate new 

photopigments themselves, the o i l -d rop le t s may have been ins t rumen ta l 

i n adapting the cone sens i t iv i t ies to meet an avian species' needs 
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Several other hypotheses of o i l - d r o p l e t funct ion have been put 

f o r w a r d by Walls and Judd (1933). The i r view that the yel low and 

r ed f i l t e r s provided by o i l - d r o p l e t s of these colours act to enhance 

the contras t of objects viewed against d i f f e r en t backgrounds has 

recent ly been c r i t i c a l l y discussed by Muntz (1972). A n a l ternat ive 

hypothesis of theirs remains a pos s ib i l i t y This is that b i r d s , and 

other species w i t h o i l -d rop le t s of several co lours , have ' m u l t i p l e x ' 

re t inae , i n which d i f f e r e n t cone populations (as defined by the i r o i l -

drople t colour) come into use as conditions of i l l u m i n a t i o n change 

P i e s u m a b l y then, the yel low drople ts , supposed to operate at average 

in tens i t ies , must be associated w i t h several v i sua l pigments to give 

po lychromat ic v i s ion , whi le i n b r igh t i l l u m i n a t i o n red and at least 

orange droplets must func t ion i n combinat ion f o r even d ichromat ic 

v i s ion to be maintained. * 

2. Compar ison w i t h charac te r i s t i c s of neura l mechanisms 

Donner (1953), r ecord ing e lec t rophys io logica l ly f r o m the ganglion 

ce l l s in the pigeon's re t ina , found modulator units w i t h max ima at 

480, 540 and 600 nm w i t h poss ib ly a f o u r t h type of un i t g iving peak 

a c t i v i t y at 440 n m Although only three units showed m a x i m u m 

sens i t iv i ty at this wavelength, the 440 n m modulator curves were 

shown to be c l e a r l y d i f f e r e n t i n o r i g i n f r o m those of other un i t s . He 

bel ieved these modulator curves c lose ly represent the sens i t iv i ty 

spectra of the l e cep to i s themselves, although Dar tna l l (1960) suggests 

that modula to i ac t iv i ty does not correspond w i t h m a x i m u m sens i t iv i ty 
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of a receptor but may be re la ted to d i f ferences in sens i t iv i ty between 

two photopigments 

Compar ison of the modulator curves wi th the pigeon's wavelength 

d i s c r i m i n a t i o n funct ion shows, i n fact , that the max ima of ' r ed ' and 

'green ' modulators correspond m o r e c losely w i t h regions of op t imum 

wavelength d i s c r im ina t i on than would be expected i f these areas 

represent points of changing sens i t iv i ty between two co lour -process ing 

systems ( F i g . 11). But, the fac t that there is l i t t l e d i f fe rence between 

the wavelengths of peak sens i t iv i ty m the modula tors and of m i n i m a 

i n the d i s c r i m i n a t i o n func t ion may be explained by the increased 

gradient of cone sens i t iv i ty funct ions at shorter wavelengths produced 

by the t r ansmiss ion spectra of the o i l - d r o p l e t s . In that case the d i s 

crepancies between peak sens i t iv i t ies and d i s c r i m i n a t i o n m i n i m a might 

be less than would be expected i n animals whose cones are not subjected 

to addi t ional f i l t e r i n g e f fec ts . 

However , other phys io logica l work lends support to Dormer 's 

f ind ings Ikeda's (1965) ERG studies showed response curves matching 

Donner 's ' r e d ' and 'green ' modula tors , single uni t recordings f r o m 

var ious diencephalic nuc le i (Ga l i f r e t , 1961) gave response max ima at 

589, 540 and 499 nm, whi le Granda and Yazul la (1971), r ecord ing f r o m 

the nucleus rotundus, found spectra l sens i t iv i ty funct ions w i t h peaks 

at 500 nm, 540 nm and 600 - 620 n m . Donner 's data have f u r t h e r m o r e 

been supported by the resu l t s of a behavioural study of the jackdaw's 

spect ra l sens i t iv i ty (Wessels, 1974). The photopic sens i t iv i ty cu ive 
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of this b i r d showed four maxima which could be f i t t ed by theo re t i 

ca l ly der ived cone sens i t iv i ty funct ions having thei r max ima at 

605, 540, 480 and 420 n m . 

The lack of correspondence between regions of op t imum 

d i s c r i m i n a t i o n and points of change f r o m one sens i t iv i ty func t ion to 

that of a d i f f e r e n t cone system, w i t h respect to the modulator curves , 

i s not altogether s u r p r i s i n g . In p r ima tes , the cone sens i t iv i t ies by 

themselves cannot be used to p red ic t the an imal ' s wavelength 

d i s c r i m i n a t i o n capacit ies , which are more c losely r e f l ec ted by 

the response charac te r i s t i c s of cel ls whose ac t iv i ty i s modulated 

by two d i f f e r e n t receptor mechanisms (De Valois and Jacobs, 1968). 

Such opponent-cells have recent ly been repor ted i n the pigeon also 

(Yazulla and Granda, 1973) While one type of un i t , which shows a 

r ap id change i n response pat tern at 520 n m , may under l ie the 530 n m 

m i n i m u m i n the wavelength d i s c r i m i n a t i o n func t ion , the other units 

they discovered, w i t h a c rossover -po in t at 500 nm, do not at a l l 

correspond w i t h the 460 n m m i n i m u m of this exper iment but instead 

provide a better match fo r the short-wavelength m i n i m u m found m 

several other studies of the pigeon's wavelength d i s c r i m i n a t i o n 

ab i l l t i e s . 

Since comple t ion of this exper iment , W r i g h t (1972b), as p rev ious ly 

mentioned, has shown that pigeons are able to detect UV l i gh t a r i s i ng 

f r o m higher o l d e r t r ansmiss ion spectra i n in t e r fe rence f i l t e r s . 

Unfor tunate ly no blocking f i l t e i s were used fo r the suppression of 



higher order wavelengths in the present experiment Wi th the 

monochromators used, second order sidebands w i t h i n the UV 

region could have occur red at nominal wavelengths above 600 n m . 

When using a tungsten l igh t source whose emiss ion spect rum is 

much reduced in the UV, the in tens i ty of these sidebands would 

be ve ry low and ce r t a in ly could not be detected w i t h the thermopi le 

avai lable . But i t cannot be sure that thei r presence did not con

taminate the exper imenta l resul ts Consequently, another e x p e r i 

ment was la te r set up to extend the inves t iga t ion of wavelength 

d i s c r i m i n a t i o n into the UV par t of the spec t rum and to at tempt to 

validate the resul ts of this exper iment by repeating some of the 

threshold tests, using UV blocking f i l t e r s at the appropr ia te wave

lengths to e l iminate sidebands. 
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CHAPTER 3 

A R E L A T I V E SATURATION DISCRIMINATION FUNCTION FOR 

THE PIGEON 

A perceptual a t t r ibute of any coloured l igh t , that can be 

dis t inguished f r o m i ts hue ( l a rge ly dependent on the wavelength of 

that l igh t ) and i t s brightness ( re la ted to the s t imulus energy), i s the 

sa tura t ion . Satuiat ion r e f e r s to the spect ra l p u r i t y of a l i gh t thus 

a l i gh t i s m a x i m a l l y pure when i t is monochromatic and (while the 

to ta l luminance is held constant) i t s p u r i t y can be a l t e red by m i x i n g 

w i t h i t other wavelengths, p a r t i c u l a r l y a m i x t u r e of a l l wavelengths 

const i tu t ing 'whi te ' l i gh t . The l igh t then appears to become paler or 

m o r e desaturated u n t i l i t cannot be dist inguished f r o m white l i g h t . 

Saturation is conventional ly defined as the r e c i p r o c a l of c o l o n -

m e t r i c p u r i t y , which is a measure of the p ropor t ion of chromat ic 

l i g h t i n the to ta l heterogeneous m i x t u r e The r e c i p r o c a l of c o l o n -

m e t r i c p u r i t y is calculated using the f o r m u l a 

i n which , m a heterogeneous s t imulus , L» is the luminance of the 

INTRODUCTION 

log w 

chromat ic component, of a specif ied wavelength, and is the 
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luminance of a white l igh t w i t h which i t is m i x e d . Saturation i s 

m i n i m a l when the s t imulus consists only of white l i gh t wh i l e , f o r 

any pa r t i cu la r wavelength, saturat ion i s at a m a x i m u m when the 

s t imulus contains only the chromat ic component. 

As w e l l as being able to detect a change i n saturat ion f o r any 

single dominant wavelength, any subject w i th colour v i s ion can d i s 

t inguish d i f ferences i n saturat ion between var ious monochromat ic 

l i gh t s . However , as w i t h the p rob lem of es t imat ing luminance 

d i f fe rences across wavelengths, the task of ra t ing this d i spa r i t y i n 

saturat ion f o r d i f f e r e n t wavelengths is not an easy one. 

I t i s possible, though, to obtain a f a i r l y object ive ra t ing of these 

var ia t ions in saturat ion across the spect rum using the measure of 

c o l o r i m e t r i c p u r i t y . In order to compare the saturations of l ights 

of d i f f e r e n t dominant wavelength, white l i g h t may be added'to a mono

chromat ic l igh t u n t i l the colour jus t disappears (or conversely chromat ic 

l i gh t may be added to a whi te l i gh t u n t i l colour i s j u s t detectable.) The 

r e c i p r o c a l of c o l o r i m e t r i c p u r i t y at this point represents the saturat ion 

threshold at that wavelength and the va r i a t ion m saturat ion f o r d i f f e r e n t 

spect ra l l ights may then be compared, d rawing up a re la t ive saturat ion 

scale f o r the whole spec t rum. 

As w i t h the wavelength d i s c r i m i n a t i o n func t ion , the type of 

saturat ion funct ion obtained is charac te r i s t i c of the subject 's colour 

v i s ion system. A monochromat , unable to d i f f e r en t i a t e wavelengths, 

can match any spect ra l l igh t to a white l igh t by making an adjustment 



57 

i n luminance A subject w i t h d ichromat ic v i s ion i s unable to dis t inguish 

a ve ry r e s t r i c t e d po r t i on of the spect rum, the n e u t i a l point , f r o m whi te 

l i gh t (Chapanis, 1944, Jacobs and Yolton, 1971, Jacobs and P u l l i a m , 

1973) I f the o rgan ism has at least a t r i c h r o m a t i c system, although the 

saturat ion index w i l l va ry at d i f f e ren t wavelengths, there is no spec t ra l ly 

pure l i gh t which cannot be dist inguished f r o m a white l i gh t of the same 

luminance (De Valois and Jacobs, 1968, Jameson and H u r v i c h , 1955, 

Yager, 1967). 

The per formance cha rac te r i s t i c s of the human v isua l system, which 

i s known to be t i i c h r o m a t i c , are of ten represented by a colour t r iangle 

(Graham, 1965), on which pure monochromat ic l igh ts a i e situated at 

points along the pe r ime t e r of the t r i ang le whi le white l i gh t is depicted 

as a point i n the centre of the t r i ang l e , w i t h l ights of a dominant wave

length but va ry ing degrees of saturat ion fea tured along axed jo in ing 

the white to the s p e c t r a l l y pure lights. 

Since the saturat ion func t ion i s another quant i f iable aspect of an 

an imal ' s colour percept ion and may y i e ld f u r t h e r i n f o r m a t i o n about the 

v i sua l system, an exper iment was designed to measure this psychometr ic 

func t ion fo r the pigeon. 

M E T H O D 

Subjects 

The same 5 pigeons were used as i n the wavelength d i s c r i m i n a t i o n 

exper iment , since these animals were a l ready w e l l - t r a i n e d i n p e r f o r m i n g 

a complex d i s c r i m i n a t i o n task and some i n f o r m a t i o n had been obtained 

9 
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F i g . 1 
Optical system g iv ing two bar-shaped s t i m u l i superimposed on 
d i f f u s e white backgrounds. Interchange of chromatic and 
achromatic bar s t i m u l i was e f fec ted by a motor-operated s l ide 
and pul ley system. 

HF = heat f i l t e r 

IF = interference f i l t e r 

- = achromatic doublet lenses 

M = f r o n t - s i l v e r e d mir ror 

M* = h a l f - s i l v e r e d mir ror 

ND = neutra l density f i l t e r 

NDW = cal ibra ted neut ra l density wedge 

RK = response key of Skinner box 
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about the i r v i sua l a b i l i t i e s . These animals were maintained at 80% 

of the i r a d - l i b weight . 

Apparatus 

The Skmnei box was that used in the wavelength d i s c r i m i n a t i o n 

exper iment (see Ch. 2). This apparatus was operated i n a darkened 

r o o m . 

The opt ical system ( F i g . l ) ,used i n conjunct ion wi th the Skinner 

box, gave a bar s t imulus superimposed on an achromat ic background. 

A c h r o m a t i c doublet lenses ( L j , ) and h a l f - s i l v e r e d m i r r o r s ( M 1 ) were 

used to p ro j ec t a d i f fuse 'whi te ' l i gh t f r o m two 50W tungsten-iodine 

lamps (with a colour temperature of about 3000°K) , onto the back of 

each response key (RK). In each beam was interposed a h e a t - f i l t e r 

(HF) and a 1. 3 Kodak Wrat ten neu t ra l density f i l t e r (ND) The 

i r r ad i ance of each l i gh t , as measured by a ca l ibra ted thermopi le 

(Hi lge r -Wat t s F T 17.1/526), placed i n f r o n t of the lesponse key, was 

104 / i W / c m 2 . 

A second par t of the opt ica l system, employing 50W tungsten-

lodme bulbs, h e a t - f i l t e r s , lenses (L^ - ) and f i o n t - s i l v e r e d 

m i r r o r s (M) , p iov ided a s t imulus l i gh t of the bulb f i l a m e n t focused 

onto the centre of each key This s t imulus appeared as a ho r i zon ta l 

bar 10 x 3 m m . Each beam could be attenuated by a ca l ib ra ted neu t ra l 

densi ty wedge (NDW). One of the beams passed through an interchangeable 

Balzer i n t e r f c i e n c e f i l t e r ( IF ) , to give a chromat ic s t imulus , wh i l e , i n 
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the other l igh t -pa th , was a sui table neu t ra l density f i l t e r , g iving a 

'whi te ' s t imulus . The posit ions of the in te r fe rence f i l t e r and neu t ra l 

density f i l t e r s were a l te red by a motor -opera ted slide and pul ley 

system, con t ro l l ed by the p rog ramming apparatus. The lamps and 

parts of the opt ica l system were shielded to m i n i m i s e l igh t scat ter . 

16 d i f f e r e n t in te r fe rence f i l t e r s , having peak t ransmiss ions at 

wavelengths between 702 and 403 nm, were used. The half -bandwidths 

of these f i l t e r s va r i ed between 8 and 14 n m . 

Ca l ib r a t i on of white match 

I f the pigeon were r equ i r ed to d i s c r imina t e a posi t ive s t imulus of 

a colouied bar upon a white background f r o m a negative s t imulus of the 

white background alone, i t would be possible to make a d i s c r i m i n a t i o n 

based on the detection of a brightness d i f fe rence between the super-

imposed bar s t imulus and i t s background, i r r e spec t i ve of whether or 

not the bar appeared coloured to the a n i m a l . This i s because the 

luminance of the cen t ra l bar would compound both the luminance of 

the bar s t imulus and that of the background at this point . The cen t ra l 

white bar, superimposed on the white ground of the negative s t imulus , 

was designed to overcome this p r o b l e m . 

However , since the m a x i m u m energy available at each wavelength 

va r i e s , due to both the t r ansmiss ion cha rac te r i s t i c s of the in t e r fe rence 

f i l t e i s and the emiss ion spect rum of the l i gh t source, no single white 

s t imulus can be expected to be equal i n energy to a l l the chromat ic 

s t i m u l i to be used i n this exper iment F u r t h e r m o r e , because of 
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va r i a t ions i n the pigeon's spectra l sens i t iv i ty , i f a white bar s t imulus 

of constant energy were used, i t would appear d i f f e r e n t i n luminance 

f r o m at least some of the chromat ic s t i m u l i 

The re fo re , f o r each test wavelength, an approximate match i n 

luminance, f o r a pigeon, was calculated between the coloured s t imulus 

bar and the white bar . The match was obtained as fo l lows -

W i t h the background l i gh t o f f , the m a x i m u m energy available w i t h 

each of the in te r fe rence f i l t e r s i n posi t ion was measured. The 

attenuation, i n log uni ts , necessary to give a spec t rum of equal physica l 

energy was then calculated Using the lowest energy lead ing obtained 

(wi th the 403 n m f i l t e r ) , the appropr ia te neu t ra l density f i l t e r s were 

found e m p i r i c a l l y that would give this same thermopi le reading at a l l 

the other wavelengths. F u r t h e r neu t ra l density f i l t e r compensation 

was then made f o r the pigeon's spect ra l sens i t iv i ty , us ing Blough's 

(1957) data, and the to ta l neu t r a l density attenuation to give a spec t rum 

of equal subjective brightness to the pigeon was computed. 

Luminance matches ( for a pigeon) of a white s t imulus to each of the 

chromat ic s t i m u l i were obtained using the match to the 619 n m f i l t e r 

as a standard A r ed po la ro id f i l t e r , used by Blough (1956) to f i n d a 

photopic threshold, had a sharp, short-wavelength cu tof f w i t h 50% 

t r a n s m i s s i o n at about 610 n m . Since the pigeon's sens i t iv i ty decreases 

r a p i d l y at longer wavelengths (Blough, 1957) i t was es t imated that the 

e f fec t ive wavelength m a x i m u m of this f i l t e r , f o r the pigeon's eye, would 



Table I 
Stimulus F i l t e r s 

Wavelengths of peak transmission of interference f i l t e r s 
and log unit attenuation values of neutral density f i l t e r s , 
used to give 'matching 1 white s t i m u l i . 

X F i l t e r ND F i l t e r 

702 nm 2.4 
685 2.2 
662 1.8 
639 1.6 
619 1.3 
597 1.3 
584 1.2 
558 1.2 
536 1.4 
521 1.6 
496 1.8 
477 2.2 
464 2.5 
443 3.0 
422 2.9 
403 3.0 



f a l l at approximate ly 620 n m . Blough found that the luminance values 

of this r ed and a white s t imulus , at the pigeon's photopic threshold f o r 

the two s t i m u l i , were the same. A s i m i l a i luminance match between 

these red and whi te s t i m u l i was apparent to a human subject thus 

suggesting 'that the i elative photopic sens i t iv i t ies to these red and 

white s t i m u l i are comparable in the pigeon and m a n ' . (Blough, 1956 

p 430). 

Since f o r this pa r t i cu la r wavelength a luminance match, to the 

human eye, would also match f o r a pigeon, a suitable neu t ra l density 

f i l t e r , f o r attenuation of the white s t imulus beam, was found (using 

an SEI photometer) that would give a photometr ic match to the red 

s t imulus of the 619 n m f i l t e r This luminance match between the r e d 

and white s t imulus bai s was obtained by in se r t ing a 1. 3 ND f i l t e r i n 

the white beam. Using this neu t ra l density value as a 'zero standard' 

and main ta in ing d i f ferences i n attenuation between the 619 n m s t imulus 

and other wavelengths, necessary to give a spec t rum of equal subjective 

brightness to the pigeon, other neu t ra l density values could be calculated 

that would give approximate luminance matches of the white l i gh t to 

each of the other wavelengths used 

Neu t r a l density f i l t e r s to give matches to each of the in t e r fe rence 

f i l t e r s are set out i n Table I . 

Standaid e lec t romechanical p r o g r a m m i n g equipment, used to con t ro l 

the sequence of events in the Skinner box (see F i g 2 and Procedure) , 

was housed i n a sepaiate l o o m . 
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Procedur e 

The procedure was s i m i l a r to that used i n the wavelength 

d i s c u m i n a t i o n experiment , except that the sequence of events i n the 

Skinner box (F ig 2) was en t i r e ly automated 

Key pecking, on an 'add/subtrac t ' schedule i n which 5 consecutive 

pecks to the same key were necessary to te rminate a t r i a l , turned off 

the s t imulus and background l igh ts and led to r e in fo rcemen t (RF) . A 

' c o r r e c t ' choice of pecking the response key bearing the coloured bar 

produced a r e w a r d of 8 sees access to food (+ve RF) f r o m the hopper, 

which was i l l umina t ed by a sma l l l amp ' I nco r r ec t ' pecks towards the 

'whi te 1 bar turned on the ce i l ing lamp f o r at least 8 sees (-ve R F ) 

I f , dur ing this t i m e , the p l a t f o r m had not been depressed, the ce i l i ng 

l amp stayed on unt i l the pigeon had crossed to the back of the box, thus 

operat ing the p l a t f o r m m i c r o s w i t c h S i m i l a r l y i f the p l a t f o r m m i c r o -

swi tch was not activated w i t h i n the 8 sees r e w a r d i n t e r v a l the ce i l ing 

l amp came on u n t i l the b i r d had moved away f r o m the response keys 

Dur ing the 8 sees re in fo rcement i n t e rva l s , the posit ions of the i n t e r 

ference and neut ra l density f i l t e r s were a l ternated according to a 

Gel le rmann (1933) schedule. A t the end of the r e in fo rcemen t i n t e r v a l , 

or a f t e r the p l a t f o i m had been depressed, the four key l ights came on 

and the next t r i a l commenced. 

A test session, las t ing about 15 mins , ended a f t e r 50 t r i a l s . The 

number of posi t ive and negative re in forcements rece ived w e i e recorded 



on counters, the percentage of t r i a l s on which ' c o r r e c t ' and ' i n c o r r e c t ' 

choices were made could then be computed. Each b i r d was given two 

test sessions da i ly . 

Saturation d i s c r i m i n a t i o n thresholds were der ived f i o m a senes 

of 16 tests given to each subject A d i f f e r en t wavelength s t imulus , 

w i t h i t s matching whi te s t imulus , was presented on each test, and 

the order i n which the in te r fe rence f i l t e r s were used was random. 

A t the beginning of each test, coloured and whi te s t imulus bars 

of high luminance were presented The neu t ra l density wedges were 

i n i t i a l l y set to give a m i n i m a l attenuation of 0. 6 log units or , i n la te r 

tests , i n order to reduce the amount of t ime needed to complete a 

test, to give an attenuation of 1. 0 to 1. 6 log uni ts Since the b i rds 

were w e l l p rac t i sed on the d i s c r i m i n a t i o n procedure , which had been 

used to f i n d wavelength d i s c r i m i n a t i o n thresholds, they quick ly t r ans 

f e r r e d to the d i s c r i m i n a t i o n of chromat ic and achromat ic s t i m u l i and, 

on many of the d i s c r i m i n a t i o n tests, p e r f o r m e d at a l eve l of m o r e than 

90% c o r r e c t choices m the f i r s t test session (see Table V ) . A f t e r two 

consecutive sessions m which the an imal p e r f o r m e d at a l eve l of m o r e 

than 90% c o r r e c t choices, the neu t ra l density attenuation was increased 

by 0 2 log uni t s . A t each session the luminances of the coloured and 

white bar s t i m u l i were f u r t h e r decreased by 0 2 log units u n t i l pe r 

fo rmance had f a l l e n to a l eve l of less than 90% c o r r e c t choices A t 

this point a session was repeated, using the same wedge sett ings, 



then luminance was decreased by 0.1 log uni t steps. Each t ime a 

subject p e r f o r m e d at less than 90% co r r ec t , the session was repeated 

w i t h the same wedge settings before moving on to the next values. 

When pe r fo imance accuracy was near ing the 70% c o i r e c t c r i t e r i o n 

chosen as a ' th reshold ' l eve l of d i s c r i m i n a t i o n ( i . e . when two 

consecutive sessions w i t h the same neu t ra l density settings gave 

d i s c r i m i n a t i o n scores of less than 80% c o r r e c t ) , 0. 05 log uni t 

changes in luminance were made 

A d i s c r i m i n a t i o n test was completed when the accuracy of 

pe r fo rmance had f a l l e n to 70% or less of choices being c o r r e c t on 

two consecutive sessions The sett ing of the neu t ra l density wedges 

was then r e c o i d e d f o r ca lcula t ion of the threshold of saturat ion 

d i s c r i m i n a t i o n . 

Test f o r ef fect of luminance m i s m a t c h ' 

Using this procedure of steadily decreasing the s t imulus luminance, 

the coloured and white s t imulus bars appeared to ' fade' at the same rate 

against thei r constant background of whi te l i gh t u n t i l a point was reached 

at which they were no longer detectable. I t was assumed that d i s c r i m 

ina t ion was based on the v i s i b i l i t y of the coloured s t imulus , i n order 

to make a c o r r e c t choice, but since the luminance matches between 

the white and co loured bars may not have been exact this supposit ion 

was checked 

Fo l lowing several threshold tests the luminance of the white bar 

was sys temat ica l ly a l te red , to produce a m i s m a t c h between the white 



and coloured bars , by increas ing or decreasing i t s luminance by 1 

or 0. 5 log units r e l a t i ve to the 'matching ' value. The e f fec t of such 

a mi sma tch was tested a f te r the luminance of both s t i m u l i had been 

reduced to threshold l eve l and again when the luminance of the two 

s t i m u l i was increased to a point jus t above the threshold (this point 

being chosen to give about 80-90% c o r r e c t d i s c r i m i n a t i o n using the 

matching s t i m u l i ) . 

The percentage of c o r r e c t responses f o r a session i n which 

mismatched s t i m u l i were used was compared w i t h the percentage 

score f o r an immed ia t e ly preceding session using matched s t i m u l i . 

Some va r i a t i on between individuals as w e l l as v a r i a b i l i t y in the 

scores obtained on d i f f e r e n t sessions and on d i f f e r e n t days would 

be expected, bo that a compar ison was made of the percentage 

d i f fe rence m accuracy between a pa i r of consecutive match and m i s 

match sessions w i t h the percentage range of c o r r e c t responses over 

several sessions i n which matching s t i m u l i were used 

P r e l i m i n a r y tests showed that w i t h ve ry la rge luminance d i f fe rences 

(3 log units w i t h 443 nm) pigeons tended i n i t i a l l y to choose the b r igh t e r 

s t imulus , and, i f t ins was whi te , to then, a f t e r 2 or 3 i n c o r r e c t choices, 

avoid this s t imulus and swi tch i t s choice to the d i m m e r coloured 

s t imulus 

Fu r the r tests were c a r r i e d out w i t h the s m a l l e i , although s t i l l 

appiec iable , d i f fe rences i n luminance between the two s t i m u l i of 1 or 

0. 5 log units Table I IA summarises the resul t s of these tests I n 

nea r ly a l l cases the percentage d i f fe rence of responses (given i n single 
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Table IH3 

Pooled data from Tabic I IA 

F i l t e r Subiect White stimulus b r igh te r 
than matching value 

White stimulus dimmer 
than matching value 

M vs IB M vs 0.5B M vs ID M vs 0.5B 

SI > < 

443 
> 

S7 > 

> 

< 

> 

S7 < > > > 

496 
> < 

S10 < > 

> 

< 
» 

< 

S3 < < > 

536 
< > 

S9 < < 

< 

< 

s 

Sxgn t e s t : f o r N = 15 
p = 0.5 (1 t a i l e d ) 

Sign t e s t : f o r N = 13 
p = 0.5 (1 t a i l e d ) 



parentheses) on the match versus misma tch condit ions f e l l w i t h i n 

the range (f igures i n double parentheses . f ina l column) of m t e r -

session var ia t ion of choice accuracy when matched s t i m u l i at threshold 

luminance leve l were used. A n exception to this is found i n the test 

on S9 at 536 n m m which the scores on the repeated tests w i t h matching 

s t i m u l i were p a r t i c u l a r l y consistent (see percent range i n l as t 

co lumn of Table) 

To check whether the discrepancies between the percentage scores 

on pa i red match and m i s m a t c h sessions were s ign i f ican t , on each test 

the d i s c r i m i n a t i o n score f o r a session w i t h mismatched s t i m u l i was 

c l a s s i f i e d as greater than or less than the score on the preceding 

session i n which matched s t i m u l i had been used. This c l a s s i f i ca t ion 

of the d i f ferences between scores i s presented m Table I I B . A l l the 
» 

data f r o m tests i n which the s t imulus was b r igh te r than the match 

value were pooled as were the resul ts f o r tests m which d i m m e r 

whi te s t i m u l i were employed. I t was hypothesised that any luminance 

d i f fe rence between the bar s t i m u l i would tend to f a c i l i t a t e d i s c r i m i n a t i o n 

i . e i f the posi t ive s t i m u l i were c l e a r l v b r igh te r , this addi t ional cue 

would lead to an i m p r o v e d d i s c i l m i n a t i o n score whi le the score would 

also be greater i f the luminance of the negative s t imulus was increased, 

since (as i n the i n i t i a l tests) the b i rds could qu ick ly l e a r n to avoid a 

m o r e d i s t inc t ive negative s t imulus . However , applying a sign test 

(Siegel, 1956) to these sets of pooled data gave, i n each case, a p 

value of 0. 5 on a one- ta i led test 



F i g 3 (facing) 

Course of d i s c r i m i n a t i o n f o r half of the threshold tests 
f o r two subjects 

Each giaph displays the change in d i s c r i m i n a t i o n 
scoie as s t imulus attenuation is-i-ncrea&ed by 0 Z-, -0 1 
or 0 05 log units (see Procedure) Single points show the 
d i s c r im ina t i on score at a pa r t i cu la r neu t ra l density 
setting f o r one session Where the percentage score f e l l 
below 90%, a session was repeated using the same wedge 
setting Solid l ines are drawn through the mean 
d i s c r im ina t i on scores f o r d i f f e r e n t attenuation values 
A threshold test was te rmina ted when both scores on 
repeated sessions f e l l at or below 70% c o r r e c t The 
f i n a l ND setting was then used in the calcula t ion of the 
threshold of saturat ion d i s c r i m i n a t i o n (see Results) 

S3 genera l ly r equ i red fewer sessions to reach a 
threshold than did S7 

Wavelength values of in te r fe rence f i l t e r s i n each 
test are given beside each graph 
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Since no consistent improvement or decrement i n choice accuracy-

could be discerned when changes i n luminance of 1 or 0. 5 log units 

were used then presumably much smal le r mismatches in luminance, 

which migh t be the r e su l t of e r r o r s of es t imat ion i n the ca l ib ra t ion 

procedure , would be un l ike ly to act as r e l i ab l e cues in the de te rmina t ion 

of saturat ion thresholds 

RESULTS 

The number of sessions r equ i r ed to obtain a threshold measurement 

f o r each wavelength ranged f r o m 13 to 44 sessions per threshold test . 

F i g u i e i gives examples of the course of d i s c r i m i n a t i o n f o r half of the 

th resho ld tests f o r each of two b i rd s , one which general ly r equ i r ed 

fewer sessions to reach a threshold (S3 mean number of sessions per 

test = 20) and another which took somewhat longer to complete threshold 

tests (S7 mean number of sessions per test = 24). On each graph i s 

plot ted the resul t s f o r an ent i re threshold test m te rms of the percen

tage of c o r r e c t choices on each session versus the s t imulus attenuation 

i n log uni ts f o r a pa r t i cu la r session. 

Examina t ion of these and other graphs showed no consistent pa t tern 

of d i s c r i m i n a t i o n resul ts f o r specif ic wavelengths or subjects . For 

some tests, the d i s c r i m i n a t i o n scores were quite stable u n t i l the 

saturat ion threshold was reached (e. g. test at 403 n m f o r S3) whi le 

on other tests the response pat tern was m o r e va r i ab le . For instance, 

S7, tested at 521 nm, exhibited some v a r i a b i l i t y i n the d i s c r i m i n a t i o n 

scoies as the s t imulus was more attenuated but showed quite a high 



Table I I I 
Attenuationj m log units, of stimulus at threshold 

A Subjects Mean ND 

SI S3 S7 S9 S10 

702 2.3 2.25 2.4 2.65 2.4 2.4 
685 2.4 2.5 2.7 2.7 2.6 2.58 

662 2.8 2.85 2.55 2.7 2.7 2.72 

639 3.3 3.5 3.4 3.8 3.55 3.51 
619 3.3 3.15 3.45 3.8 3.45 3.43 

597 2.35 2.75 2.65 2.8 2.75 2.66 

584 3.35 3.4 3.4 3.6 3.2 3.39 
558 3.3 3.3 3.5 3.5 3.45 3.41 
536 3.1 3.1 3.25 3.25 2.75 3.09 
521 3.15 3.3 3.15 3.5 3.05 3.23 
496 2.3 2.75 2.4 3.15 2.4 2.6 

477 2.1 2.45 2.45 2.85 2.2 2;41 
464 3.1 2.8 2.85 3.1 2.55 2.88 

443 2.05 2.15 2.15 2.25 2.1 2.14 
422 2.8 2.75 2.7 2.8 2.7 2.75 
403 2.7 2.5 2.7 2.7 2.4 2.6 
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degree of consistency between scores when a session was repeated 

using the same neut ra l density wedge sett ings. In othei cases ( e .g . 

S7 at 477 nm) scores changed m o r e e r r a t i c a l l y both between repeated 

sessions and as the s t imulus attenuation was a l t e red 

Never theless , the resu l t s , i n t e rms of the attenuation of the 

s t imulus beams at the ends of threshold tests at each wavelength, 

were found to show good agreement across subjects These attenuation 

f i g u r e s , i n log uni ts , are set out i n Table I I I . 

Ca lcula t ion of energy values of s t i m u l i at threshold 

Energy measures were obtained w i t h jus t one of the cen t ra l 

s t imulus l ights operat ive. A motor d r i v e n sector, posi t ioned i n the 

c o l l i m a t e d beam, was used to provide a s t imulus f lash ing at 1 Hz , 

a l lowing f o r AC a m p l i f i c a t i o n of the the rmopi le potential (F ig 4) . 

The output f r o m the thermopi le , centred m f r o n t of the response 

key, was a m p l i f i e d by a Grass P15 AC p r e a m p l i f i e r and displayed on 

a Tek t ron ix Type 564B storage osci l loscope. The i r r ad i ance of the 

unattenuated bar s t imulus , w i t h each of the in te r fe rence f i l t e r s i n 

place, was calculated and converted to a log scale 

The thermopi le was also used to f i n d the m i n i m u m attenuation 

given by the neu t ra l density wedge. This m i n i m u m was 0. 6 log units 

at the f i v e wavelengths tests (443, 464, 496, 558 and 643 n m ) . 

Add i t i ona l attenuation values were calculated f i o m manufac tu re r ' s 

c a l i b i a t i ons of the wedges. The log i r r ad i ance of each s t imulus at 

saturat ion th ieshold was then computed f i o m the f igu res in Table I I I . 



CRO 

TH 

RK 

IF « 
HF 

M 

S 

F i g . 4 
Part of the o p t i c a l system, providing a flashing stimulus for the 
thermopile, used m calibrating the energy of the central stimulus 
bar. 
AC = AC preamplifier 
CRO = cathode ray oscilloscope 
TH = thermopile 
Other abbreviations as i n F i g . 1 



Compula t ion of resu l t s 

The saturat ion d i s c r i m i n a t i o n funct ion specif ies the re la t ive 

c o l o r i m e t r i c p u r i t y aero ss the spect rum and i t i s usual ly expiessed 

as the r e c i p r o c a l of least c o l o r i m e t r i c p u r i t y r equ i red fo r the 

detection of a saturat ion d i f fe rence at each wavelength. As mentioned 

prev ious ly the r e c i p r o c a l of least c o l o r i m e t n c p u r i t y i s given by the 

r a t i o 

I n order to calculate the value of the saturat ion index, measures 

mus t be obtained, on a luminance scale, of the components of the 

s t imulus at threshold . However , since the pigeon's photopic sensi

t i v i t y curve i s known to d i f f e r f r o m a human's a suitable luminance 

Having measures of the log energy at sa turat ion threshold , a 

convers ion used by Yager (1967) was applied to t r a n s f o r m energy 

units into luminance uni ts f o r the pigeon. Such a pigeon luminance 

scale (L,- ) can be computed by taking the log l a t i o of energy of a 

log w 

scale mus t be constructed f o r the pigeon. 

s t imulus at the saturat ion threshold (E 
sat thres 

) to energy of the 

same s t imulus at i t s absolute photopic threshold (E 
abs thres )• 

log L-v = log sat thres 
E abs thres 

log = log E sat thres 
- log E 

abs thres 



Table IV 

Index of co lor imet r ic p u r i t y 

Calculated values of l og i ^ - ( f o r i n d i v i d u a l subjects 
and from mean r e s u l t s 0 V 

A 
Subjects Mean value 

of l og £ j A 
SI S3 S7 S9 S10 

Mean value 

of l og £ j 

702 3.60 3.55 3.70 3.95 3.70 3.70 

685 3o33 3.43 3.63 3.63 3.53 3.51 
662 3.07 3.12 2.82 2.97 2.97 2.99 

639 3.12 3.32 3.22 3.62 3.37 3.33 

619 2.75 2.60 2.90 3.25 2.90 2,88 

597 1.86 2.26 2.16 2.31 2.26 2.17 

584 2.79 2.84 2.84 3.04 2.64 2.83 

558 2.72 2.72 2.92 2.92 2.87 2.83 

536 2.59 2.59 2.74 2.74 2.24 2.58 

521 2.83 2.98 2.93 3.18 2.73 2.91 
496 2.15 2.60 2.25 3.00 2.25 2.45 

477 2.39 2.74 2.74 3.14 2.49 2.70 

464 3.56 3.26 3.31 3.56 3.01 3.34 

443 2.65 2.75 2.75 2.85 2.70 2.74 
422 4.06 4.01 3.96 4.06 3.96 4.01 

403 4.24 4.04 4.24 4.24 3.94 4.14 



The subtracted energy levels at absolute photopic th iesho ld were 

taken f r o m Blough's (1957) data 

S i m i l a r l y , L m the saturat ion index can be found by compar ing 
w 

the l r r ad iance of a white l igh t , which is ju s t d i s c n m m a b l e f r o m a 

whi te background, w i t h the absolute photopic threshold f o r whi te 

l i g h t . 

The more desaturated a chromat ic s t imulus , the more of i t 

mus t be added to a whi te background f o r i t to be v i s ib le Thus, 

at a wavelength which appears h ighly desaturated the ra t io becomes 

sma l l , this being dependent upon the amount of chromat ic l igh t which 

mus t be added Wi th an unchanging whi te background, as i n this 

expenment , L i s constant and the re la t ive sa tu ia t ion d i s c r i m i n a t i o n 

plot ted against wavelength 

Mean and ind iv idua l sa tu ia t ion d i s c r i m i n a t i o n funct ions were 

i n Table I V . 

On a l l graphs there is a m i n i m u m at 597 n m whi le saturat ion 

increases at the longest and shortest wavelengths tested. Troughs 

subsidiary to the m i n i m u m also occur at 443, 496, 536 and 662 nm, 

except i n the case of S10 f o r which the m i n i m a at 496, 536 and 597 n m 

arc a lmost equal. 

w 
func t ion can be expressed by 

log 

plot ted (F igs . 5 and 6) f r o m calculated values of log — 
» A 

given 
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DISCUSSION 

Although the graphs of ent i re saturat ion d i s c r i m i n a t i o n tests 

show some v a r i a b i l i t y (F ig 3) there is f a i r l y good agreement i n the 

threshold resul ts of individual subjects as shown by the range of 

l e s u l t s ( F i g . 5) and the coincidence of the posi t ion of m i n i m a i n 

the graphs of ind iv idua l animals (F ig . 6). Saturation thresholds 

were only tested every 20 nm, at wavelengths f o r which in te r fe rence 

f i l t e r s were avai lable . I t would have been p re fe rab le to p e r f o r m 

f u r t h e r tests at other in termedia te wavelengths to see i f the posit ions 

of peaks and troughs m the saturat ion funct ion and the re la t ive d i f fe rences 

between these max ima and m i n i m a could be assessed w i t h greater 

p rec i s ion However , the occurrence of several m i n i m a in the 

saturat ion d i s c r i m i n a t i o n func t ion i s un l ike ly to be due to a haphazard 
* 

va r i a t i on between threshold resul ts since the same max ima and m i n i m a 

were found f o r each ind iv idua l . 

F r o m these resu l t s , the l i gh t appearing least saturated to the 

pigeon had a dominant wavelength of 597 nm, by compar ison the point 

of lowest saturat ion f o r humans is at a shor ter wavelength of 570 n m 

(e .g . M a r t i n , Warbur ton and Morgan , 1933, Jameson and H u r v i c h , 

1955) ( F i g . 7) . 

C l e a r l y , at the s tar t of threshold tests, when s t imulus luminance 

i s h igh , there i s no point i n the spec t rum which pigeons confuse wi th 

white l igh t For the m a j o r i t y of saturat ion tests f o r each an ima l , 



2i l05 
100 MO 680 520 560 t 

Wavelength 
600 6 CO 680 720 

nm 

F i g . 7 

Comparison between the saturation discr iminat ion functions of 

longer wavelength of the point of least saturation i n the avian 

curve. The reciprocals of least color imetr ic p u r i t y f o r the 

pigeon's func t ion are p lo t t ed against the l e f t - hand scale m terms 

of log (f- ); corresponding reciprocal measures f o r the human curve 

are p lo t t ed against the right-hand scale, using values of 

log (^w k > ) . The human data are those of one ind iv idua l i n the 

study by Mar t in , Warburton and Morgan (1933). 

pigeon (• ) and man (- ) , showing the s h i f t to a 



the lea rn ing c r i t e r i o n of two consecutive sessions i n which per 

fo rmance was at a l eve l of 90% c o r r e c t choices was me t ve ry qu ick ly . 

A s shown in Table V , except f o r tests at the f i r s t wavelength of 662 

n m , f o r which an in t roduc to ry procedure was used, this ea r ly 

c r i t e r i o n was reached, i n 70 out of 75 tests, w i t h i n the i n i t i a l 2 or 

3 sessions Thus, the pigeon has nei ther a monochromat ic nor a 

d ich romat i c v i sua l system However , the occurrence of 5 m i n i m a 

i n the saturat ion func t ion indicates that i t s v i sua l system is m o r e 

complex than that of a t r i c h i o m a t since w i t h such subjects, although 

there i s some v a r i a b i l i t v m resu l t s , theore t ica l and empirical sat

u r a t i o n funct ions have shown 2 m i n i m a (Jameson and H u r v i c h , 1955, 

Yager, 1967). 

Compar i son of resul ts w i t h other saturat ion d i s c r i m i n a t i o n data f o r 

pigeons * 

The only other avian data on saturat ion d i s c r i m i n a t i o n come f r o m 

an exper iment by Schneider (1972) i n which pa i rs of s t i m u l i of matched 

luminance were ra ted f o r the i r ' s i m i l a r i t y ' or ' d i s s i m i l a r i t y ' of 

appearance to pigeons. The resul t s were presented i n t e rms of a 

'colour c i r c l e ' i n which the spacing between s t i m u l i represented the i r 

psychological separat ion. As w i t h the colour t r i ang le used as a 

notat ion of the perceptual capabi l i t ies of the human visual system, 

whi te l i g h t was depicted as a point w i t h i n the colour c i r c l e The 

distance, however, between d i f f e r e n t wavelengths and this white 
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720 6U0 680 560 600 520 COO UO 1.80 
nm 

Wavelength 

F i g . 8 

Comparison between mean saturation discr iminat ion func t ion 
( s o l i d l i n e and scale on l e f t ) and derived func t ion from 
Schneider's (1972) resul t s (dashed l i n e and right-hand scale: 
a rb i t r a ry uni ts of r e l a t i v e sa tu ra t ion) . 
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point v a r i e d . F r o m this i n f o r m a t i o n a r e l a t ive saturat ion d i s 

c r i m i n a t i o n func t ion may be der ived f o r compar ison w i t h the 

resul t s of the present experiment (F ig 8) There i s l i t t l e agree

ment between the two sets of resul ts Schneider 's data point to 

only one clear saturat ion m i n i m u m at about 550 n m . There i s no 

obvious explanation f o r this discrepancy i n r e su l t s . In a func t ion 

depending on a compar ison between a coloured and whi te l i gh t , the 

1 ocation of m i n i m a could be expected to depend on the colour t em

pera ture of the whi te l i g h t , w i th a sh i f t i n the pos i t ion of m i n i m a 

to longer wavelengths i f a l i gh t of lower colour tempera ture i s used. 

However , this fac tor could not account fo r the disagreement i n resul t s 

since tungsten-iodine lamps , of the same colour tempera ture , were 

used in both exper iments . 

One marked d i f fe rence between the two experiments was in the 

presentat ion and luminance of the s t i m u l i . In Schneider's study a 

b ipa r t i t e f i e l d was presented i n which one half of the s t imulus was a 

monochromat ic l i g h t and the other ha l f a white l i g h t . He repor ted 

the luminance of a 580 n m s t imulus to be 30 m L . In the present 

exper iment the white and co loured s t imulus bars were always 

p ro jec ted onto a background whi te of approximate ly 25 m L . In 

ca lcula t ing values f o r the matching white bar s t i m u l i , the 619 n m 

s t imulus was found to have a luminance of about 502 m L , w i t h 

m i n i m a l neut ra l density attenuation of 0. 6 log un i t s . Knowing the 
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log attenuation of the s t imulus at threshold i t was est imated that, 

at mean th i e sho ld f o r this wavelength, the s t imulus luminance 

would be 0. 75 m L , which is of a much lower order than the s t imulus 

luminances used i n Schneider's exper iment However , once m o r e 

this d i f fe rence i n exper imenta l condit ions i s un l ike ly to explain the 

discrepant r e su l t s . H u r v i c h and Jameson (1955), studying the e f fec t 

of s t imulus luminance on the saturat ion d i s c r i m i n a t i o n func t ion of 

human subjects, r epo r t s l ight d i f ferences i n sens i t iv i ty between 

funct ions obtained under conditions of h igh and low luminance and a 

m o r e pronounced subsidiary m i n i m u m when high luminance s t i m u l i 

were used But there were no m a j o r sh i f t s i n the posi t ion of m i n i m a 

that m igh t have predic ted the d i f fe rence m resul t s of the two studies 

on pigeons 

Physiological basis of saturat ion d i s c r i m i n a t i o n 

F o r some other species i t has been possible to explain the saturat ion 

d i s c r i m i n a t i o n func t ion m t e rms of known phys io logica l cha rac te r i s t i c s 

of that species ' v i sua l system. For example, i n the go ldf i sh , f o r which 

the sens i t iv i ty curves of the three cone pigments and the response 

cha rac te r i s t i c s of opponent-piocess ce l l s can be specif ied , this i n 

f o r m a t i o n can be used to p red ic t a theore t ica l saturat ion func t ion , 

having two m i n i m a (Yager, 1967) While there are l a rge discrepancies 

between the resul ts obtained on ind iv idua l f i s h , the ie is reasonably 

good agreement between the theore t ica l func t ion and the exper imenta l 

func t ion i f the o v e r a l l curve of the range of resul ts i s considered 
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S i m i l a i l y , i n humans, which also have three cone pigments , 

Jameson and H u i v i c h (1955) were able to der ive a theore t ica l 

saturat ion d i s c r i m i n a t i o n funct ion which matched the psychometr ic 

func t ion . I n macaque monkeys, whose v isua l funct ions c losely 

compare w i t h those of man, much data about the i r colour v i s ion 

has been gathered f r o m physiological and behavioural tests (De 

Valo is and Jacobs, 1968). In these animals , saturat ion appears 

to be re la ted to the r a t io of response of the opponent cel ls (most 

s t rongly d r iven by chromat ic s t i m u l i ) to non-opponent ce l ls 

(responding to both wavelength and in tens i ty i n f o r m a t i o n but d r iven 

most s t rongly by broadband achromat ic l ight ) at each wavelength, 

or s i m i l a r l y , to the p ropor t ion of the total neura l response at any 

wavelength contr ibuted by the opponent cel ls 

A t this point , i t should be noted that the present use of log (\- ) 

as the saturat ion index ra ther than the ra t io of log ( w A ) imposes 

ce r t a in l im i t a t i ons upon the d i r ec t compar ison of the psychophysical 

saturat ion func t ion w i t h any funct ions de r ived f r o m physio logica l data. 

Using the r ec ip roca l measure , m which the constant value of L i s a r > w 

omi t ted , gives a saturat ion func t ion i n which the r e l a t ive occurrence 

of peaks and troughs of saturat ion are shown. But the inc lus ion of the 

t e r m L is needed to define the absolute d i f fe rences between max ima 
w 

and m i n i m a . This becomes impor tan t i f , i n the pigeon as w e l l as the 

f i s h and monkey, the saturat ion funct ion could be predic ted f i o m n u m e r i c a l 
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data about the mechanisms involved i n the percept ion of the luminance 

of both chromat ic and achromat ic s t i m u l i . While this r e s t r i c t i o n i s 

borne m mind , the re la t ive saturat ion func t ion obtained f r o m the 

present expenment remains v a l i d . To specify the absolute values i n 

the funct ion more accurate ly would r equ i r e f ind ing the photopic t h r e s 

hold f o r the white l i gh t used, r e l a t ive to the thresholds f o r monochromat ic 

l ights Wi th in the t ime avai lable , i t was not f e l t wor thwhi l e to set up 

a complete photopic sens i t iv i ty experiment to provide this one addi t ional 

measurement . 

Compared wi th other species mentioned, such necessa r i ly detailed 

i n f o r m a t i o n f r o m the pigeon's v i sua l system, though, is not yet 

avai lable so that a s i m i l a r i n t e rp re t a t ion , i n physio logica l t e r m s , of 

this an imal ' s sa tu ia t ion d i s c r i m i n a t i o n funct ion cannot be made at 

present . In the wo r k on monkeys, the response curve of the non-

opponent cel ls was used to account f o r the re la t ive saturat ion at 

d i f f e r e n t wavelengths, w i t h low saturat ion being mediated by a la rge 

response f r o m the achromat ic ce l l s combined w i t h low a c t i v i t y of 

ch romat ic units Donner (1953) repor ted dommator ce l ls i n the 

pigeon's re t ina which had a broad-band response s i m i l a r to that 

of the monkey's non-opponent c e l l s . The sh i f t i n the peak response 

of these units to longer wavelengths, between 580 and 590 n m , 

(compared wi th the m a x i m u m sens i t iv i ty of non-opponent cel ls at 

about 570 n m (De Valois and Jacobs, 1968))may p a r t i a l l y explain 
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Comparison of mean saturation discr iminat ion func t ion wi th 
transmission curves of o i l - d rop l e t s (King-Smith, 1969)• 
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taken to indicate corresponding decreases i n cone s e n s i t i v i t y . 
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the s i m i l a r displacement of the saturat ion m i n i m u m to a longer 

wavelength than in the macaque's func t ion . This would only be 

s igni f icant , however, i f opponent-cell ac t iv i ty at these longer 

wavelengths i s low Opponent-cells have been repor ted i n the pigeon 

(Yazul la and Granda, 1973) wi th crossover points at 500 nm, which 

i s a point of low saturat ion i n the psychophysical func t ion , and 520 

n m , a region of h ighei saturat ion, but the data are too incomplete 

to provide a quanti tat ive account of the ent i re saturat ion d i s c r i m i n a t i o n 

curve . 

I f the psychophysical func t ion i s compared w i t h the o i l - d r o p l e t 

t r ansmis s ion curves ( F i g . 9) then, as appeals to be the case, decreased 

sens i t iv i ty of each cone mechanism, here indicated by a low percentage 

t r ansmis s ion value f o r the o i l - d r o p l e t , can be expected to coincide 

w i t h a m i n i m u m of saturat ion. In addi t ion, saturat ion i s high at 400 

n m , the point of m a x i m u m sens i t iv i ty of a blue mechanism which has 

been demonstrated i n the pigeon re t ina (Graf and N o r r e n , 1974). On 

the other hand, as w i t h the wavelength d i s c r i m i n a t i o n func t ion , there 

i s l i t t l e d i f fe rence between the posit ions of peak ac t i v i t y m modulator 

units (Donner, 1953) and points of m i n i m u m saturat ion, whereas i t m igh t 

be expected that chromat ic units should show low response at these 

points (F ig 10). Once again, this migh t a r i se i f the steeply r i s i n g short 

wavelength a rms of the cones' spect ra l sens i t iv i ty curves , caused by 

the o i l - d r o p l e t s ' f i l t e r i n g act ion, together w i t h neural i n t e rac t ion 

produced only a ve ry sma l l sh i f t of d i s c r i m i n a t i o n m i n i m a away f r o m 

the points of m a x i m u m response i n the modula to r s . 
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I n s u m m a r y , w h i l e t h e o p e r a t i o n o f s p e c i f i c n e u r a l m e c h a n i s m s 

m e d i a t i n g t h e p e r c e p t i o n o f s a t u r a t i o n d i f f e r e n c e s r e m a i n s o b s c u r e , 

t h e s a t u r a t i o n d i s c r i m i n a t i o n f u n c t i o n o n c e m o r e i n d i c a t e s t h e 

c o m j j l e x i t y o f t h e c o l o u r - p i o c e s s i n g a b i l i t i e s o f t h e p i g e o n ' s v i s u a l 

s y s t e m , w h i c h a p p e a r s t o be m o r e i n t r i c a t e t h a n t h e t r i c h r o m a t i c 

s y s t e m to w h i c h p r e v i o u s e v i d e n c e h a s p o i n t e d . 
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C H A P T E R 4 

T H E P I G E O N ' S S P E C T R A L S E N S I T I V I T Y T O U L T R A V I O L E T R A D I A T I O N 

I N T R O D U C T I O N 

P i g e o n s , a m o n g s t o t h e r v e r t e b r a t e s ( e . g . h u m m i n g - b i r d H u t h 

a n d B u r k h a r d t , 1972 , f r o g G o v a r d o v s k u a n d Z u e v a , 1 9 7 4 , a p h a k i c 

h u m a n T a n , 1971), a r e n o w k n o w n t o b e c a p a b l e o f d e t e c t i n g u l t r a 

v i o l e t r a d i a t i o n ( l . e. w a v e l e n g t h s b e l o w 4 0 0 n m ) W r i g h t ( 1972b) 

h a s d e m o n s t r a t e d t h a t p i g e o n s c a n d i s t i n g u i s h b e t w e e n a m o n o c h r o m a t i c 

5 2 0 n m s t i m u l u s a n d a m i x t u r e o f t h i s w a v e l e n g t h t o g e t h e r w i t h a 3 6 6 n m 
« 

c o m p o n e n t g i v e n b y u n s u p p r e s s e d s i d e b a n d t r a n s m i s s i o n o f a n i n t e r 

f e r e n c e f i l t e r A c c o r d i n g l y i t s e e m e d n e c e s s a r y t o m o r e t h o r o u g h l y 

i n v e s t i g a t e t h e p i g e o n ' s d i s c r i m i n a t i o n o f w a v e l e n g t h s w i t h i n t h e 

u l t r a v i o l e t r e g i o n . B u t , t o d o t h i s , m o r e i n f o r m a t i o n i s n e e d e d a b o u t 

t h e r a n g e o f s h o r t w a v e l e n g t h s e n s i t i v i t y i n t h i s a n i m a l . A l s o p r e c i s e 

m e a s u r e m e n t s o f t h i s s e n s i t i v i t y m u s t b e m a d e i n o r d e r t o c a l i b r a t e 

s t i m u l i , a n d e q u a t e t h e m i n l u m i n a n c e f o r t h e p i g e o n ' s e y e , m a 

s u b s e q u e n t w a v e l e n g t h d i s c r i m i n a t i o n e x p e r i m e n t . 

N u m e r o u s w o r k e r s h a v e p r e v i o u s l y s t u d i e d t h e p i g e o n ' s s p e c t r a l 

s e n s i t i v i t y b u t v e r y f e w e x p e r i m e n t s p r o v i d e s e n s i t i v i t y m e a s u r e s a t 

s h o r t e r w a v e l e n g t h s n o i do t h e y e s t i m a t e t h e d e t e c t i o n l i m i t s o f t h i s 

b i r d ' s e y e . S e v e r a l m e t h o d s a r e a v a i l a b l e f o r a s s e s s i n g s p e c t r a l 
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s e n s i t i v i t y . T h e s e i n c l u d e b e h a v i o u r a l p r o c e d u r e s ( e . g . t h r e s h o l d -

t r a c k i n g m e t h o d s B l o u g h , 1957 , M e i s s n e r , 1 9 7 0 , f l i c k e r p h o t o m e t r y 

G r a f , 1969) a n d p h y s i o l o g i c a l t e c h n i q u e s ( e . g . p u p i l l o m e l r y L a u r e n s , 

1 9 2 3 , m i c r o e l e c t r o d e r e c o r d i n g o f r e t i n a l s p i k e d i s c h a r g e G r a n i t , 

1 9 4 2 , e l e c t r o r e t i n o g r a m B l o u g h , R i g g s a n d S c h a f e r , 1972 , G r a f 

a n d N o r r e n , 1 9 7 4 , I k e d a , 1 9 6 5 ) . S i n c e t h e r e i s r e a s o n a b l e a g r e e m e n t 

a m o n g s t r e s u l t s o b t a i n e d w i t h t h e s e v a r i o u s p r o c e d u r e s , i t w a s 

d e c i d e d t o u s e a m e t h o d w h i c h p r o v i d e s r e l a t i v e l y q u i c k a n d r e l i a b l e 

d a t a . T h u s s p e c t r a l s e n s i t i v i t y m t h i s e x p e r i m e n t w a s m e a s u r e d 

u s i n g t h e v a r y i n g e l e c t r o r e t m o g r a p h i c r e s p o n s e t o d i f f e r e n t w a v e 

l e n g t h s 

T h e e l e c t r o r e t i n o g r a m ( E R G ) h a s a c o m p l e x w a v e f o r m , w h o s e 

c o m p o n e n t s o n g m a t e i n r e c e p t o r a n d i n n e r n u c l e a r l a y e r s o f t h e 

r e t i n a ( B r o w n , 1 9 6 8 , O g d e n a n d W y l i e , 1971) . S i n c e t h e s e l a y e r s 

a r e l i k e l y t o c o n t a i n m e c h a n i s m s o f d i f f e r i n g s p e c t r a l s e n s i t i v i t i e s , 

d e t a i l e d i n t e r p r e t a t i o n o f t h e w a v e f o r m a n d i t s v a r i a t i o n i n r e s p o n s e 

t o c h a n g e s i n s t i m u l a t i n g w a v e l e n g t h i s d i f f i c u l t . H o w e v e r , b y u s i n g 

s p e c i a l c o n d i t i o n s o f c h r o m a t i c a d a p t a t i o n ( G r a f a n d N o r r e n , 1 9 7 4 , 

N o r r e n , 1 9 7 3 ) o r b y m e a s u r i n g t h e a m p l i t u d e s o f t h e c o n s t i t u e n t 

w a v e s ( a - , b - w a v e s a n d o f f - r e s p o n s e ) o f t h e E R G r e s p o n s e t o a 

s i n g l e f l a s h ( e . g . I k e d a , 1965) i t h a s b e e n p o s s i b l e t o e s t i m a t e t h e 

s p e c t r a l s e n s i t i v i t i e s o f c o n t r i b u t o r y p r o c e s s e s . H o w e v e r , m t h e 

p r e s e n t s t u d y t h e t o t a l a m p l i t u d e o f t h e c l e c t r o r e t m o g r a p h i c r e s p o n s e 

w a s m e a s u i e d to e s t i m a t e t h e c o m p o u n d s e n s i t i v i t y o f t h e u n d e r l y i n g 

r e t i n a l m e c h a n i s m s . 
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E X P E R I M E N T I 

M E T H O D 

A p p a r a t u s 

O p t i c s 

S t i m u l i c o n s i s t i n g o f r e p e a t e d f l a s h e s o f n a r r o w b a n d w i d t h 

l i g h t s u p e r i m p o s e d o n a c o n s t a n t w h i t e l i g h t b a c k g r o u n d w e r e 

g e n e r a t e d u s i n g t h e o p t i c a l s y s t e m d i a g r a m m e d i n F i g . 1 . I n 

o n e c h a n n e l , l i g h t f r o m a t u n g s t e n i o d i n e 5 0 W p r o j e c t o r b u l b w a s 

c o l l i m a t e d a n d p a s s e d t h r o u g h h e a t f i l t e r s ( H F ) a n d a n e u t r a l d e n s i t y 

f i l t e r ( N D ) b e f o r e b e i n g f o c u s e d o n t o a 3 m m a p e r t u r e ( A p ^ ) . A 

s e c o n d p a i r o f a c h r o m a t i c d o u b l e t l e n s e s t h e n p r o j e c t e d t h e l i g h t 

o n t o a t h i n p i e c e o f g l a s s , a c t i n g a s a h a l f - s i l v e r e d m i r r o r ( M 1 ) 

w h i c h p a r t i a l l y r e f l e c t e d t h e b e a m i n t o t h e p i g e o n ' s e y e ( E ) . T h e 

l i g h t s o u r c e o f t h e s e c o n d o p t i c a l c h a n n e l w a s a 7 5 W x e n o n p r e s s u r e 

l a m p ( X e ) . L i g h t w a s o n c e m o r e d i r e c t e d t h r o u g h h e a t f i l t e r s b e f o i e 

b e i n g f o c u s e d o n t o a 2 m m a p e r t u r e ( A p ) , b e h i n d w h i c h w a s a m o t o r -

d r i v e n s e c t o r d i s c ( S e c ) g i v i n g a l l r a t i o d a r k - l i g h t f l a s h . B y i n t e r 

c h a n g i n g t h e s e c t o r d i s c o r m o t o r , s t i m u l i f l a s h i n g a t 6, 2 0 o r 30 H z 

c o u l d b e u s e d . T h e f l a s h e d b e a m w a s t h e n c o l l i m a t e d a n d p a s s e d 

t h r o u g h o n e o f 19 i n t e r f e r e n c e f i l t e r s ( I F ) , m o u n t e d i n a l a r g e 

r o t a t a b l e w h e e l so t h a t f i l t e r s w e r e q u i c k l y i n t e r c h a n g e a b l e , a n d 

t h r o u g h a d i a p h r a g m ( D ) a n d f i n a l l y p r o j e c t e d t h r o u g h t h e h a l f -

s i l v e r e d m i r r o r i n t o t h e b i r d ' s e y e . O n s e t a n d o f f s e t o f t h e f l a s h e d 
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s t i m u l u s w a s d e t e c t e d b y a s m a l l p h o t o c e l l ( P C ) . B a f f l e s w e r e u s e d 

t o p r e v e n t a s m u c h s t r a y l i g h t a s p o s s i b l e f r o m e n t e r i n g t h e a n i m a l ' s 

e y e . A l l o p t i c a l c o m p o n e n t s w e r e m o u n t e d o n s t a n d a r d o p t i c a l b e n c h e s , 

a l i g n e d a t r i g h t a n g l e s to e a c h o t h e r . 

T h i s o p t i c a l s y s t e m p r o v i d e d c o l o u r e d s t i m u l i a n d a n a c h r o m a t i c 

b a c k g r o u n d , f o c u s e d a t t h e c e n t r e o f t h e p u p i l so t h a t s t i m u l i w e r e 

p r e s e n t e d m a x i a l M a x w e l l i a n v i e w . T h e a d a p t i n g b e a m w h i c h w a s 

c o n s t a n t l y p r e s e n t e d t o t h e e y e , s u b t e n d e d a v i s u a l a n g l e o f a b o u t 2 1 ° . 

T h e e n e r g y o f t h i s w h i t e l i g h t , m e a s u r e d w i t h a c a l i b r a t e d t h e r m o p i l e 

p o s i t i o n e d m p l a c e o f t h e b i r d ' s e y e , w a s 2 . 22 p.W. S i n c e t h e a d a p t i n g 

b e a m w a s f o c u s e d as n e a r a s p o s s i b l e t o t h e p u p i l p l a n e a n d t h e a x i a l 

l e n g t h o f t h e p i g e o n ' s e y e b e t w e e n p u p i l a n d r e t i n a i s a b o u t 9 . 5 m m 

( M a r s h a l l , M c l l e r i o a n d P a l m e r , 1973 , C h a r d a n d G u n d l a c h , 1 9 3 8 ) , 

i t i s e s t i m a t e d t h a t t h e s t i m u l u s i r r a d i a n c e , o n a n i l l u m i n a t e d r e t i n a l 

2 2 
a r e a o f 8 m m , w a s a p p r o x i m a t e l y 2 8 y u W / c m . T h i s v a l u e w o u l d b e 

o n l y s l i g h t l y r e d u c e d b y a b s o r p t i o n b y t h e o p t i c m e d i a , w h i c h a r e 

r e l a t i v e l y c l e a r , a b s o r b i n g o n l y a p p r e c i a b l y ( u p t o 0 . 2 6 l o g u n i t s ) a t 

w a v e l e n g t h s s h o r t e r t h a n 4 5 0 n m ( G r a f a n d N o r r e n , 1 9 7 4 ) . 

T h e B a l z e r i n t e r f e r e n c e f i l t e r s p r o v i d e d c h r o m a t i c s t i m u l i w i t h 

p e a k w a v e l e n g t h s r a n g i n g f r o m 337 t o 7 0 2 n m . F i l t e r s w i t h m a x i m u m 

t r a n s m i s s i o n a t 4 0 3 n m o r l o n g e r w a v e l e n g t h s h a d h a l f b a n d w i d t h s o f 

8 - 1 4 n m w h i l e t h e h a l f b a n d w i d t h s o f t h e u l t r a v i o l e t f i l t e r s w e r e 
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17 - 19 n m . N e u t r a l d e n s i t y f i l t e r s w e r e u n s u i t a b l e f o r a t t e n u a t i n g 
c h r o m a t i c s t i m u l i i n t h i s e x p e r i m e n t s i n c e t h e y s h o w n o n - u n i f o i m 
t r a n s m i s s i o n c h a r a c t e r i s t i c s i n t h e u l t i a v i o l e t p a r t o f t h e s p e c t r u m . 
T h e i n s d i a p h r a g m w a s u s e d i n s t e a d s i n c e i t p r o v i d e d s t i m u l u s 
a t t e n u a t i o n w h i c h w a s i n d e p e n d e n t o f w a v e l e n g t h . T h e d i a p h r a g m h a s 
t h e d i s a d v a n t a g e t h o u g h t h a t a s t h e a p e r t u r e s i z e d e c r e a s e s so d o e s 
t h e v i s u a l a n g l e o f t h e s t i m u l u s p r e s e n t e d t o t h e b i r d ' s e y e . W i t h a 
m a x i m u m a p e r t u r e s i z e , t h e s t i m u l u s v i s u a l a n g l e w a s 11° 2 4 ' . I t 
w a s c a l c u l a t e d t h a t t h e v i s u a l a n g l e w o u l d b e r e d u c e d t o 1 ° 4 8 ' w i t h 
t h e m i n i m u m d i a p h r a g m a p e r t u r e u s e d b u t t h i s r e d u c t i o n w o u l d be 
s o m e w h a t c o u n t e r b a l a n c e d b y s t i m u l u s d i f f r a c t i o n a n d l i g h t s c a t t e r 
w i t h i n t h e e y e . 

T h i s f a c t o r o f s i z e a l t e r a t i o n w o u l d b e i m p o r t a n t i f c o l o u r -

s e n s i t i v e m e c h a n i s m s w e r e d i f f e r e n t i a l l y d i s t r i b u t e d i n t h e r e t i n a , 

m o r e p a r t i c u l a r l y i f t h e r e w a s a l a r g e d i f f e r e n c e b e t w e e n p e r i p h e r a l 

a n d c e n t r a l r e t i n a l p r o c e s s i n g m e c h a n i s m s . T h e m o s t n o t i c e a b l e 

d i f f e r e n c e i n t h e d i s t r i b u t i o n o f c e l l - t y p e s i n t h e p i g e o n ' s r e t i n a o c c u r s 

b e t w e e n t h e d o r s o - t e m p o r a l r e d f i e l d a n d t h e y e l l o w f i e l d ( G a l i f r e t , 

1 9 6 8 ) . 

T h e r e i s c o n f l i c t i n g e v i d e n c e r e g a r d i n g s p e c t r a l s e n s i t i v i t y 

d i f f e r e n c e s b e t w e e n t h e s e t w o a r e a s . K i n g - S m i t h ( c i t e d b y M u n t z , 

1 9 7 2 ) r e c o r d e d f r o m t e c t a l u n i t s w h o s e r e c e p t i v e f i e l d s f e l l i n e i t h e r 

t h e r e d o i y e l l o w r e t i n a l a i e a s a n d f o u n d a s e n s i t i v i t y s h i f t t o w a r d s 

l o n g e r w a v e l e n g t h s i n n e u r o n e s w h i c h h a d t h e i r r e c e p t i v e f i e l d s i n 
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t h e r e d a r e a . B l o u g h , R i g g s a n d S c h a f e r ( 1 9 7 2 ) , o n t h e o t h e r h a n d , 

m a n e l e c t r o r e t i n o g r a p h i c s t u d y o f t h e p i g e o n ' s s p e c t r a l s e n s i t i v i t y , 

s t i m u l a t e d b o t h t h e c e n t r a l y e l l o w f i e l d a n d t h e r e d f i e l d a n d f o u n d 

t h e s e n s i t i v i t y c u r v e s o b t a i n e d f r o m t h e s e t w o a r e a s t o b e i d e n t i c a l . 

F r o m t h e s i z e o f t h e c h r o m a t i c s t i m u l i u s e d i n t h e p r e s e n t e x p e r i m e n t , 

h o w e v e r , i t i s u n l i k e l y t h a t , e v e n w i t h m a x i m u m d i a p h r a g m a p e r t u r e , 

t h e r e d f i e l d o f t h e p i g e o n ' s e y e w o u l d be s t i m u l a t e d . D i f f e r e n t i a l 

e f f e c t s o f s t i m u l u s a r e a m u s t t h e r e f o r e b e c o n s i d e r e d w i t h i n t h e 

y e l l o w r e t i n a l f i e l d . I k e d a (1965) t e s t e d t h e e f f e c t s o n t h e E R G r e s p o n s e 

o f a x i a l s t i m u l a t i o n c o m p a r e d w i t h s t i m u l u s p r e s e n t a t i o n a t 10 o r 30 

p e r i p h e r a l t o t h e o p t i c a x i s . She r e p o r t e d n o m a r k e d a l t e r a t i o n s m 

b - w a v e a m p l i t u d e a s a f u n c t i o n o f s t i m u l u s p o s i t i o n b u t t h e r e w a s a 

d e c r e a s e m r e s p o n s e a m p l i t u d e s o f t h e a - w a v e a n d o f f - r e s p o n s e a s 

t h e s t i m u l u s w a s m o r e p e r i p h e r a l l y p l a c e d . S i n c e t h e o f f - i e s p o n s e , 

o r d - w a v e , i n t h e p r e s e n t s t u d y g e n e r a l l y d o e s n o t c o n t u b u t e t o t h e 

t o t a l t r o u g h t o p e a k a m p l i t u d e u s e d a s a r e s p o n s e m e a s u r e , a n y 

e r r o r s a r i s i n g f r o m a c h a n g e m s t i m u l u s a r e a a r e l i k e l y t o b e a t t 

r i b u t e d t o d i f f e r e n c e s o c c u r r i n g i n t h e a - w a v e a m p l i t u d e . B u t a s 

f i n a l r e s u l t s o v e r m u c h o f t h e s p e c t r u m i n t h i s e x p e r i m e n t r e p l i c a t e d 

f i n d i n g s o f p r e v i o u s s p e c t r a l s e n s i t i v i t y s t u d i e s , i t i s c o n c l u d e d t h a t 

a n y e r r o r i n t r o d u c e d b y t h e u s e o f t h e d i a p h r a g m m u s t be r e l a t i v e l y 

s m a l l . 

S t i m u l u s c a l i b r a t i o n 

U s i n g a c a l i b r a t e d t h e r m o p i l e ( H i l g e r - W a t t s F T 17) i n p l a c e o f 

t h e b i r d ' s e y e a n d a d i g i t a l v o l t m e t e r t o m e a s u r e t h e t h e r m o p i l e 
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F i g . 2 
A R e l a t i v e e n e r g y a v a i l a b l e a t each s t i m u l u s w a v e l e n g t h . The 

maximum e n e r g y o u t p u t o f t h e x e n o n l i g h t s o u r c e , w i t h each o f 

t h e n a r r o w b a n d w i d t h i n t e r f e r e n c e f i l t e r s i n p o s i t i o n , was 

measured w i t h a c a l i b r a t e d t h e r m o p i l e . The l o g d i f f e r e n c e i n 

e n e r g y a t each w a v e l e n g t h was computed r e l a t i v e t o t h e r a d i a n t 

e n e r g y ( 1 6 8 . 5 /-iW) o f t h e 521 nm s t i m u l u s . 

B A t t e n u a t i o n f u n c t i o n o f t h e d i a p h r a g m i n l o g u n i t s . The l o g 

decrease i n e n e r g y f o r v a r i o u s a p e r t u r e d i a m e t e r s was measured 

u s i n g a t h e r m o p i l e . D e t a i l e d measurements were made w i t h a h i g h 

e n e r g y 521 nm s t i m u l u s b u t t h e d i a p h r a g m ' s a t t e n u a t i o n f u n c t i o n 

i s i n d e p e n d e n t o f w a v e l e n g t h . 



p o t e n t i a l , t h e m a x i m u m e n e r g y a v a i l a b l e w i t h e a c h o f t h e i n t e r 

f e r e n c e f i l t e r s i n p o s i t i o n w a s c a l c u l a t e d . W h i l e d o i n g t h i s t h e 

a d a p t i n g b e a m w a s s w i t c h e d o f f . F o r l a t e r c o m p u t a t i o n s o n t h e 

r e s u l t s , t h e d i f f e r e n c e i n l o g u n i t s b e t w e e n t h e m a x i m u m e n e r g y 

o u t p u t , o f 1 6 8 . 5 / i W , w i t h t h e 521 n m f i l t e r a n d t h e e n e r g y t r a n s 

m i t t e d b y e a c h o f t h e o t h e r f i l t e r s w a s t h e n c a l c u l a t e d ( F i g . 2 A ) . 

T h e d i a p h r a g m ' s a t t e n u a t i o n f u n c t i o n w a s a l s o m e a s u r e d , 

a t a w a v e l e n g t h f o r w h i c h t h e r e w a s t h e h i g h e s t e n e r g y o u t p u t . 

A p e r t u r e s e t t i n g s , i n m m d i a m e t e r , w e r e m a r k e d o n t h e r i m o f t h e 

d i a p h r a g m a n d r e p e a t e d e n e r g y r e a d i n g s a t s e v e r a l o f t h e s e s e t t i n g s 

w e r e t a k e n . T h e m e a n e n e r g y r e a d i n g s a t e a c h a p e r t u r e w i d t h w e r e 

c a l c u l a t e d a n d t h e l o g u n i t a t t e n u a t i o n g i v e n b y t h e d i a p h r a g m w a s 

p l o t t e d ( F i g . 2 B ) . S e v e n a p e r t u r e s e t t i n g s , g i v i n g a n a t t e n u a t i o n o f 

b e t w e e n 0 a n d 1.8 l o g u n i t s , w e r e t h e n c h o s e n f o r o b t a i n i n g r e s p o n s e -

i n t e n s i t y f u n c t i o n s i n t h e e x p e r i m e n t . 

P r e p a r a t i o n o f s u b j e c t s 

A d u l t p i g e o n s o f m i x e d b r e e d a n d u n k n o w n s e x w e r e u s e d a s 

s u b j e c t s . A n i n i t i a l o p e r a t i o n w a s p e r f o r m e d , e n a b l i n g t h e b i r d ' s 

h e a d t o b e s u p p o r t e d b y a s p e c i a l h e a d - h o l d e r . T h i s o p e r a t i o n w a s 

c a r r i e d o u t e i t h e r i m m e d i a t e l y b e f o r e t h e E R G e x p e r i m e n t b e g a n o r 

4 t o 5 d a y s p r i o r t o a t e s t s e s s i o n , a l l o w i n g f o r t h e b i r d ' s r e c o v e r y . 

F o r b o t h t h i s o p e r a t i o n , a n d f o r r e c o r d i n g E R G s , b i r d s w e r e 

a n a e s t h e t i s e d w i t h E q u i t h e s i n ( i n t r a m u s c u l a r , 0 . 2 5 m l / 1 0 0 g m b o d y -

w e i g h t ) . D u r i n g p r o l o n g e d r e c o r d i n g s e s s i o n s s u p p l e m e n t a r y d o s e s 
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( 0 . 0 8 m l / 1 0 0 g m ) w e r e a d m i n i s t e r e d i f t h e r e w e r e s i g n s o f r e c o v e r y . 

T h e p r e p a r a t o r y o p e r a t i o n c o n s i s t e d o f i n c i s i n g a n d r e t r a c t i n g 

t h e s c a l p , p i t t i n g t h e s k u l l w i t h a d e n t a l d r i l l a n d c e m e n t i n g t o t h e 

s k u l l , w i t h d e n t a l a c r y l i c , a s m a l l b r a s s b l o c k ( 5 x 7 x 3 m m ) w h i c h 

h a d t w o t a p p e d h o l e s . D u r i n g t h e E R G e x p e r i m e n t t h i s b l o c k w a s t h e n 

s c r e w e d o n t o a a d j u s t a b l e b a r , s u p p o r t i n g t h e h e a d a n d r i g i d l y m a i n 

t a i n i n g i t s p o s i t i o n m l i n e w i t h t h e v i s u a l s t i m u l u s . T h e o v e r h e a d 

b a r w a s p a r t o f a s p e c i a l l y c o n s t r u c t e d t a b l e o n w h i c h t h e b i r d l a y . 

T h i s t a b l e w a s m o u n t e d o n t h e e n d o f o n e o f t h e o p t i c a l b e n c h e s a n d 

c o u l d b e r o t a t e d a r o u n d t h e v e r t i c a l a x i s , o r m o v e d a l o n g a n y o f 

t h r e e a x e s . T h u s t h e b i r d ' s l e f t e y e , f r o m w h i c h a l l E R G r e c o r d i n g s 

w e r e t a k e n , c o u l d b e p r e c i s e l y p o s i t i o n e d so t h a t s t i m u l a t i o n w a s a x i a l 

a n d M a x w e l l i a n . T h e b i r d ' s b o d y r e s t e d u p o n t h e t a b l e w h i c h w a s 

c o v e r e d b y a t h e r m o s t a t i c a l l y c o n t r o l l e d h e a t e d b l a n k e t t o m a i n t a i n 

t h e b o d y t e m p e r a t u r e a t 3 7 ° C . 

B e c a u s e o f p r o b l e m s w i t h a b u i l d - u p o f t r a c h e a l s e c r e t i o n s d u r i n g 

p r o l o n g e d e x p e r i m e n t s , f o r m a n y r e c o r d i n g s e s s i o n s t h e b i r d s w e r e 

i n t u b a t e d a n d a r t i f i c i a l l y v e n t i l a t e d . W a r m e d a i r , a t c o n s t a n t p r e s s u r e , 

w a s p a s s e d i n t o t h e l u n g s b y i n s e r t i n g a n a r r o w p l a s t i c t u b e t h r o u g h 

t h e m o u t h i n t o t h e t r a c h e a . A h o l e w a s t h e n d r i l l e d t h r o u g h t h e s a c r a l 

b o n e t o a l l o w a i r t o e s c a p e f r o m a d o r s a l a i r s a c . B i r d s w h i c h h a d b e e n 

i n t u b a t e d w e r e s a c r i f i c e d a t t h e e n d o f a n e x p e n m e n t . 

P r i o r t o E R G r e c o r d i n g , t h e b i r d ' s l e f t e y e w a s t r e a t e d w i t h a 

s o l u t i o n c o n t a i n i n g a t i o p i n e , t u b o c u i a r i n c c h l o r i d e a n d b e n z a l k o n i u m 
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c h l o r i d e i n p h y s i o l o g i c a l s a l i n e ( C a m p e l l a n d S m i t h , 1962) 

A p p l i c a t i o n o f t h i s s o l u t i o n p r o d u c e d c o m p l e t e m y d r i a s i s a n d g a v e a 

g o o d e l e c t r i c a l c o n t a c t w i t h t h e r e c o r d i n g e l e c t r o d e . T h e n i c t i t a t i n g 

m e m b r a n e a n d e y e l i d s w e r e h e l d o p e n w i t h s m a l l r e t r a c t o r s . 

R e c o r d i n g e q u i p m e n t 

A s i l v e r - s i l v e r c h l o r i d e r i n g e l e c t r o d e , w h i c h w a s m o u n t e d o n a 

s e c o n d a d j u s t a b l e a r m , f i x e d t o t h e t a b l e , w a s p o s i t i o n e d a g a i n s t t h e 

b i r d ' s l e f t e y e . T h i s e l e c t r o d e j u s t s u r r o u n d e d t h e d i l a t e d p u p i l . A n 

i n d i f f e r e n t e l e c t r o d e o f s i l v e r - s i l v e r c h l o r i d e w a s i n s e r t e d b e n e a t h 

t h e s c a l p o r p o s t o r b i t a l l y t h r o u g h t h e f r o n t a l b o n e . T h e b i r d w a s 

e a i t h e d v i a a n e e d l e e l e c t r o d e p l a c e d b e n e a t h t h e r u m p s k i n . 

E l e c t r i c a l p o t e n t i a l s f r o m t h e c o r n e a l a n d i n d i f f e r e n t e l e c t r o d e s 

w e r e a m p l i f i e d d i f f e r e n t i a l l y u s i n g a G r a s s P15 p r e a m p l i f i e r , s e t w i t h 

a b a n d w i d t h o f 0 . 3 t o 100 H z . F u r t h e r a m p l i f i c a t i o n w a s p r o v i d e d b y a n 

A i m l o w - n o i s e a m p l i f i e r . T h e a m p l i f i e d p o t e n t i a l , t o g e t h e r w i t h t h e 

p h o t o c e l l s i g n a l o f s t i m u l u s o n s e t a n d o f f s e t , w a s m o n i t o r e d o n a 

T e k t r o n i x 5 6 4 B s t o r a g e o s c i l l o s c o p e . T h e p h o t o c e l l o u t p u t w a s a l s o 

l e d i n t o a m o n o s t a b l e d e v i c e w h i c h p r o v i d e d t r i g g e r i n g p u l s e s f o r a 

B i o m a c 500 t r a n s i e n t a v e r a g i n g c o m p u t e r o n w h i c h t h e a v e r a g e d e l e c -

t r o r e t m o g r a p h i c r e s p o n s e s a n d a s t i m u l u s t r a c e w e r e f i n a l l y d i s p l a y e d . 

T h e s e d i s p l a y s c o u l d t h e n b e p h o t o g r a p h e d f o r s u b s e q u e n t s c o r i n g . 

P r o c e d u r e 

A t t h e b e g i n n i n g o f e a c h e x p e r i m e n t a n d a t 4 o r 5 s u b s e q u e n t 

i n t e r v a l s t h e r e s p o n s e t o zi s t a n d a r d s t i m u l u s o f t h e u n a t t e n u a t e d 5 8 4 

n m f i l t e i w a s r e c o r d e d t o m o n i t o r t h e s t a b i l i t y o f t h e E R G o v e r a 

p i o l o n g e d s e s s i o n . 



A n a l t e r n a t i n g Older o f w a v e l e n g t h p r e s e n t a t i o n w a s u s e d so t h a t 

a n a s c e n d i n g a n d d e s c e n d i n g s e r i e s o f w a v e l e n g t h s w a s g i v e n w i t h i n 

e a c h r e c o r d i n g s e s s i o n . E a c h w a v e l e n g t h s t i m u l u s w a s i n i t i a l l y -

p r e s e n t e d w i t h t h e d i a p h r a g m f u l l y o p e n t o g i v e m i n i m a l a t t e n u a t i o n . 

A t t e n u a t i o n w a s t h e n i n c r e a s e d i n s t e p s o f 0 . 2 3 , 0 . 5 5 , 0 . 7 9 , 0 . 9 6 , 

1 . 4 0 a n d 1 .83 l o g u n i t s u n t i l a n a v e r a g e d E R G r e s p o n s e w a s n o l o n g e r 

d i s c e r n i b l e , a t w h i c h p o i n t l e c o r d i n g s w e r e b e g u n a t a d i f f e r e n t w a v e 

l e n g t h . 

A t t h e e n d o f r e c o r d i n g w i t h e a c h w a v e l e n g t h - a t t e n u a t i o n s e t t i n g 

a p h o t o g r a p h w a s t a k e n o f t h e 3 o r 4 E R G c u r v e s d i s p l a y e d o n t h e 

B i o m a c s c r e e n . E a c h o f t h e s e E R G s w a s t h e a v e r a g e o f 64 r e s p o n s e s . 

B e t w e e n s e p a r a t e w a v e l e n g t h - a t t e n u a t i o n r e c o r d i n g s t h e c h r o m a t i c 

s t i m u l u s w a s o c c l u d e d b u t t h e w h i t e b a c k g r o u n d l i g h t w a s a l w a y s 

v i s i b l e . T h i s p r o c e d u r e w a s a i m e d t o m i n i m i s e c h r o m a t i c a d a p t a t i o n 

w h i l e m a i n t a i n i n g t h e e y e i n a l i g h t - a d a p t e d s t a t e . 

A f e w d r o p s o f t h e m y d r i a t i c s o l u t i o n w e r e o c c a s i o n a l l y 

a d m i n i s t e r e d t o b a t h e t h e e y e a n d so t o k e e p a g o o d e l e c t r i c a l c o n t a c t 

w i t h t h e l i n g e l e c t r o d e . W h e n t h i s w a s d o n e t h e b i r d w a s l e f t f o r 

a b o u t 5 m m s b e f o r e c o n t i n u i n g r e c o r d i n g s . 

A t t h e e n d o f e a c h r e c o r d i n g s e s s i o n a c a l i b r a t i o n t r a c e o f k n o w n 

v o l t a g e (an o s c i l l a t o r s i g n a l ) w a s d i s p l a y e d o n t h e B i o m a c a n d p h o t o 

g r a p h e d . F r o m t h i s c a l i b r a t i o n t r a c e a g r i d c o u l d b e p r e p a r e d f o r 

s u b s e q u e n t m e a s u r e m e n t o f t h e a m p l i t u d e s o f E R G r e s p o n s e s . 



R e c o r d i n g s e s s i o n s w e r e c o m p l e t e d o n 5 d i f f e r e n t s u b j e c t s 

u s i n g a s t i m u l u s p r e s e n t a t i o n r a t e o f 6 H z a n d o n 2 b i r d s u s i n g 

f l i c k e r r a t e s o f 20 a n d 30 H z . 

R E S U L T S 

U s i n g g r i d s c o n s t r u c t e d f r o m p h o t o g r a p h s o f c a l i b r a t i o n t r a c e s , 

t h e p e a k t o t r o u g h a m p l i t u d e o f e a c h a v e r a g e d E R G r e c o i d i n g w a s 

m e a s u r e d m j u V . W h e r e 3 o r 4 E R G s w e r e d i s p l a y e d o n o n e r e c o r d , 

t h e m e a n a m p l i t u d e w a s t h e n c a l c u l a t e d . I f t h e a m p l i t u d e o f r e s p o n s e 

t o t h e 5 8 4 n m s t a n d a r d s t i m u l u s v a r i e d o v e r t i m e , c o r r e c t i o n f a c t o r s 

w e r e c a l c u l a t e d a n d t h e m e a n a m p l i t u d e m e a s u r e m e n t s o f a l l E R G s 

r e c o r d e d d u u n g t h e i n t e r v a l s b e t w e e n s t a n d a r d s t i m u l u s p r e s e n t a t i o n 

w e r e a d j u s t e d 

F r o m s t i m u l u s c a l i b r a t i o n s o i t h e m a x i m u m r e l a t i v e e n e r g y 
« 

a v a i l a b l e a t e a c h w a v e l e n g t h a n d t h e a t t e n u a t i o n f u n c t i o n o f t h e 

d i a p h r a g m ( F i g 2 ) , t h e t o t a l r e l a t i v e a t t e n u a t i o n f o r e a c h r e c o r d i n g 

w a s o b t a i n e d f r o m t h e s u m o f t h e l o g d i f f e r e n c e m e n e r g y ( f r o m t h e 

m a x i m u m e n e r g y a v a i l a b l e w i t h t h e 521 n m f i l t e r ) a n d t h e a t t e n u a t i o n 

i n l o g u n i t s , g i v e n b y t h e d i a p h r a g m F r o m t h e s e a m p l i t u d e a n d 

t o t a l l e d a t t e n u a t i o n f i g u r e s , r e s p o n s e - i n t e n s i t y f u n c t i o n s c o u l d t h e n 

b e c o n s t r u c t e d f o r a l l w a v e l e n g t h s . 

6 H z f l a s h 

F o i a 6 H z f l a s h e a c h p h o t o g r a p h i c r e c o r d s h o w e d t h r e e E R G 

r e s p o n s e s A d e q u a t e r e s p o n s e s o v e r a r a n g e o f i n t e n s i t i e s w e r e 

o n l y o b t a i n a b l e f o r w a v e l e n g t h s b e t w e e n 363 a n d 662 n m . W i t h t h e 



F i g . 3 

Electroretinograms of one subject, stimulated with a 6 Hz 
f la sh . Response amplitude decreased l inearly as stimulus intensity 
indicated by increasing log unit attenuation figures beside each 
record, diminished. Stimulus wavelength i s shown above each series 
a similar response-intensity relationship was found throughout the 
spectrum. Stimulus onset and offset are displayed as downward and 
upward deflections respectively on the bottom traces. Response 
amplitude and stimulus duration calibrations are presented on the 
inset scale. 
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present opt ical system, the energy available at 337 n m was 

p a r t i c u l a r l y low whi le the re la t ive energy at the longest wavelengths 

is also reduced. In addit ion, previous measures of the pigeon's 

photopic spect ra l sens i t iv i ty (Blough, 1957, G i a f , 1969) have shown 

sens i t iv i ty to decline at longer wavelengths 

W i t h the technique of using a f l i c k e r i n g s t imulus ra ther than a 

single f l a sh , i t was d i f f i c u l t to define a baseline f r o m which the 

separate component waves of the ERG could be measured Add i t i ona l l y , 

i n spite of e f fo i ts to obtain good electrode contact and posi t ioning, 

the qual i ty of ERG records taken f r o m d i f f e r e n t subjects va r i ed wide ly 

and i t was not always possible to c l e a r l y dis t inguish a- and b-wave 

components On a l l record ings , as s t imulus in tens i ty decreased and 

the response ampli tude d iminished , the component waveforms became 

indis t inguishable ( F i g . 3). Response ampli tude was there fore measured 

i n a l l recordings as the m a x i m u m ampli tude d i f fe rence between peak and 

t rough on the ERG. While this does not p e r m i t separation of mechanisms 

w i t h va ry ing spect ra l sens i t iv i t ies (Ikeda, 1965), the ove ra l l spect ra l 

sens i t iv i ty of the pigeon's eye can s t i l l be assessed. 

Response-intensi ty funct ions f r o m the f i r s t complete set of records 

obtained a i e shown i n F i g . 4. As s t imulus attenuation increased, 

response ampli tude decreased i n a l inear fash ion . Recordings f r o m 

a l l othei subjects were of much lower ampl i tudes , f u r t h e r m o r e , the 

ampli tude lange va r i ed wide ly between these subjects Because of 

this lack of over lap m ampli tude range, the c r i t e r i o n chosen to define 

the spect ra l sens i t iv i ty curve was a voltage leve l which was a constant 

ra t io (0 12) of the m a x i m u m response voltage recorded f r o m each b n d. 



F i g 4 (facing) 

Response - in tens i ty funct ions f o r one pigeon which 

were obtained using a 6 Hz s t imulus Numbers above each 

line indicate s t imulus wavelength Attenuation f igures were 

calculated f i o m log energy d i f ferences between chromat ic 

s t i m u l i plus log attenuation bv the diaphragm Relat ive « 

spec t i a l sens i t iv i ty was computed at a response c r i t e r i o n of 

0 12 of the m a x i m u m response voltage recorded f o r each 

subject F o r this ind iv idua l the c r i t e n o n leve l , shown by the 

hor i zon ta l dashed l ine , was 25 f i V A t wavelengths of 496 and 

662 nm, f o r example, attenuation at c r i t e r i o n was 1 42 and 

1.05 log units respect ively , together w i t h attenuation f igures 

f o i o the r wavelengths, these data were used to calculate 

re la t ive sens i t iv i ty 

Response-intensi ty funct ions were f i t t e d by eye and are 

displaced along the abscissa by 1 log uni t f o r c l a r i t y of display 
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F r o m each response- intensi ty funct ion the l e l a t i v e attenuation 

corresponding to the c r i t e r i o n or ' th reshold ' ampli tude was found. 

Since r e l a t ive attenuation f igu res a l ready embodied both the energy 

d i f fe rences between wavelengths and the attenutation provided by the 

d iaphragm, the wavelength at which the greatest attenuation f i g u r e 

was given at threshold indicated the point of peak spectra l sens i t iv i ty . 

The log d i f fe rence between this and a l l other threshold attenuation 

f i g u r e s was calculated The d i f fe rences , represent ing re l a t ive 

energy di f ferences of the s t i m u l i , could then be plot ted d i r e c t l y to 

give a r e l a t ive spectral sens i t iv i ty cu rve . 

Examina t ion of these curves , f o r 5 b i rd s , showed that only the 

spec t ra l sens i t iv i ty curve of the f i r s t b i r d (F ig . 5) resembled previous 

spect ra l sens i t iv i ty curves obtained by other inves t iga tors . The spect ra l 

sens i t iv i ty curve of this b i r d had i t s m a x i m u m at 558 nm.' Sens i t iv i ty 

decreased towaids longer and shor ter wavelengths but i n addi t ion 

there was a sens i t iv i ty m i n i m u m at 403 n m before a f u r t h e r increase 

m sens i t iv i ty w i t h i n the u l t r a v i o l e t r eg ion . 

The other 4 curves d id not even have the f a m i l i a r i n v e r t e d - U 

shape. Examinat ion of the response- intensi ty funct ions of these 

an imals also showed noticeable deviations f r o m l i n e a r i t y at the lower 

s t imulus in tens i ty set t ings. The m a x i m u m ERG ampli tudes were ol 

much lower voltage than those of the f u s t pigeon (ranging f r o m 30-110 

juV as opposed to a m a x i m u m response of 210 juV f o r the f i r s t b i r d ) . 

Much of the d i f f i c u l t y m obtaining good record ings of high ampli tude 

m this exper iment may be a t t r ibutable to the length of t ime r equ i r ed 
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F i g . 5 
Relative spectral sensitivity curves of individual subjects in Expt. I . 
Stimulus f lash rates are indicated beside each graph. 
6 Hz stimulus: sensit ivity curve of one subject, calculated at a 
criterion voltage of 25 yuV from data of F i g . 3. 
20 Hz stimulus* relative sensit ivity functions of two animals using 
a response criterion of 20 ;uV. 
30 Hz stimulus: sensit ivity curve from bird also tested with 20 Hz 
stimulus (solid c ircles on both graphs), criterion voltage was 5 JuV. 
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to complete measurements . A n ent i re test session lasted f o r several 

hours and mainta in ing an an imal under an even, deep l eve l of 

anaesthesia and in good condit ion f o r this amount of t ime was p r o b l e m 

a t i c a l . In addit ion, whi le the shapes of the average ERGs displayed 

on the B iomac screen dur ing record ing appeared n o r m a l , the signal 

a m p l i f i c a t i o n dur ing these recordings may have been i n s u f f i c i e n t to 

provide an input voltage which would be r e l i a b l y d ig i t i zed by the 

Biomac when only a sma l l ERG potent ial was given at lower in tens i ty 

l eve l s . Such an e r r o r i n r ecord ing , together w i t h the phys io logica l 

state of the an imal , may explain the haphazard sens i t iv i ty curves of 

the other 4 b i r d s . 

Since no re l iance could be placed on most of the sens i t iv i ty curves 

calculated f r o m this experiment , a subsequent a t tempt was made to 

obtain m o r e consistent resu l t s , using a m o d i f i e d record ing method m 

which data could be col lec ted m o r e quick ly (See Exper iment I I ) 

20 Hz f l a s h 

While the achromat ic beam should have been adequate to main ta in 

the re t ina in a l ight-adapted state, the addi t ional use of fas te r f l i cke r 

rates of s t imulus presentat ion was t r i e d to isola te the cones' response, 

since the rods cannot f o l l o w a f l i c k e r f requency greater than about 20 -

25 Hz (Dodt and W i r t h , 1953, Grani t , 1955). M o r e d i f f i c u l t y was 

encounteicd, however, m e l i c i t i ng clear and measurable ERGs w i t h 

h ighe i f l a sh rates , even when a b i r d had a l ready shown a c lear response 



F i g . 6 

E l e c t r o r e t i n o g r a m s e l i c i t e d by a 20 Hz f l i c k e r i n g s t i m u l u s , a t 
sample wavelengths i n d i c a t e d above each s e r i e s . Note the 'noisy* 
appearance of each response and the a l t e r n a t i n g magnitude of response 
amplitude. I n c r e a s i n g l o g u n i t a t t e n u a t i o n , corresponding to a 
decrease i n response amplitude, i s d i s p l a y e d beside each r e c o r d . 
Stimulus onset and o f f s e t appear as downward and upward d e f l e c t i o n s 
on the stimulus t r a c e below each s e r i e s . 



to a 6 Hz s t imulus . F o r both r o d - and cone-dominated ret inae, 

response ampli tude gradual ly d iminishes as s t imulus f requency 

increases (Dodt and W i r t h , 1953) F o r the pigeon, unless the o f f -

response is e l imina ted by changing the s t i m u l u s l i g h t - d a i k r a t i o , 

lhi& progress ive decrease i n response ampli tude is compl ica ted by 

the in te r fe rence of a-waves and off-responses at c e i t a m s t imulus 

f requencies f o r which there is a m a r k e d addi t ional decline or en

hancement of response ampl i tude. 

W i t h 2 b i rd s , though, r eco rd ing sessions were successfu l ly 

completed using a 20 Hz rate of s t imulus presentat ion. A t this 

ra te , only wavelengths between 443 and 662 nm gave ERGs w i t h a 

dist inguishable w a v e f o r m . A l l records appeared m o r e 'noisy ' than 

those obtained wi th a 6 Hz s t imulus A l so another e f fec t was noticeable 

i n the w a v e f o r m there was a consistent a l ternat ion between ERG 

responses of l a rge r and smal le r ampli tude i n mos t record ings , 

especial ly m responses to higher in tens i ty s t i m u l i i n which the peak 

to t rough ampli tudes were greater ( F i g . 6). For Lhese 2 subjects, 

the m a x i m u m amplitudes given to the unattenuated 597 nm s t imulus 

were on aveiage 95 / i V and 85 ;uV, the ampli tude d i f ferences between 

a l ternate responses were i n these cases 25 / i V and 3. 5 ;uV respec t ive ly . 

I t is d i f f i c u l t to understand what the basis f o r these r e g u l a r l y a l te rna t ing 

responses migh t be. Al though Dodt and W i r t h (1953) found a systematic 

change m response ampli tude as s t imulus f requency was a l te red there 
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was no corresponding change between successive responses to a 

f l i c k e r i n g s t imulus of a f i x e d f requency. In that case thei r l eco rdmgs 

show that, f o r any pa r t i cu l a r f requency, the ampli tudes of repeated 

responses remained stable S i m i l a r l y A d r i a n (1945) repor ted that 

successive cone responses in man have the same ampli tude when 

s t imulus f reauency i s less than 20 Hz , whi le f o r higher s t imulus rateb 

only the ampli tude of the f i r s t ERG response i n a series is greater 

than that of the res t Pa rke r (1971), on the other hand, obtained a 

v e r y i r r e g u l a r response at a s t imulus f requency of 10 Hz when pigeons 

were anaesthetised w i t h urethane No such i r r e g u l a r i t i e s were obtained 

at h igher or lower s t imulus f requencies and a regular response was 

given to a 10 Hz s t imulus when equithesm anaesthesia was used The 

i n t e r p i etation of the present pecul iar response pat tern wi th a 20 Hz 

s t imulus i s especial ly d i f f i c u l t when consider ing that we are dealing 

w i t h records of averaged ERG responses, since large and sma l l 

ERG responses should have averaged out over repeated runs . 

Response-intensi ty funct ions were calculated as f o r the 6 Hz 

s t imulus condit ion and re l a t ive spect ra l sens i t iv i ty funct ions computed 

using a 2 0 p V c r i t e r i o n l eve l of response ampl i tude. The re l a t ive 

sens i t iv i ty curves f o r the two b i rds showed peak sens i t iv i ty to come 

at about 560 and 590 n m i n each case ( F i g . 5) 

30 Hz f l a s h 

Recordings were made, using a 30 Hz s t imulus , on the same 2 b i rds 



F i g . 7 
E l e c t r o r e t i n o g r a p h i c responses to a 30 Hz f l i c k e r i n g s t i m u l u s 

a t sample wavelengths s p e c i f i e d above each s e r i e s of r e c o r d i n g s . 
Note the approximately s i n u s o i d a l waveform, found a t a l l wavelengths 
which may be c o n t r a s t e d w i t h the response at lower stimulus 
f r e q u e n c i e s ( F i g s . 3 and 6 ) . Stimulus a t t e n u a t i o n f i g u r e s , i n l o g 
u n i t s , are given between r e c o r d i n g s . Stimulus onset and o f f s e t 
correspond to downward and upward d e f l e c t i o n s of the s t i m u l u s t r a c e 
below each s e r i e s . 
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that were used i n the 20 Hz condi t ion and dur ing the same record ing 

sessions. For one an imal , a m a x i m u m response ampli tude of 8 0 / i V 

was given to the unattenuated 597 n m s t imulus whereas fo r the second 

b i r d , which had given the greater response amplitudes to the 20 Hz 

s t imulus , the m a x i m u m ampli tude at this wavelength was only about 

14 / iV . Because of i t s low ampli tude ERGs, the range of wavelengths 

at which response- intensi ty funct ions could be plot ted f o r this an imal 

were ve ry l i m i t e d so only the data of the f i r s t b i r d were used to 

calculate a spect ra l sens i t iv i ty cu rve . 

F r o m both subjects, though, smoothly osc i l l a t ing ERG responses 

were recorded which , at higher s t imulus in tens i t ies , were approx imate ly 

sinusoidal i n w a v e f o r m (F ig 7). These ERGs may be contras ted w i t h 

the i r r e g u l a r lesponses obtained w i t h a 20 Hz s t imulus (Fig 6). 

F o i the one an ima l , f r o m which response- intensi ty funct ions 

could be plot ted over a wavelength range of 377 to 662 nm, a response 

c r i t e r i o n of 5^uV was used to calculate a re la t ive spectra l sens i t iv i ty 

cu rve , which had i t s m a x i m u m at 597 n m . This curve also showed a 

s l ight increase i n sens i t iv i ty i n the u l t r a v i o l e t region a f t e r a m i n i m u m 

at 403 n m ( F i g . 5). 

E X P E R I M E N T I I 

In spite of r ecord ing prob lems , ERG responses i n the f i r s t 

exper iment had been mos t easi ly obtained using a 6 Hz s t imulus . 

Upon f ind ing that the m a j o r i t y of spect ra l sens i t iv i ty curves de r ived 

f r o m the l c s u l t s of Exper iment 1 w e i c unsa t i s fac tory , a second 
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exper iment was set up to re tes t the pigeon's e lec t rore t inographic 

spectral sens i t iv i ty func t ion , again employing a 6 Hz rate of s t imulus 

presentation but w i t h a s l igh t ly mod i f i ed method of r ecord ing resul ts 

which did not r equ i re the extended measurements needed to plot 

response- intensi ty funct ions This method was p rev ious ly used by 

Thompson (1971) to estimate the spectral sens i t iv i ty curve of gu l l s . 

METHOD 

Apparatus 

The opt ica l apparatus and electronic r ecord ing equipment was 

iden t ica l to that used i n the f u s t exper iment . 

P repara t ion of subjects 

Two adult pigeons were prepared f o r the exper iment by attaching 

sma l l , tapped brass blocks to the i r heads several days p r i o r to the 

r eco rd ing sessions In order to r eco rd ERGs, each b i r d was l i g h t l y 

anaesthetised w i t h Equi thesm ( in t ramuscula r , 0.18 ml/100 gm body-

weight) w i t h supplementary doses (0. 06 ml/100 gm) r eadmin i s t e red 

i f there were signs of r ecovery This use of a l i gh t dose of the 

l i q u i d anaesthetic a l lev ia ted the p rob lem of excessive t racheal 

secret ions thus obviat ing the need to intubate the b i r d . But so that a 

l i g h t l y dosed an imal would accept the corneal e lectrode, placed against 

i t s eye, the l e f t eye was bathed w i t h Xylocaine solution to anaesthetise 

i t , as we l l as w i t h the m y d r i a t i c solut ion. Dur ing the r ecord ing session, 

a good e l ec t r i c a l contact between the eye surface and the u n g electrode 

was mainta ined by appl ica t ion of physio logica l saline to the eye When 



10 3. 

th is was done, the b i r d was l e f t f o r a few minutes before r ecord ing 

was continued. 

Proc edure 

Stimulus wavelengths were presented i n a l ternate order so that 

each test run contained an ascending and descending series of wave

lengths F r o m Exper iment I i t was ascertained that, of the wavelengths 

which produced c l e a r l y recordable responses, the unattenuated 363 n m 

s t imulus gave an ERG w i t h the m i n i m u m ampli tude i n the UV par t of 

the spect rum, which i s the region of pa r t i cu l a r in te res t i n this 

exper iment Rather than plot response- intensi ty funct ions , and, 

f r o m a constant voltage c r i t e r i o n l eve l , calculate spectra l sens i t iv i ty 

func t ions , the data f o r a sens i t iv i ty curve were found m o r e d i r e c t l y 

by using the m a x i m u m ampli tude obtained at 363 n m as a c r i t e r i o n and 

f ind ing the s t imulus energies at a l l other wavelengths which would give 

an ERG response which matched the response amplitude at 363 n m . 

Using an osc i l l a to r g iv ing an output of known voltage, the Biomac 

display was ca l ib ra ted For each of the two b i rds tested, the mean 

m a x i m u m response obtained over repeated runs w i t h the 363 nm 

s t imulus had a peak to trough ampli tude of about 30 and 35juV 

respec t ive ly . 

TheBiomac was set to d i sp l ay one e l e c t r o r e t m o g r a m curve , this was 

the average of 32 responses. The trough to peak heights, i n cen t i 

me t r e s , of "averaged ERGs were measured using a g r i d placed over the 

Biomac screen A t each wavelength, the diaphragm was adjusted u n t i l 



F i g . 8 
Averaged e l e c t r o r c t i n o g r a m s of c r i t e r i o n response amplitude 
(35 /iV) f o r two consecutive t e s t runs on B i r d 2 . Stimulus wavelength 
i s i n d i c a t e d b e s i d e each p a i r of r e c o r d i n g s . The f l a s h r a t e 
was 6 Hz. Stimulus onset corresponds to upward d e f l e c t i o n , and 
o f f s e t to downward d e f l e c t i o n , of the stimulus t r a c e d i s p l a y e d 
beneath each s e t of ERGs. C a l i b r a t i o n s c a l e of response 
amplitude and s t i m u l u s d u r a t i o n i s shown below the r e c o r d s . 
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a s e t t i n g was f o u n d a t w h i c h the h e i g h t o f the E R G e q u a l l e d tha t o f 

the r e s p o n s e to the u n a t t e n u a t e d 363 n m c r i t e r i o n s t i m u l u s . The 

d i a p h r a g m s e t t i n g was no ted b e f o r e m e a s u r i n g the r e s p o n s e to the 

n e x t w a v e l e n g t h On t w o t e s t r u n s t h r o u g h a l l w a v e l e n g t h s f o r the 

second b i r d , the a v e r a g e d E R G s of m a t c h i n g c r i t e r i o n - l e v e l a m p l i t u d e s 

w e r e p h o t o g r a p h e d Because o f the speed of t h i s m e t h o d i t was p o s s i b l e 

to c o m p l e t e 3 c o n s e c u t i v e t e s t r u n s a t a l l w a v e l e n g t h s on each of the 

2 b i r d s . 

R E S U L T S 

C l e a r e l e c t r o r e t i n o g r a m s , o f s u f f i c i e n t a m p l i t u d e to m a t c h the 

r e s p o n s e to an una t t enua t ed 363 n m s t i m u l u s , w e r e r e c o r d e d o v e r the 

w a v e l e n g t h r a n g e of 363 to 662 n m W h i l e no d e t a i l e d a n a l y s i s o f 

c o m p o n e n t s was made i n E R G s p r o d u c e d by r e p e t i t i v e l y f l a s h i n g 

s t i m u l i , s ince t h e r e i s no t a s t ab le b a s e l i n e f r o m w h i c h Co m e a s u i e 

the a m p l i t u d e s o f c o n s t i t u e n t w a v e s , some v a r i a t i o n o f w a v e f o r m was 

n o t i c e d a t d i f f e r e n t w a v e l e n g t h s C o m p a r i s o n o f E R G s o b t a i n e d on 

s e p a r a t e t e s t r u n s shows tha t t h e r e a r e s l i g h t d i f f e r e n c e s m r e s p o n s e 

t o the same w a v e l e n g t h s , w i t h a l l the r e c o r d i n g s m a d e on the second 

t e s t r u n w i t h B i r d 2 a p p e a r i n g s m o o t h e r than those on the f i r s t r u n 

( F i g . 8 ) . N e v e r t h e l e s s , some g e n e r a l r e m a r k s m a y be m a d e about 

the f o r m of these e l e c t r o r e t i n o g r a m s -

1) I n a l l e l e c t r o r e t i n o g r a m s , s t i m u l u s o f f s e t w a s f o l l o w e d by a 

peaked l e s p o n s e , the d - w a v e , w h i c h i s c h a r a c t e r i s t i c of c o n e - d o m i n a t e d 

r e t i n a e ( B r o w n , 1968). T h i s r e s p o n s e c o n s i s t e d of bo th p o s i t i v e and 

n e g a t i v e phases and m a y be c o n t i a s t e d w i t h the o f f - r e s p o n s e , a s h a r p 
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p o s i t i v e d e f l e c t i o n a lone , w h i c h can be seen i n the E R G r e c o r d i n g s 

m a d e by Ikeda (1965) and Ogden a n d W y l i e (1971). A p r o m i n e n t d -

w a v c i s f o u n d f o l l o w i n g l i g h t adap t a t i on o f the p i g e o n r e t i n a ( F r o s t , 

1972), thus the f o r m of t h i s E R G c o m p o n e n t i n d i c a t e s t ha t the r e t i n a s of t h 

b i r d s u s e d i n t h i s e x p e r i m e n t w e r e m a i n t a i n e d m a p h o t o p i c s ta te o f 

a d a p t a t i o n . 

2) E a c h e l e c t r o r e t i n o g r a m i n c l u d e s a s h a r p , b i p h a s i c b - w a v e 

r e s p o n s e . T h i s peaked w a v e f o r m , as c o m p a r e d w i t h a m o r e r o u n d e d 

b - w a v e , t y p i c a l o f the p i g e o n ' s r o d r e s p o n s e ( Ikeda , 1965), i s a f u r t h e r 

i n d i c a t i o n of the p r e d o m i n a n t l y pho top i c r e s p o n s e e l i c i t e d by each 

w a v e l e n g t h i n the e x p e r i m e n t . 

3) The l a t e n c y be tween s t i m u l u s onse t and b - w a v e peak i n c r e a s e s 

s l i g h t l y a t s h o r t e r w a v e l e n g t h s . T h i s l a t e n c y e f f e c t i s p a r t i c u l a r l y 

n o t i c e a b l e i n the p h o t o g r a p h i c r e c o r d s o f the second t e s t ' r u n on B i r d 2, 

i n w h i c h the l a t e n c y a t 363 n m i s 45 m s , d e c r e a s i n g to a l a t e n c y o f 

abou t 32 m s a t w a v e l e n g t h s l o n g e r than 422 n m 

4) T h e r e a r e d i f f e r e n c e s m the w a v e f o r m of r e s p o n s e s to s h o r t e r 

w a v e l e n g t h s w h i c h a r e aga in m o r e obv ious i n the l e c o r d m g s o f the 

second r u n . A s e c o n d a r y peak o r s h o u l d e r c a n be seen on the f a l l i n g 

s i d e of the b - w a v e The l a t e n c y of 80 m s be tween s t i m u l u s onse t a n d 

the peak o f t h i s c o m p o n e n t i n d i c a t e s t ha t the s m a l l e r s e c o n d a r y peak 

m a y be a r o d r e s p o n s e A l t h o u g h a s m a l l s h o u l d e r can be seen i n 

r e c o r d i n g s a t s e v e r a l w i d e l y s e p a r a t e d w a v e l e n g t h s i n the f i r s t t e s t 

r a n , i t i s n o t a p p a r e n t i n the second l u n at w a v e l e n g t h s g i e a t e i than 

422 n m . P r e s u m a b l y the r o d r e s p o n s e i s m a s k e d by cone r e s p o n s e s 

d u r i n g m o s t of the r e c o i d ings 
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Table I 

Vol tage measures, p r o p o r t i o n a l t o s t imulus energy 
recorded a t c r i t e r i o n l e v e l s o f 

i n t e n s i t y f o r each chromat ic s t imulus 

The t a b l e shows, a t each wavelength f o r the two b i r d b 
t e s t e d , the mean v o l t a g e ou tpu t m l o g mV o f a c a l i b r a t e d 
the rmopi l e toge the r w i t h the s tandard d e v i a t i o n s o f these 
r ead ings , averaged f r o m xhe measures o f repeated r e s t r u n s . 

Day 1 Day 2 

Mean l o g mV SD Mean l o g mV SD 

363 2.34 0.00 2.34 0.00 

377 2.64 0 .01 2.64 0.11 
403 2.77 0 .02 2.69 0.03 

422 2.72 0.00 2.72 0 .11 

443 2.55 0.08 2.69 0.12 

464 2.34 0.03 2.51 6 .00 

477 2.17 0.04 2.33 0.08 
496 I .87 0.05 1.96 0.04 
521 1.59 0.09 1.63 0.15 
536 1.56 0 .11 1.50 0.13 
558 1.49 0 .11 I .46 0.07 
584 1.49 0.09 1.46 0.06 

597 1.49 0.06 1.53 0 .12 

619 1.68 0.09 1.71 0.13 
639 1.96 0.10 2.09 0.10 

662 2.52 0.05 2.50 0.06 
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H o w e v e r , the m e a s u r e of c e n t r a l i n t e r e s t i n t h i s e x p e r i m e n t 

was the o v e r a l l t r o u g h to peak a m p l i t u d e . 

E n e r g y c a l i b r a t i o n of s t i m u l i at c u t e r i o n l e v e l of i n t e n s i t y 

W i t h o n l y the x e n o n l a m p o p e r a t i v e , the e n e r g y of each c h i o m a t i c 

s t i m u l u s , a t an i n t e n s i t y l e v e l f o r w h i c h a c r i t e r i o n a m p l i t u d e o f 

r e s p o n s e h a d been l e g i s t e r e d , was m e a s u r e d u s i n g a c a l i b r a t e d 

t h e r m o p i l e i n p l a c e of the b i r d ' s eye A t each w a v e l e n g t h , the a m p l i f i e d 

t h e r m o p i l e p o t e n t i a l to the f l a s h i n g s t i m u l u s was m e a s u r e d on a 

c a l i b r a t e d o s c i l l o s c o p e w i t h the d i a p h r a g m set to p r o v i d e the a t t e n u a t i o n 

w h i c h gave c r i t e r i o n E R G r e s p o n s e s on i n d i v i d u a l t e s t r u n s w i t h each 

b i r d The v o l t a g e ou tpu t of the t h e r m o p i l e was d i r e c t l y p r o p o r t i o n a l 

t o s t i m u l u s i r r a d i a n c e so t h a t v o l t a g e r e a d i n g s c o u l d be u sed d i r e c t l y 

to c a l c u l a t e r e l a t i v e s p e c t r a l s e n s i t i v i t y f u n c t i o n s . The m e a n vo l t age 

m e a s u r e s f o r s t i m u l u s s e t t i n g s u sed on r e p e a t e d r u n s w e r e c a l c u l a t e d , 

t o g e t h e r w i t h the s t a n d a r d d e v i a t i o n s , f o r each b i r d . These data a r e 

g i v e n i n T a b l e I and show the s t a b i l i t y of r e c o r d i n g s m a d e on r e p e a t e d 

r u n s . 

F r o m the m e a n l o g v o l t a g e f i g u r e s , p r o p o r t i o n a l to s t i m u l u s e n e r g y , 

s e n s i t i v i t y d i f f e r e n c e s w e r e c a l c u l a t e d . Since s e n s i t i v i t y w o u l d be 

m a x i m a l a t a w a v e l e n g t h f o r w h i c h the e n e r g y o f the c r i t e r i o n s t i m u l u s 

was l e a s t , a l l the v o l t a g e r e a d i n g s w e r e a d j u s t e d to a r e l a t i v e z e r o l e v e l 

a n d these f i g u r e s p l o t t e d to g i v e r e l a t i v e s e n s i t i v i t y c u r v e s f o r the 2 

b i r d s ( F i g 9) These c u r v e s too showed v e r y l i t t l e d i f f e r e n c e be tween 

b u d s and , t oge the r w i t h the s t a b i l i t y of r e p e a t e d m e a s u r e s , i n d i c a t e 

the r e l i a b i l i t y of t h i s r e c o r d i n g m e t h o d . 
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R e l a t i v e s p e c t r a l s e n s i t i v i t y curves obta ined us ing a 6 Hz 

s t imulus i n E x p t . I I . 

Bottom graphs show the s e n s i t i v i t y curves o f the two sub jec t s 

t e s t e d on Day 1 and Day 2. Curves are p l o t t e d f r o m the mean data 

over repeated t e s t runs f o r each i n d i v i d u a l . (Some i n d i v i d u a l 

ERGs o f the second b i r d are shown i n F i g . 5.) Response c r i t e r i o n 

f o r Day 1 was 30 juV and f o r Day 2, 35 JuV. 

The top curve i s the mean s e n s i t i v i t y f u n c t i o n o f these two 

an ima l s . 
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A m e a n s p e c t r a l s e n s i t i v i t y f u n c t i o n was c a l c u l a t e d f r o m the 

t w o c u r v e s o b t a i n e d f r o m sepa ra t e s u b j e c t s ( F i g . 9 ) . T h i s c u r v e 

showed tha t peak s e n s i t i v i t y f e l l be tween about 560 and 580 n m . 

S e n s i t i v i t y d e c r e a s e d t o w a r d s l o n g e r w a v e l e n g t h s and t o w a r d s a 

m i n i m u m a t 400 - 420 n m b e f o r e a f u r t h e r i n c r e a s e m the U V r e g i o n . 

DISCUSSION 

I f a l l the s e n s i t i v i t y c u r v e s ob t a ined i n E x p e r i m e n t s I and I I 

a r e c o m p a r e d ( F i g s . 5, 9) t h e r e i s a h i g h deg ree of c o n s i s t e n c y i n the 

r e s u l t s , i n sp i t e of the v a r y i n g t e s t c o n d i t i o n s u s e d to gene ra t e these 

da ta M a x i m u m b e n s i l i v i t y f a l l s be tween about 560 and 600 n m , w h i c n 

i s w e l l w i t h i n the l a n g e o f peak s e n s i t i v i t y p o s i t i o n r e p o r t e d by o the r 

a u t h o r s . ( Ikeda , (1965), f o r i n s t a n c e , f o u n d m a x i m u m pho top ic 

s e n s i t i v i t y to l i e a t 544 n m w h i l e the peak s e n s i t i v i t y i n G i a f and 

N o r r e n ' s (1974) c u r v e s r a n g e d up to abou t 600 n m . ) The e x p e r i m e n t a l 

r e s u l t s a l so t a l l y q u i t e w e l l i n the r a n g e of l o g d i f f e r e n c e i n s e n s i t i v i t y 

a t c o m p a r a b l e w a v e l e n g t h s . ( F o r e x a m p l e , on a l l g r aphs t h e r e i s a 

s e n s i t i v i t y d e c r e a s e of a p p r o x i m a t e l y 1 l o g u n i t be tween peak s e n s i t i v i t y 

and tha t a t 440 n m . ) A l l the a n i m a l s t e s t e d w i t h 6 H z and 30 H z f l a s h i n g 

s t i m u l i show a s e n s i t i v i t y m i n i m u m a t 400 - 420 n m f o l l o w e d by an 

i n c r e a s e i n s e n s i t i v i t y a t s h o r t e r w a v e l e n g t h s i n the U V r e g i o n . I n 

one of the two b i r d s f o r w h i c h a 20 H z f l a s h r a t e was u s e d , a s h o r t 

w a v e l e n g t h m i n i m u m o c c u r s a t 464 n m . 

Since the r e s u l t s of E x p e r i m e n t I I a r e k n o w n to be p a r t i c u l a r l y 

l e l ig ib le , the m e a n s e n s i t i v i t y c u r v e c o m p u t e d m tha t e x p e r i m e n t was 
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Comparison o f the mean r e l a t i v e s e n s i t i v i t y curve obtained, i n 

E x p t . I I ( ) w i t h the photop ic s p e c t r a l s e n s i t i v i t y 

curve f rom Blough*s (1957) experiment , employing a t h r e s h o l d -

t r a c k i n g technique ( ) , and r e s u l t s o f an ERG study by 

Graf and Norren (1974) ( ) i n which f l i c k e r i n g chromatic 

s t i m u l i were superimposed upon a whi te background. ERGs i n 

E x p t . I I were e l i c i t e d by a 6 Hz s t i m u l u s , r e l a t i v e s e n s i t i v i t y 

was computed a t a response ampli tude c r i t e r i o n o f 30 - 35 A<V. 

Graf and Norrcn T s experiment used a 25 Hz s t imulus and a 2 juV 

c r i t e r i o n . 
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d i r e c t l y c o m p a r e d ( F i g . 10) w i t h the data f r o m t w o s p e c t r a l s e n s i t i v i t y 

s tud ies f o r w h i c h m e a s u r e s of s h o r t w a v e l e n g t h s e n s i t i v i t y a r e a v a i l a b l e 

B l o u g h ' s (1957) i n v e s t i g a t i o n e m p l o y e d a b e h a v i o u r a l t e s t m e t h o d and 

G r a f and N o i r e n (1974) u sed the E R G l e s p o n s e . The g r e a t e s t d i s c r e p a n c y 

i n the r e s u l t s o c c u r s a t the s h o r t e i w a v e l e n g t h s . W h i l e a l l the c u r v e s 

show an i n c r e a s e i n s e n s i t i v i t y at the s h o r t e s t w a v e l e n g t h s (a l so seen 

i n the g u l l ' s s p e c t r a l s e n s i t i v i t y c u r v e ( T h o m p s o n , 1971), the o t h e r 

a u t h o r s ' e x p e r i m e n t s f i n d a s e n s i t i v i t y m i n i m u m a t 440 n m r a t h e r than 

400 - 420 n m , as i n the p r e s e n t w o r k . W h e n u s i n g an E R G t e s t m e t h o d 

t h i s d i f f e r e n c e m a y be a t t r i b u t a b l e to the c r i t e r i o n v o l t a g e l e v e l a t 

w h i c h r e l a t i v e s e n s i t i v i t y was c a l c u l a t e d G r a f and N o r r e n ' s s e n s i t i v i t y 

c u r v e shown i n F i g 10 was o b t a i n e d u s i n g a c r i t e r i o n o f 2 jaV w h e r e a s , 

w i t h a h i g h e r v o l t a g e c r i t e r i o n of 9 - 20^uV, w h i c h i s c l o s e r to the 30 -

35 jaV c r i t e r i o n u s e d m E x p e r i m e n t I I , t hey r e p o r t a s h i f t I n the s e n s i t i v i t y 

m i n i m u m to 420 n m . 

The h i g h e r v o l t a g e c r i t e r i o n m t h e n e x p e r i m e n t a l so p r o d u c e d 

an o v e i a l l r e d u c t i o n i n the r e l a t i v e s p e c t i a l s e n s i t i v i t y a t s h o r t e r 

w a v e l e n g t h s , w h i c h i s ano the r d i f f e r e n c e be tween t h e i r c u r v e and the 

p r e s e n t f u n c t i o n shown i n F i g . 10. H o w e v e r , i t shou ld be m e n t i o n e d 

t h a t t h i s i s n o t the o n l y f a c t o r w h i c h m i g h t a c c o u n t f o r some i n d i v i d u a l 

v a r i a t i o n i n s e n s i t i v i t y to s h o r t e r w a v e l e n g t h s (see G r a f and N o i r e n ' s 

F i g 3a) . R e l a t i v e s e n s i t i v i t y d i f f e r e n c e s a t these w a v e l e n g t h s have 

a l s o been l e p o i t e d i n the l e s u l t s o b t a i n e d f r o m j u v e n i l e and a d u l t g u l l s 

( T h o m p s o n , 1971) W h i l e the i t a s o i i s f o r t h i s age -dependen t change a r e 
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n o t v e i y o b v i o u s , one s u g g e s t i o n i s tha t i n o l d e i b i r d s the l e n s o r 

c o r n e a , w h i c h a r e both u n p i g m e n t e d , m i g h t show an i n c r e a s e i n 

t u r b i d i t y , a c c o m p a n i e d by r e l a t i v e l y g r e a t e r s c a t t e r i n g of s h o r t e r 

w a v e l e n g t h s and hence a l o s s o f s e n s i t i v i t y a t t h i s end of the s p e c t r u m . 

T h i s type of change i n the o c u l a r m e d i a i s p a r t o f the age ing p r o c e s s 

i n the h u m a n eye ( W e a l e , 1968). Some such age -dependen t change m i g h t 

a l s o p a r t l y c o n t r i b u t e to v a r i a t i o n s i n s h o r t - w a v e l e n g t h s e n s i t i v i t y i n 

p i g e o n s . 

T h e r e s u l t s of the p r e s e n t e x p e r i m e n t s , t oge the r w i t h those of o t h e r 

w o r k e r s , thus c l e a r l y d e m o n s t r a t e the p i g e o n ' s s e n s i t i v i t y to u l t r a v i o l e t 

l i g h t bu t the s h o r t w a v e l e n g t h r a n g e o f t h i s s e n s i t i v i t y m a y y e t ex tend 

b e y o n d the 363 n m l i m i t f o r w h i c h adequate m e a s u r e m e n t s c o u l d be t a k e n 

h e r e . A 337 n m s t i m u l u s o c c a s i o n a l l y e l i c i t e d a s l i g h t response but 

the e n e r g y e m i t t e d , u s i n g the p r e s e n t o p t i c a l s y s t e m , was ' too l o w a t 

t h i s w a v e l e n g t h to a l l o w the a c q u i s i t i o n of p r e c i s e da ta F o r a m o r e 

e x t e n s i v e i n v e s t i g a t i o n of the r e s p o n s e o f the p i g e o n ' s eye a t s h o r t e r 

w a v e l e n g t h s i t w o u l d be n e c e s s a r y to set up a s y s t e m m w h i c h q u a r t z 

i n s t e a d of g lass o p t i c s w e r e u s e d . 

T h e r e a r e a n u m b e r of p o s s i b l e m e c h a n i s m s u n d e r l y i n g the p i g e o n ' s 

s e n s i t i v i t y i n the u l t r a v i o l e t . The a b s o r p t i o n s p e c t r a o f v i s u a l p i g m e n t s 

w h i c h have been e x t r a c t e d f r o m the p i g e o n ' s r e t i n a ( r h o d o p s i n , p i g m e n t 

544 B r i d g e s , 1962 l o d o p s i n W a l d , 1958) a l l ex t end i n t o the n e a r -

u l t i a v i o l e t . I n the case of l o d o p s i n , a c i s - p e a k , s i m i l a r to t ha t f o u n d 

i n h u m a n i h o d o p s i n ( C o l l i n s , L o v e and M o r t o n , 1952) o c c u r s aL 370 n m 

( W a l d , B r o w n and S m i t h , 1955) T h i s s e c o n d a r y a b s o r p t i o n m a x i m u m 
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m a y be due to the t w i s t e d c o n f i g u r a t i o n o f the p i g m e n t m o l e c u l e o r 

c o u l d be a t t r i b u t e d to b r e a k d o w n p r o d u c t s o f the v i s u a l p i g m e n t , h a v i n g 

t h e i r m a x i m u m a b s o r p t i o n a t u l t r a v i o l e t w a v e l e n g t h s ( M e t a i o d o p s i n I I 

( Y o s h i z a w a , 1972), f o r e x a m p l e , w h i c h r e a c t s i n a w a y s i m i l a r to 

M e t a r h o d o p s i n I I , an i n t e r m e d i a t e p r o d u c t o f r h o d o p s i n Y o s h i z a w a and 

W a l d , 1963). N o t e t ha t H e l l e r (1968) f o u n d t ha t , i n v e r y p u r e p r e p a r a t i o n s 

o f r h o d o p s i n , the c i s - p e a k i s absen t but a p p e a r s upon s l i g h t e x p o s u r e 

of the p i g m e n t s o l u t i o n to l i g h t . A s i s the case w i t h aphak ic h u m a n s 

( T a n , 1971), the p i g e o n ' s s e n s i t i v i t y to U V l i g h t c o u l d be based on the 

a b s o r p t i o n of U V w a v e l e n g t h s bv the p h o t o p i g m e n t s t h e m s e l v e s or 

t h e i r i n t e i m e d i a t e p r o d u c t s . 

A n a l t e r n a t i v e m e c h a n i s m f o r d e t e c t i n g U V w a v e l e n g t h s m a y be 

f o u n d i n a v i s u a l p i g m e n t w h i c h i s m a x i m a l l y s e n s i t i v e a t 400 n m bu t 

once m o r e has an a b s o r p t i o n s p e c t r u m e x t e n d i n g i n t o the u l t r a v i o l e t 

( G r a f and N o r r e n , 1974) S u p p o r t f o r the ' b l u e ' r e c e p t o r , c o n t a i n i n g 

t h i s v i s u a l p i g m e n t , b e i n g the ba s i s of the p i g e o n ' s U V s e n s i t i v i t y 

c o m e s f r o m e x a m i n a t i o n o f the r e s p o n s e - i n t e n s i t y f u n c t i o n s o b t a i n e d 

i n E x p e r i m e n t I of the p r e s e n t s tudy ( F i g 4) A t 422 n m t h e r e i s a 

change i n s lope of the r e s p o n s e - i n t e n s i t y f u n c t i o n , d e l i n e a t i n g a f a m i l y 

o f f u n c t i o n s a t l o n g e r w a v e l e n g t h s , w h i c h a l l have s teep and m o r e o r l e s s 

p a r a l l e l s lopes , f r o m a g r o u p at s h o r t e r w a v e l e n g t h s w h i c h a l l show 

p a r a l l e l but s h a l l o w e r g r a d i e n t s T h i s d i f f e r e n t i a t i o n , i n t e r m s o f s lope , 

i s u s u a l l y t a k e n to i n d i c a t e the p r e s e n c e of s epa ra t e r e c e p t o r m e c h a n i s m s . 
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Sepa ra te m e c h a n i s m s a r e a l so expec t ed f r o m the changes i n r e s p o n s e 

l a t e n c i e s m e n t i o n e d m E x p e r i m e n t I I . I t r e m a i n s to be seen w h e t h e r 

the p i g e o n ' s r e t i n a c o n t a i n s o n l y one o r two s h o r t w a v e l e n g t h r e c e p t o r s 

w i t h peak s e n s i t i v i t y b e l o w 420 n m . 

Since the p i g e o n ' s s p e c t r a l s e n s i t i v i t y extends to w a v e l e n g t h s 

b e l o w 400 n m under bo th pho top i c and sco top ic a d a p t a t i o n c o n d i t i o n s , 

as shown by the p r e s e n t e x p e r i m e n t s and those o f G r a f and N o r r e n 

(1974), i t m a y w e l l be tha t the p i g e o n r e l i e s on a c o m b i n a t i o n of photo -

p i g m e n t m e c h a n i s m s to d e t e c t U V r a d i a t i o n . W h i l e i n s p e c t i o n o f E R G 

r e c o r d s i n d i c a t e d tha t the r e t i n a was m a i n t a i n e d i n a l i g h t - a d a p t e d 

c o n d i t i o n , t h i s does n o t n e c e s s a r i l y p r e c l u d e the o p e r a t i o n o f r o d s 

d u r i n g the pho top ic s t a t e . 
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C H A P T E R 5 

W A V E L E N G T H D I S C R I M I N A T I O N I N T H E ' V I S I B L E ' A N D 

U L T R A V I O L E T S P E C T R U M 

I N T R O D U C T I O N 

T h e p r e v i o u s e l e c t r o r e t i n o g r a p h i c e x p e r i m e n t s p r o v i d e d b o t h 

c o n f i r m a t i o n and rneasu r e m exits of the p i g e o n ' s r e l a t i v e s e n s i t i v i t y 

to u l t i a v i o l e t w a v e l e n g t h s as w e l l as to o t h e r p a r t s of the s p e c t r u m . 

N e x t an e x p e r i m e n t was d e s i g n e d to e x p l o r e f u r t h e r W r i g h t ' s (1972b) 

d i s c o v e r y tha t p igeons can d i s t i n g u i s h be tween a p u r e m o n o c h r o m a t i c 
a 

l i g h t a n d / n e t e r o c h r o m a t i c s t i m u l u s c o n t a i n i n g a U V c o m p o n e n t . 

I n the f o l l o w i n g p i ece of r e s e a r c h , d i f f e r e n t i a l d i s c r i m i n a t i o n 

w i t h i n the u l t r a v i o l e t r e g i o n was e x a m i n e d and a l s o d i f f e r e n c e t h r e s 

h o l d s w e r e e s t i m a t e d f o r o t h e r p o i n t s of the s p e c t r u m i n o r d e r to 

v e r i f y the r e s u l t s o f the e a r l i e r i n v e s t i g a t i o n of w a v e l e n g t h d i s 

c r i m i n a t i o n , d e s c r i b e d m C h 2 I n the l a t t e r e x p e r i m e n t no p r e 

c a u t i o n s h a d been t a k e n to s u p p r e s s p o s s i b l e U V c o m p o n e n t s a n s i n g 

f r o m second o r d e r s p e c t r a when u s i n g g r a t i n g m o n o c h r o m a t o r s 

H o w e v e r , i t w o u l d be expec ted tha t s h o r t w a v e l e n g t h c o m p o n e n t s , 

f a l l i n g w i t h i n the p i g e o n ' s v i s i b l e r a n g e , c o u l d o n l y have c o n t a m i n a t e d 

the l o n g e j w a v e l e n g t h s t i m u l i , above 600 n m . T h i s e x p e r i m e n t , m 

w h i c h a p p i o p r i a t e b l o c k i n g f i l t e r s w e r e i n c l u d e d , shou ld t h e r e f o r e 

r e v e a l the e f f e c t s , i f any , on the w a \ e l e n g t h d i s c r i m i n a t i o n f u n c t i o n 



114 

o f o m i t t i n g to use these f i l t e r s . 

S ince the o r i g i n a l w a v e l e n g t h d i s c r i m i n a t i o n e x p e r i m e n t had 

t a k e n about 18 m o n t h s to c o m p l e t e , t h i s t i m e a s l i g h t l y m o d i f i e d 

t e s t i n g p r o c e d u r e was used w h i c h w o u l d no t take so l o n g to y i e l d 

data f r o m w h i c h t h r e s h o l d s c o u l d be c a l c u l a t e d T h i s p r o c e d u r e 

was adap ted f r o m a t h r e s h o l d - t r a c k i n g m e t h o d , d e v e l o p e d by 

B l o u g h (1958), i n w h i c h the s t i m u l u s va lues o s c i l l a t e abou t a 

t h r e s h o l d l e v e l i n a m a n n e r dependent on the p i g e o n ' s r e s p o n s e 

p a t t e r n . T h i s type of m e t h o d has a l r e a d y p r o v e d u s e f u l i n c o l l e c t i n g 

i n f o r m a t i o n about o t h e r a spec t s of the p i g e o n ' s p s y c h o p h y s i c a l 

p e r f o r m a n c e ( B l o u g h , 1956, 1957, M e i s s n e r , 1970) 

P i e v i o u s e x p e r i m e n t s e m p l o y i n g t h i s ' t i t r a t i o n ' m e t h o d 

( R o s e n b e r g e r , 1970) have a i m e d to f i n d an a n i m a l ' s ab so lu t e t h i e s h o l d 

on some s t i m u l u s p a r a m e t e r , such as i n t e n s i t y , and s u b j e c t s have 

thus been r e q u i r e d to r e s p o n d to a p p a r e n t ' p r e s e n c e ' o r ' absence ' of 

a s i n g l e s t i m u l u s . S t i m u l u s i n t e n s i t y was then m o d u l a t e d as a c o n 

sequence of each r e s p o n s e . I n such cases a t h r e s h o l d was c a l c u l a t e d 

f r o m a g r a p h o f change m s t i m u l u s i n t e n s i t y l e v e l o v e r t i m e The 

f o l l o w i n g e x p e r i m e n t i s c o n c e r n e d w i t h d i f f e r e n c e t h r e s h o l d s r a t h e r 

t han abso lu t e t h r e s h o l d s , so t h a t a p i g e o n i s r e q u i r e d to c o m p a r e two 

s t i m u l i r a t h e r than de t ec t the p r e s e n c e of o n l y one s t i m u l u s F o r 

the p u i p o s e of e s t i m a t i n g w a v e l e n g t h d i f f e r e n c e t h r e s h o l d s and o f 

c o m p a r i n g these t h r e s h o l d r e s u l t s w i t h the data p r e v i o u s l y r e p o r t e d 

i n C h . 2, the c o n t i n g e n c i e s o f the t i t i a t i o n p r o c c d u i e w e r e m o d i f i e d 
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s l i g h t l y I n s t e a d o f a s t i m u l u s va lue chang ing a f t e r e v e r y r e s p o n s e , 

a new s t i m u l u s s e t t i n g was m a d e consequen t upon the n u m b e r of 

c o r r e c t r e s p o n s e s m a d e w i t h i n a b l o c k o f 10 t r i a l s . T h r e s h o l d s 

c o u l d then be e s t i m a t e d f r o m g r a p h s of the s c o r e s o f c o r r e c t 

r e s p o n s e s m a d e i n s u c c e s s i v e b l o c k s of t r i a l s v e r s u s w a v e l e n g t h 

d i f f e r e n c e va lues on each b l o c k of t r i a l s . Thus the a c t u a l d i s 

c r i m i n a t i o n s c o r e s a r e t a k e n i n t o accoun t i n c a l c u l a t i n g a d i f f e r e n c e 

t h r e s h o l d , r a t h e r than j u s t the l i m i t s be tween w h i c h s t i m u l u s va lue s 

a r e m a d e to v a r y . 

I n sp i t e o f u s i n g t h i s t i t r a t i o n m e t h o d , the e x p e r i m e n t a l c o n d i t i o n s 

w e r e s t i l l s u f f i c i e n t l y s i m i l a r to those o f the o r i g i n a l w a v e l e n g t h 

d i s c r i m i n a t i o n e x p e r i m e n t to be ab le to c o m p a r e the r e s u l t s o f the 

t w o s t u d i e s . W h i l e , i n the f o l l o w i n g e x p e r i m e n t , the w a v e l e n g t h 

va lue of the n e g a t i v e s t i m u l u s changed w i t h i n a t e s t r a t h e r t han b e i n g 

a l t e r e d o v e r a n u m b e r of s u c c e s s i v e s e s s i o n s , the s t i m u l u s d i s p l a y 

and the r e s p o n s e sequence r e q u i r e d o f a p i g e o n m bo th e x p e r i m e n t s 

w e r e v e r y s i m i l a r . The c r i t e r i o n l e v e l a t w h i c h d i f f e r e n c e t h r e s h o l d s 

m the two s tud ies w e r e c a l c u l a t e d was the p o i n t a t w h i c h a p i g e o n 

c o u l d m a k e a c o r r e c t d i s c r i m i n a t i o n 70% of the t i m e and, f i n a l l y , 

d i f f e r e n c e t h r e s h o l d s e s t i m a t e d i n each o f the two s tud ies w e r e 

p l o t t e d i n the same w a y so tha t w a v e l e n g t h d i s c r i m ! m a t i o n f u n c t i o n s 

c o u l d be d i r e c t l y c o m p a r e d 



F i g 1 ( f a c i n g ) 

O p t i c a l s y s t e m by w h i c h m o n o c h r o m a t i c s t i m u l i , each 

c o n s i s t i n g of a b r i g h t c e n t r a l square e x t e n d i n g i n t o a 

d i m m e i v e r t i c a l b a r , w e r e b a c k - p r o j e c t e d on to the r e sponse 

k e y s of the S k i n n e r b o x (see t e x t ) . 

B L j , , ^ = a t t e n u a t i n g b l i n d s , r o t a t e d b y s t epper m o t o r s 

L . = a c h r o m a t i c d o u b l e t l enses 1 - o 

M = f r o n t - s i l v e r e d m i r r o r 

M O N = m o n o c h r o m a t o r , d r i v e n b y s tepper m o t o r 

N G = l o u d s p e a k e r of w h i t e no i se g e n e r a t o r 

R K j , ^ = r e sponse k e y s o f S k i n n e r box 

SC - s c r e e n 

Sh = s o l e n o i d - o p e r a t e d s h u t t e r 

U V F = u l t r a v i o l e t b l o c k i n g f i l t e r 

X e = xenon p r e s s u r e l a m p 



M M 

RK1 RK2 

F x g . 1 
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M E T H O D 

Sub jec t s 

F o u i of the f i v e p igeons p r e v i o u s l y used f o r b e h a v i o u r a l 

t e s t i n g a g a i n ac t ed as sub j ec t s i n t h i s e x p e r i m e n t . These s u b j e c t s 

w e r e once m o r e m a i n t a i n e d a t 80% of t h e i r a d - l i b w e i g h t SI was 

n o t u s e d as i t had c o n t r a c t e d an i n c a p a c i t a t i n g d i s e a s e . 

A p p a r a t u s 

S k i n n e r B o x 

T h e S k i n n e r box was the same one t ha t h a d been e m p l o y e d b e f o r e 

i n t e s t i n g w a v e l e n g t h d i s c r i m i n a t i o n and s a t u r a t i o n d i s c r i m i n a t i o n . 

F o r the p r e s e n t e x p e r i m e n t the p e r s p e x r e s p o n s e k e y s w e r e r e p l a c e d 

b y k e y s o f g r o u n d g l a s s , w h i c h does n o t f l u o r e s c e w h e n i r r a d i a t e d 

w i t h U V l i g h t ( M u n t z and N o r t h m o r e , 1970). 

• 

O p t i c s 

A 75W h i g h p r e s s u r e xenon l a m p (Xe) s e r v e d as the l i g h t s o u r c e 

( F i g . 1). T w o beams w e r e d i r e c t e d f r o m t h i s s o u r c e v i a e x i t h o l e s 

m the l a m p h o u s i n g and w e r e c o l l i m a t e d by a c h r o m a t i c d o u b l e t l ense s 

( L , L ? ) . A f t e r r e f l e c t i o n o f f f r o n t - s i l v e r e d m i r r o r s ( M ) , r e f l e c t i n g 

bo th ' v i s i b l e ' and U V r a d i a t i o n , each b e a m was t r a n s m i t t e d t h r o u g h 

s p e c i a l l y c o n s t r u c t e d b l i n d s ( B L , ) , m o u n t e d on s tepper m o t o r s . 
J. Ct 

R o t a t i o n of these b l i n d s about the v e r t i c a l a x i s a t t enua ted the i n t e n s i t y 

of each b e a m . The b l i n d s ' a t t e n u a t i o n f u n c t i o n was independen t of 

w a v e l e n g t h bu t , u n l i k e the i r i s d i a p h r a g m used to a t t enua te s t i m u l i 

i n the E R G e x p e r i m e n t ( C h . 4 ) , m o v e m e n t o f the b l i n d s d i d no t a l t e r 
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t he s t i m u l u s g e o m e t r y . L i g h t was then f o c u s e d by f u r t h e r l e n s e s 

(Ly 4) onto the e n t r a n c e s l i t s o f two H i l g e i - W a t t s g r a t i n g m o n o -

c h r o m a t o r s ( M O N ) , d r i v e n by s t epper m o t o r s The l i g h t pa ths 

c o u l d be o c c l u d e d by s o l e n o i d o p e r a t e d s h u t t e r s (Sh), p l a c e d i n 

f r o n t of the m o n o c h r o m a t o i e n t i a n c e s l i t s . The w i d t h s of the 

m o n o c h r o m a t o r s ' e n t r a n c e and e x i t s l i t s w e r e a d j u s t e d to 2 m m 

so tha t l i g h t w i t h a b a n d w i d t h o f 4 . 8 n m was p r o d u c e d by each 

m o n o c h r o m a t o r . A l ens and m i r r o r s y s t e m then f o c u s e d the 

m o n o c h r o m a t i c l i g h t onto the back of each r e s p o n s e k e y (RK^, ) 

on the S k i n n e r box . W r a t t e n 2 B f i l t e r s ( U V F ) w e r e used m c o n 

j u n c t i o n w i t h the m o n o c h r o m a t o r s to s u p p r e s s u l t r a v i o l e t s idebands 

f o r n o m i n a l w a v e l e n g t h s above 600 n m . 

A l a i g e m a t t b l a c k p a i n t e d s c r e e n (SC), p l a c e d o v e r the m o n o -

c h i o m a t o r s , a n d a d d i t i o n a l s h i e l d i n g a r o u n d the x e n o n l a m p p r e 

v e n t e d as m u c h s t r a y l i g h t as p o s s i b l e r e a c h i n g the r e s p o n s e k e y s . 

The c h r o m a t i c s t i m u l i b a c k - p r o j e c t e d onto the k e y s by t h i s 

o p t i c a l s y s t e m a p p e a r e d as t w o b r i g h t squa re s of l i g h t ( 3 x 3 m m ) 

c e n t r ed on the k e y s w i t h a f a i n t e r 3 m m w i d e v e r t i c a l band of l i g h t 

e x t e n d i n g above and b e l o w t h i s s q u a r e . 

A l l n o i s e m a d e by the s t epper m o t o r s w a s m a s k e d by w h i t e 

n o i s e f r o m a l o u d s p e a k e r (NG) p l a c e d i n f r o n t of the S k i n n e r box . 

T h i s m a s k i n g n o i s e , m e a s u r e d by a sound l e v e l m e t e r p l a c e d i n s i d e 

the c l o s e d S k i n n e r box, had an i n t e n s i t y o f 70 db ( r e 0. 0 0 0 2 " d y n e s / c m 



F i g 2 ( f a c i n g ) 

A p p a i a t u s used to s e p a i a t c l y c a l i b r a t e s t i m u l i g e n e r a t e d « 

b y each o p t i c a l c h a n n e l . 

B I O = B i o m a c t r a n s i e n t a v e r a g i n g c o m p u t e r 

CRO = s t o r age o s c i l l o s c o p e 

P C = p h o t o c e l l 

T H t h e r m o p i l e 

T R I G = m o n o s t a b l e t r i g g e r d e v i c e 

Sec = r o t a t i n g s e c t o r 

O t h e r a b b r e v i a t i o n s as i n F i g 1 
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C o n t r o l o f events 

S t i m u l u s s e t t i n g s , g i v e n by the m o t o r d r i v e n m o n o c h r o m a t o r s 

and b l i n d s , w e r e c o n t r o l l e d by an I B M 1130 c o m p u t e r t h r o u g h a W D V 

m t c i f a c e The c o m p u t e i a l s o c o n t r o l l e d the s h u t t e r s of the o p t i c a l 

s y s t e m and the f o o d h o p p e r and c e i l i n g l i g h t o f the S k i n n e r b o x . I n 

a d d i t i o n i t p e r f o r m e d t i m i n g o p e r a t i o n s and sensed r e s p o n s e s to the 

k e y s and d e p r e s s i o n of the S k i n n e r b o x ' s f l o o r p l a t f o r m . R e s p o n s e 

da ta w e r e c o l l e c t e d o n - l i n e and w e r e p r i n t e d ou t t oge the r w i t h a 

r e c o r d of the v a r y i n g w a v e l e n g t h s e t t i n g s o f the s t i m u l i . 

S t i m u l u s c a l i b r a t i o n 

( The w a v e l e n g t l ^ c a l i b r a t i o n o f bo th m o n o c h r o m a t o r s was c h e c k e d 

u s i n g a m e i c u r y d i s c h a r g e l a m p and was a d j u s t e d to a g r e e w i t h i n 

0. 5 n m f o r the t w o i n s t r u m e n t s . 

The a p p a r a t u s u sed to c a l i b r a t e the e n e r g y a v a i l a b l e on each 

r e s p o n s e k e y i s shown m F i g . 2 . A r o t a t i n g s e c t o r (Sec) gave a 

s i n u s o i d a l l y m o d u l a t e d l i g h t , f l a s h i n g a t 1 H z , as a s t i m u l u s f o r a 

H i l g e r - W a t t s FT17 t h e r m o p i l e ( T H ) T h i s t h e r m o p i l e was p o s i t i o n e d 

b e h i n d a r e s p o n s e k e y to de t ec t the i r r a d i a n c e of the b r i g h t c e n t r a l 

s t i m u l u s s q u a r e . The t h e r m o p i l e ' s ou tpu t was a m p l i f i e d by a G r a s s 

Plfa p r e a m p l i f i e r and an a d d i t i o n a l A i m l o w n o i s e a m p l i f i e r . The 

ou tpu t v o l t a g e was m o n i t o r e d on a s t o r a g e o s c i l l o s c o p e (CRO) and 

r e l a y e d to a B i o m a c t r a n s i e n t a v e r a g i n g c o m p u t e i ( B I O ) . A p h o t o 

c e l l ( P C ) , p l a c e d b e h i n d the s e c t o r and u s e d m c o m b i n a t i o n w i t h a 

m o n o s t a b l c t z i g g e r dev i ce ( T R I G ) , p r o v i d e d a t r i g g e r i n g p u l s e f o r 

the B i o m a c . 
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So tha t da ta c o u l d be c o l l e c t e d f o r c o n t i o i l i n g s t i m u l u s s e t t i n g s 

by c o m p u t e r d u r i n g e x p e r i m e n t a l s e s s ions , the c o m p u t e r was u sed 

to d r i v e the m o t o r s and a d j u s t the m o n o c h r o m a t o r r e a d i n g s a n d 

b l i n d p o s i t i o n s d u r i n g the c a l i b r a t i o n p r o c e d u r e F o i t h i s p r o c e d u r e 

s p e c i a l p r o g r a m s w e r e w r i t t e n w h i c h a l l o w e d the e x p e r i m e n t e r to 

m a k e s t e p w i s e changes i n s t i m u l u s s e t t i n g s by o p e r a t i n g a p a n e l of 

m i c r o s w i t c h e s and w h i c h , w h e n a p p r o p r i a t e , r e c o r d e d on the c o m p u t e r 

the n u m b e r of s teps by w h i c h the m o t o r s h a d been m o v e d . 

F i r s t l y , the p o s i t i o n of each b l i n d was f o u n d w h i c h gave the l e a s t 

s t i m u l u s a t t e n u a t i o n i . e the m a x i m u m e n e r g y r e a d i n g f o r any 

p a r t i c u l a r w a v e l e n g t h . T h i s p o s i t i o n was m a r k e d on the o p t i c a l 

a p p a r a t u s and was the ' z e r o ' s e t t i n g f r o m w h i c h a l ] subsequent b l i n d 

a d j u s t m e n t s w e r e m a d e . 

N e x t the s t i m u l u s a t t e n u a t i o n n e c e s s a r y to g i v e a s p e q t r u m of 

equa l s u b j e c t i v e b r i g h t n e s s f o r a p i g e o n w a s f o u n d , u s i n g s p e c t r a l 

s e n s i t i v i t y data t a k e n f r o m the e l e c t r o r e t m o g r a p h i c s tudy r e p o r t e d 

i n E x p e r i m e n t I I o f the p r e v i o u s c h a p t e r S ince , i n sp i t e o f t r y i n g 

to m a t c h the t » ' o channe l s of the o p t i c a l s y s t e m , m o r e e n e r g y w a s 

g e n e r a l l y a v a i l a b l e on k e y 1 than on k e y 2, a t t e n u a t i o n s e t t i ngs f o r 

each c h a n n e l w e r e c a l c u l a t e d i n d e p e n d e n t l y . 

C a l i b r a t i n g f i r s t the k e y 2 s t i m u l i , f o r w h i c h l e a s t e n e r g y was 

a v a i l a b l e , the m a x i m u m t h e i m o p i l e p o t e n t i a l , w i t h the b l i n d set i n the 

z e i o p o s i t i o n , was m e a s u r e d f o r a 380 n m s t i m u l u s . A t tha t w a v e l e n g t h 

s t i m u l u s e n e r g y was r e l a t i v e l y l o w as i s the s e n s i t i v i t y of the p i g e o n ' s 
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e y e . The t h e i m o p i l e ' s v o l t a g e ou tpu t , d i r e c t l y p i o p o r t i o n a l to s t i m u l u s 

e n e r g y , was r e c o r d e d i n t e r m s of c e n t i m e t r e s d e f l e c t i o n of the B i o m a c 

t r a c e . 

A t t e n u a t i n g a l l o the r s t i m u l u s w a v e l e n g t h s u n t i l the t h e r m o p i l e 

p o t e n t i a l m a t c h e d tha t o b t a i n e d w i t h the 380 n m s t i m u l u s w o u l d g i v e 

an equa l e n e r g y s p e c t r u m T h e r e f o r e , to p r o d u c e a s p e c t r u m of equa l 

s u b j e c t i v e b r i g h t n e s s , f a c t o r s w e r e c a l c u l a t e d , f r o m the s e n s i t i v i t y 

data , by w h i c h the t h e r m o p i l e ' s ou tpu t a t 380 n m had to be a d j u s t e d 

f o r o t h e r w a v e l e n g t h s e t t i n g s . H a v i n g c a l c u l a t e d the d e s i r e d e n e r g y 

r e a d i n g s f o r o t h e r w a v e l e n g t h s a t 10 n m i n t e r v a l s be tween 360 and 

660 n m , the b l i n d s e t t i n g s w h i c h w o u l d g i v e these e n e r g y m e a s u r e s 

w e r e f o u n d e m p i r i c a l l y a t each w a v e l e n g t h the b l i n d was m o v e d 

s t e p w i s e by the e x p e r i m e n t e r u n t i l the r e q u i r e d d e f l e c t i o n r e a d i n g 

on the B i o m a c was o b t a i n e d . A b o v e 600 n m a U V b l o c k i n g f i l t e r 

( W i a t t e n 2B) was u sed to s u p p r e s s second o r d e r w a v e l e n g t h s , c a l i 

b r a t i o n s a t these l o n g e r w a v e l e n g t h s w e r e m a d e w i t h the f i l t e r i n 

p o s i t i o n . 

A f t e r the c o r r e c t b l i n d s e t t i n g h a d been f o u n d a t each w a v e l e n g t h , 

the w a v e l e n g t h a n d the n u m b e r o f s teps by w h i c h the b l i n d h a d been 

m o v e d a w a y f r o m i t s z e r o p o s i t i o n w e r e r e c o r d e d on the c o m p u t e r . 

F o r k e y 1, a b l i n d p o s i t i o n a l s o had to be f o u n d w h i c h a t t e n u a t e d 

the 380 n m s t i m u l u s o n t h i s k e y so t ha t i t was of equa l e n e r g y , and 

thus o f equa l b r i g h t n e s s , to the 380 n m s t i m u l u s on k e y 2 . A t a l l 
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B l i n d p o s i t i o n s } measured a t 10 run i n t e r v a l s , which gave a spectrum 

of equal s u b j e c t i v e luminance f o r a pigeon on b o t h response k e y s . 

The o r d i n a t e shows the number o f steps by which each b l i n d has been 

moved away f rom i t s m i l i a l ' z e r o 1 p o s i t i o n , a t which s t imulus 

a t t e n u a t i o n was minimalo 

© 9 = s e t t i n g s f o r b l i n d 1 ( B L ^ ) , a t t e n u a t i n g 

s t i m u l i on key 1 (RK^) 

O O = s e t t i n g s f o r b l m d 2 ( B L ^ ) , a t t e n u a t i n g 

s t i m u l i on key 2 (RK 0 ) 
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o t h e i w a v e l e n g t h s , b l i n d s e t t i ngs w e r e f o u n d w h i c h w o u l d g i v e a 

s p e c t r u m of equal s u b j e c t i v e b r i g h t n e s s , u s i n g the e n e r g y va lues 

w h i c h h a d been c a l c u l a t e d f o r k e y 2 s t i m u l i . B y t h i s p r o c e d u r e , 

s t i m u l i of the same w a v e l e n g t h s h o u l d a l so be o f equa l b r i g h t n e s s 

on the two k e y s . Once m o r e , w a v e l e n g t h s and a p p r o p r i a t e b l i n d 

s e t t i n g s w e r e r e c o r d e d on the c o m p u t e r . 

Subsequen t ly , a c o m p a r i s o n be tween the t w o k e y s was m a d e 

by the e x p e n m e n t e r w h e n bo th s t i m u l i w e r e o f the same w a v e l e n g t h s , 

a t 10 n m i n t e r v a l s . B l i n d s e l t m g s f o r each w a v e l e n g t h w e r e t aken 

f r o m the above c a l i b r a t i o n p r o c e d u r e but , i n s t e a d of m a t c h i n g m 

b r i g h t n e s s , a t some w a v e l e n g t h s t h e r e w e r e s l i g h t d i s c r e p a n c i e s m 

the b r i g h t n e s s o f the two s t i m u l i . A t these w a v e l e n g t h s , f i n e a d j u s t 

m e n t s w e r e m a d e to the b l i n d p o s i t i o n s u n t i l the b r i g h t n e s s o f a 

p a r t i c u l a r w a v e l e n g t h on the two k e y s a p p e a r e d equa l t o the e x p e r i 

m e n t e r . W h e r e d i s c r e p a n c i e s had o c c u r i e d the b r i g h t n e s s d i f f e r e n c e 

be tween s t i m u l i was ^ 0 2 l o g u n i t s 

A f t e r these a d j u s t m e n t s , a g r a p h was d r a w n of the b l i n d s e t t i n g s 

a t the w a v e l e n g t h s c a l i b r a t e d f o r each k e y ( F i g . 3 ) . U s i n g t h i s g r a p h , 

v a l u e s w e r e i n t e r p o l a t e d to g i v e b l i n d s e t t i ngs a t 1 n m i n t e r v a l s be tween 

360 and 660 n m . These va lue s w e r e s t o r e d on the c o m p u t e r so t ha t , 

d u r i n g the d i s c r i m i n a t i o n e x p e r i m e n t , f o r e v e r y w a v e l e n g t h on each 

k e y , a c o n espond ing b l i n d p o s i t i o n c o u l d be set up w h i c h w o u l d equate 

the b r i g h t n e s s of d i f f e r e n t s p e c t r a l s t i m u l i to the p i g e o n ' s eye . A s an 
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Number of steps 

A t t e n u a t i o n f u n c t i o n o f b l i n d , measured m terms o f l o g u n i t 
a t t e n u a t i o n o f s t imulus energy per number o f steps by which b l i n d 
has been moved f rom i t s i n i t i a l ' z e r o 1 p o s i t i o n a 

From t i n s graph, the number o f steps were c a l c u l a t e d which 
would p rov ide an a t t e n u a t i o n increment o f 0 o l l o g u n i t s f o r any 
b l i n d s e t t i n g . For example, where the a t t e n u a t i o n f u n c t i o n i s o f 
low s lope , increment va lues were c a l c u l a t e d f o r every 25 steps o f 
b l i n d movement. Thus a t the zero b l i n d p o s i t i o n , a d d i t i o n a l 
a t t e n u a t i o n o f 0.1 l o g u n i t s i s g iven by moving the b l i n d by 100 
s t eps . A t 25 s teps , an a d d i t i o n a l movement o f 90 steps w i l l 
increment a t t e n u a t i o n by the same amount. As the f u n c t i o n * s slope 
becomes s teeper , a f t e r 350 s teps , 0.1 l o g u n i t increments were 
c a l c u l a t e d a t 10-step i n t e r v a l s . The same step increment va lues 
were assigned t o a l l i n t e r v e n i n g b l i n d p o s i t i o n s w i t h m the 25- or 
10-step i n t e r v a l s . 

=0.1 l o g u n i t increase m a t t e n u a t i o n 

= number o f steps r e q u i r e d t o produce t h i s 
i nc rease , a t a p a r t i c u l a r b l i n d p o s i t i o n . 
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i n d i c a t i o n of the l u m i n a n c e l e v e l s u s e d , the l u m i n a n c e of a 580 n m 

s t i m u l u s , w h e n a t t e n u a t e d b y the b l i n d , was 5 . 4 m L , as m e a s u r e d 

by an S E I p h o t o m e t e r . 

W h i l e these c a l i b r a t i o n p r o c e d u r e s s h o u l d have been adequate 

to p r o v i d e s p e c t r a l s t i m u l i , a l l o f the same p i g e o n l u m i n a n c e , a 

p r e c a u t i o n was t a k e n to ensu re tha t b r i g h t n e s s d i f f e r e n c e s c o u l d n o t 

be u s e d as a d i s c r i m i n a t i o n cue . D u r i n g the e x p e r i m e n t the a t t e n u a t i o n 

of one s t i m u l u s ( s o m e t i m e s the p o s i t i v e and s o m e t i m e s the n e g a t i v e 

s t i m u l u s ) was i n c r e a s e d by a p p r o x i m a t e l y 0 .1 l o g u n i t s on r a n d o m t r i a l s . 

B e f o i e c a l c u l a t i n g the b l i n d va lue s t ha t w o u l d p r o v i d e these a t t e n u a t i o n 

i n c r e m e n t s , the a t t e n u a t i o n f u n c t i o n o f the b l i n d s was m e a s u r e d at a 

h i g h e n e r g y w a v e l e n g t h (520 n m ) . The d e c r e a s e , i n l o g u n i t s , o f the 

t h e r m o p i l e p o t e n t i a l was m e a s u r e d as the b l i n d was m o v e d by i n t e r v a l s 

of 25 s teps f r o m the z e r o p o s i t i o n . * 

F r o m the p l o t o f l o g a t t e n u a t i o n v e r s u s n u m b e r of s teps the b l i n d 

h a d m o v e d , a d d i t i o n a l a t t e n u a t i o n va lues of 0 .1 l o g u n i t s c o u l d be 

w o r k e d out f o r v a r i o u s b l i n d p o s i t i o n s ( F i g . 4 ) . W h e r e the a t t e n u a t i o n 

f u n c t i o n was of l o w s lope (be tween 0 and 350 s t eps ) , the n u m b e r of 

a d d i t i o n a l s tep m o v e m e n t s n e c e s s a r y to p r o v i d e equa l i n c r e m e n t s o f 

a t t e n u a t i o n w e r e c a l c u l a t e d a t i n t e r v a l s o f 25 s teps . F o r e x a m p l e , 

w h e n the b l i n d was set m i t s i n i t i a l z e r o p o s i t i o n , i t h a d to be m o v e d 

b y 100 s teps i n o r d e r to i n c r e a s e the s t i m u l u s a t t e n u a t i o n by 0 .1 l o g 

u n i t s , a t a b l i n d s e t t i n g o f 25 s teps , a f u r t h e r 90 steps w o u l d i n c r e a s e 

the a t t e n u a t i o n by t h i s a m o u n t . Since the changes i n the i n c i e m c n c a l 

s tep va lues a t s u c c e s s i v e i n t e r v a l p o i n t s w e r e s m a l l , the s ame s tep 
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i n c r e m e n t was a s s i g n e d to a l l b l i n d s e t t i ngs w i t h i n the 25 step 

i n t e r v a l . 

F o r b l i n d s e t t i ngs g r e a t e r t han 350 s teps , w h e r e the a t t e n u a t i o n 

f u n c t i o n had a s t eeper s lope , s i m i l a r c a l c u l a t i o n s f o r i n c r e m e n t a l 

a t t e n u a t i o n va lue s w e r e p e r f o r m e d a t 10-s tep i n t e r v a l s . F o r e x a m p l e , 

f o r a l l b l i n d s e t t i n g s be tween 350 and 359 s teps , an a d d i t i o n a l m o v e m e n t 

of the b l i n d by 40 s teps w o u l d i n c r e a s e a t t e n u a t i o n by 0 1 l o g u n i t s . 

T o c h e c k the a c c u r a c y o f these c a l c u l a t i o n s , s t i m u l i w e r e s u b 

s e q u e n t l y set up on bo th k e y s w h i c h w e r e of the s ame w a v e l e n g t h and 

w e r e b o t h a t t enua t ed by an a d d i t i o n a l 0 .1 ] o g u n i t s to the a t t e n u a t i o n 

va lue s w h i c h h a d p r e v i o u s l y been f o u n d to g i v e a good b r i g h t n e s s 

m a t c h . The b r i g h t n e s s m a t c h e s a t each w a v e l e n g t h s t i l l a p p e a r e d to 

be s a t i s f a c t o r y to the e x p e r i m e n t e r 

4 

F r o m the v a r i o u s c a l i b r a t i o n p r o c e d u r e s , data w e r e o b t a i n e d and 

s t o r e d on the c o m p u t e r so tha t d u u n g the e x p e r i m e n t b o t h the w a v e l e n g t h 

and a t t e n u a t i o n o f the s t i m u l u s p r e s e n t e d on each r e s p o n s e k e y c o u l d be 

f i n e l y c o n t r o l l e d F o r each w a v e l e n g t h v a l u e t h e r e was an a s s o c i a t e d 

b l i n d s e t t i n g , c a l c u l a t e d to equate the b r i g h t n e s s of a l l s t i m u l i f o r 

the p i g e o n eye I n a d d i t i o n , f o r each b l i n d s e t t i n g , va lues w e r e 

a v a i l a b l e w h i c h a l l o w e d an equa l a t t e n u a t i o n i n c r e m e n t to be a p p l i e d 

r a n d o m l y to e i t h e r s t i m u l u s . 

P r o c e d u r e 

Sequence of events i n S k i n n e r box 

The c o m p u t e i - c o n t r o l l e d sequence of even t s , d u r i n g a t r a i n i n g 

o r t e s t i n g s e s s ion , i s s u m m a r i s e d i n F i g . 5 



Initial stimuli 
set up by motors 

$ Platform depressed 

Shutters opened 
Stimuli presented 

Add/subtract 
RF schedule 

Key pecks 

Shutters closed 
Stimuli occluded 

I* sees 
Hopper time 

Ceiling 
light on 

U sees timeout 
Ceiling light on 

New stimuli set 
up by motors 
or equivalent 
timing sequence 

Ceiling 
tight on 

Sequence of events in Skinner box 

F i g . 5 
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A t the b e g i n n i n g of each s e s s i o n the m o n o c h r o m a t o r s w e r e set 

u p to the i n i t i a l p o s i t i o n s of the p r e d e t e r m i n e d p o s i t i v e and n e g a t i v e 

w a v e l e n g t h s and the b l i n d s w e r e r o t a t e d to g i v e a t t e n u a t i o n a p p r o p r i a t e 

to these w a v e l e n g t h s . Once the s t i m u l u s p o s i t i o n s had been r e a c h e d 

and the b i r d h a d d e p r e s s e d the f l o o r p l a t f o r m , o p e r a t i n g a c o n c e a l e d 

m i c r o s w i t c h , the s h u t t e r s opened a n d the s t i m u l i a p p e a r e d on the 

r e s p o n s e k e y s . 

A s i n the e a r l i e r d i s c r i m i n a t i o n e x p e i i m e n t s , p e c k i n g b e h a v i o u r 

was r e i n f o r c e d on an ' a d d / s u b t r a c t ' s chedu le , i n w h i c h r e i n f o r c e m e n t 

was g i v e n f o l l o w i n g 5 c o n s e c u t i v e pecks to one k e y I f the b i r d changed 

i t s p e c k i n g f r o m one k e y to the o t h e r b e f o r e a r u n of 5 pecks h a d been 

c o m p l e t e d , the f i r s t r e sponse s had to be c a n c e l l e d by m a k i n g the s ame 

n u m b e r of pecks to the second k e y i n a d d i t i o n to 5 m o r e c o n s e c u t i v e 

p e c k s . A l s o , i f a t o t a l of 10 pecks h a d been m a d e to e i t h e r k e y , the 

a d d / s u b t r a c t schedu le was o v e r r i d d e n and p o s i t i v e and n e g a t i v e r e 

i n f o r c e m e n t f o l l o w e d the 10th p e c k . 

A f t e r a r u n of r e sponse s w a s c o m p l e t e d , the s h u t t e r s c l o s e d to 

o c c l u d e the s t i m u l i and a r e i n f o r c e m e n t p e r i o d s t a r t e d C h o i c e o f 

the p o s i t i v e s t i m u l u s was f o l l o w e d by 4 sees access to f o o d and i n 

c o r r e c t r e s p o n d i n g by 4 sees i l l u m i n a t i o n of the c e i l i n g l i g h t . 

P r e s e n t a t i o n o f p o s i t i v e and n e g a t i v e s t i m u l i on r i g h t o r l e f t 

k e y s was s e m i - r a n d o m l y a l t e r n a t e d u s i n g a G e l l e r m a n n sequence 

I m m e d i a t e l y the r e i n f o r c e m e n t p e r i o d began , new s t i m u l u s p o s i t i o n s 
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w e r e set up by o p e r a t i o n of the s t epper m o t o r s ( i f the p o s i t i o n s o f 

p o s i t i v e and n e g a t i v e s t i m u l i w e r e i n t e r c h a n g e d , i f the n e g a t i v e 

w a v e l e n g t h was a l t e r e d , o r i f the a t t e n u a t i o n of one o f the s t i m u l i 

was i n c r e m e n t e d by 0 .1 l o g u n i t s on the subsequent t r i a l ) . I f , 

i n s t e a d , the s t i m u l u s va lue s and p o s i t i o n s w e r e to r e m a i n the same 

on the n e x t t r i a l , a t i m i n g sequence s t a r t e d c o n c u r r e n t l y w i t h the 

b e g i n n i n g of the r e i n f o r c e m e n t p e r i o d T h i s a l l o w e d f o r a t i m e 

p e r i o d w h i c h was a p p r o x i m a t e l y equal i n d u r a t i o n to the t i m e r e 

q u i r e d f o r the m o t o r s to set up new s t i m u l i . ( T h i s m o s t l y c o n s i s t e d 

of the t i m e t aken to d r i v e the m o n o c h r o m a t o r s ) . S ince the m o t o r s 

o p e r a t e d a t a cons t an t speed, t h i s t i m e depended on the w a v e l e n g t h 

d i f f e r e n c e be tween p o s i t i v e and n e g a t i v e s t i m u l i . Thus the b i r d 

c o u l d have no cues f a o m d i f f e r e n c e s m the d u r a t i o n of i n t e r - t r i a l 

i n t e r v a l s as to w h i c h s ide the p o s i t i v e o r n e g a t i v e s t i m u l u s w o u l d 

appear on the n e x t t r i a l . 

I f the w a v e l e n g t h d i f f e r e n c e was s m a l l , the new s t i m u l u s p o s i t i o n s 

w o u l d be r e a c h e d ( o r the t i m i n g sequence c o m p l e t e d ) w i t h i n the 4 sees 

r e i n f o r c e m e n t p e r i o d H o w e v e r , i f the w a v e l e n g t h d i f f e r e n c e w a s 

l a r g e and m o r e than 4 sees w e i e needed i n w h i c h to change the s t i m u l i , 

the c e i l i n g l i g h t c a m e on (o r r e m a i n e d on) a f t e r the 4 sees a l l o w e d 

f o r the r e i n f o r c e m e n t p e r i o d had e l a p s e d . 

When the new s t i m u l u s p o s i t i o n s had been set up (o r the e q u i v a l e n t 

t i m e p e r j o d c o m p l e t e d ) and the b i r d h a d d e p r e s s e d the f l o o r p l a t f o r m , 

the n e x t t r i a l \v?s c o m m e n c e d by r e - o p e n i n g the s h u t t e i s to r e v e a l 

the s t i m u l i on the k e y s . 
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Data r e c o r d i n g 

E x p e r i m e n t a l da ta w e r e r e c o r d e d o n - l i n e on a c o m p u t e r p r i n t o u t . 

F o l l o w i n g each t u a l a r e c o r d was made o f the p o s i t i v e and n e g a t i v e 

w a v e l e n g t h va lues and w h e t h e r p o s i t i v e o r n e g a t i v e r e i n f o r c e m e n t h a d 

been g i v e n , as w e l l as o the r i n f o r m a t i o n m o n i t o r i n g s t i m u l u s p r e 

s e n t a t i o n , e. g . s ide on w h i c h the p o s i t i v e s t i m u l u s a p p e a r e d ( r i g h t 

o r l e f t k e y ) , a d d i t i o n of a t t e n u a t i o n i n c r e m e n t to one s t i m u l u s . A f t e r 

e v e r y t e n t h t r i a l , the n u m b e r of c o r r e c t c h o i c e s m a d e on the p r e v i o u s 

10 t r i a l s w a s p r e s e n t e d . 

A t the end of each s e s s i o n a s u m m a r y t a b l e of r e s u l t s was p r i n t e d 

out g i v i n g the w a v e l e n g t h va lue s and n u m b e r of c o r r e c t c h o i c e s f o r 

each b l o c k of 10 t r i a l s . 

T r a i n i n g and t e s t s e s s ions 

A t o t a l o f 29 e x p e r i m e n t s w e r e c o m p l e t e d on the 4 s u b j e c t s . ( A n 

e x p e r i m e n t h e r e m e a n s the c o m p l e t e p r o c e d u r e w h i c h y i e l d e d t h r e s 

h o l d data f o r one p a r t i c u l a r p o s i t i v e w a v e l e n g t h , t e s t e d on an i n d i v i d u a l 

s u b j e c t . ) A b o u t two t h i r d s of the t h r e s h o l d r e s u l t s w e r e c o l l e c t e d f r o m 

2 b i r d s One o t h e r a n i m a l v i r t u a l l y ceased r e s p o n d i n g a f t e r 5 e x p e r i 

m e n t s , i n sp i t e of b e i n g adequa te ly f o o d d e p u v e d , w h i l e the f o u r t h 

b i r d b e c a m e o v e r w e i g h t s e v e r a l t i m e s . When m a p r e s u m a b l y l e s s 

m o t i v a t e d s ta te , t h i s a n i m a l ' s r e s p o n s e l a t e n c i e s became v e r y l e n g t h y 

and i t s r e s p o n s e p a t t e r n was h i g h l y e r r a t i c I f t h i s happened , t e s t 

s e s s ions w e r e t e r m i n a t e d b e f o r e c o m p l e t i o n a n d the a n i m a l was d e p r i v e d 

f o r a f e v days , but i t t hen took l o n g e r to c o l l e c t l c s u l t s . 
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T h r e s h o l d s w e r e t e s t e d a t w a v e l e n g t h s t h r o u g h o u t the s p e c t r u m , 

b e t w e e n 360 and 660 n m , w i t h the n e g a t i v e w a v e l e n g t h b e i n g s o m e t i m e s 

l o n g e r and s o m e t i m e s s h o r t e r than the p o s i t i v e w a v e l e n g t h , as i n the 

f u s t w a v e l e n g t h d i s c r i m i n a t i o n s tudy I n tha t i n v e s t i g a t i o n , p r e s e n t 

a t i o n o r d e r o f the t h i e s h o l d t e s t s had a p p e a r e d u n i m p o r t a n t a n d s ince 

the s u b j e c t s w e r e by t h i s t i m e w e l l p r a c t i s e d i n c o l o u r d i s c r i m i n a t i o n 

t a s k s , the o r d e r of p r e s e n t a t i o n i n t h i s s tudy was d e s i g n e d , as f a r as 

p o s s i b l e , to r e d u c e p r o b l e m s of r e v e r s a l l e a r n i n g . 

T o m e a s u r e w a v e l e n g t h d i s c r i m i n a t i o n t h r e s h o l d s , two types o f 

e x p e r i m e n t a l s e s s i o n w e r e u sed -

1) E a c h new e x p e r i m e n t s t a r t e d w i t h a t r a i n i n g s e s s i o n . I n t h i s 

t y p e o f s e s s i o n , c o n s i s t i n g o f 50 t r i a l s , the p o s i t i v e and n e g a t i v e 

w a v e l e n g t h v a l u e s , d i f f e r i n g by 50 - 80 n m , r e m a i n e d c o n s t a n t . One 

s e s s i o n l a s t e d f o r abou t 20 m m s . T r a i n i n g sess ions w e r e r e p e a t e d 

u n t i l a l e a r n i n g c r i t e n o n had been r e a c h e d o f a t l e a s t 9 c h o i c e s be ing 

c o r r e c t i n each of the l a s t 2 b l o c k s of 10 t r i a l s , a l t h o u g h u s u a l l y t h i s 

c u t e r i o n was a c h i e v e d w i t h i n the i n i t i a l t r a i n i n g s e s s i o n . 

2) T r a i n i n g ses s ions w e r e f o l l o w e d by ' t i t r a t i o n ' s e s s ions of 

150 t r i a l s , t a k i n g 45 m i n s to 1 h r to c o m p l e t e D u r i n g t h i s type of 

s e s s i o n the p o s i t i v e w a v e l e n g t h was the same t h r o u g h o u t but the 

n e g a t i v e w a v e l e n g t h c o u l d change a f t e r each b l o c k of 10 t r i a l s , depend ing 

on the d i s c r i m i n a t i o n s c o r e f o r the p r e v i o u s b l o c k . W i t h i n a b l o c k o f 

10 t r i a l s both p o s i t i v e and n e g a t i v e w a v e l e n g t h va lues r e m a i n e d 
a 

c o n s t a n t . Thus m / t i t r a t i o n s e s s i o n i t was e x p e c t e d tha t the w a v e l e n g t h 
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d i f f e r e n c e w o u l d f l u c t u a t e about the d i f f e r e n c e t h r e s h o l d p o i n t and 

the d i r e c t i o n of t h i s change w o u l d be c o n t r o l l e d by the b i r d ' s r e sponse 

p a t t e r n . T h e r e f o r e i f the b l o c k s c o r e was ^ 8, the nega t i ve w a v e l e n g t h 

f o r the succeed ing 10 t u a l s was a l t e r e d so t ha t the w a v e l e n g t h d i f f e r e n c e 

on these 10 t r i a l s was d e c r e a s e d by one f i f t h ( to the n e a r e s t i n t e g e r 

value) of the w a v e l e n g t h d i f f e r e n c e on the p r e c e d i n g t r i a l s I f the 

d i s c r i m i n a t i o n s c o r e h a d been 7, the w a v e l e n g t h o f the n e g a t i v e 

s t i m u l u s r e m a i n e d the same on the n e x t t r i a l s . I f , h o w e v e r , the b l o c k 

s c o r e was ^ 6, the w a v e l e n g t h d i f f e r e n c e on the f o l l o w i n g t r i a l s w a s 

i n c r e a s e d by one f i f t h of the p r e v i o u s w a v e l e n g t h d i f f e r e n c e 

I n each e x p e r i m e n t , a s e n e s of t i t r a t i o n s e s s ions w e r e u sed , m 

the f i r s t o f w h i c h the p o s i t i v e a n d n e g a t i v e w a v e l e n g t h s w e r e i n i t i a l l y 

se t t o be the same as those e m p l o y e d i n the t r a i n i n g s e s s i o n . G e n e r a l l y , 

on the f i r s t f e w b l o c k s of t r i a l s w h e n t h e r e w e r e l a r g e w a v e l e n g t h 

d i f f e r e n c e s be tween the t w o s t i m u l i , s c o r e s o f 9 o r 10 c o r r e c t c h o i c e s 

p e r b l o c k o f 10 t r i a l s w e r e o b t a i n e d b e f o r e the t h r e s h o l d l e v e l o f 

r e s p o n d i n g was a p p r o a c h e d . I f such a ' p l a t e a u ' o f h i g h s c o r e s o c c u r e d , 

w h e r e d i s c r i m i n a t i o n was a p p a r e n t l y easy f o r m a n y of the t r i a l s a t 

the b e g i n n i n g of t h i s s e s s i o n , then the n e g a t i v e w a v e l e n g t h a t the s t a r t 

o f the second t i t r a t i o n s e s s i o n was a l t e r e d so tha t the t h r e s h o l d l e v e l 

w a s r e a c h e d m o r e q u i c k l y . The i n i t i a l w a v e l e n g t h s u sed i n the t h i r d 

t i t r a t i o n s e s s i o n w e r e s i m i l a r l y d e t e r m i n e d . I f , on the o t h e r hand , 

d u r i n g the f i r s t t i t r a t i o n s e s s i o n the i n i t i a l b l o c k s c o r e s w e r e l o w , i n 
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sp i t e of the l e a r n i n g c r i t e r i o n h a v i n g been r e a c h e d on the p r i o r 

t r a i n i n g s e s s ion , then the r e s u l t s of t h i s s e s s i o n w e r e i g n o r e d and 

the b i r d was e i t h e r g i v e n ano the r t r a i n i n g s e s s i o n o r the t i t r a t i o n 

s e s s i o n was r e p e a t e d 

R E S U L T S 

The r a w s c o r e s u sed i n the a n a l y s i s of r e s u l t s w e r e the n u m b e r s 

of c o r r e c t c h o i c e s p e r b l o c k o f 10 t r i a l s f o r a p a r t i c u l a r w a v e l e n g t h 

d i f f e r e n c e v a l u e . 

A n a l y s i s of data 
a 

O n / t i t r a t i o n s e s s ion , d i s c r i m i n a t i o n s c o r e s o f 9 o r 10 w e i e 

i n i t i a l l y ob ta ined b e f o r e f u r t h e r changes i n the w a v e l e n g t h d i f f e r e n c e 

be tween 2 s t i m u l i p r o d u c e d s c o r e s o f 8, 7, 6, e tc , above and b e l o w 

the t h r e s h o l d l e v e l I n the data a n a l y s i s , r e s u l t s w i t h i n t h i s ' p l a t e a u 1 , 

w h e r e s c o r e s of 9 o r 10 showed tha t d i s c r i m i n a t i o n cont inued to be easy, 

w e r e i g n o r e d O n l y the l a s t s c o r e of t h i s p l a t e a u s e r i e s of b l o c k s o f 

t r i a l s p lus the s c o r e s on subsequent b l o c k s w e r e c o n s i d e r e d . 

These r e s u l t s c o u l d be p l o t t e d on a g r a p h o f b l o c k s c o r e s v e r s u s 

w a v e l e n g t h d i f f e r e n c e , f o r each p o s i t i v e w a v e l e n g t h v a l u e t e s t e d . A 

l e a s t squares l i n e was then f i t t e d to these data (Sp iege l , 1972). B y 

i n t e r p o l a t i o n the w a v e l e n g t h d i f f e r e n c e t h r e s h o l d was c a l c u l a t e d f o r a 

b l o c k s c o r e o f 7, I . e the p o i n t a t w h i c h d i s c r i m i n a t i o n was 70% c o r r e c t , 

w h i c h was the t h r e s h o l d l e v e l u sed i n the f i r s t w a v e l e n g t h d i s c r i m i n a t i o n 

s tudy T h i s t h r e s h o l d , o r va lue on the X a x i s w h e n the Y a x i s v a l u e 

i s 7, i s m o s t e a s i l y and a c c u r a t e l y c a l c u l a t e d u s i n g the f o r m u l a 

T h r e s h o l d = 7 " i n t e r c e p t 
' s lope 
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Tabic 1 

Raw scores f r o m one complete t i t r a t i o n session f o r 
b i r d S3 t e s t e d a t 360 nm 

Bio civ o f P o s i t i v e Negat ive Wave! ength Dis c r i m i n a t i o n 
10 t r i a l s Wavelength Wavelength D i f f e r e n c e Score 

1 360 430 70 8 

2 360 415 55 10 

3 360 403 43 10 

4 360 394 34 10 

5 360 387 27 10 

6 360 381 21 10 

7 360 376 116 9 1 
1 

8 360 372 1 1 2 *: 
9 360 369 

1 9 • 7 1 

10 360 369 • 9 8 1 

11 360 367 , 7 6 ! 

12 360 369 ! 9 8 1 

13 360 367 1 7 7 1 

14 360 367 , 7 7 , 

15 360 367 1 7 
6 1 

The f i r s t graph i n F i g „ 6 was p l o t t e d f r o m the data 
enclosed by dashed l i n e s , the ' p l a t e a u ' o f h i g h 
scores i n the i n i t i a l b locks \<ere no t used f o r the 
t h r e s h o l d e v a l u a t i o n . 



F i g . 6 ( f a c i n g ) 

R e s u l t s of t h i r d t i t i a t j o n s e s s i o n at a l l w a v e l e n g t h s 
t e s t ed f o r S3. 

* 

D u r i n g a s e s s ion , the p o s i t i v e w a v e l e n g t h , g i v e n bes ide 
each g r a p h , s t ayed the same bu t the nega t ive w a v e l e n g t h 
c o u l d change, depend ing on the d i s c r i m i n a t i o n s co re of the 
n u m b e r o f c o i r e c t cho ices m a d e i n the p r e c e d i n g b l o c k of 
10 t r i a l s . W i t h i n each b l o c k o f 10 t r i a l s the d i f f e r e n c e be tween 
p o s i t i v e and nega t i ve w a v e l e n g t h s r e m a i n e d cons t an t E a c h 
g r a p h d i s p l a y s , f o r e v e r y b l o c k of 10 t r i a l s t ha t w e r e a n a l y s e d , 
the s c o r e f o r the c o r r e s p o n d i n g w a v e l e n g t h d i f f e r e n c e on t ha t 
b l o c k Da ta w e r e f i t t e d b y a l e a s t squa res l i n e and a t h r e s h o l d 
was c a l c u l a t e d by i n t e r p o l a t i o n w h e n the d i s c r i m i n a t i o n s c o r e 
was 7 The t h r e s h o l d va lues o b t a i n e d f r o m these g r aphs a r e 
shown b e l o w the a b s c i s s a e . 

M o r e than 2 c o i n c i d e n t data p o i n t s a r e shown b y c l o s e d 
c i r c l e s . 

Da t a f r o m w h i c h the 360 n m g r a p h was p l o t t e d a r e g i v e n 
i n T a b l e I 
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w h e r e i n t e r c e p t i s the va lue of Y w h e n X = 0 V a l u e s f o r bo th t h i s 

i n t e r c e p t va lue and the s lope o f the g r a p h w e r e o b t a i n e d i n c o m p u t i n g 

the l i n e of bes t f i t . Da ta f r o m each of the t i t r a t i o n ses s ions w e r e 

a n a l y s e d m the same w a y E x a m p l e s of the r a w s c o r e s f o r one 

c o m p l e t e t i t r a t i o n s e s s i o n a r e p r e s e n t e d i n T a b l e I The one t h r e s h o l d 

v a l u e a t 360 n m , c a l c u l a t e d f r o m these s c o r e s , t o g e t h e r w i t h t h r e s h o l d s 

c o m p u t e d f o r o t h e r s p e c t r a l p o s i t i o n s , w e r e ob t a ined f r o m g r a p h s as 

shown i n F i g . 6 

C a l c u l a t i o n of m e a n t h r e s h o l d s 

W h e n the r e s u l t s of l e p e a t e d t i t r a t i o n t e s t s a t a p a r t i c u l a r 

w a v e l e n g t h w e r e e x a m i n e d , i n the m a j o r i t y of cases t h e r e was an 

o v e r a l l d e c r e a s e i n t h r e s h o l d va lue s o v e r s u c c e s s i v e s e s s i o n s . T h i s 

d e c i e a s e was m o s t m a r k e d (about 2 - 1 2 n m ) b e t w e e n the t h r e s h o l d s 

of the f i r s t and second sess ions I n c o m p u t i n g the th resh61ds f o r 

i n d i v i d u a l s u b j e c t s , the r e s u l t s of the f i r s t t i t r a t i o n ses s ions w e r e 

t h e r e f o r e n o t used bu t an a v e i a g e was t a k e n of the t h r e s h o l d s c a l 

c u l a t e d f r o m the second and t h i r d s e s s i o n s . 

F u r t h e r m e a n t h r e s h o l d s w e r e then t aken by p o o l i n g the r e s u l t s 

o f i n d i v i d u a l s t e s t ed a t a p a r t i c u l a r p o s i t i v e w a v e l e n g t h and u n d e r the 

same s t i m u l u s c o n d i t i o n s , i . e . p o s i t i v e w a v e l e n g t h g r e a t e r than o r 

l e s s then n e g a t i v e w a v e l e n g t h A s i n the p r i o r w a v e l e n g t h d i s c r i m i n a t i o n 

s tudy , a w a v e l e n g t h d i s c r i m i n a t i o n f u n c t i o n ( F i g 7) was c o n s t r u c t e d 

by p l o t t i n g each of these m e a n t h r e s h o l d s a t a p o i n t ( X ) g i v e n by the 

f o r m u l a 
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Mean wavelength d i s c r i m i n a t i o n f u n c t i o n . 

Each mean d i s c r i m i n a t i o n t h r e s h o l d ( c a l c u l a t e d as exp la ined 

i n t e x t ) was p l o t t e d a t an absc i s sa l wavelength ("X ) g iven by 

A = s+ ± AX 
A 2 

where S+x = p o s i t i v e wavelength 

A X = mean d i s c r i m i n a t i o n t h r e s h o l d 
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Table I I 

Co-ordinates f o r mean wavelength d i s c r i m i n a t i o n f u n c t i o n 

S+ > S- < s-

X AX AX 

360 366.70 13.40 

380 386.29 12.57 

400 4 H . 4 3 22.86 

430 435.28 10.56 

460 457.97 4.07 462.25 4.50 

500 496.12 7.76 503.50 6.99 

530 532.80 5.60 

570 566.01 7.97 575.23 10.47 

595 596.87 3.74 

640 633.02 13.96 

660 646.66 26.69 4 

Sf = wavelength o f p o s i t i v e s t imu lus 
A 

S+- > S- = wavelength o f p o s i t i v e s t imu lus g r ea t e r than 

t h a t o f nega t ive s t imu lus 

S-l- < S- = wavelength o f p o s i t i v e s t imu lus l e s s than t h a t 

o f nega t ive s t imu lus 

X = a b s c i s s a l wavelength va lue m run g iven by f o r m u l a * -

A - S + A f 
A X = mean d i f f e r e n c e t h r e s h o l d i n run 

For c a l c u l a t i o n o f A X see t e x t 

Preponderance o f data f o r S-t- < S- c o n d i t i o n was due 

t o i n a b i l i t y t o o b t a i n a f u l l set o f r e s u l t s f r o m 

2 b i r d s , S9 and S10. 
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w h e r e i s the p o s i t i v e w a v e l e n g t h and A X the m e a n of the p o o l e d 

d i f f e r e n c e t h r e s h o l d s T h i s i s s i m i l a r to the w a y i n w h i c h r e s u l t s 

on the f o r m e i d i s c r i m i n a t i o n f u n c t i o n w e r e p l o t t e d a t p o i n t s m i d w a y 

be tween the v a l u e s of p o s i t i v e and n e g a t i v e w a v e l e n g t h s a t t h r e s h o l d 

The data f r o m w h i c h the w a v e l e n g t h d i s c i l m i n a t i o n f u n c t i o n was p l o t t e d 

a r e g i v e n m T a b l e I I . 

P o s t - t h r e s h o l d t e s t s o f U V d i s c r i m i n a t i o n 

S e v e i a l a d d i t i o n a l t e s t s of d i s c r i m i n a t i o n b e h a v i o u r by 2 b i r d s 

w e r e p e r f o r m e d f o l l o w i n g t i t r a t i o n ses s ions a t p o s i t i v e w a v e l e n g t h s 

of 360 and 380 n m . To the e x p e r i m e n t e r , a 380 n m s t i m u l u s a p p e a r e d 

as a v e r y d i m p u r p l i s h l i g h t w h e r e a s a 360 n m s t i m u l u s l o o k e d l i k e a 

f a i n t g r e e n i s h - w h i t e l i g h t H o w e v e r , t h i s s t i m u l u s , w h i c h w a s v e r y 

s l i g h t l y a t t enua ted by i n t e r p o s i n g an u l t r a v i o l e t b l o c k i n g f i l t e r 

( W r a t t e n 2B) i n the l i g h t - p a t h , was e l i m i n a t e d by a W r a t t e n 18A f i l t e r , 

w h i c h b l o c k s a w i d e band of ' v i s i b l e ' w a v e l e n g t h s . The a p p e a r a n c e , 

to the h u m a n eye , of a 360 n m s t i m u l u s was t h e r e f o r e a t t r i b u t e d to 

the u n a v o i d a b l e t r a n s m i s s i o n of s t r a y l i g h t by the m o n o c h r o m a t o r s . 

T h i s s t r a y l i g h t c o m p o n e n t w o u l d a l s o be p r e s e n t , bu t m a s k e d , a t a l l 

o t h e i s t i m u l u s w a v e l e n g t h s . 

The p o s t - t h r e s h o l d d i s c r i m i n a t i o n t e s t s , o f 20 t r i a l s each , a t 

u l t r a v i o l e t w a v e l e n g t h s w e r e d e s i g n e d to t e s t w h e t h e r the p i g e o n ' s 

d i s c u m i n a t i o n was based on the v i s i b i l i t y of an u l t r a v i o l e t s t i m u l u s 

( t e s t s 1 and 2) o r w h e t h e r r e s p o n d i n g was c o n t r o l l e d i n some o t h e r 

w a y e g by e x t r a n e o u s cues p r o v i d e d by o p e r a t i o n of the a p p a r a t u s 

o r by a v o i d a n c e of the n e g a t i v e s t i m u l u s ( t es t s 3 and 4) A f t e r t i t r a t i o n 

s e s s ions at 380 n m , w h i c h had been o r i g i n a l l y p a i r e d w i t h a 440 n m 
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n e g a t i v e s t i m u l u s , the f o l l o w i n g 4 t e s t s w e i e c a r r i e d out -

1) A f t e r c o r r e c t l y r e s p o n d i n g on the f u s t one or two t r i a l s , u s i n g 

the w a v e l e n g t h p a i r s 380 and 440 n m , the n e g a t i v e 440 n m s t i m u l u s 

was o c c l u d e d (by the e x p e r i m e n t e r p l a c i n g a b l a c k c a r d i n the pa th of 

the r a n d o m l y a l t e r n a t i n g i n c o r r e c t s t i m u l u s ) . The 380 n m p o s i t i v e 

s t i m u l u s was d e t e c t e d c o r r e c t l y e v e r y t i m e on the subsequent 18 o r 

19 t r i a l s 

S ince each a n i m a l r e s p o n d e d c o r r e c t l y w h e n o n l y the p o s i t i v e 

s t i m u l u s was p r e s e n t e d , i t w o u l d appear tha t t h i s u l t r a v i o l e t w a v e l e n g t h 

was v i s i b l e to the p i g e o n . 

2) The second t e s t e x a m i n e d d i s c r i m i n a t i o n be tween a 380 n m 

p o s i t i v e s t i m u l u s and an i n c o r r e c t s t i m u l u s i n w h i c h the 380 n m U V 

c o m p o n e n t had been b l o c k e d by a f i l t e r , l e a v i n g o n l y s t r a y l i g h t . The 

G e l l e r m a n n s e q u e n c e of s t i m u l u s a l t e r n a t i o n h a d p r e v i o u s l y been d e 

t e r m i n e d f o r a 2 0 - t r i a l r u n by the e x p e r i m e n t e r so t ha t the f i l t e r 

c o u l d be i n s e r t e d i n the pa th of the i n c o r r e c t s t i m u l u s b e f o r e each 

t r i a l . 

Once m o r e , w h e n o n l y the c o r r e c t s t i m u l u s on each t r i a l c o n t a i n e d 

a U V c o m p o n e n t , each b i r d m a i n t a i n e d d i s c r i m i n a t i o n , c h o o s i n g the 

380 n m s t i m u l u s on 100% of t r i a l s . 

Use of a b l o c k i n g f i l t e r w i t h a 360 n m s t i m u l u s , w h i c h to the 

h u m a n eye c o n t a i n e d no c o l o u r c o m p o n e n t , v e r y s l i g h t l y dec r ea se s 

the l u m i n a n c e of the s t r a y l i g h t . H o w e v e r , such a l u m i n a n c e d i f f e r e n c e 

a c t i n g as a d i s c i i m m a t i o n cue w o u l d be p r e v e n t e d by the r a n d o m a d d i t i o n 
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of 0 1 l o g u n i t s b l i n d a t t e n u a t i o n on one k e y T h e r e f o r e suppos ing 

the U V c o m p o n e n t d i d not c o n s t i t u t e a ' c o l o u r ' to the b i r d , d i s c r i m 

i n a t i o n i n t h i s t e s t c o u l d no t have been due to b r i g h t n e s s d i f f e r e n c e s 

a lone S i m i l a r l y i t s eems u n l i k e l y tha t d i s c r i m i n a t i o n be tween a 

380-440 n m s t i m u l u s p a i r w o u l d have been made by the b i r d u s i n g 

a b r i g h t n e s s cue and a v o i d i n g a b r i g h t n e g a t i v e s t i m u l u s i n p r e f e r e n c e 

f o r a d i m p o s i t i v e s t i m u l u s , c o m p a r a b l e to the s t r a y l i g h t s t i m u l u s . 

3) I n the above two t e s t s i t a p p e a r e d tha t u l t r a v i o l e t l i g h t 

c o n s t i t u t e s a c h r o m a t i c s t i m u l u s to w h i c h a p i g e o n i s ab le to r e s p o n d . 

I t c o u l d be, t hough , tha t the a n i m a l ' s d i s c r i m i n a t i o n b e h a v i o u r was 

based upon o t h e r n o n - v i s u a l cues a r i s i n g f r o m the e x p e r i m e n t a l 

p r o c e d u r e . T h e r e f o r e , f o r the t h i r d t e s t , a 380 n m s t i m u l u s was 

p i e s e n t e d on each of the r e s p o n s e k e y s When the 2 s t i m u l i w e r e 

i d e n t i c a l then , as expec t ed , d i s c r i m i n a t i o n b r o k e d o w n and the 

b i r d s adopted a p o s i t i o n p r e f e r e n c e i n s t e a d D i s c r i m i n a t i o n a t t h i s 

and o t h e r w a v e l e n g t h s c o u l d no t ha.ve been due at any t i m e to a r t i f a c t s 

o f the e x p e r i m e n t a l p r o c e d u r e 

4) O n the l a s t t e s t , ' t r a n s f e r of d i s c r i m i n a t i o n was t e s t e d by 

p a i r i n g a 380 n m c o r r e c t s t i m u l u s w i t h a 590 n m i n c o r r e c t s t i m u l u s . 

The p igeons had n o t p r e v i o u s l y e n c o u n t e r e d the l a t t e r w a v e l e n g t h 

d u r i n g the p r e s e n t w a v e l e n g t h d i s c r i m i n a t i o n s tudy I f the a n i m a l s 

had been b a s i n g t h e i r d i s c r i m i n a t i o n , du r ing the t h r e s h o l d t e s t i n g 

p r o c e d u r e , 6n c h o i c e o f the p o s i t i v e s t i m u l u s r a t h e r than on avo idance 

of a c l e a i n e g a t i v e s t i m u l u s , then the i n t r o d u c t i o n of t h i s new w a v e l e n g t h 



Table I I I 

Resu l t s o f p o s t - t h r e s h o l d t e s t s o f UV d i s c r i m i n a t i o n 
on two b i r d s 

St imulus c o n d i t i o n s D i s c r i m i n a t i o n score 
$ o f c o r r e c t choices 

1) 380 vs b lank 100$, 100$ 

2) 380 vs s t r a y l i g h t 

360 vs s t r a y l i g h t 

100$, 100% 
100$, 100$ 

3) 380 vs 380 
360 vs 360 

60$, 50$ 

60$, 45$ , 

4) 380 vs 590 95$, 100$ 
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s h o u l d no t have d i s r u p t e d d i s c r i m i n a t i o n , the ' c o r r e c t ' p a t t e r n of 

r e s p o n d i n g shou ld have been i m m e d i a t e l y t r a n s f e r r e d to the n o v e l 

d i s c r i m i n a t i o n s i t u a t i o n . T h i s h y p o t h e s i s was c o n f i r m e d F o r 

each a n i m a l , a c o r r e c t c h o i c e was m a d e w i t h o u t h e s i t a t i o n on the 

f i r s t t r a n s f e r t e s t t r i a l and d i s c r i m i n a t i o n was m a i n t a i n e d f o r the 

t w o b i r d s a t a l e v e l o f 95% and 100% of c o r r e c t cho ice s r e s p e c t i v e l y 

T e s t s 2) and 3) w e r e a l so c a r r i e d out a f t e r c o m p l e t i o n o f t i t r a t i o n 

se s s ions f o r a 360 n m p o s i t i v e w a v e l e n g t h . W i t h t h i s U V w a v e l e n g t h 

i n s t e a d o f the 380 n m s t i m u l u s the r e s u l t s w e r e once m o r e as e x p e c t e d . 

When a 360 n m c o r r e c t s t i m u l u s was p a i r e d w i t h a ' s t r a y l i g h t ' 

n e g a t i v e s t i m u l u s , d i s c r i m i n a t i o n b e h a v i o u r was m a i n t a i n e d , w h e r e a s 

w h e n t w o i d e n t i c a l 360 n m s t i m u l i w e r e used d i s c r i m i n a t i o n b r o k e 

d o w n . The r e s u l t s of a l l these d i s c r i m i n a t i o n t e s t s a r e s u m m a r i s e d 

i n T a b l e I I I . * 

W h i l e the above t e s t s d e m o n s t r a t e t h a t d i s c r i m i n a t i o n was based 

upon the c h o i c e o f u l t r a v i o l e t s t i m u l i , w h i c h w e r e i n some sense 

v i s i b l e , r a t h e r than upon a v o i d a n c e of some o the r c h r o m a t i c s t i m u l u s , 

o r upon n o n - v i s u a l cues , t hey do n o t exc lude the p o s s i b i l i t y tha t 

d i s c r i m i n a t i o n was m e d i a t e d by d e t e c t i o n of f l u o r e s c e n c e p r o d u c e d 

upon the o c u l a r m e d i a by u l t r a v i o l e t l i g h t . The r e s p o n s e k e y s t h e m 

se lves d i d n o t f l u o r e s c e ( T h i s c o u l d be c h e c k e d u s i n g a U V b l o c k i n g 

f i l t e r w h i c h , by e l i m i n a t i n g U V w a v e l e n g t h s , w o u l d a l s o have r e m o v e d 

any f l u o r e s c e n c e . ) B u t the a p p a r a t u s , i n w h i c h s t i m u l i w e r e d i s p l a y e d 

on two q u i t e s epa ra t e k e y s , was u n s u i t a b l e f o r t e s t i n g w h e t h e r 
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d i s c r i m i n a t i o n was based on f l u o r e s c e n c e o f b i o l o g i c a l t i s s u e s . The 

r e s u l t s of W r i g h t ' s (1972b) e x p e r i m e n t , h o w e v e r , a r g u e s a g a i n s t such 

a p o s s i b i l i t y s ince , i n h i s a p p a r a t u s , s t i m u l i w e r e j u x t a p o s e d on a 

s m a l l b i p a r t i t e f i e l d W i t h such a s t i m u l u s a r r a n g e m e n t , i n w h i c h 

bo th h a l v e s o f the f i e l d w o u l d have been v i e w e d s i m u l t a n e o u s l y , i f 

u l t r a v i o l e t l i g h t had p r o d u c e d f l u o r e s c e n c e o f o c u l a r s t r u c t u r e s , t h i s 

f l u o r e s c e n c e w o u l d have been d i f f u s e d o v e r the r e t i n a and c o u l d no t 

s e r v e as a d i s c r i m i n a t i o n cue . 

F r o m the r e s u l t s o f the c o n t r o l t es t s l i s t e d above and f r o m 

W r i g h t ' s o w n e x p e r i m e n t , i t i s c o n c l u d e d tha t u l t r a v i o l e t l i g h t c o n 

s t i t u t e s a genuine c h r o m a t i c s t i m u l u s w h i c h a p i g e o n c a n r e a d i l y 

d i s c r i m i n a t e f r o m o t h e r s t i m u l i of l o n g e r w a v e l e n g t h . 

DISCUSSION 

The w a v e l e n g t h d i s c r i m i n a t i o n f u n c t i o n 

The r e s u l t s of t h i s set o f e x p e r i m e n t s , t o g e t h e r w i t h those of 

the p r e v i o u s E R G s tudy , i n d i c a t e tha t the p i g e o n i s no t o n l y s e n s i t i v e 

to U V l i g h t bu t can a l s o d i s c i i m m a t e q u i t e w e l l be tween w a v e l e n g t h s 

w i t h i n t h i s s p e c t r a l r e g i o n . I f w a v e l e n g t h d i s c r i m i n a t i o n had been 

t e s t e d to the l i m i t s of the b i r d ' s v i s i b l e s p e c t r u m , h o w e v e r , s t e a d i l y 

i n c r e a s i n g t h r e s h o l d va lue s w o u l d be expec t ed , as a r c f o u n d a t the 

l o n g w a v e l e n g t h end of the s p e c t r u m ( F i g . 7 ) . I n s t e a d the d i s c r i m i n a t i o n 

f u n c t i o n shows an m c i e a s e f o l l o w e d by a d e c r e a s e m the s i ze of 

t h r e s h o l d s a t the s h o r t e s t w a v e l e n t h s t e s t e d . S i m i l a r l y , i n s t e a d o f 
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o b t a i n i n g a d e c i e a s e i n s e n s i t i v i t y w i t h i n the u l t r a v i o l e t r e g i o n , 

the s e n s i t i v i t y c u r v e was s t i l l r i s i n g t o w a r d s 360 n m ( c h . 4 , F i g . 9 ) . 

B o t h these f i n d i n g s w o u l d suggest tha t the p i g e o n ' s v i s i b l e r a n g e 

ex tends to s h o r t e r w a v e l e n g t h s than i t has been p o s s i b l e to t e s t 

h e r e 

I t w o u l d a l so be i n t e r e s t i n g to have f u r t h e r i n f o r m a t i o n abou t 

d i s c r i m i n a t i o n be low 360 n m to f i n d out w h e t h e r the l o w e r e d t h r e s h o l d s 

be tween about 365 and 385 n m i n f a c t c o n s t i t u t e a s u b s i d i a r y m i n i m u m 

i n the d i s c i l m i n a t i o n f u n c t i o n . T h i s m i g h t sugges t t ha t m o r e than one 

m e c h a n i s m p a r t i c i p a t e s i n U V d e t e c t i o n . 

C o m p a u n g the p r e s e n t w a v e l e n g t h d i s c r i m i n a t i o n f u n c t i o n w i t h 

the one f o u n d i n the o r i g i n a l w a v e l e n g t h d i s c r i m i n a t i o n s tudy , the 

o c c u r r e n c e of 3 m i n i m a a t 460 , 530 and 595 n m i s c o n f i r m e d ( F i g 8) 

The m o s t noticeable change be tween the two f u n c t i o n s i s in* the f l a t t e n i n g 

o f the c u r v e a t 500 n m . I n the f i r s t case t h e r e was a c l e a r peak i n the 

d i s c r i m i n a t i o n f u n c t i o n , w i t h a m a x i m u m t h r e s h o l d o f about 20 n m , 

w h e r e a s i n the l a t e r r e s u l t s t h i s peak i s f a i l e s s p r o n o u n c e d and the 

m a x i m u m t h r e s h o l d v a l u e i s o n l y about 8 n m O v e r m u c h of the r e s t 

o f the s p e c t r u m t h e i e a r e no t such m a r k e d d i s c r e p a n c i e s be tween 

t h r e s h o l d va lues a t c o m p a r a b l e po in t s on the two f u n c t i o n s . Because 

o f t h i s i t s eems u n l i k e l y tha t t h i s d i s c r e p a n c y c o u l d be due to d i f f e r e n c e s 

i n the p r o c e d u r e s used to o b t a i n r e s u l t s 
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The o v e r a l l a g r e e m e n t be tween the two f u n c t i o n s a l so shows t ha t 

o m i t t i n g to s u p p r e s s any U V w a v e l e n g t h s i n the f i r s t e x p e n m e n t m a d e 

v e r y l i t t l e d i f f e r e n c e to the m a j o r f e a t u r e s of the d i s c r i m i n a t i o n 

f u n c t i o n . B u t o n l y the l o n g e i w a v e l e n g t h s , above about 600 n m , 

w o u l d have been c o n t a m i n a t e d by p o s s i b l y v i s i b l e second o r d e r c o m 

ponen t s . I f the a p p a r e n t c o l o u r o f these w a v e l e n g t h s had been a l t e r e d 

b y t h i s c o n t a m i n a t i o n , t h i s m i g h t e x p l a i n the s l i g h t i n f l e c t i o n seen 

a t about 630 n m i n the f i r s t w a v e l e n g t h d i s c r i m i n a t i o n f u n c t i o n . B u t 

u n f o r t u n a t e l y t h e r e was i n s u f f i c i e n t data w i t h i n t h i s p a r t of the s p e c t r u m 

to t e s t t h i s h y p o t h e s i s i n the second r l i s c r i m m a t i o n s tudy . 

I n c h 2 the r e s u l t s of s e v e i a l s tud ies r e l a t e d to w a v e l e n g t h 

d i s c r i m i n a t i o n w e r e c o l l a t e d and i t was n o t i c e d t h a t some a u t h o r s 

r e p o r t t ha t the r e g i o n of bes t d i s c r i m i n a t i o n t o w a r d s the ' b l u e ' end o f 

the s p e c t r u m i s c e n t r e d a t 500 n m w h i l e m o t h e r cases the r e s u l t s 

i n d i c a t e a t h r e s h o l d m i n i m u m a t 460 n m i n s t e a d . A n a t t e m p t to 

c o r r e l a t e t h i s d i f f e i e n c e w i t h s t i m u l u s l u m i n a n c e l e v e l s u s e d i n the 

v a r i o u s e x p e r i m e n t s l e d to e q u i v o c a l c o n c l u s i o n s bu t any c o i r e l a t i o n 

t ha t m i g h t have e x i s t e d w o u l d have been c o n f o u n d e d by the l a c k o f 

s t a n d a r d i s a t i o n i n c o n d i t i o n s of s t i m u l u s p r e s e n t a t i o n and t e s t i n g 

p r o c e d u r e . S ince t h e r e was a c l o s e s i m i l a r i t y i n s t i m u l u s p r e s e n t a t i o n 

f o r the t w o w a v e l e n g t h d i s c r i m i n a t i o n s tud ie s d i s c u s s e d h e r e and a l s o 

t e s t i n g p r o c e d u r e s w e r e based upon the same p r i n c i p l e s , a r e c o n s i d -

e i a t o n o f the e f f e c t of s t i m u l u s l u m i n a n c e m a y be m o r e w o r t h w h i l e . 

S t i m u l u s l u m i n a n c e i n the f i r s t e x p e r i m e n t was about ] 6 m L at 
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Table IV 

Tl i rcsholds c a l c u l a t e d f r o m each t i t r a t i o n sessxon i n 
extended s c r i e s of t e s t s 

Threshold va lues m nm 

Session S3 S7 S7 
Number = 660 nm = 640 nm = 660 nm 

1 33.06 25.39 32.55 

2 25.35 18.57 36.18 

3 20.60 12.61 24.61 

4 20.49 14.28 16.27 

5 17.62 

6 12o33 

Each t h r e s h o l d f o r S3 was c a l c u l a t e d f r o m graphs 
d i s p l a y e d i n F i g . 9 



Session Session 10 10 

8 8 

1 ' 36 UO i — i 1 1 1 1 1 

2L 28 32 
16 28 

33 06 2019 10 10 

8 8 

i 1 1 1—i 

18 22 f r 38 30 3L 22 26 
2535 1762 

10 10 

8 8 

r i 
I 2i, 28 - i IT r 

10 | H 18 16 
20 60 12 33 

Wavelength difference in nm 

F i g . 9 

Resul t s o f extended t i t r a t i o n t e s t i n g on S3 a t a p o s i t i v e 
wavelength o f 660 nm. There i s a steady decrease i n the t h r e s h o l d 
va lue c a l c u l a t e d f rom sessions 1 t o 6, There i s a l so an o v e r a l l 
decrease i n the range o f wavelengths w i t h i n which the nega t ive 
s t imulus v a r i e s ( i n d i c a t e d by the absc i s sa l wavelength d i f f e r e n c e 
numbers) . But the range o f wavelengths does no t v a r y c o n s i s t e n t l y 
between successive sessions nor i s there any progress ive change 
i n the slope o f the graph, which might have i n d i c a t e d a more f i n e l y 
c o n t r o l l e d d i s c r i m i n a t i o n performance. 
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560 - 580 n m w h i l e l u m i n a n c e a t 580 n m i n the second s tudy was 

5 . 4 m L The f l a t t e n i n g o f the d i s c r i m i n a t i o n c u r v e a t 500 n m 

( F i g 8) m a y r e p r e s e n t a s i t u a t i o n m i d w a y i n the p r o g r e s s i v e change 

o v e r f r o m the o c c u r r e n c e of a 460 n m m i n i m u m to one a t 500 n m , 

(see c h . 2, F i g 8) I f t h i s i s the case then i t m u s t be c o n c l u d e d 

f r o m t h i s r e s e a r c h tha t a d e c r e a s e i n l u m i n a n c e p r o d u c e s a s h i f t 

i n the m i n i m u m t o w a r d s l o n g e r w a v e l e n g t h s T h i s w o u l d c o n c u r 

w i t h B l o u g h ' s (1972) r e p o r t o f a s h i f t t o w a r d s l o n g e r w a v e l e n g t h s 

i n a 600 n m g e n e r a l i s a t i o n g r a d i e n t as l u m i n a n c e was d e c r e a s e d 

I t i s n o t c l e a r though w h a t u n d e r l y i n g m e c h a n i s m s i n the a v i a n v i s u a l 

s y s t e m m i g h t m e d i a t e such s h i f t s . 

M e t h o d o l o g i c a l c o n s i d e r a t i o n s 

I t has a l r e a d y been m e n t i o n e d tha t t h e r e was o f t e n an o v e r a l l 

d e c r e a s e i n the t h r e s h o l d va lues c a l c u l a t e d f r o m s u c c e s s i v e t i t r a t i o n 

se s s ions a t a p a r t i c u l a r w a v e l e n g t h . I n t h r e e cases an ex tended 

n u m b e r of t i t r a t i o n t e s t s w e r e g i v e n and the t h r e s h o l d s c a l c u l a t e d 

f r o m each o f these s e s s ions a r e se t out m T a b l e I V . These r e s u l t s 

i n d i c a t e tha t the d i f f e r e n c e t h r e s h o l d i s s t i l l d e c r e a s i n g even a f t e r 

6 s e s s i o n s . T h e r e i s , h o w e v e r , no c o n s i s t e n t change i n the s lope 

o f g i a p h s f r o m w h i c h t h r e s h o l d s w e r e c a l c u l a t e d ( F i g 9 ) , w h i c h 

m i g h t have been e x p e c t e d i f r e s p o n d i n g c a m e to be m o r e p r e c i s e l y 

c o n t r o l l e d by f i n e d i f f e r e n c e s i n the s t i m u l u s w a v e l e n g t h s . I n s t e a d 

i m p r o v e m e n t m d i s c r i m i n a t i o n p e r f o r m a n c e m a y be p a r t i a l l y r e f l e c t e d 
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b y the r ange o f w a v e l e n g t h d i f f e r e n c e w i t h i n w h i c h the s t i m u l u s 

s e t t i n g s w e r e made to v a r y . L o o k i n g a t the s a m p l e r e s u l t s o v e r a l l , 

t h i s r a n g e became m o r e l i m i t e d w h e n t i t r a t i o n ses s ions w e r e r e p e a t e d 

b u t a g a i n the v a r i a t i o n i n the r ange of w a v e l e n g t h d i f f e r e n c e s w a s no t 

a p r o g i e s s i v e and c o n s i s t e n t change . I n o r d e r to get a b e t t e r e s t i m a t e 

o f the a b s o l u t e i h r e s h o l d l e v e l s tha t c o u l d be o b t a i n e d w i t h t h i s s t i m u l u s 

a r r a n g e m e n t and t e s t i n g p r o c e d u r e i t w o u l d have been p r e f e r a b l e to 

c o n t i n u e w i t h t e s t s e s s ions u n t i l the t h i e s h o l d va lues h a d s t a b i l i s e d . 

T h i s was n o t p o s s i b l e though i n the t i m e a v a i l a b l e . B u t by a l w a y s 

c o n s i d e r i n g r e s u l t s of c o r r e s p o n d i n g t i t r a t i o n s e s s ions (mean r e s u l t s 

o f the second and t h i r d s e s s ions at each w a v e l e n g t h ) , i n f o r m a t i o n about 

r e l a t i v e d i s c r i m i n a t i o n p e r f o r m a n c e a c r o s s the s p e c t r u m i s s t i l l g a i n e d 

a n d thus the r e s u l t s m a y be c o m p a r e d w i t h those f r o m o t h e r e x p e n m e n t s 

F u n c t i o n a l s i g n i f i c a n c e o f u l t r a v i o l e t d e t e c t i o n ' 

W h i l e the p i g e o n ' s d i s c r i m i n a t i o n a b i l i t i e s w i t h i n the u l t r a v i o l e t 

m i g h t t e l l us a l i t t l e m o r e about the p h y s i o l o g i c a l m e c h a n i s m s u n d e r 

l y i n g t h i s a n i m a l ' s c o l o u r v i s i o n i t i s a l s o w o r t h c o n s i d e r i n g w h e t h e r 

u l t r a v i o l e t s e n s i t i v i t y i s m e r e l y an o u t c o m e , s e r v i n g no s p e c i f i c p u r p o s e 

o f a v i s u a l s y s t e m i n w h i c h t h e r e i s no p r e - r e t m a l f i l t e u n g of the l o n g e r 

U V w a v e l e n g t h s o r i f the b i r d can a c t u a l l y m a k e some use of i t s a b i l i t i e s 

I n a w i d e v a n e t y o f a n i m a l s , i n c l u d i n g m a n , t r a n s m i s s i o n of a r ange 

o f U V w a v e l e n g t h s i s b l o c k e d by the y e l l o w p i g m e n t e d l e n s or c o r n e a 

( M u n t z , 1972) The h u m a n eye , a t l e a s t , i s s t i l l s e n s i t i v e to U V i f the 

l e n s has been l c m o v c d ( T a n , 1971). The c l e a i op t i c m e d i a of the p igeon , 

o n the o t h e i hand , t r a n s m i t U V w a v e l e n g t h s down to 320 n m ( W a l l s and 
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J u d d , 1933), a l t h o u g h these w a v e l e n g t h s m a y then be a b s o r b e d by the 

o i l - d r o p l e t s c o n t a i n e d i n the m a j o r i t y of i t s cone c e l l s . P r e s u m a b l y 

the c e l l s able to d e t e c t U V a r e those w i t h o u t d r o p l e t s , such as the r o d s 

o r the a c c e s s o r y e l e m e n t s o f the double cone p a i r s (Cohen , 1963, but 

no te t h e r e has been some c o n t e n t i o n about w h e t h e r t h i s t y p e of c e l l 

c o n t a i n s an o i l - d r o p l e t i n o t h e r a v i a n spec ies M e y e r et a l , 1965). 

I n ano the r a v i a n s p e c i e s , the h u m m i n g - b i r d , w h i c h c a n de t ec t U V 

l i g h t ( I l u t h and B u r k a r d t , 1972), i t has been sugges ted tha t the s e n s i t i v i t y 

of t h i s b i r d ' s eye i s an a d a p t a t i o n w h i c h enables i t to s e a r c h f o r f l o w e r s . 

F u r t h e r m o r e , th ib a n i m a l w o u l d be able to o r i e n t a t e i t s e l f to a n e c t a r 

s o u r c e , u s i n g ' h o n e y - g u i d e s ' , d i s t i n c t i v e p a t t e r n s r e v e a l e d w h e n some 

f l o w e r pe t a l s a r e i l l u m i n a t e d w i t h U V l i g h t . T h i s a b i l i t y has a l r e a d y 

been d e m o n s t r a t e d i n bees , w h i c h a r e a l s o U V s e n s i t i v e ( D a u m e r , 1958) . 

f 

F r o m w h a t i s k n o w n about i t s n o r m a l b e h a v i o u r i t s eems u n l i k e l y 

t h a t a p i g e o n w o u l d use i t s U V d i s c r i m i n a t i o n a b i l i t i e s m such a w a y 

to d i f f e r e n t i a t e a m o n g s t t e r r e s t r i a l cues m i t s i m m e d i a t e s u r r o u n d i n g s . 

T h e m o s t o b v i o u s s o u r c e of u l t r a v i o l e t to w h i c h a p i g e o n c o u l d r e s p o n d 

i n i t 1 , n a t u r a l e n v i r o n m e n t w o u l d be the U V c o m p o n e n t of s k y l i g h t , p r o d u c e d 

by m o l e c u l a r s c a t t e r i n g o f s u n l i g h t i n the a t m o s p h e r e . B y such s c a t t e r i n g 

p r o c e s s e s l i g h t i n the s k y a l s o b e c o m e s p o l a r i z e d . A s w a v e l e n g t h de -

c i e a s e s , the l i g h t b e c o m e s m o r e s t r o n g l y s c a t t e r e d a n d thus m o r e s t r o n g l y 

p o l a n z e d , w i t h m a x i m a l p o l a r i z a t i o n of U V w a v e l e n g t h s (Sears and 

Z c m a n s k y , 1^64) The i n t e n s i t y o f the s k y ' s p o l a r i z a t i o n p a t t e r n w i l l 

t hen be g i cate&t f o r these s h o r t e r w a v e l e n g t h s . 
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Since p igeons can both de t ec t and o r i e n t a t e t h e m s e l v e s by the a x i s 

d i r e c t i o n of l i n e a i l y p o l a r i z e d l i g h t ( D e l i u s et a l , m p r e s s , K r e i t h e n a n d 

K e e t o n , 1972), i t w o u l d a l s o be advantageous to be ab le to see w a v e l e n g t h s 

a t w h i c h the p o l a r i z a t i o n p a t t e r n i s a t i t s m o s t i n t ense Response to 

p o l a r i z e d l i g h t i s l i n k e d to s t i m u l u s c o l o u r i n a c o m p l e x w a y ( D e l i u s 

e t a l , m p r e s s ) and i s c l e a r l y n o t s p e c i f i c to U V w a v e l e n g t h s . I t i s 

t h e r e f o r e e n v i s a g e d t ha t the m e c h a n i s m s r e s p o n s i b l e f o r the s e n s i t i v i t y 

to U V w a v e l e n g t h s w i l l enhance the p i g e o n ' s a b i l i t y to d e t e c t p o l a n z a t i o n 

p a t t e r n s , w h i l e o t h e r c o l o u r m e c h a n i s m s , by r e s p o n d i n g to a l e s s e r 

ex t en t to p a r t i a l l y p o l a r i z e d s u n l i g h t of o t h e r w a v e l e n g t h s , m a y s u p p l e m e n t 

t h i s d e t e c t i o n a b i l i t y . 

I t i s a r g u e d then tha t , m t e r m s of i t s f u n c t i o n a l s i g n i f i c a n c e , the 

p i g e o n ' s s e n s i t i v i t y to U V w a v e l e n g t h s i s advantageous n o t so m u c h as 

an a d d i t i o n a l c o l o u i d i s c r i m i n a t i o n m e c h a n i s m but as a m e a n s of e x t e n d i n g 

i t s v i s u a l s p e c t r u m i n o r d e r to d e t e c t and r e s p o n d to p o l a r i z e d l i g h t , 

a cue f i equen t ly e n c o u n t e r e d i n i t s n a t u r a l e n v i r o n m e n t . 
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S i m i l a r i t i e s be tween w a v e l e n g t h and s a t u r a t i o n d i s c r i m i n a t i o n f u n c t i o n s 

Since p s y c h o p h y s i c a l r e s u l t s on c o l o u r v i s i o n a r e a l l dependent on 

the f u n c t i o n i n g of the same p o p u l a t i o n of v i s u a l m e c h a n i s m s , some 

i n t e r r e l a t i o n s h i p be tween the p s y c h o p h y s i c a l f u n c t i o n s w o u l d be 

e x p e c t e d I n m o n k e y s , f o r i n s t a n c e , the shapes of s p e c t r a l s e n s i t i v i t y 

c u r v e s , w a v e l e n g t h d i s c r i m i n a t i o n and s a t u r a t i o n d i s c r i m i n a t i o n 

f u n c t i o n s can a l l be r e l a t e d to the f u n c t i o n i n g of k n o w n opponent c e l l s 

( d r i v e n b y c h r o m a t i c s t i m u l i ) o r non -opponen t c e l l s ( r e s p o n d i n g 

e s p e c i a l l y to b r o a d b a n d a c h r o m a t i c s t i m u l i ) o r a c o m b i n a t i o n of b o t h 

(De V a l o i s and Jacobs , 1968) . These c e n t r a l u n i t s a r e t h e m s e l v e s 

s u b s e r v e d b y the d i f f e r e n t i a l l y s e n s i t i v e r e t i n a l cones A c o m p a n s o n 

of the r e s u l t s of the w a v e l e n g t h d i s c r i m i n a t i o n and s a t u r a t i o n 

e x p e r i m e n t s p e r f o r m e d on the p i g e o n w o u l d t h e r e f o i e be of p a r t i c u l a r 

i n t e r e s t i n t r y i n g to e l uc ida t e the m e c h a n i s m s tha t m a y u n d e r l i e these 

f u n c t i o n s 

The t h r e e f u n c t i o n s o b t a i n e d f r o m the w o r k d e s c r i b e d h e r e a r e 

shown i n F i g 1 A s p i e v i o u s l y m e n t i o n e d the two c u r v e s of w a v e l e n g t h 

d i s c r i m i n a t i o n t h r e s h o l d s have m i n i m a at 4 6 0 , 5 3 0 and 595 n m , w h i l e 

the c u r v e f r o m the second e x p e r i m e n t i s m o r e f l a t t e n e d than tha t f r o m 



4 5i 

50 
nm 
CO ~-\ 

30 ?. in 

20 

10 £ 

720 680 6i0 L0~0 UO i80 520 560 600 610 680 720 
Wavelength 

F i g . 1 

Comparison o f mean wavelength d i s c r i m i n a t i o n and s a t u r a t i o n 

d i s c r i m i n a t i o n f u n c t i o n s obta ined f r o m the behav iou ra l exper iments . 

= wavelength d i s c r i m i n a t i o n f u n c t i o n f r o m 

f i r s t experiment , descr ibed m c h . 2 

~ = wavelength d i s c r i m i n a t i o n f u n c t i o n f r o m 

l a s t experiment , see c h . 5 
; s a t u r a t i o n d i s c r i m i n a t i o n f u n c t i o n f r o m 

experiment descr ibed i n c h . 3 

Sca]p o f wavelength d i s c r i m i n a t i o n th resho lds i s shown on the r j . g h t 

and scale o f s a t u r a t i o n d i s c r i m i n a t i o n th re sho lds on the l e f t -

hand o r d i n a t e . 
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the f i r s t s tudy i n the r e g i o n o f 5 0 0 n m , a p o i n t a t w h i c h some o t h e r 

a u t h o r s have i n s t e a d f o u n d a s h o i t w a v e l e n g t h m i n i m u m The 

s a t u r a t i o n d i s c r i m i n a t i o n f u n c t i o n showed s e v e r a l m i n i m a , a l l of 

w h i c h w e r e d i s p l a y e d i n the r e s u l t s of i n d i v i d u a l s u b j e c t s . A l t h o u g h 

s a t u r a t i o n d i s c r i m i n a t i o n t h r e s h o l d s w e r e o n l y t e s t e d a t 2 0 n m 

i n t e r v a l s so tha t the p o s i t i o n s o f peaks and t r o u g h s i n the c u r v e m a y 

no t be v e r y p r e c i s e , these m i n i m a show an a p p r o x i m a t e a g r e e m e n t 

w i t h the f e a t u r e s of the w a v e l e n g t h d i s c i incl inat ion f u n c t i o n , 

p a r t i c u l a r l y i n the p o s i t i o n s of m i n i m a at 597 and 536 n m . A 

s u b s i d i a r y m i n i m u m a l so o c c u r s i n the s a t u r a t i o n f u n c t i o n a t 662 n m 

w h i c h m a y be r e l a t e d to an i n f l e c t i o n at about 6 3 0 n m i n one o f the 

w a v e l e n g t h d i s c r i m i n a t i o n c u r v e s Since i t was no t p o s s i b l e to m a k e 

d e t a i l e d t h r e s h o l d m e a s u r e m e n t s w i t h i n t h i s l ong w a v e l e n g t h r e g i o n i n 

the subsequent d i s c r i m i n a t i o n e x p e r i m e n t , i t i s no t c e i t a ' i n w h e t h e r 

t h i s i n f l e c t i o n was an a r t i f a c t due to d e t e c t i o n of u n s u p p r e s s e d U V 

c o m p o n e n t s o r was a r e a l f e a t u r e o i the d i s c r i m i n a t i o n c u r v e T h a t 

t h i s m a y be the case though i s sugges ted b y the f i n d i n g of a s i m i l a r 

i n f l e c t i o n i n the w a v e l e n g t h d i s c r i m i n a t i o n f u n c t i o n r e p o r t e d b y R i g g s 

et a l (1972) a n d the o c c u r r e n c e o f a m i n i m u m i n the s a t u r a t i o n 

d i s c r i m i n a t i o n f u n c t i o n 

A g r e a t e r d i s c r e p a n c y i n r e s u l t s i s seen a t the s h o r t e s t w a v e l e n g t h s . 

The 443 n m t r o u g h i n the s a t u r a t i o n f u n c t i o n appea r s to be s l i g h t l y 

d i s p l a c e d f r o m the 4 6 0 n m m i n i m u m of the w a v e l e n g t h c u r v e w h i l e a 

m o r e p i o n o u n c e d s a t u i a t i o n m i n i m u m o c c u r s a t 496 n m , c o r r e s p o n d i n g 

to a p o i n t of good w a v e l e n g t h d i s c r i m i n a t i o n r e p o r t e d i n o t h e r 
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i n v e s t i g a t i o n s and to the r e g i o n of g r e a t e s t change be tween the w a v e 

l e n g t h d i s c r i m i n a t i o n t h r e s h o l d s of the two f u n c t i o n s f o u n d h e r e 

M e a s u r e m e n t s of v i s u a l f u n c t i o n at s h o r t w a v e l e n g t h s a r e b o t h the m o s t 

d i f f i c u l t to o b t a i n and a l so the m o s t v a r i a b l e ( G r a f and N o r r e n , 1974, 

H u r v i c h and J a m e s o n , 1955}- W c a l e , 1 9 5 1 , D e l i u s , 1968) The ' b l u e ' 

s y s t c m ( s ) s eems to be p a r t i c u l a r l y a f f e c t e d b y s t i m u l u s c o n d i t i o n s 

I n the s a t u r a t i o n e x p e r i m e n t , the s u p e r i m p o s i t i o n of c h r o m a t i c s t i m u l i 

upon a d i f f u s e w h i t e b a c k g r o u n d w o u l d have p r o d u c e d a k e y s t i m u l u s 

whose o v e r a l l l u m i n a n c e was h i g h and m a y a c c o u n t f o r the m o r e 

e m p h a s i s e d m i n i m u m a t 496 n m . I t i s s u r p r i s i n g , h o w e v e r , tha t i n 

the w a v e l e n g t h d i s c r i m i n a t i o n e x p e r i m e n t a p o s s i b l e changeover f r o m 

a p r o n o u n c e d 4 6 0 n m m i n i m u m t o w a i d s the o c c u r r e n c e of a 5 0 0 n m 

t r o u g h a p p e a r s to depend on a d e c r e a s e i n s t i m u l u s l u m i n a n c e A t 

p r e s e n t i t s eems tha t a m i n i m u m m a y o c c u r a t e i t h e r s h o r t w a v e l e n g t h 

p o s i t i o n bu t the c o n d i t i o n s c o n t r o l l i n g w h i c h m i n i m u m p r e d o m i n a t e s 

a r e no t y e t c l e a r 

C lose c o r r e s p o n d e n c e s i n the p o s i t i o n s of m i n i m a i n w a v e l e n g t h 

and s a t u r a t i o n d i s c i l m i n a t i o n f u n c t i o n s a r e a l s o f o u n d i n o t h e r spec ies 

O p p o n e n t - p r o c e s s m o d e l s have been f o r m u l a t e d to q u a n t i t a t i v e l y 

accoun t f o r the f o r m s of these f u n c t i o n s . F o r i n s t a n c e , the w a v e l e n g t h 

d i s c r i m i n a t i o n f u n c t i o n s f r o m t r i c h r o m a t i c h u m a n s and m a c a q u e s show 

t w o m i n i m a a t 4 8 0 - 4 9 0 n m and 5 7 0 - 5 9 0 n m ( G r a h a m , 1965, 

De V a l o i s and Jacobs , 1968) De V a l o i s f o u n d tha t these m i n i m a , 

deno t ing m a r k e d s e n s i t i v i t y to changes i n w a v e l e n g t h , c o r r e s p o n d 

c l o s e l v w i t h p o i n t s of chang ing a c t i v i t y i n t w o types of opponent c e l l s 



i n the macaque , one type of c e l l r e c e i v i n g d u a l i n p u t f r o m cones 

m a x i m a l l y s e n s i t i v e to l o n g - and s h o r t - w a v e l e n g t h s w h i l e the o t h e r 

type has i n p u t s f r o m the l o n g - and m i d d l e - w a v e l e n g t h l e c e p t o r s I n 

h u m a n s , whose v i s u a l p i g m e n t s a i e v e r y s i m i l a r to the m a c a q u e ' s 

( M a i k s c t aL, 1964), c h r o m a t i c v i s i o n a l s o seems to o p e r a t e a long t w o -

channe l o p p o n e n t - p r o c e s s l i n e s and the two m i n i m a i n the w a v e l e n g t h 

d i s c r i m i n a t i o n f u n c t i o n a r e e x p l i c a b l e i n t e r m s o f the o p e r a t i o n of 

these two channe ls ( J a m e s o n and H u r v i c h , 1955) 

A s i n the w a v e l e n g t h d i s c r i m i n a t i o n f u n c t i o n , the s a t u r a t i o n 

d i s c r i m i n a t i o n f u n c t i o n s of m a c a q u e and m a n show a p r o n o u n c e d 

m i n i m u m a t 570 n m ( G r a h a m , 1965, De V a l o i s and Jacobs , 1968) 

I n the h u m a n f u n c t i o n t h e r e i s a l s o a s u b s i d i a r y m i n i m u m a t 4 8 0 -

5 0 0 n m , w h i c h a g a i n i s a r e g i o n o f good w a v e l e n g t h d i s c r i m i n a t i o n . 

These m i n i m a i n the s a t u r a t i o n f u n c t i o n s can be m a t c h e d ' b y 

c a l c u l a t i n g the r a t i o o f r e s p o n s e o f the opponent and non -opponen t 

c e l l s ( o r r a t i o s of the c h r o m a t i c and a c h r o m a t i c p r o c e s s e s i n the 

J a m e s o n and H u r v i c h (1955) scheme) M i n i m a a r e p r e d i c t e d a t 

r e g i o n s i n w h i c h the n o n - o p p o n e n t c e l l ou tpu t i s r e l a t i v e l y h i g h w h i l e 

the opponent c e l l a c t i v i t y i s n e u t r a l . The l a t t e r w i l l o c c u r a t 

w a v e l e n g t h s w h e r e the r e s p o n s e p a t t e r n o f opponent c e l l s changes 

f r o m e x c i t a t i o n to i n h i b i t i o n o r v i c e v e r s a A s i m i l a r s i t u a t i o n i s 

f o u n d i n the g o l d f i s h w h o s e s a t u r a t i o n m i n i m a can a l s o be p r e d i c t e d by 

an o p p o n e n t - p r o c e s s t h e o r y ( Y a g e r , 1967) Thus i n a l l these s u b j e c t s 

the p o s i t i o r s ot m i n i m a i n bo th w a v e l e n g t h and s a t u r a t i o n f u n c t i o n s 

s e e m to be c l o s e l y r e l a t e d to changes i n r e sponse of u n d e r l y i n g 
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Model by which n e u r a l connections amongst three d i f f e r e n t i a l l y 

s e n s i t i v e cones, A, B and C, could produce th ree classes o f 

opponen t - ce l l s , which ac t as separate channels w i t h d i f f e r e n t 

ou tpu t s , 0^, 0 2 and 0 ^ . 
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opponent channe ls 

T h i s o p p o n e n t - p r o c e s s m o d e l m a y a l s o be c o n s i d e r e d i n r e l a t i o n 

to the p s y c h o p h y s i c a l data f r o m p i g e o n s . I i two types o f opponent c e l l 

u n d e r l i e the two m i n i m a o f the t r i c h r o m a t ' s w a v e l e n g t h d i s c r i m m a t i o n 

f u n c t i o n , by ana logy one w o u l d expec t to f i n d a t l e a s t t h r e e opponent 

channe l s i n the p igeon v i s u a l s y s t e m L o g i c a l l y , these t h r e e types of 

opponent c e l l c o u l d s t i l l be o b t a i n e d i f t h e r e w e r e o n l y t h i e e cones of 

d i f f e r e n t i a l s p e c t r a l s e n s i t i v i t y i n the r e t i n a , i f n e u r a l connec t i ons of 

the type shown i n F i g . 2 w e r e p o s t u l a t e d 

T h e r e i s ev idence of two types of opponent c e l l f o u n d i n the p igeon 

n u c l e u s r o t u n d u s ( Y a z u l l a and G i a n d a , 1973), h a v i n g c r o s s o v e r p o i n t s 

a t 5 2 0 and 5 0 0 n m . These c e l l s m a y c o r r e l a t e w i t h the m i n i m a 

f o u n d a t about 5 3 0 n m i n b o t h w a v e l e n g t h and s a t u r a t i o n d i s c r i m i n a t i o n 

f u n c t i o n s and a l s o w i t h the m i n i m u m n e a r 500 n m f o u n d i n the 

s a t u r a t i o n data and w h i c h has been r e c o r d e d i n o the r w a v e l e n g t h 

d i s c r i m i n a t i o n f u n c t i o n s In o r d e r to e x p l a i n the w a v e l e n g t h 

d i s c r i m i n a t i o n m i n i m a nea r 600 n m and at 460 n m , one w o u l d p r e d i c t 

t ha t t h e r e a r e o the r c l a s se s of opponent c e l l s w i t h c r o s s o v e r p o i n t s a t 

these w a v e l e n g t h s H e r e i t i s a s s u m e d tha t the 460 and 500 n m m i n i m a 

w o u l d be r e l a t i v e l y independen t s ince , i n sp i t e of the d e p r e s s i o n of the 

second w a v e l e n g t h d i s c r i m i n a t i o n f u n c t i o n a t 500 n m , t h e r e w a s no 

s h i f t i n the p o s i t i o n of the 460 n m t r o u g h w h i c h m i g h t be expec t ed i f 

the two m i n i m a a r e based on the same m e c h a n i s m s H o w e v e r , a t 

l e a s t f o u r c l i f f e i e n t i a l l y s e n s i t i v e cone types w o u l d be n e c e s s a i y to 

p r o v i d e a l l these opponent channe l s 
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T h e r e a r e s e v e r a l o t h e i r easons f o r a r g u i n g tha t the p i g e o n ' s 

v i s u a l s y s t e m i s at l e a s t t e t r a c h i o m a l i c i n i t s o p e r a t i o n . The 

a v a i l a b l e ev idence i n p igeons of d i f f e r e n t i a l l y s e n s i t i v e c o l o u i 

s y s t e m s p e a k i n g at about 600, 540 and 500 n m ( D o n n e r , 1953, 

G a h f r e t , 1961, Granda and Y a z u l l a , 1971 , Ikeda , 1965) w o u l d no t 

accoun t f o r the r e s u l t s r e p o r t e d h e r e A f o u r t h cone type , c o n t a i n i n g 

a 400 n m p i g m e n t , as d e s c r i b e d by G r a f and N o r r e n (1974) , w o u l d be 

an a d d i t i o n a l m i n i m u m r e q u i r e m e n t F u r t h e r m o r e , the r e s u l t s 

s u m m a r i s e d i n the s a t u r a t i o n d i s c r i m i n a t i o n f u n c t i o n sugges ts that , 

unde r some c o n d i t i o n s , the a v i a n v i s u a l s y s t e m m a y o p e r a t e i n a w a y 

m o r e c o m p l e x than w o u l d be e x p e c t e d of a t e t r a c h r o m a t i c s y s t e m 

B e s i d e s a s s u m i n g tha t a l l the m i n i m a i n the p s y c h o p h y s i c a l 

f u n c t i o n s can be e x p l a i n e d b y t h i s type of opponent c e l l m o d e l , o t h e r 

m o d e l s c o u l d a l s o p r o v i d e the b a s i s f o r some of the p r e s e n t data 

U n d e r some c i r c u m s t a n c e s , p s y c h o p h y s i c a l f u n c t i o n s can be r e l a t e d 

to the independen t r e sponses of d i f f e r e n t i a l l y s e n s i t i v e cones r a t h e r 

than depend ing upon t h e i r i n t e r a c t i o n I n f i s h , f o r i n s t a n c e , the 

r e c e p t o r s y s t e m s u n d e r l y i n g the p h o t o p i c s p e c t r a l s e n s i t i v i t y c u r v e 

appear to o p e r a t e i n d e p e n d e n t l y ( M u n t z and N o r t h m o r e , 1971) B u t to 

d i s c r i m i n a t e be tween s i m u l t a n e o u s l y p r e s e n t e d w a v e l e n g t h s , as i n the 

w a v e l e n g t h d i s c r i m i n a t i o n s tud i e s , some s o r t of d i f f e r e n c i n g m e c h a n i s m , 

w h e t h e r c e n t r a l o r p e r i p h e r a l , i s l e q u i r e d to c o m p a r e cone ou tpu t s to 

d i f f e i ent w a v e l t n g t h s . I n the s a t u r a t i o n d i s c r i m i n a t i o n e x p e r i m e n t , 

a l t h o u g h the m o s t c o n v e n i e n t m e t h o d was u sed f o r t e s t i n g s a t a i a t i o n 

d i f f e r e n c e s a c r o s s the s p e c t r u m , no d i r e c t c o m p a r i s o n be tween 
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w a v e l e n g t h s w a s i c q u i r e d I n s t e a d e a c h c o m p a r i s o n w a s m a d e 

b e t w e e n a m o n o c h r o m a t i c l i g h t a n d a b r o a d - b a n d w i d t h a c h r o m a t i c 

l i g h t . T h e s a t u r a t i o n f u n c t i o n , b u t n o t t h e w a v e l e n g t h f u n c t i o n , 

m i g h t t h e r e f o r e b e f i t t e d b y t h e c o n e s e n s i t i v i t y c u r v e s t h e m s e l v e s 

A l t e r n a t i v e l y , a c o m b i n a t i o n o f t h e r e s p o n s e s o f o p p o n e n t c e l l s a n d 

i n d e p e n d e n t c h r o m a t i c c h a n n e l s c o u l d u n d e r l i e t h e m i n i m a i n t h e 

s a t u r a t i o n f u n c t i o n S u c h a m o d e l , i n w h i c h t h e r e d a n d g r e e n c o n e s 

i n t e r a c t b u t t h e o u t p u t o f t h e b l u e c o n e s r e m a i n s i n d e p e n d e n t , h a s 

b e e n p o s t u l a t e d b y S p e r l i n g a n d H a r w e r t h ( 1 9 7 1 ) t o a c c o u n t f o r t h e 

m o n k e y ' s i n c r e m e n t - t h r e s h o l d s p e c t r a l s e n s i t i v i t y , t e s t e d u n d e r 

c o n d i t i o n s o f h i g h l i g h t a d a p t a t i o n 

O n e c o m p l i c a t i n g f a c t o i i n t h e i n t e r p r e t a t i o n o f p s y c h o p h y s i c a l 

d a t a i s t h a t t h e s t i m u l u s c o n d i t i o n s (e g s t i m u l u s s i z e , d u r a t i o n , 

b a c k g r o u n d ) v e r y m u c h i n f l u e n c e t h e r e l a t i v e p r e d o m i n a n c e i n 

r e s p o n s i v e n e s s o f t h e u n d e r l y i n g v i s u a l m e c h a n i s m s ( K i n g - S m i t h , 1975) 

T h u s , w h i l e g e n e r a l s i m i l a r i t i e s b e t w e e n f u n c t i o n s m a y b e e x p e c t e d , 

o p p o n e n t c e l l a c t i v i t y , f o r e x a m p l e , m a y o n l y b e a c o m p l e t e p r e d i c t o r 

o f p s y c h o p h y s i c a l r e s u l t s o b t a i n e d u n d e r a l i m i t e d s e t o f s t i m u l u s 

c o n d i t i o n s a n d o t h e r c h r o m a t i c c h a n n e l s m a y b e a c t i v a t e d u n d e r 

d i f f e r e n t c i r c u m s t a n c e s T h e s e c h a n n e l s , c o r r e s p o n d i n g t o r e s p o n s e s 

o f s e p a r a t e c o n e p o p u l a t i o n s , a r e p e i h a p s f o u n d i n t h e c e n t r a l 

m e c h a n i s m s w i t h d i f f e r e n t i a l p e a k s o f a c t i v i t y r e p o r t e d b y G r a n d a a n d 

Y a z u l l a ( 1 9 7 1 ) A l t h o u g h t h e s e t h a l a m i c u n i t s r e s p o n d u n i d n e c t i o n a l l v 

w i t h e i t h e i e x c i t a t i o n o r i n h i b i t i o n , t h e r e l a t i v e s e n s i t i v i t y o f t h e i r 

p e a k s i s m o d i f i e d i n a c o m p l e x w a y b y a l t e r i n g t h e s t i m u l u s l u m i n a n c e 
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so i t i s n o t c e r t a i n a t p r e s e n t t o w h a t e x t e n t t h e p e a k s a r e 

r e p r e s e n t a t i v e o f i n d e p e n d e n t c h a n n e l s 

D e V a l o i s ' m o d e l , b a s e d o n d e s c r i p t i o n s o f t h e a v e r a g e 

a c t i v i t i e s o f d i f f e i e n t g r o u p s o f c e l l s , i s t h e m o s t c o m p i e h e n s i v e 

m o d e l t o d a t e w h i c h c a n a c c o u n t f o r p e i f o i m a n c e o n s e v e r a l 

p s y c h o p h y s i c a l t e s t s , r e l a t i n g b e h a v i o u r a l d a t a t o k n o w n 

p h y s i o l o g i c a l m e c h a n i s m s . H o w e v e r , r e c e n t r e - i n v e s t i g a t i o n s b y 

P a d m o s a n d N o r r e n ( 1 9 7 5 ) h a v e s h o w n t h a t t h e i n p u t t o o p p o n e n t a n d 

n o n - o p p o n e n t c e l l s m a y b e m o r e c o m p l e x t h a n h a s b e e n g e n e r a l l y 

s t a t e d b y D e V a l o i s A l s o , e x p e r i m e n t s o f t h e t y p e p e r f o r m e d b y 

S p e l l i n g a n d H a r w e i t h s u g g e s t t h a t a m o r e d e t a i l e d m o d e l m a y be 

n e e d e d t o c o n s t r u e s o m e p s y c h o p h y s i c a l r e s u l t s w i t h g r e a t e r 

p r e c i s i o n 

A m o d e l o f c o l o u r v i s i o n s i m i l a r t o D e V a l o i s 1 m a y p a r t i a l l y 

a c c o u n t f o r t h e p r e s e n t r e s u l t s , a s i t d o e s f o r r e s u l t s f r o m o t h e r 

s p e c i e s , a n d w o u l d e x p l a i n t h e s i m i l a r i t i e s f o u n d b e t w e e n s a t u r a t i o n 

a n d w a v e l e n g t h d i s c r i m i n a t i o n f u n c t i o n s . H o w e v e r , t h e d e t a i l s o f a 

m o d e l a p p l i c a b l e t o b u d s w i l l p r o b a b l y d i f f e r f r o m o n e s u i t a b l e t o 

d e s c r i b e p s y c h o p h y s i c a l d a t a i n m o n k e y s a n d w i l l d e p e n d o n t h e 

n u m b e r a n d s e n s i t i v i t i e s o f c o n e m e c h a n i s m s t o g e t h e r w i t h a 

k n o w l e d g e o f t h e m o d e a n d e x t e n t o f t h e i r i n t e r a c t i o n s . I t i s n o t 

p o s s i b l e t o s p e c i f y t h e n u m b e r o f c o n e t y p e s , n o r h o w t h e y i n t e r a c t , 

f r o m the p r e s e n t d i s c r i m i n a t i o n f u n c t i o n s a l o n e . T h e a v a i l a b l e 

e v i d e n c e a b o u t t h e p i g e o n s c h r o m a t i c m e c h a n i s m s , b o t h a t a 

r e t i n a l a n d c e n t r a l l e v e l , i s i n c o m p l e t e so t h a t m o r e p h y s i o l o g i c a l 
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i n f o r m a t i o n i s n e e d e d t o g e t h e r w i t h f u r t h e r p s y c h o p h y s i c a l d a t a , 

p e i h a p s i n v o l v i n g c h r o m a t i c a d a p t a t i o n t e c h n i q u e s t o t r y a n d i s o l a t e 

c o l o u i c h a n n e l s . T h e n a m o i e d e t a i l e d c o r r e l a t i o n b e t w e e n 

p h y s i o l o g i c a l a n d p s y c h o p h y s i c a l d a t a c o u l d be m a d e t o t e s t h o w f a r a n 

o p p o n e n t - p r o c e s s m o d e l w o u l d b e a p p r o p r i a t e f o r e x p l a i n i n g t h e 

r e s u l t s f r o m p i g e o n s a n d a l s o t o e l u c i d a t e w h e t h e r t h e p i g e o n ' s c o l o u r 

v i s i o n i s t e t r a c h r o m a t i c o r m a y b e m o r e c o m p l e x t h a n t h a t 

S p e c u l a t i o n s u p o n t h e r e t i n a l m e c h a n i s m s o f c o l o u r v i s i o n i n t h e p i g e o n 

A t p r e s e n t n o c o h e r e n t p i c t u i e e m e r g e s c o n c e r n i n g t h e r e l a t i v e l y 

s p a r s e p h y s i o l o g i c a l i n f o r m a t i o n a b o u t e i t h e r r e t i n a l o r c e n t r a l 

m e c h a n i s m s o f c o l o u r v i s i o n i n t h e p i g e o n H o w e v e r , b y d r a w i n g 

t o g e t h e r a n u m b e r o f d i s p a r a t e o b s e r v a t i o n s a n d c o n s i d e u n g p a r a l l e l s 

w i t h a n o t h e r g r o u p o f a n i m a l s , t u r t l e s , w h i c h a l s o h a v e m u l t i - c o l o u r e d 

o i l - d i o p l e t s a n d f o r w h i c h t h e r e t i n a l s i t u a t i o n i s b e t t e r k n o w n , 

s p e c u l a t i o n s m a y b e m a d e a b o u t t h e c o n e m e c h a n i s m s w h i c h m i g h t 

e x i s t i n t h e p i g e o n r e t i n a . 

F i r s t l y , t h e t y p e o f c o n e s f o u n d i n t w o s p e c i e s o f t u r t l e w i l l b e 

d e s c r i b e d M i c r o s p e c t r o p h o t o m e t r i c m e a s u r e m e n t s o f s i n g l e c e l l s 

m a d e b y L i e b m a n a n d G r a n d a ( 1 9 7 1 ) r e v e a l e d t h a t e a c h s p e c i e s 

p o s s e s s e d t h r e e c o n e p i g m e n t s I n P s e u d e m y s s c r i p t a t h e s e p i g m e n t s 

w e r e i d e n t i f i e d a s P 4 5 0 , , , PSIS^ a n d PGZO^ w h e r e a s t h e c o n e s o f 

C h e l o m a m y d a s c o n t a i n e d p i g m e n t s P 4 4 0 ^ , P 5 0 2 ^ a n d P 5 6 2 ^ . I n 

a d d i t i o n t o t h e t h r e e p i g m e n t s , e a c h r e t i n a i s e q u i p p e d w i t h t h r e e 

t y p e s o f o i l - d i o p l e t , r e d , o r a n g e a n d c o l o u r l e s s d i o p l e t s i n t h e c a s e 

o f P 8 e u d e m y s a n d o r a n g e , y e l l o w a n d c o l o u r l e b s i n C h e l o n i a . H o w e v e r , 

s o m e o f t h e s e o i l - d r o p l e t s m a y c o m b i n e w i t h m o r e t h a n o n e o f t h e c o n e 
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Table T 
Summary of cone types found in two species of 

t u r t l e s (after Liebman, 1972) 

P J gment Oil-drop E f f e c t i v e A max 
A max colour of cone s e n s i t i v i t y 

Pseudcmys 4 5 0 C 4 5 0 

5 1 8 5 1 8 

5 1 8 0 5 6 0 

6 2 0 0 620 

6 2 0 R 640 

Chelonia 4 4 0 . • 4 4 0 

5 0 2 5 0 2 

5 0 2 C 5 0 2 

5 0 2 Y 5 2 0 

5 6 2 C 5 6 2 

5 6 2 Y 5 6 2 

5 6 2 0 5 7 5 

C = colourless oil-drops 
Y = yellow 
0 = orange 
R = red 
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p i g m e n t s ( L i c b m a n , 1972) I n b o t h s p e c i e s t h e r o d p i g m e n t , 518 o r 

5 0 2 , o c c u r s i n t h e a c c e s s o r y c o n e s , t o o , w h i c h c o n t a i n n o o i l - d r o p l e t s . 

T h i s p i g m e n t i s a l s o f o u n d i n s o m e o f t h e s i n g l e c o n e s w h e r e , i n 

P s e u d e m y s , i t i s f i l t e r e d b y a n o r a n g e d r o p l e t a n d , i n C h e l o n i a , , i t i s 

c o m b i n e d w i t h e i t h e i c o l o u i l e s s o i y e l l o w d r o p l e t s T h e p i g m e n t 

w i t h A a t s h o r t e s t w a v e l e n g t h s i s e i t h e r u n f i l t e r e d o r i s c o m b i n e d 
m a x 

w i t h a c o l o u r l e s s o i l - d r o p l e t . T h e l o n g e s t w a v e l e n g t h p i g m e n t i s 

f o u n d i n c o n j u n c t i o n w i t h o r a n g e a n d r e d d i o p l e t s i n P s e u d e m y s a n d 

w i t h a l l t y p e s o f d r o p l e t s , b u t m o s t l y o r a n g e a n d y e l l o w o n e s , i n 

C h e l o n i a . W h e r e t h e c u t - o f f o f a p a r t i c u l a r o i l - d r o p l e t i s f o u n d a t 

s h o r t e r w a v e l e n g t h s t h a n t h e A o f t h e p i g m e n t w i t h w h i c h i t i s 
5 m a x K b 

c o m b i n e d , t h e p e a k s e n s i t i v i t y o f t h a t c o n e i s u n a l t e r e d H o w e v e r 

s o m e o i l - d r o p l e t s , w h i c h c u t - o f f a t l o n g e r w a v e l e n g t h s r e l a t i v e t o t h e 

p e a k a b s o r p t i o n o f t h e u n d e r l y i n g p i g m e n t s , s h i f t t h e e f f e c t i v e p e a k 

s e n s i t i v i t y o f t h e c o n e s t o a l o n g e r w a v e l e n g t h . A s d e s c r i b e d b y 

L i e b m a n , a n d s u m m a r i s e d i n T a b l e I , d u e t o t h e f i l t e r i n g e f f e c t s o f 

t h e s e o i l - d r o p l e t s , c o n e s , i n e a c h s p e c i e s , h a v e p e a k s e n s i t i v i t i e s 

a t 5 s p e c t r a l r e g i o n s r a t h e r t h a n t h e 3 r e g i o n s a t w h i c h t h e a b s o r p t i o n 

o f t h e p i g m e n t s t h e m s e l v e s i s m a x i m a l 

T h e r e t i n a e o f t u r t l e s c l o s e l y r e s e m b l e t h o s e o f b i r d s , n o t o n l y i n 

p o s s e s s i n g a n u m b e r o f c o l o u r e d o i l - d r o p l e t s b u t a l s o i n t h e m o r p h o l o g y 

o f t h e r e c e p t o r c e l l s . T h u s i n b o t h g r o u p s o f a n i m a l s r o d s a n d c o n e s 

a r e f o u n d a n d , f u r t h e r m o r e , t h e r e a r e s i n g l e c o n e s a s w e l l a s d o u b l e 

c o n e s , c o n s i s t i n g o f p a n e d p r i n c i p a l a n d a c r c s s o r v e l e m e n t s ( C o h e n 

1 9 6 3 , W a l l s , 1942) B e c a u s e o f s u c h c l o s e s t i u c t u i a l r e s e m b l a n c e s . 



157 

i t s e e m s h i g h l y l i k e l y t h a t t h e r e a r e a l s o s i m i l a r i t i e s i n t h e 

f u n c t i o n a l p r o p e r t i e s o f t h e c o n e m e c h a n i s m s o f c o l o u r v i s i o n i n t h e 

t w o g r o u p s o f a n i m a l s 

T h e r e i s n o w m o u n t i n g e v i d e n c e t h a t t h e ' s i n g l e p i g m e n t t h e o r y ' 

i s i n a d e q u a t e t o a c c o u n t f o r t h e m o r e r e c e n t f i n d i n g s a b o u t t h e p i g e o n ' s 

c o l o u r v i s i o n . I n p a r t i c u l a r , i n a d d i t i o n t o a c o n e p i g m e n t f o u n d b y 

e x t r a c t i o n t e c h n i q u e s ( B r i d g e s , 1 9 6 2 , W a l d , 1 9 5 8 ) , a s h o r t w a v e l e n g t h 

p i g m e n t h a s b e e n d e m o n s t r a t e d ( G r a f a n d N o r i e n , 1974) w h i c h b e t t e r 

e x p l a i n s t h e p i g e o n ' s , f a i r l y g o o d s e n s i t i v i t y t o a n d d i s c r i m i n a t i o n o f 

s h o r t w a v e l e n g t h s . I n a n o t h e r a v i a n s p e c i e s , a s h o r t w a v e l e n g t h 

p i g m e n t w i t h \ a t 4 1 5 n m ha6 a l s o b e e n i n f e r r e d b y W e s s e l s ( 1 9 7 4 ) 
m a x 

t o e x p l a i n t h e p e a k o b t a i n e d n e a r t h i s w a v e l e n g t h m t h e j a c k d a w ' s 

s p e c t r a l s e n s i t i v i t y c u r v e . T h e o c c u r r e n c e o f a s h o r t w a v e l e n g t h 

s e n s i t i v e s y s t e m , w i t h p e a k s e n s i t i v i t y a t 4 0 0 - 4 2 0 n m , h a s j u s t b e e n 

c o n f i r m e d e l e c t r o r e t i n o g r a p h i c a l l y i n t h e j a c k d a w a s w e l l a s i n t h e 

p i g e o n a n d c h i c k e n b y N o r r e n ( 1 9 7 5 ) 

N e u r a l c o l o u r - r e s p o n s i v e m e c h a n i s m s h a v e b e e n c o n s i s t e n t l y 

r e p o r t e d t o h a v e s e n s i t i v i t y p e a k s a t a b o u t 540 a n d 600 - 605 n m 

( D o n n e r , 1 9 5 3 , G a h f r e t , 1 9 6 1 , G r a n d a a n d Y a z u l l a , 1 9 7 1 , I k e d a , 1 9 6 5 ) 

B r i d g e s ' 5 4 4 p i g m e n t i s m o r e l i k e l y t h a n W a l d ' s l o d o p s i n , w i t h \ 
m a x 

a t 562 n m , t o u n d e r l i e t h e 540 n m p e a k s i n c e n o n e o f t h e pigeon 's 

oil-dropletB ( K i n g - S m i t h , 19b9) h a v e t r a n s m i s s i o n c u t - o f f s w h i c h 

could s h i f t t h e e f f e c t i v e p e a k s e n s i t i v i t y o f a n l o d o p s i n - b e a r i n g c o n e t o 

s h o r t e r w a v e l e n g t h s W h i l e t h e r e is n o i n d e p e n d e n t e v i d e n c e o f a 

longer w a v e l e n g t h p i g m e n t a t t h e m o m e n t , t h e repeated f i n d i n g o f 
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p r o c e s s e s w i t h p e a k s e n s i t i v i t i e s a t 600 n m o r l o n g e r i s s u g g e s t i v e 

t h a t a p i g m e n t w i t h m a x i m u m s e n s i t i v i t y a t a b o u t t h a t w a v e l e n g t h 

m i g h t e x i s t , e s p e c i a l l y a s t h t t r a n s m i s s i o n s p e c t r u m o f t h e p i g e o n ' s 

r e d o i l - d r o p l e t s w o u l d d r a s t i c a l l y r e d u c e t h e s e n s i t i v i t y o f a c o n e 

c o n t a i n i n g a p i g m e n t w i t h a m u c h s h o i t e r A 
e v b m a x 

O f p a r t i c u l a r i n t e r e s t w a s t h e o c c u r r e n c e i n t u i t l e s o f a r h o d o p s m 

p i g m e n t , u s u a l l y a s s o c i a t e d w i t h r o d s , i n a c c e s s o r y c o n e s a n d s o m e 

o t h e r t y p e s o f c o n e s T h e a c c e s s o r y c o n e s o f f r o g s a l s o c o n t a i n 

r h o d o p s i n ( L i e b m a n a n d E n t i n e , 1968) B r i d g e s ( 1 9 6 2 ) h a s r e p o r t e d 

t h a t r h o d o p s i n c o n s t i t u t e s a l a r g e p r o p o r t i o n o f t h e c x t i a c t a b l e y i e l d 

o f v i s u a l p i g m e n t f r o m t h e p i g e o n ' s l e t i n a a n d m a y be i n v o l v e d m c o n e 

v i s i o n , w h i l e W e a s e l s ( 1 9 7 4 ) a t t r i b u t e s o n e o f t h e p e a k s o b t a i n e d i n t h e 

p h o t o p i c s p e c t r a l s e n s i t i v i t y f u n c t i o n o f j a c k d a w s t o a c o n e s y s t e m 

c o n t a i n i n g r h o d o p s i n So r h o d o p s i n m i g h t b e f o u n d m a c c e s s o r y c o n e s , 

a n d p o s s i b l y s o m e o f t h e s i n g l e c o n e s , i n t h t a v i a n r e t i n a t o o 

B e a r i n g i n m i n d t h a t e a c h t v p e o f o i l - d r o p l e t i s n o t j u s t 

a s s o c i a t e d w i t h o n e t y p e o f v i s u a l p i g m e n t i n t u r t l e s , t h e c o m b i n a t i o n 

o f t h e p i g e o n ' s 4 o i l - d r o p l e t s w i t h t h e k n o w n o r p u t a t i v e a v i a n c o n e 

p i g m e n t s c a n a l s o be c o n s i d e r e d 

A s p r e v i o u s l y m e n t i o n e d , c o m b i n a t i o n o f a r e d d r o p l e t w i t h a l l b u t 

a l o n g w a v e l e n g t h p i g m e n t w o u l d v e i y m u c h a t t e n u a t e a c o n e ' s 

e f f e c t i v e s e n s i t i v i t y A s a f i r s t a p p r o x i m a t i o n , i t i s s u g g e s t e d t h a t a 

r e d d r o p l e t c o u l d be c o m b i n e d w i t h a 605 n m p i g m e n t A s i n t u r t l e s , 

i t i s t h e n u n l i k e l v t h a t t h i s r e d d r o p l e t w o u l d be a s s o c i a t e d w i t h a n y 

o t h e r p i g m e n t s w i t h a s h o i t e r J\ H o w e v e r , a 605 n m p i p m e n t 
F 5 m a x ^ ° 
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c o u l d a l s o be c o m b i n e d w i t h a n o r a n g e d r o p l e t , w h i c h w o u l d l i t t l e 

a f f e c t i t s m a x i m u m s e n s i t i v i t y T h e s u g g e s t e d r e d p i g m e n t p l u s r e d 

d r o p l e t , o n t h e o t h e r h a n d , w o u l d h a v e i t s m a x i m u m s e n s i t i v i t y a t 

6 2 0 - 6 4 0 n m . ( T h e s e n s i t i v i t y c u r v e s o f t h e s e , a n d o t h e r , p i g m e n t -

d i o p l e t c o m b i n a t i o n s a i e p r e s e n t e d i n F i g 4 a ) 

A n o r a n g e d r o p l e t c o u l d a l s o e f f e c t i v e l y f i l t e r t h e 544 n m 

p i g m e n t , s h i f t i n g i t s p e a k s e n s i t i v i t y t o a b o u t 570 n m . T h e l a r g e 

y e l l o w t y p e o f o i l - d r o p l e t h a s i t s c u t - o f f e d g e t o o f a i t o w a r d s t h e b l u e 

t o m a k e a n y d i f f e r e n c e t o t h e s e n s i t i v i t y o f a 605 n m o r o t h e r r e d 

p i g m e n t a n d i s t h e r e f o r e a s s u m e d to b e c o m b i n e d o n l y w i t h t h e 544 

p i g m e n t , v. h o s e p e a k s e n s i t i v i t y w o u l d b e s l i g h t l y r e d u c e d b u t s h i f t e d 

v e r y l i t t l e 

I f t h e s e a s s u m p t i o n s w e r e a p p r o x i m a t e l y c o r r e c t , t h e y m i g h t 

e x p l a i n w h y D o n n e r ( 1 9 5 3 ) l e p o r t e d 2 o r 3 p e a k s o n m a n y m o d u l a t o r 

c u r v e s , i f c o n e s c o n t a i n i n g t h e s a m e p i g m e n t c o m b i n e d w i t h m o r e t h a n 

o n e d r o p l e t w e r e to p r o v i d e i n p u t s t o a s i n g l e g a n g l i o n c e l l F o r 

e x a m p l e , i t i s s u g g e s t e d t h a t t h e a c t i v i t y o f c o n e s c o n t a i n i n g p i g m e n t 

6 0 5 p l u s a n o r a n g e o r a r e d d r o p l e t w o u l d be t r a n s m i t t e d t o t h e r e d 

m o d u l a t o r I n m a n y m o d u l a t o r u n i t s t h e m a i n s e n s i t i v i t y p e a k 

o c c u r r e d a t 5 9 6 n m b u t i n o t h e r u n i t s a s e c o n d p e a k , w h i c h D o n n e r 

t h o u g h t m i g h t be o f a s e p a i a t e m o d u l a t o r , w a s o f t e n f o u n d a t a 

l o n g e r w a v e l e n g t h o f 613 n m . S i m i l a r l y t h e g r e e n m o d u l a t o r , t e s t e d 

u n d e r c o n d i t i o n s o f l i g h t - a d a p t a t i o n , h a d i t s m a i n p e a k a t 543 n m b u t 

s h o w e d a s u b s i d j . a i y h u m p o r p e a k o f a c t i v i t / at 560 - 5S0 urn S u c h 

a r e s p o n s e p a t t e r n i n a g r e e n m o d u l a t o r c o u l d d e p e n d o n i n p u t f r o m a 



F i g 3 ( f a c i n g ) 

a , b E f f e c t i v e c o n e s p e c t r a l s e n s i t i v i t y c u r v e w h o s e i n p u t 

t o s i n g l e g a n g l i o n c e l l s c o u l d p r o d u c e r e d a n d g r e e n 

d o u b l e - p e a k e d m o d u l a t o r u n i t s o f t h e t y p e d e s c r i b e d b y 

D o n n e r ( 1 9 5 3 ) I n 3a i s s h o w n the s e n s i t i v i t y s p e c t r u m 

o f a r e d m o d u l a t o r w i t h a s i n g l e m a x i m u m a t 596 n m , 

t o g e t h e r w i t h p a r t o f t h e s e n s i t i v i t y c u r v e o f a s e c o n d 

t y p e o f m o d u l a t o r w h i c h h a d a s m a l l s u b s i d i a r y p e a k a t 

613 n m T h e g r e e n m o d u l a t o i ( 3 b ) h a s i t s m a x i m u m 

s e n s i t i v i t y a t 540 n m a n d a p r o n o u n c e d h u m p i n t h e 

s e n s i t i v i t y c u r v e a t 560 - 580 n m . 

c S p e c t r a l s e n s i t i v i t y c u r v e s o f two" t y p e s o f t h a l a m i c u n i t , 

d e s c r i b e d b y G r a n d a a n d Y a z u l l a ( 1 9 7 1 ) , a n d e f f e c t i v e 

s e n s i t i v i t y f u n c t i o n s o f t w o c l a s s e s o f c o n e s w h i c h m i g h t 

u n d e r l i e t h e s e u n i t s 

P i g m e n t a b s o r p t i o n s p e c t r a w e r e c a l c u l a t e d f r o m D a r t n a l l ' s ( 1 9 5 3 ) 

n o m o g r a m s A o f u n f i l t e r e d p i g m e n t s i s i n d i c a t e d a b o v e the 
° m a x 

c o n e s e n s i t i v i t y c u r v e s (e g P 5 0 2 ) t o g e t h e r w i t h t h e c o l o u r o f a n 

o i l - d r o p l e t w i t h w h i c h a p i g m e n t m a y b e c o m b i n e d (e g P 5 4 4 + O ) . 

T r a n s m i s s i o n s p e c t r a o f r e d ( R ) , o r a n g e ( O ) , l a r g e y e l l o w ( L Y ) 

a n d s m a l l y e l l o w ( S Y ) d r o p l e t s a r e t a k e n f r o m K i n g - S m i t h ( 1 9 6 9 ) . 

E f f e c t i v e A o f e a c h c o n e s e n s i t i v i t y f u n c t i o n i s s h o w n b y 
m a x 

a n o w e d f i g u r e s b e l o w t h e s e f u n c t i o n s W a v e l e n g t h s o f p e a k 

s e n s i t i v i t y o f m o d u l a t o r a n d t h a l a m i c u n i t s a i e g i v e n a b o v e 

s e n s i t i v i t y c u r v e s o f t h e s e u n i t s 
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5 4 4 p i g m e n t t o g e t h e r w i t h a n o r a n g e o r l a r g e y e l l o w d r o p l e t 

F u r t h e r m o r e , t h e m a x i m u m p e a k s e n s i t i v i t y o f e a c h o f t h e s e 

m o d u l a t o r s , w h i c h m i g h t b e f e d b y m o r e t h a n one p i g m e n t - d r o p l e t 

c o m b i n a t i o n , c o r r e s p o n d s t o t h e c o m b i n a t i o n w h i c h w o u l d h a v e t h e 

h i g h e r r e l a t i v e s e n s i t i v i t y f o r t h a t p i g m e n t , a n d t h e s u b s i d i a r y p e a k 

c o r r e s p o n d s t o t h e c o m b i n a t i o n w h o s e s e n s i t i v i t y w o u l d be l o w e r 

see F i g . 3a , b . 

I f , a s i n t u r t l e s a n d f r o g s , t h e p i g e o n ' s a c c e s s o r y c o n e s c o n t a i n 

r h o d o p s m t h e n t h i s p i g m e n t , w i t h 7\ a t 502 n m ( B r i d g e s , 1 9 6 2 , 
° m a x 

S i l l m a n . 1 9 6 9 ) . w o u l d be u n f i l t e r e d , s i n c e t h e p i g e o n ' s a c c e s s o r y 

c o n e s a p p e a l t o b e f r e e o f o i l - d r o p s ( C o h e n , 1 9 6 3 ) . T h e s i m i l a r i t y 

w i t h t u r t l e s m i g h t e x t e n d e v e n f u r t h e r , w i t h r h o d o p s i n alBo b e i n g 

f o u n d m s o m e o f t h e p i g e o n ' s o t h e r c o n e s . I f so i t c o u l d a l s o be 

c o m b i n e d w i t h a s m a l l y e l l o w d r o p l e t , w h o s e t r a n s m i s s i o n s p e c t r u m 

w o u l d n o t s u b s t a n t i a l l y a l t e r t h e s e n s i t i v i t i e s o f a n y l o n g e r w a v e l e n g t h 

p i g m e n t s T h e m a x i m u m s e n s i t i v i t y o f s u c h a c o n e w o u l d t h e n b e a t 

510 - 520 n m . 

T h e s e n s i t i v i t y o f r h o d o p s i n - c o n t a i n i n g c o n e s w o u l d n o t c o i n c i d e 

v e r y w e l l w i t h t h e p e a k s e n s i t i v i t y a t 4 8 0 n m o f D o n n e r ' s b l u e 

m o d u l a t o r . W e s s e l s ( 1 9 7 4 ) , w h o a l s o r e p o r t s a p e a k a t 4 8 0 n m i n 

t h e j a c k d a w ' s s e n s i t i v i t y f u n c t i o n , a t t r i b u t e s t h i s s e n s i t i v i t y p e a k t o a 

c l a s s o f c o n e s c o n t a i n i n g a p i g m e n t w i t h A a t 4 5 5 n m a n d 
fi v & m a x 

f i l t e r e d b y a g i e e n o i l - d r o p l e t I n d e e d , m a p a p e r j u s t p u b l i s h e d b y 

N o r r e n ( 1 9 7 5 ) , a c o n e s y s t e m , m a x i m a J . l v s e n n t i v c a t 4 b O n m , w a s 

r e v e a l e d b y e l e c t r o r e t i n o g r a p h y i n t h r e e a v i a n s p e c i e s , t h e p i g e o n , 

j a c k d a w a n d c h i c k e n A c c o r d i n g t o N o . t r e n , t h e s e n s i t i v i t y o i r v e o f 

http://maximaJ.lv


1G1. 

t h i s s y s t e m c o u l d b e m i m i c k e d b y f i l t e r i n g a 4 6 0 n m p i g m e n t w i t h a 

y e l l o w o i l - d r o p l e t T h i s c o m b i n a t i o n ( n o t s h o w n i n F i g 4a ) m a y 

t h e i e f o r e c o n s t i t u t e a n o t h e r s h o i t - w a v e l e n g t h s e n s i t i v e s y s t e m i n t h e 

p i g e o n ' s r e t i n a 

H o w e v e r , o t h e r i n v e s t i g a t i o n s h a v e r e p o r t e d p r o c e s s e s w i t h 

m a x i m u m s e n s i t i v i t y a t 5 0 0 n m i n s t e a d ( G a l i f r e t , 1 9 6 1 , G r a n d a a n d 

Y a z u l l a , 1971) I n a d d i t i o n , G r a n d a a n d Y a z u l l a f o u n d s e v e r a l 

t h a l a m i c u n i t s w h o s e p e a k s e n s i t i v i t i e s o c c u n e d a t 520 n m i n s t e a d o f 

500 n m . T h i s p e a k d i f f e r e n c e c o u l d n o t be e f f e c t e d b y c h a n g e s m 

s t i m u l u s l u m i n a n c e , f o r e x a m p l e , so d i d n o t m e r e l y r e p i e s e n t a 

P u r k i n j e s h i f t i n t he u n i t s ' s e n s i t i v i t y A s w e l l a s h a v i n g s e p a r a t e 

p e a k s e n s i t i v i t i e s , t h e s e n s i t i v i t y c u r v e s o f t h e t w o g r o u p s o f u n i t s d i d 

n o t c o n c u r a t s h o i t e r w a v e l e n g t h s b u t c l o s e l y c o i n c i d e d a t w a v e l e n g t h s 

l o n g e r t h a n 570 n m T h i s p a t t e r n c o u l d be p r o d u c e d q u i t e w e l l a t 

s h o r t e r w a v e l e n g t h s b y u n f i l t e r e d c o n e s c o n t a i n i n g l h o d o p s m a n d c o n e s 

w i t h t n i s p i g m e n t c o m b i n e d w i t h a s m a l l y e l l o w d r o p l e t b u t a s G r a n d a 

a n d Y a z u l l a s h o w e d , t h e l o n g e r w a v e l e n g t h a r m o f t h e t w o s e n s i t i v i t y 

f u n c t i o n s i s d i s p l a c e d t o w a r d s t h e r e d c o m p a r e d w i t h t h e a b s o r p t i o n 

s p e c t r u m o f r h o d o p s i n a t t h e l o n g e s t w a v e l e n g t h s ( F i g . 3 c ) . 

F i n a l l y t h e 4 0 0 n m p i g m e n t m a y o r m a y n o t be f i l t e r e d ( G r a f a n d 

N o r r e n , 1974) S i n c e a l l t h e d r o p l e t s t r a n s m i t o n l y a b o u t 10% o f t h e 

i n c i d e n t l i g h t b e l o w 4 5 0 n m , a n y d r o p l e t w o u l d c e r t a i n l y v e r y m u c h 

r e d u c e t h e s e n s i t i v i t y o f t h i s p i g m e n t t h r o u g h o u t i t s s p e c t r u m 

S i n c e 1h is m o d e l o f p o s s i b l e d r o p l e t - p i g m e n t c o m b i n a t i o n s i n t h e 

p i g e o n ' s c o n e s i s b a s e d u p o n a n u m b e r o f a s s u m p t i o n s i t m u s t be 



F i g . 4 ( f a c i n g ) 

a A b s o r p t i o n s p e c t r a ( D a i t n a l l , 1953) o f k n o w n o r p u t a t i v e 

c o n e p i g m e n t s i n t h e p i g e o n t o g e t h e r w i t h e f f e c t i v e s p e c t r a l 

s e n s i t i v i t y c u i v e s o f c o n e s w h i c h m a y c o n t a i n t h e s e p i g m e n t s 

i n c o m b i n a t i o n w i t h o n e o r m o r e o f t h e p i g e o n ' s r e t i n a l o i l -

d r o p l e t s ( K i n g - S m i t h , 1969 ) X o f c o n e p i g m e n t s i s 
m a x 

i n d i c a t e d a b o v e t h e a b s o r p t i o n s p e c t r a a n d p i g m e n t - d r o p l e t 

c o m b i n a t i o n s (e g 6 0 5 + R ) a r e g i v e n b e s i d e t h e e f f e c t i v e 

s e n s i t i v i t y c u r v e s o f t h e c o n e s . A b s o r p t i o n s p e c t r a a r e d r a w n 

i n s o l i d l i n e s ( ) a n d s e n s i t i v i t y f u n c t i o n s o f p i g m e n t s 

c o m b i n e d w i t h d r o p l e t s a r e i l l u s t r a t e d b y d a s h e d l i n e s ( ) . 

A r r o w s b e l o w t h e a b s c i s s a r e p r e s e n t p o s i t i o n s o f m i n i m a f o u n d i n 

w a v e l e n g t h a n d s a t u r a t i o n d i s c r i m i n a t i o n f u n c t i o n s , d e s c r i b e d 

p r e v i o u s l y T h e s e m e a n f u n c t i o n s a r e a l s o g i v e n i n t h e l o w e r 

h a l f ( b ) o f t h e f i g u r e ( s e e l e g e n d o f F i g . 1) 
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r e g a r d e d a s h i g h l y t e n t a t i v e b u t i t d o e s c o n c u i w i t h s o m e o f t h e 

c i r c u m s t a n t i a l e v i d e n c e o f a n o m a l o u s s e n s i t i v i t y p e a k s r e p o r t e d 

d u r i n g p h y s i o l o g i c a l r e c o r d i n g s ( D o n n e r , 1 9 5 3 , G r a n d a a n d Y a z u l l a , 

1971) A l so i t d o e s n o t c o n t r a d i c t a n y o f t he p s y c h o p h y s i c a l r e s u l t s 

l e p o i t e d h e r e a n d w o u l d p r o v i d e a p p r o p r i a t e m e c h a n i s m s t o u n d e r l i e 

t h e m i n i m a f o u n d m b o t h w a v e l e n g t h a n d s a t u r a t i o n d i s c r i m i n a t i o n 

f u n c t i o n s see F i g 4 T h e t y p e o f a r r a n g e m e n t w h e i e b y o n e p i g m e n t 

i s c o m b i n e d w i t h s e v e r a l o i l - d r o p l e t s a n d v i c e v e r s a w o u l d a c c o u n t 

f o r t h e a p p a r e n t c o m p l e x i t y o f t h e p i g e o n ' s c o l o u r v i s i o n i f t h e 

r e t i n a s t i l l c o n t a i n s r e l a t i v e l y f e w v i s u a l p i g m e n t s S i n c e t h i s m o d e l 

h a s b e e n p r e s e n t e d a t a f a n l y d e s c r i p t i v e l e v e l i t w o u l d o b v i o u s l y 

r e m a i n s u b s t a n t i a l l y s i m i l a r i f s l i g h t l y d i f f e r e n t p i g m e n t s w e i e 

a s s u m e d i n s t e a d A l s o s o m e o f t h e d r o p l e t s , t h e s m a l l y e l l o w 

d r o p l e t , f o r i n s t a n c e , c o u l d b e c o m b i n e d w i t h s o m e o f t h e l o n g e r 

w a v e l e n g t h p i g m e n t s b u t w o u l d n o t m o d i f y t h e i r s e n s i t i v i t y s p e c t r a 

v e r y m u c h , s i n c e i t s m a i n e f f e c t w o u l d b e to a t t e n u a t e o n l y t h e 

s h o r t e s t w a v e l e n g t h s . T h e r e f o r e , m b r o a d o u t l i n e , t h e m o d e l s e e m s 

f e a s i b l e w h e n i t i s c o m p a r e d w i t h t h e a v a i l a b l e i n f o r m a t i o n a b o u t t h e 

p i g e o n ' s c o l o u r v i s i o n b u t c o u l d s t i l l b e i n a c c u r a t e m d e t a i l 

A p r o b l e m t h a t s t i l l r e m a i n s i s w h a t f u n c t i o n t h e o i l - d r o p l e t s 

t h e m s e l v e s s e r v e m m o d i f y i n g t h e s e n s i t i v i t i e s o f t h e c o n e s . A s h a s 

b e e n p r e v i o u s l y p o i n t e d o u t b y D o n n e r ( 1 9 6 0 ) a n d M u n t z ( 1 9 7 2 ) t h e y 

w o u l d m a k e t h e s h o r t - w a v e l e n g t h s i d e s o f t h e c o n e s s p e c c i a l 

s e n s i u v i t v c u r v e s s t e e p e r , t h u s p r o d u c i n g a m o i e r a p i d c h a n g e i n a 

c o n e ' s r e s p o n s e f o r a g i v e n w a v e l e n g t h c h a n g e T h i s i n i t s e l f w o u l d 
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i m p i o v e d i s c r i m i n a t i o n a t p o i n t s i n t h e s p e c t i u m w h e r e t h i s e n h a n c e d 

s e n s i t i v i t y to w a v e l e n g t h c h a n g e o c c u r s I n a d d i t i o n , a s D o n n e r 

c o m m e n t s , b y m o d i f y i n g t h e c o n e s ' o u t p u t s , t h e o i l - d r o p l e t s c o u l d 

s h i f t t h e s e r e g i o n s o f f i n e w a v e l e n g t h d i s c r i m i n a t i o n t o p a r t s o f t h e 

s p e c t r u m i n w h i c h i m p r o v e d d i s c r i m i n a t i o n a b i l i t i e s a r e b i o l o g i c a l l y 

a d v a n t a g e o u s t o t h e p i g e o n 

B y c o m b i n i n g a n u m b e r o f o i l - d r o p l e t s w i t h s e v e r a l c o n e p i g m e n t s , 

i n a w a y t h a t h a s b e e n o u t l i n e d a b o v e , t h e o i l - d r o p l e t s w o u l d a l s o 

s e r v e t o i n c r e a s e t h e c o m p l e x i t y o f t h e p i g e o n ' s c o l o u r v i s i o n s y s t e m 

T h i s m c r e a & e d c o m p l e x i t y m i g h t o n l y be a p p a r e n t u n d e r t h e 

a p p r o p n a t e s t i m u l u s c o n d i t i o n s . T h u s t h e q u i t e c o m p l i c a t e d 

p s y c h o p h y s i c a l r e s u l t s f o u n d m t h e s a t u r a t i o n d i s c r i m i n a t i o n 

f u n c t i o n h e r e c o u l d s t i l l r e l y o n o n l y a f e w v i s u a l p i g m e n t s i f s o m e o f 

t h e p i g m e n t s u n d e r w e n t d i f f e r e n t i a l f i l t e r i n g b y o i l - d r o p l e t s I n 

l i z a r d s a n d t u i t l e s t h e o i l - d r o p l e t s a p p e a r t o e n r i c h t h e a n i m a l ' s 

c o l o u r v i s i o n , c o n v e r t i n g s y s t e m s a p p a r e n t l y c o n t a i n i n g o n e o r t w o 

v i s u a l p i g m e n t s t o d i c h r o m a t i c a n d t e t r a c h r o m a t i c s y s t e m s 

r e s p e c t i v e l v ( O i l o v a n d M a x i m o v a , 1 9 6 4 , c i t e d i n M u n t z , 1 9 7 2 ) . 

T h e p i g e o n ' s o i l - d r o p l e t s c o u l d q u i t e f e a s i b l y s e r v e a s i m i l a r f u n c t i o n 

O n e o f t h e i d e a s p u t f o r w a r d b y W a l l s a n d J u d d ( 1 9 3 3 ) t o e x p l a i n 

t h e m t e r - s p e c i f i c d i v e r s i t y i n t h e p r o p o r t i o n s o f t h e v a r i o u s l y 

c o l o u i e d o i l - d r o p s w a s t h a t c o n e s c o n t a i n i n g d i f f e r e n t l y c o l o u r e d 

d r o p l e t s b e c a m e o p e r a t i v e a t d i f f e i e n t l e v e l s o f l i g h t i n t e n s i t y . R e d 

d i o p l e ' s , m p a r t i c u l a r , a r e s a i d t o f u n c t i o n u n d e r h i g h l i g h t 

i n t e n s i t i e f a a n d a n i m a l s w h i c h c o m m o n l y e n c o u n t e i s u c h c o n d i t i o n s , o r 
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a lo t of ' g l a re 1 , are noted to have a greater p ropor t ion of red droplets 

(Cullen, c i ted in Muntz, 1972). Separate cone populations, as defined 

by the colours of t l ie i r o i l - d i oplets>, are then said to funct ion more or 

less independently as i l l u m i n a t i o n conditions change, so that cones 

w i t h red droplets are p r i m a n l y operative at high l igh t in tens i ty levels 

and cones containing yel low d iop le t s operate under ' n o r m a l ' dayl ight 

conditions w i t h a func t iona l br idge being provided by orange-d iop le t 

containing cones 

While this funct ion of the o i l - d rop l e t s was regarded as only 

secondary i n the m a j o r i t y of b i rds , p resumably this idea of a 

'mu l t i p l ex ' re t ina cannot be l i m i t e d to only a few avian species (e. g 

k ingf i she rs ) and not others since i t i m p l i e s a fundamental func t iona l 

o iganisa t ion of the avian, and also t u r t l e , r e t ina . The argument that 

only a v e i y l i m i t e d population of cones are operative under cer ta in 

l ight conditions seems unl ike ly , as this would r e s t r i c t the an imal ' s 

colour d i s c r i m i n a t i o n ab i l i t i e s as w e l l as the eye's acui ty . The 

hypothesis could be tested, however, by a re -examinat ion of modula to i 

un i t s . I f , as suggested, a modalator can receive inputs f i o m m o r e 

than one type of cone sharing the same pigment but w i t h d i f f e r e n t 

o i l - d rop l e t s , a change m luminance should be re f lec ted bv a sh i f t 

f r o m the predominant sens i t iv i ty of one cone to that of another For 

instance, by increas ing s t imulus luminance the 540 nm peak of the 

g ieen modula tor should be superceded by a peak at about 570 nm 

In view of the mu l t i p l e peaks that some oi the modi Is tors appealed 

to have, f u r t h e r invest igat ions into the sens i t iv i ty funct ions of the 
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ganglion cel ls and then inputs would be wor thwhi le However i f , as 

suspected, a ganglion ce l l can lece ive i t s input f r o m cones containing 

the same pigment but d i f f e ren t o i l - d i oplets, i t would be d i f f i c u l t to 

apply the usual techniques of chromat ic adaptation to isolate d i f f e r e n t 

sens i t iv i ty funct ions and obtain clear cut resul ts I f the modula tors 

can receive dual exc i ta tory inputs, though, the narrowness of their 

sens i t iv i ty cu ives is s u r p u s m g . While the o i l -d rops would r e s t r i c t 

short wavelength sens i t iv i ty , resu l t ing m the steeply r i s i n g 

sens i t iv i ty funct ions at these shorter wavelengths, addit ional i n h i b i t o r y 

inputs to ganglion cel ls migh t also account fo r the o v e i a l l narrowness 

of the curves Of relevance here is the recent work by Padmos and 

N o i r e n (1975), showing that the non-opponent cel ls of monkeys, 

f o r m e r l y thought to receive ei ther a l l exc i ta to ry or a l l i n h i b i t o r y 

inputs, can also have antagonistic inputs These make the sens i t iv i ty 

curves of ind iv idua l non-opponent cel ls s l igh t ly na r rower than would 

be predic ted f r o m the fundamental cone sens i t iv i ty functions 

A l t e r n a t i v e l y the modulator curves ' narrowness might be due to 

Donner 's use of a d i f fuse s t imulus l ight since Michael (1968), 

r ecord ing f r o m optic nerve f i b r e s in the ground s q u i r r e l , found that, 

whi le the m a x i m u m sens i t iv i ty of the units remained stable, 

sens i t iv i ty functions were broader when a spot of l ight was r e s t r i c t e d 

to the receptive f i e l d than when the re t ina was d i f fuse ly i l l umina ted 

In general , l i t t l e is known about the in te rac t ion between 

d i f f e i en t ia l lv sensi t i \e coloui channels in the pigeon's v i sua l system 

L i t t l e can be i n f e i r e d f r o m Yazulla and Granda's (1973) invest igat ions 
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of thalamic units about the p iec i se nature of cone inputs to opponent 

cells other than that mechanisms contr ibut ing to these ce l l s ' s funct ions 

are sensitive to wavelengths longer and shorter than 500, 520 and 560 nm 

S i m i l a i l y G a l i f i e t (1960) has descr ibed some diencephalic units 

which seem to act i n a complex opponent fashion In one unit , 

s t imula t ion w i t h 675 nm l ight produced a lesponse pat tern opposite to 

that e l i c i t ed by shorter wavelengths A f t e r s t imula t ion onset, at 

sho i t e r wavelengths there was an i n i t i a l spike discharge which was 

fo l lowed by inh ib i t i on of spontaneous ac t i v i t y Dur ing maintained 

s t imula t ion (about 650 ms) , spontaneous ac t iv i ty re turned before 

s t imulus offset , but this then produced response blockage again A 

675 nm s t imulus , on the othei hand, produced an i n i t i a l suppression 

of spike ac t i v i t y fo l lowing s t imulus onset Spike frequency then increased 

instead of being inhib i ted dur ing the s t imulus per iod . A f l e r s t imulus 

offset , response inh ib i t ion was delayed, and instead occur red when 

spontaneous ac t i v i t y was being resumed at shorter wavelengths Only 

a few wide ly spaced wavelengths were tested so i t is d i f f i c u l t to see 

the complete t r ans i t ion i n this response pat tern However, this uni t ' s 

ac t iv i ty bears some resemblance to the opponent action descr ibed by 

Yazulla and Granda i n a few units , i n which an on-response changed to 

a delayed off - response as wavelength was a l tered A f u r t h e r uni t 

mentioned by G a l i f r e t , but of which few detai ls are given, produced a 

response pat tern to 614 nm s t imula t ion which was most in opposition 

to the ac t iv i ty generated by 499 nm l ight I t was also in te res t ing to 

note that the changeover in response pat tern seemed to occur w i t h a 
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589 nm st imulus This i s near to the point at which a m i n i m u m was 

found in both the wavelength and saturat ion d i s c r i m i n a t i o n funct ions 

obtained f i o m the present experiments and which were p iesumed to 

depend on neura l opponent ac t iv i ty Since the peak ac t i v i t y i n the 

macaque's opponent cells (De Valois et a l , 1966) does not correspond 

ve ry p rec i se ly w i t h peak sens i t iv i ty i n i t s r e t ina l cones, knowledge of 

the cone inputs to avian opponent units must r e a l l y await f u r t h e i 

neurophysiological w o r k to investigate the sens i t iv i ty spectra of 

unde i ly ing cone mechanisms 

De Va lo i s ' approach of co r r e l a t i ng neurophysiological response 

data w i t h psychophysical funct ions has proved v e i y p ro f i t ab le in 

reveal ing the ways i n which r e t i n a l and neura l units may in te rac t and 

f o r m the basis of behavioural resul ts I t is hoped that more 

i n f o r m a t i o n may soon be fo r t hcoming about physiological 4 chromat ic 

mechanisms i n b i rds to s i m i l a r l y elucidate the i n c i easing number of 

behavioural observations on thei r colour v i s ion The precise number 

of pigments i n the avian re t ina and their combinations w i t h the var ious 

o i l -d rop le t s would best be decided by mic rospec t ropho tomet r i c studies 

of single r e t i n a l receptors . So f a r these invest igat ions have met w i t h 

technical d i f f i c u l t i e s because of the slenderness of the avian cone outer 

segments (Liebman, 1972) F u r t h e i to that, the ways i n wh ich cone 

systems in te rac t would have to be known before precise quanti tat ive 

models of avian colour v i s ion could be fo rmu la t ed While the. ' s ingle 

pigment Lheoiy no longer seems adequate to account f o r the 

psychophysical data, we are s t i l l some way f r o m knowing what other 
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mechanisms do actual ly unde i l i e the b i r d ' s d i s c r i m i n a t o r y ab i l i t i e s 

In conclusion, the present resul ts support other recent w o r k on 

the pigeon's colour d i s c r i m i n a t i o n in showing that this an imal ' s coloui 

v i s ion d i f f e r s in several respects f r o m our own I t i s now apparent 

that the pigeon's v i sua l system i s at least t e t i a c h i o m a t i c , as shown 

by the wavelength d i s c r i m i n a t i o n resul ts , but the saturat ion 

d i s c r i m i n a t i o n funct ion indicates that i ts v i s ion may be even more 

complex than that. This added complex i ty migh t be a t t r ibuted to the 

r e t i na l o i l -d rop le t s , ove r ly ing possibly 4 or even 5 basic cone 

pigments 

Also notable is the b io log ica l adaptiveness of the pigeon's colour 

v i s ion I t is p a r t i c u l a r l y good at d i s c r i m i n a t i n g between wavelengths 

i n the 'o iange ' and 'green ' regions and no doubt makes use of these 

ab i l i t i e s i n seaiching f o i g ra in and other food Besides aiding in thes 

d i s c r i m i n a t i o n ab i l i t i e s and adding to the complexi ty of the pigeon's 

colour v is ion, the o i l - d r o p l e t s , by e l imina t ing short wavelengths, 

would also act as f i l t e r s w i t h i n ind iv idua l cone cel ls to reduce any 

deleterious effects of chromat ic aber ra t ion and scat tered l igh t In 

this respect the o i l - d rop l e t s also serve to main ta in v i sua l acui ty by 

act ing as an a l ternat ive mechanism to a homogeneous yel low f i l t e r 

provided i n the lenses of some other animals However, the pigeon's 

sens i t iv i ty to blue and UV l ight shows that some photopic receptors , 

p iobab ly without o i l - d r o p l e t s , s t i l l respond quite adequately to these 

shorter wa.vclengths The retent ion of l e c e p i o i s without droplets in 

the pigeon's re t ina would be usefu l in order to ma in ta in this short 
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wavelength sensi t iv i ty , since an i m p o i t a n t environmental v i sua l 

s t imulus is found in the scattered l ight of a blue sky, which may be 

used as a cue in homing and navigat ion behaviour With such a 

d i f fuse l igh t source only a coarse detector mechanism, provided bv 

r e l a t i v e l y few and scattered receptors , would be necessary ra ther 

than f i ne -g ra ined mechanisms, which have good resolving power and 

are d i f f e i e n t i a l l y responsive to colour These la t ter mechanisms, 

needed f o r the d i s c r i m i n a t i o n of other objects i n the environment, 

would be provided by the o i l - d r o p bear ing cones which f o r m the 

m a j o r i t y of the receptor population in d iu rna l b i rds (Wal ls , 194 2, 

M o r r i s , 1970) 

4 
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A P P E N D I X 

B E H A V I O U R A L TECHNOLOGY 

Compar ison of d i s c r i m i n a t i o n per formance on behavioural tests 

Since the same subjects were used f o r a l l behavioural tests, the i r 

pe r fo rmance in the three exper iments can be compared to assess the 

re la t ive d i f f i c u l t i e s of the tasks requ i red of them The closest 

s i m i l a r i t i e s in procedure were between the f i r s t wavelength 

d i s c r i m i n a t i o n exper iment and the saturat ion task. In the f i r s t case, 

each an imal had to d i s c r imina t e between s t i m u l i d i f f e r i n g i n hue 

whereas in the la t ter instance the pigeon had to respond to the 

chromat ic rather than achromat ic component of the s t imulus display 

Examinat ion of the course of d i s c r i m i n a t i o n per lormance between the 

learning c r i t e r i o n of 90% c o r i e c t choices per session and the 

threshold leve l of 70% c o r r e c t choices showed *har in both exper iments , 

the change i n d i s c r i m i n a t i o n scores va r i ed f r o m one wavelength to the 

next and also f r o m one subject to another (see F i g . 3, ch 2 and F i g 

3, ch 3) The most m a r k e d d i f fe rence was in the numbers of sessions 

to acquis i t ion I e 90% c o r r e c t c r i t e r i o n The saturat ion exper iment 

had session? of 50 t r i a l s and, i n mos t cases, the acquis i t ion c r i t e r i o n 

was reached wi th in the f i r s t two sessions (see Table V, ch 3) 

This was not so f o r the f i r s t wavelength d i s c r i m i n a t i o n exper iment 

Sessions of 20 t r i a l s were used and this t ime the number of sessions 
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needed to leach c r i t e r i o n level va r i ed between 1 and 38 Sometimes 

the d i s c r i m i n a t i o n c r i t e n o n was qu ick ly acquired, w i t h i n the f i r s t 

three sessions, but more often severa l (6 - 8) or many sessions were 

needed to reach the 90% leve l Although d i s c r i m i n a t i o n scores 

cannot be compaied on a t i l a l - b y - t i l a l basis, since only the to ta l 

scoies f o r each session were recorded, on the whole more t r i a l s 

were obviously taken to achieve a c r i t e r i o n leve l or per formance i n 

the i n i t i a l wavelength d i s c r i m i n a t i o n expenment than m the saturat ion 

d i s c r i m i n a t i o n procedure 

This d i f fe rence might have been because, by the t ime of doing the 

saturat ion d i s c r i m i n a t i o n expenment , the b i rds were p a r t i c u l a r l y 

w e l l - t r a i n e d using this apparatus and method and so had developed a 

type of ' l e a r n i n g set' f o r the procedure they had to fo l low Thus i n 

the second exper iment they would l ea rn m o r e qu ick ly . However, i n 

the f i r s t wavelength d i s c r i m i n a t i o n study there was not much evidence 

of quicker acquis i t ion by the end of that exper iment F r o m an 

examinat ion of the number of sessions to acquis i t ion over the complete 

experiment , the only conclusion that could be drawn was that there was 

a wide va r ia t ion f r o m one wavelength test to another, w i t h high and low 

numbers of sessions occur r ing throughout the course of the exper iment 

This would suggest that f a m i l i a r i t y w i t h the task was not the basic 

reason f o r the quicker acquis i t ion on new tests m the saturat ion 

expe r i m e n t 

Apa r t i r o m the task f a m i l i a r i t y fac tor , another explanation xor 

the d i f fe rence between the wavelength and saturat ion d i s c r i m i n a t i o n 
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acquis i t ion t imes may be that co loui i s a p a r t i c u l a i l y salient v i sua l 

cue to a pigeon (Jones, 1954, P r i t z et al , 1970) Because of this , i n 

the saturat ion expenment the b i rds may have immedia t e ly chosen the 

' co loured ' versus the 'non-coloured ' s t imulus , even when a 'new' 

colour was presented Hence, on this sor t of detection task, 

acquis i t ion would be quicker 

D u u n g wavelength d i s c r i m i n a t i o n , a l l the s t i m u l i were coloured 

so the b i rd s did not have an immedia te cue enabling a s imple choice 

In this case they had to learn to choose one colour l a t he r than a 

d i f f e i e n t colour, although both s t i m u l i may have been equally salient 

cues to the animals Analys ing the i n i t i a l d i s c r i m i n a t i o n task i n the 

same way that Over (1967) has done, the pigeon not only had to be able 

to perceptual ly d i f fe ren t ia te between the s t i m u l i but also had to l ea rn 

to attach i t s responses to the c o r r e c t s t imulus , this la t ter requ i rement 

may have presented more d i f f i c u l t y i n the acquis i t ion of wavelength 

d i s c r i m i n a t i o n In this exper iment also, i n some but not a l l cases, 

the prolonged t ime taken to reach the learning c r i t e n o n could be 

a t t r ibu ted to what was a r e v e r s a l learn ing p rob lem in which the 

posi t ive wavelength of one test became the negative wavelength of the 

next test, or vice versa This type of p rob lem is modera te ly 

d i f f i c u l t f o r the pigeon (B i t t e rman , 1965, Bu l lock and B i t t e r m a n , 1962) 

On the other hand, not a l l r eversa l s of wavelengths proved 

p rob lemat i ca l , nor were a l l prolonged learning t imes due to an 

obvious r eve r sa l problem 

Compar ison between acquis i t ion t imes of the f i r s t wavelength 



d i s c r i m i n a t i o n exper iment and the saturation w o r k becomes more 

complicated when the resul ts of the la ter wavelength d i s c r i m i n a t i o n 

study a ie also considered In this experiment , d i s c r i m i n a t i o n tests 

were ordered so as to c i rcumvent any r e v e r s a l learning problems 

On the m a j o r i t y of d i s c r i m i n a t i o n tests, the learning c r i t e r i o n of 90% 

co r r ec t lesponding on two successive blocks of t u a l s was achieved 

w i t h i n the f i r s t 5 0 - t r i a l session, of ten w i t h i n the i n i t i a l 20 to 30 t r i a l s 

of that session Why this should be i n the second but not i n the f i r s t 

wavelength d i s c r i m i n a t i o n study i s not clear 

Casual observat ion suggested that the threshold test ing procedure 

used in the second of the wavelength d i s c r i m i n a t i o n studies was a more 

d i f f i c u l t one f o i the b i rd s than that of the i n i t i a l exper iment In this 

f i r s t exper iment the pa i r of s t imulus wavelengths used i n each session 

remained constant whereas in the last exper iment the negative 

wavelength was f r equen t ly changed wi th in a t i t r a t i o n session 

Responding was then occasional ly i n t e r rup ted by bouts of w ing - f l app ing 

which had general ly been encountered before when there was some 

apparatus f a i l u r e e g key contacts were non- func t iona l I t was also 

unexpected that one pigeon, S9 should have v i r t u a l l y ceased responding 

even though i t had been extensively tested on colour d i s c r i m i n a t i o n 

tasks in the same apparatus. Perhaps the d i f f i c u l t y i n this procedure 

lay again in r emember ing which s t imulus was the co r rec t one, 

especial ly when the negative s t imulus was changed at short in t e rva l s 

P rocedura l improvements 

Because of the d i f f i c u l t i e s encountered by b i rds in the second 
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wavelength d i s c r im ina t i on expenment , which led to the loss of one 

experienced subject, one way of making the t i t r a t i on procedure 

s l igh t ly less demanding would be to l i m i t the numbei of t imes that the 

setting of the negative wavelength was made to v a i y In the t i t r a t i o n 

procedure, any d i s c r i m i n a t i o n score on a block of 10 t r i a l s which was 

g i ea t e i than or less than 7 produced an a l te ra t ion in the negative 

s t imulus setting on a subsequent block of t r i a l s Wavelength values 

only remained the same i f a b i r d happened to get a score of exact ly 7, 

the response c r i t e r i o n defined as the threshold l eve l . This cons t i a in t 

produced ve ry f requent changes i n wavelength set t ing. 

One way of overcoming this would be to al low i n i t i a l 

d i s c i l m i n a t i o n scores to decrease u n t i l a l eve l of 7 (o i less) out of 10 

co r r ec t choices was reached and then to keep the wavelength d i f fe rence 

stable as long as scores of between 6 and 8 were obtained (The 

wavelength d i f fe rence would be al lowed to decrease fo l lowing the f i r s t 

d i s c r i m i n a t i o n score of 8 in a session, since the wavelength d i f fe rence 

f o r the i n i t i a l score of 8 was sometimes above the apparent threshold 

leve l (see ch 5, Table I) The wavelength d i f ference migh t otherwise 

r emain at this high leve l throughout a session) This mod i f i c a t i on in 

procedure migh t make the s t imulus s i tuat ion seem less t rans ient to a 

pigeon and pos s ib ly this in t roduc t ion of longer periods dur ing which 

s t imulus values remained stable migh t have a less d is rupt ive ef fec t 

on behaviour 

In the second wavelength d i s c u m i n a t i o n studv, i t was also noticed 

that, over successive sessions, the calculated wavelength d i f fe rence 
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thresholds became smal l e r given pract ice , the b u d s apparently 

learned to make f i n e r d i sc r imina t ions As mentioned before , i t 

would the i e fo re be be t te i to continue w i t h t i t r a t i o n sessions un t i l the 

th iesho ld leve l tested at each point in the spectrum had stabi l ised 

Although no f o r m a l tests w e i e e a r n e d out to see i f thresholds could 

be s i m i l a r l y lowered, i l would probably also have been t i u e of the 

f i r s t wavelength d i s c r i m i n a t i o n and saturat ion d i s c r i m i n a t i o n 

experiments that d i s c r i m i n a t i o n could have improved i f more 

prolonged testing had been c a r r i e d out This would have entailed 

repeating sessions at the same wavelength settings, or neu t ra l 

density values, m o r e than once af te r d i s c r i m i n a t i o n was at a leve l 

of less than 90% c o r r e c t (see procedures of ch 2 and 3) While more 

prolonged testing may have produced more s tabi l ised thresholds, w i t h 

perhaps even less ind iv idua l va r ia t ion in resul ts , and would have given 

a more accurate estimate of the absolute d i s c r i m i n a t i o n ab i l i t i e s of 

the pigeon on the two types of v i sua l d i s c r i m i n a t i o n problem, such 

increases i n accuracy would be gained at the expense of a considerably 

prolonged t ime needed to complete the experiments Instead, i t is 

believed that by applying, throughout an experiment , a predetermined 

c r i t e r i o n leve l f r o m which to define a threshold, the more usefu l and 

meaningfu l i n f o r m a t i o n about re la t ive wavelength d i f fe rence and 

saturat ion thresholds was obtained 
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