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THE COLOUR VISION OF THE PIGEON

ABSTRACT

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 i1n birds 1s
mediated by a single cone pigment, combined with several types of
retinal oil-droplets which act as differential colour filters

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. Earlier 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 1s at least
tetrachromatic

The pigeon's saturation discrimination abilities were also studied
using a similar 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
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Preliminary to an extension of the wavelength discrimination
study, the pigeon's spectral sensitivity was measured
electroretinographically The resulling spectral sensitivity curve
peaked at 560 - 580 nm, 1n agreement with previously reported data
Fuirthermore, 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 first experiment
showing three threshold minima were confirmed and, additionally,
pigeons maintained good discrimination between wavelengths within
the ultraviolet range

Experimental findings were discussed i1n terms of the
physiological mechanisms underlying visual performance, 1n
particular, the preseat :results, 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



CHAPTER 1

INTRODUCTION

The sensory systems of an animal enable 1t to detect changes 1n
physical energy in its environment and to use the information thus
obtained in modifying 1ts behaviour i1n response to conditions 1n the
world about it Which information an animal can extract and utilise
depends, 1in the first instance, on the filtering properties of its sensory
systems, These systems are adaptcd to detcct certain types and ranges
of physical energy the normal human visual system, for example, 1s
sensilive 10 electromagnetic radiation ranging from about 390 - 760 nm
1in 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 i1n 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 1s not solely related to sensory
limatations 1s found in the colour preferences shown by neonate gulls
(Tinbergen and Perdeck, 1950, Hailman, 1967), which peck most

frequently at long and short wavelength stimul: while responding little




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
primary concern here 1s with the properties of sensory systems them-
selves.and a discussion of other factors influencing the effectiveness of
stimuli 1n controlling overt behaviour can be found in Hinde (1970).

For any sensory modality, the properties of a particular sensory
system need not be the same for all species. It 1s only advantageous if
an anmmmal's sensory systems select and transmit infor mation to which
1t could subsequently make an appropriate behavioural response. Hence
an organism's sensory equipment should be adapted to provide 1t with
information necessary for its survival within a particular environment.

In the visual modality, one particularly impoz:tant piroperty of the
sensory system 1s the ability to detect contrast in the envirdnment This
contrast response could be to differences in energy levels, i1rrespective
of wavelength content, 1.e. the system could make a brightness discrim-
ination., But another visual ability 1s that of detecting contrast available
1in terms of wavelength differences even when there are no differences
1n stimulus intensity An amimal whose visual system can encode wave-
length differences 1s said to have colour vision, a perceptual ability that
will be considered 1n detail here.

While colour vision has been demonstrated 1n insects (Goldsmath,
1961), fish (Yager, 1968), amphibians (Muntz, 1964, Hailman and Jaeger,
1974), reptiles (Graf, 1967 Ticmann, 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 all
share the same colour vision abilities. The visual spectrum of bees,
for example, 1s shifted to shorter wavelengths when compared with that
of man the bee's eye 18 highly sensitive to short wavelengths, particularly
those in the ultraviolet range (Autrum, 1965, von Helversen, 1972) to
which man 1s insensitive, while longer wavelengths, seen as red by
humans, are quite invisible to the bee. This characteristic adaptation
1in the bee's colour vision enables 1t 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 1s highly
advantageous Lo the amimal 1n facilitating 1ts foraging activity.

The extent to which an animal can differentiate wavelengths will
depend on the functioning of components of i1its visual system the number
of receptor types, the range of wavelengths to which each rc'aceptor 18
sensilive and the mode of interaction of chromatically responsive com-
ponents at all levels of the visual system can all play a part in modifying
colour vision. Interspecific differences relating to colour vision will,
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 cells which are
differentially sensitive to wavelength, making vision in both species
trichromatic. Because of discrepancies in the wavelength ranges to
which cach rec.eptor 1s sensitive, howecver, the regions of the spectrum
in which both subjects make their best discriminations ai1e 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
similar to those typical of a protanomalous human observer (De Valois
and Jacobs, 1968). It seems that both species have three visual pigments
1n their cone receptor cells but that one of the pigments has a different
sensitivity range 1n the two monkeys Another difference between the
species 1s 1n the numbers and relative activity rates of two types of
opponent-cell, a mechanism whose response depends on the input from
two differcntially sensitive receptors. Both these factors therefore
underlie the discrepancies 1n colour vision abilities

Another interspecific variation 1s that not all animals have three
receptor types as humans do. There are only two groups of' receptor
cells 1n ground squirrels, for instance, making this animal's colour
vision dichromatic (Jacobs and Yolton, 1971, Michael, 1968).

Some anmimals, 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 al.,
1973, Mello and Peterson, 1964 Sechzer and Brown, 1964). Central
opponent units, sensitive to wavelength differences, are scarce in this
amimal (Pearlman and Daw, 1970), which more readily learns a brightness

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



As the above examples 1llustrate, interspecific differences 1n
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 amimal's behaviour and surwvival
requirements,

2) the mechanisms by which colour vision 1s attained and the
modifications of structure and physiological function by which a species
achieves its characteristic colour vision abilities.

In view of the characteristically different colour vision abilities
of some other amimals when compared with those of humans, we maght
expect that 1n pigeons, whose behaviour and survival needs are so
different from ou: own, correlated adaptations would be found in this
amimal's colour vision. Instead, seveial experimental studies of colour

'
vision 1n this species have indicated that 1ts perceptual abilities dosely
parallel those of man. One of the first detailed examinations of the pigeon's
hue discrimination abilities was performed by Hamilton and Coleman
(1933), employing a jumping-stand method. Birds were tiained 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,



1ts difference threshold was recorded and tests were repeated at other
points 1n 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
similar to that of man pigeons, like humans (Wright and Pitt, 1934),
made their finest discriminations in the yellow-orange (580 - 590 nm)
and blue-green (500 nm) spectral regions

Certain symilarities between avian and human colour vision have also
been reported by other authors. Pigeons trained to respond to a red
stimulus will generalise their responses to a blue stimulus (Guttman,
1956 Wright and Cummang, 1971) Similarly, chickens trained to peck
a purple stimulus also generalise their behaviour to red and blue stimulx
(Guttman, 1956). This would suggest that the colour vision of birds,
like that of man, can be represented on a 'colour circle' (Kling and Riggs,
1971), in which the long and short wavelength extremes of the spectrum are
linked by extra-spectral purples.

Mor1 et al. (1969), working with pigeons, put forward some evidence
of a pairing of red with green and blue with yellow, similar to the opponent
pairing of colours by humans (Hurvich and Jameson, 1957) After first
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 1llumination while a

control group was kept for a similar period under white light 1llumination.



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, thc 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 i1n the first re-test of this problem. Thus,
in the amimals which had been kept for prolonged periods 1n 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 i1llurmination conditions does
not significantly affect acquisition of wavelength differences encountered
in stimulus-generalisation tests (Rudolph and Homig, 1972, Mountjoy and
Malott, 1968, Riley and Leuin, 1971, Tracy, 1970).

A similar pairing of red with green and blue with yellow for chickens
1s also implied by behaviour which appears to rely on simultaneous colour
contrast (Révész, 1921), since one explanation of simultaneous contrast
effects 1n human vision 1s that these phenomena are a product of red-green

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

Hurvich, 1964).



Finally, similarities 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 similar 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 stimula
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 1n 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, in which the previously reinforced colour
was the positive stimulus, learned the discrimination more quickly
when the preferred blue was the rewarded discrimination stimulus,

Such similarities 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 1n 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 in birds operate 1n a way different from those in many of
the other animal groups tested (e.g. fish 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 al., 1965, Strolher and Wolken, 1960, Wald and Zussman, 1938).
These oil-droplets are positioned adjacent to the photopigment-containming
outer segments 1n 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 :>f brightly
coloured oi1l-droplets have been described (Meyer and Cooper, 1966,
Strother, 1963, Strother and Wolken, 1960) while in nocturnal species,
such as owls, the strong colouration 1s absent and only colourless or pale
yellow droplets occur (Walls and Judd, 1933). In thepigeon, 4 types of
large droplets have been observed, red, orange, yellow and greemsh-
yellow in colour (van Genderen Stort, 1887, King-Smath, 1969, Donner,
1960, Fupmoto et al., 1957, Adams, 1967, Galifret, 1968), as well 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 oil-
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droplets have shown them to have sharp cut-off characteristics towards
the shorter wavelength end of the spectrum (King-Smith, 1969, Fujmoto
et al., 1957, Strother, 1963). The droplets may thus act as individual
colour filters, restiricting the range of wavelengths that will be trans-
mitted to each cone outer segment.

Krause (1863) and Schultze (1866) early on proposed that the oil-
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 i1dea
In contrast to the situation in fish, man and other primates, i1n 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 562 nm, has been extracted from
the retinae of turkeys, chickens and pigeons (Crescitell: et al., 1964,
Wald et al., 1955, Wald, 1958). Bridges (1962), on the other hand,
failed to. find 1odopsin 1n the pigeon retina but instead reported a single
cone pigment having 1ts Amax 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
10dopsin 1n 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 18 only a single cone pigment for these amimals rather
tentative however. But as a result of these findings 1t has been
hypothesised that colour discrimination in birds 1s achieved by the
differential filtering action of the oil-droplets upon light falling on
one photopigment 1n all cone cells.

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
Martinoya, 1971, Hailman, 1964, King-Smith, 1969, Wald, 1937,
Wald and Zussman, 1938) Hailman (1964), in particular, demonstrated
that the pecking responses of gull chicks i1n tests of colour preference
could be matched by a model assuming subtractive interaction between
classes of cones containing different oi1l~-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 al., 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 (570 - 610 nm) and short
(470 - 530 nm) wavelcngth parts of the spectrum. While no clear-cut
results were obtained within the shc;rter wavelength range, a region of
good discrimination at wavelengths 590 - 600 nm was found within the
longer wavelengths, Because this area of best discrimination corresponded
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 o1l-
droplets might be expected, whether they are combined with one or
several visual pigments. Thus, this experiment by itself does laittle
to resolve the argument of whether or not avian colour vision can depend
on a single pigment 1n combination with several oil-droplets.

But the single pigment hypothesis has, by no means, received
unanimous support Le Grand (1962), for example, calculated that,
1f the chicken's retina contained only 10dopsin 1n combination with
three types of oil-droplets, 1its colour vision would bc almost dichromatic
and discrimination would be particularly poor in the long wavelengths
(above 560 nm). Lashley (1916) had already shown that the hen's dis-
crimination abilities were better than the single pigment hypothesis
would appear to predict. Le Grand, finding that the differential filtering
action of the droplets was 1nadequate as the sole basis for colour dis-
crimination 1n this animal, argued instead for the existence of additional
photopigments. IL.e Grand's calculations might be 1naccurate, 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 oi1l-droplet carotenoid pigments which give transmission curves
rather different from those measured from droplets 1n situ (cf. King-
Smith, 1969).

More generalised criticisms of the 1dea that o1l-droplets may be
basic to colour vision, and cther speculations about their role, have

come from Walls and Judd (1933) and Walls (1942) They considered
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the oil-droplets' function 1in conjunction with that of other ocular filters,
provided 1n other species by yellow lensecs or corneae, maculae luteae,
and retinal capillaries The oil-droplets were regarded as modifiers of colour
vision rather than being basic to 1t Yellow droplets, in common with
other yellow filters, were said to serve a quadruple purpose, under
normal i1llumination 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
1llumination 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
o1l-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 1n turtles and diving birds Further evidence, which
appears to confirm this relationship between an animal's behavioural
environment and the differential piroportions of coloured oil-droplets,

1s 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 1s related to the enhancement of contrast of
objects seen against various backgrounds, has, however, been criticised
by Muntz. He instead proposes that the presence of red droplets within
certain regions of the retina 1s associated with better colour vision
whereas these droplets arc lacking when sensitivity to brightness
differences 1s of primary importance

Other functions have been attributed to the oi1l-droplets. Muntz
argued that their sharp cut-off characteristics would act to increase the
rate of change of a receptor's output 1n response to a given wavelength
change By this means the oil-droplets would improve wavelength dis-
crimination at certain regions, an idea which has also been put forward
by Donner (1960)

Further evidence 1s reviewed by Muntz which indicates’ that, in
turtles and lizards, oil-droplets can actually enrich an anmimal'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 1s the demonstration that the retinae of turtles,
which are structurally similar to those of birds, contain 3 cone photopigments
as well as accommodating a number of brightly coloured droplets
(Liebman and Granda, 1971, Liebman, 1972).

More than one photopigment might also be expected 1n owls Although
only a rhodopsin pigment has been extracted from the owl's retina

(S11lman, 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 al., 1975). From colour discrimination tests
it appears 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), wvision 1n this avian species could not be attributed to
diffcrential filtering by the oil-diroplets 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’
failtering 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 thec parents' diet (Meyer, 1971, Meyer et
al., 1971). Although investigations of the spectral sensitivity of these
animals were reported to be 1n progress, unfortunately no reports of
these experiments appear to be available to date.

However, some insight into the part played by the oil-droplets maight
also be gained by considering othe:r psychophysical data, which have
been largely collected from the pigeon. Contrary to the previously
described experiments in which close similarities between the colour
vision of man and pigeons are claimed, these data begin to point to ihter-
specific differences Many authors report that the avian photopic spectral
scnsitivity cur\'/e, whether obtained by behawvioural or physiological means,
shows a shift in peak sensilivity towards longer wavelengths when compared

with the scensitivity function of man and most other diurnal animals

(Donner, 1953, Granit, 1942, Blough, 1957, Giaf, 1969 Merssner, 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 1s some disagreement about the effect on colour vision of
the differential distribution of o1l-droplets within the pigeon's retina
(Galafret, 1968) King-Smith (cited by Muntz, 1972) has reported a
discrepancy between the sensitivity curves of tectal units which had
their receptive fields i1n the yellow or red rctinal ficlds of the pigeon.
The sensitivaty function of umits receiving input from the dorsal red
field 1s 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 al., (1972), who also measured the pigeon's
photopic spectral sensitivity 1n both red and yellow fields using the
electroretinogram, found, by contrast, that the sensitivity functions
from both these parts of the retina were i1dentical Similarly, wavelength
discrimination functions which most likely depended on stimulation of the
red field (Wright, 1972a) and yellow field (Riggs et al , 1972) also show
good agreement 1n the positions of the spectral regions of best discrimination.
Another study investigated the effect of differences in the proportions
of the coloured oil-droplets 1n 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 stimuli1 displayed 1n some

other part of the visual field Colour discrimination learned using one

-
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part of the visual field was found to transfer immediately to another
part of the visual field From these results, the authors concluded
that colour recognition does not depcnd 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 1n this experiment. 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, therc 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 1n an important respect, that 1s, 1n 1ts ability to discriminate
between wavelengths which, to the human eye, appear to be of the
same green hue Wright and Cumming (1971) plotted 'colour-namaing'’
functions, which describe how the pigeon groups together wavelengths
which presumably appear, to its eye, to have similar hues In this
experiment the spcctral 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 in 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 1s
tetrachromatic

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
1n the centre of a pigeon hue or at regions of good wavelength dis-
crimination or at transition points between pigeon hues “;ere 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 discrim-
mability (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, i1n other experiments, were the most

’
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readily discriminated whereas wavelengths which were less dis-
criminable, or were grouped together as constituting a single
pigeon hue, were more closely spaced This relationship between
'psychological spacing' 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 Kalish (1956) and Blough (1961) all re-
presented a uniform function.

These results, which are discussed 1n more detail in subsequent
chapters, all show that the wavelength discrimination abilities of
pigeons do not correspond as closely to those of man as Hamailton
and Coleman's original hue discrimination experiment indicated
The greatest discrepancy betwcen 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 1s
also some disagreement arising about the type of visual system the
pigeon possesses. Whereas the wavelength discrimination function
of Riggs et al. (1972) concurs with Hamilton and Coleman's 1in 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 1n\;est1gat1on 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
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the most highly saturated to the pigeon, as they do to man (Martin
et al., 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 1n saturation across
the spectrum, the details of 1its discrimination performance again
differ 1n some respects from the performance of the human visual
system.

Apart from the above behavioural studies, which, i1n reassessing
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. lkeda (1965), using the
electroretinographic 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 similar electroretinographic study of spectral sensitivity in the
chicken (Bonaventure et al., 1972) gave comparable results In this

spccics, systems with different response characteristics and with
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peak sensitivities at 605 nm and 560 nm were found. The cone
pigment 1odopsin, obtained from the chicken retina by Wald et al.
(1955), also has 1ts maximal absorption at about 560 nm. However,
the sensitivity curves produced after chromatic adaptation did not
match the characteristic shape of visual pigment absorption curves
(Dartnall, 1953) therefore these experiments do not in themselves
constitute evidence of separate pigments underlying the sensitivity
functions Ewidence 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 Dartnall'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 sensitivaty 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 1n spectral regions served by the long- and short-
wavelength processes 1dentified by Ikeda

Another way of investigating the pigeon's colour vision mechanisms
1s to directly record the responses of chromatically driven units
within the visual system. The pigeon's visual system consists of two
major central pathways From the optic nerve one projection goes
to the optic’tectum and thence via the thalamic nucleus rotundus to
the ectostiiaturn  The other pathway to the dorsolateral anterior

thalamic complex then ascends via the lateral forebrain bundle to
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terminate in the hyperstriatum accessorium and hyperstriatum
dorsale (Karten, 1969)

Single unit recordings have been made from the retinal ganglion
cells themselves (Donner, 1953) Donner found unite 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, 1n agrcement with the maximal
photopic sensitivity that has been found by other authors, using both
behavioural and physiological techniques. Other umts, the modulators,
gave much narrower response curves, which rose particularly sieeply
towards the shorter wavclength end of the spectrum. This finding
Donner attributed to the corresponding cut-off characteristics of the
cone oil-droplets The major1ty of the modulator units fell into three
groups with sensitivity peaks in the 'red', 'green' and 'bl:xe' at about
600, 540 and 480 nm respectively

Recording from diencephalic units, in the nucleus geniculatus
lateralis and nucleus superficialis synencephali, Galifret (1961) also
grouped the units' responses i1nto three types showing maximal
sensitivities at 590, 540 and 500 nm. Confirmation for three regions
of peak sensitivity in 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 res:ﬂts of all these studies, showing three families of peak

sensilivity, would appear to confirm the conclusions of Hamilton and

Coleman (1933) and Riggs et al. (1972) that the pigeon's colour vision 1s
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trichromatic However, if the sensitivity peaks are directly re-
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 umit, which all responded uni-
directionally with either excitation or inhibition, cells with an opponent
mode of response have been reported in the nucleus rotundus by Yazulla
and Granda (1973) All these opponent-process units responded maximally
with eirther excitation or inhibition in the 'blue' and 'yellow' regions of
the spectrum butl two groups of cells were defined by the wavelengths
at which the response pattern changed direction. In one group, a
changeover in activity occurred at about 500 nm while the crossover
point for the second group of units fell at about 520 nm. 1’\ few units
also showed a more complex pattern of 'on' and 'off' responding,
similar 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 1n a variety of other animals with colour
vision (Michael, 1968, MacNichol et al., 1961, De Valois et al ,

1966, Pearlman and Daw, 1970) and may well be a feature common
to all 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 1s very similai
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to our own and others that 1t differs i1n several important respects.
The aim of the present thesis 1s therefore to 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 clarify
the nature of the pigeon's colour vision, in particular whether 1its
vision 1s trichromatic or 1s more complex than that The results

of these investigations can also be interpreted 1in terms of what 1s
known about the above mentioned physiological mechanisms which
underlie visual performance Furthermore the role of the multi-
coloured oil-droplets 1n 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 characteristic adaptations of
visual structure, function and performance i1n 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, 1n terms of the pigeon's

behavioural needs.
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CHAPTER 2

WAVELENGTH DISCRIMINATION IN PIGEONS

INTRODUCTION

Anatomical differences between the retinae and the central
visual projeclions of the pigeon and man make 1t surprising that
the colour vision of these two species should be so similar. A
close similarity in their hue discrimination abilities has been
demonst;‘ated, 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 filters,
would lead us to expect that this amimal's visual system 1s, atleast,
of a tetrachromatic type.

Hamailton and Coleman's experiment, upon which much of the
argument rclating to the p1geon's,colour vision has been based (e.g.
King-Smath, 1969), does not seem very satisfactory however. Their
method, i1n which some animals were required to choose a stimulus

whose wavelength was constantly changing during a threshold test,

appears o have presented their subjects with certain difficulties
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which resulted in some inconsistencies 1n their animals' response
pattecrn., All three animals tested showed spontaneous reversals
1n their mode of response at certainwavelengths two birds,

for example, which had consistently chosen the shorter wavelength
stimulus of all 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, 1t 1s 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 1ecent studies relating to the pigeon's
wavelength discrimination abilities (Wright and Cummaing, 1971,
Blough, 1972, Riggs, Blough and Schafer, 1972, Schneider, 1972,
Wright, 1972a) do not entirely concur with Hamilton and C'oleman's
data. There 1s 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 problems met by Hamilton and Coleman. This study in-
cludcs an examination of discrimination within the shorter wavelength
end of the spectrum, for which there 1s less information, The results
of the ensu1n.g behavioural investigation can then be compared with

prcvious data and can be rclated to the physiological mechanisms
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which may mediate wavelength discrimination The role played
by the pigeon's oil-droplets 1n 1ts colour vision can also be

assessed in the light of the results.

METHOD

Subjects

Five pigeons (Columba livia) of mixed breed were used as

subjects and maintained at approximately 80% of their free-feeding
body weight Two subjects, Sl and S3, had been used 1n a previous
colour-preference study while the 1 est were naive In the latter
experiment, using the same Skinner box as in this study, red-
and blue-i1lluminated response keys were simultaneously presented
to the birds which were rewarded for pecks to either key No
deliberate discrimination training was given and 1t 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 first pair of discrimination stimula
given in this study.
Apparatus

A Skinner box of dimensions 38 x 36 x 36 cm, constructed of
aluminium painted matt grey, was used foir testing, On one panel
were situated two circular ground perspex response keys In the
opposite panel of the box was a food hopper aperture On the floor

was a platform which, when depressed, activated a microswitch

beneath 1t (Fig. 1).
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A ceiling lamp was used Lo signal an incorrect choice during
disciimination trials. With this light on, photometer readings
showed the luminance of the back wall of the box to be 0,02 mL
and of the side walls 0,01l mL. With the food hopper light on the
luminance of the hopper aperture was 5 0 mL,

Two 1dentical optical systems were constiucted, providing
the laght stimuli which were projected onto the backs of the response
keys (Fig. 1). In each system the light source was a 50W 12V tungsten
halogen lamp, shielded to minimise stray light, Heat filters were
placed adjaccent to the lamp. The condensor and projection lenscs
were 5 cm diameter achromatic doublets, The luminance of the
stimulus could be controlled by means of a compensated neutral
density wedge. A low power diverging lens brought the beam of
light onto a front-silvered mirror that deflected 1t throug'h a grating
monochromator (Hilger & Watts D292). The stimulus projected onto
the response keys was a narrow horizontal bar, 10 x 1 mm.

With slit widths of 1 mm the monochromators had half-band-
widths of 6 6 nm, Spectral discharge lamps (mercury and helium)
and a cadmium sulphide photoconductive detector together with a
digital voltmeter were used to check the calibration of each mono-
chromator,

Using an SEIl photometer and adjusting the neutral density wedges,
stimuli were equated 1n subjective luminosity for the human eye to a

value of 17.1 mL at 10 nm intervals over the range of wavelengths
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400 - 700 nm Several readings were taken at cach point and the
neutral density setting rccorded when the repeated readings agreed
within a range of 1 7 mL  Using Blough's (1957) data, that compare
the pigeon's photopic spectral sensitivity with that of the human
fovea, adjustments in the neutial density settings were then cai-
culated to give a spectrum of equal subjective luminosity for the
pigeon. The accuracy of these settings, calculated on the basis of
photometer measures, was checked using a calibrated thermopile
(Hilger-Watts FT 17)., Radiometric measures of the unattenuated
stimnli were corrected for the neutral density wedges' attenuation
and compared with Blough's spectral sensitivity curve, The agree-
ment was satisfactory

The training apparatus was housed 1n a darkened room while
the programming apparatus, that partially controlled the operation
of the Skinner box, was kept 1n a separate room.

Conventional programming equipment was used to control the
sequence of events 1n the Skinner box (Fig. 2) as follows - pecks
to the response keys turned off the stimuli. If pecks were made to
the 'positive' key 5 secs food reward was given. The ceiling lamp
came on if responses were made to the 'negative' key. To turn off
the ceiling lamp and enable the next trial to begin the animal had to
depress tl.e floor platform, thus operating a microswitch beneath 1t
Because of 1ts position, this was done automatically during positive
reinfoicement when the bird crossed thc box from the response keys

to the food hopper
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An inter-trial interval of approximately 8 secs allowed the
experimenier to make any necessary adjustments of the mono-
chromator and neutral density settings and to operate a switch
determiming which response key would be positive Another

switch, bringing on the stimuli, started the next trial

Procedure

After preliminary shaping i1n a Skinner box with a single res-
ponse key, positioned on the same panel as the food hopper aperture,
the pigeon was transferred to the Skinner box used for discrimination
training. Here the animal was trained to peck at both response keys
and move away to the hopper for food reward Any initial position
preferences were broken down and a fixed ratio (FR 51) reinforce-
ment schedule introduced, prior to the use of a special 'add/subtract!’
ratio schedule 1in discrimination training itself, Throug};out shaping,
response keys were 1lluminated with white light.

During training two monochromatic horizontal-slit shaped
stimuli were presented simultaneously onto the response keys.
Responding was reinforced on a fixed ratio schedule in which 5 con-
secutive pecks to one key produced either positive or negative re-
inforcement. If the bird changed to pecking on the other key before
a run of 5 consecutive pecks was completed, say after 3 pecks, then,
to obtain reinforcement, 1t had to make 3 pecks to cancel out the
previous pecks on the first key plus 5 additional pecks. To prevent

the possibility of oscillation from onc key to the other ad infimitum,
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the 'add/subtract' schedule was overridden if a total of 10 pecks
to either key failed to produce reward. The bird was then rein-
forced for the 5th peck following this total.

Note that the schedule did not require the bird to cross the
platform between each peck, this was only necessary between
trials In this respect the 5 consecutive pecks are not independent
choices as are the responses made on different trials. The fixed
ratio schedule used was helpful 1n maintaining responding 1n a
situation in which fairly long inter-trial intervals were necessary
and where the bird had to make a difficult discrimination. The
'add/subtract' schedule was used to reduce the chances of a pigeon
being reinforced while merely making random choices. In addition
this schedule enabled the bird to change 1ts 1nitial decision as to
which stimulus was correct before reinforcement was gn'ren. But
after making the new decision 1t had to indicate that the second
choice was the definite one by cancelling the previous pecks and
also responding a further five times. Thus, after altering its
choice, a pigeon had to do more pecks than 1f 1t had kept to 1ts
original decision. (In fact, changes in response from one key to
another were observed mainly at the beginning of the experiment,
when the discrimination task was still quite new to the amimals,
and when discrimination was p:resumably becoming more difficult

for them, shortly before thresholds were reached).



Table I.

Wavelengths of stimulr used in discrimination training.

Wavelength of
positive stimulus

Wavelength of negative stimulus

1S+ > S-! series

1S+ < S=! scraics

400 nm
420
440
460
480
500
520
540
560
580
590
595
600
620
640
680

460 nm
490
490
400
430
450
470
490
510
530
540
550
550
570
590
580

460 nm
490
490
520
530
550
570
590
610
630 ¢
640
650
650
690
590
580

32.
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Two sessions of trials were given daily, with 20 trials per
session. The positions of positive and negative stimuli1 were ran-
domly alternated according to a Gellezmann (1933) schedule The
total number of trials, number of positive and of negative reinforce-
ments given were recorded on counters From these numbers the
percentage of successful and unsuccessful discrimination trials
was calculated

Each bird was given a series of discrimination tests A test
involved between 9 and 40 sessions. For each test the birds were
given a number of inmitial training sessions with one of 16 pairs of
stimuli that covered the spectrum between 400 and 680 nm.

(Table 1). The order in which stimulus pairs were used was
randomised. For 3 of the subjects the positive stimulus was,
except at the extremes of the spectrum, always of longel" wavelength
than the negative stimulus. For the other 2 pigeons, the positive
stimulus was paired with a negative stimulus of shorter wavelength.
This division of subjects was made to allow for any differences
which might arise if the positive stimulus was approached from
different ends of the spectrum.

For each stimulus pair the bird was trained to choose always
the positive stimulus until 1t reached, on 2 consecutive sessions, a
criterion of at least 90% of correct 1esponses. Over the following
sessions, with the positive stimulus remaining the same, the wave-
length of the negative stimulus was changed such that the difference
between the stimuli decreased. Initially the wavelength difference

’
was diminished 1n stcps of 10 nm per session, when the accuracy
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Course of discrimination for a sample of threshold tests for
two subjects,

Each graph shows the percentage discrimination score on each
session as the wavelength difference between positive and negative
stumuli was decreased by 10, 5 or 2 nm steps (see Procedure).

A variable number of sessions were needed at the start of each test
to learn which staimulus was the correct one. The results of these
acquis.ition sessions are not displayed, so the graphs show scores
once the initial criterion of 90% correct choices had been reached.
Single points show the dascriminhation scores on each session, Where
the score fell below 90% correct, a session was repeated using the
same wavelength settings. Thc solid line joins the mean scores at
each wavelength dafference value, Thresholds were obtained when the
scores on repegted sessions both fell at or below 70% correct,

Beside each graph is shown the wavelength of the positive
stimulus. For S7, except for S+, = 640 nm, S+, was less than S-, .
For S9, St was greater than S-, throughout. Graphs were chosen to
11lustrate the course of discramination to threshold for thresholds
at or near both peaks and troughs in the wavelength discrimination
function (see Table IIA,B and Fige 4).
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of discrimination began to deteriorate steps of 5 nm and 2 nm
were introduced If the bird's score was still above criterion
after a given change, the wavelength difference was further
decreased on the next session If the bird's performance fell
kelow criterion, the subject was given one more training session
with this same wavelength difference Then, irrespective of
whether or not the bird showed improvement 1n performance
after this second training session at that wavelength difference,
a further decrease 1n the wavelength difference was made. This
procedure continued until the pigeon's performance fell to a level
of 70% or less correct tz1als on 2 consecutive sessions. At this
point the wavelengths of the positive and final negative stimuly
were recorded for calculation of the threshold,

The pigeon was then retrained using a new pair of 'stimulus

values and the above procedure repeated.

RESULTS

In Fi1g 3 are given some examples of the course of discrimination
scores during threshold tests. Since the number of sessions required
to 1nitially learn which of a pair of wavelengths was the correct one
varied widely (between 1 and 38 sessions to reach a learning criterion
of 90% or more correct choices), only scores after the learning
criterion had been reached are shown Thereafter, on many tests
a high discrimination score was maintained until shortly before the

threshold of wavelength discrimination was reached But this was



Table IIL

Individual results on wavelcngth discramination tests

Figurcs show the threshold values in nm,

given by the formula
A)\ = |S+A - S-Al

A: S+ > S~
Subgjects

St

A st S3 s7 ) s10
400
420
440
460 2 2 8
480 12 10 8
500 16 24 24
520 i5 14
540 5 2 "5
560 12 12
580 10 10 10
590 6 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—- = wavelcength of positive stimulus always

longer than that of negative stamulus.

S+ < S~ = waveclength of positive stimulus always

shorter than that of negative stimulus.

= wavelcength of positive stuulus,




Table II cont,

B: S+ < S-
Subjects

S+

A st s3 s7 S9 $10
400 34 38 36 38 40
420 22 24 25 26 26
440 6 4 6 6
460 2
480 18 16
500 12 8
520 4 6
540 5 10
560 14 16
580 10 15
590 4 10 v
595 10 2
600 8 6
620 10 12
640

680

36.
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not always so and the cases in which the course of discrimination
scores was more 1rregular did not appear to relate to any particular
wavelengths, nor subjects there was some variability in the patterns
of graphs fo: all subjects and wavelengths but the agreement amongst
subjects' final threshold results was good

The wavelength difference belween the positive and the negative
stimulus when the bird's performance had just fallen below 70% correct
was taken as threshold value (A4A) 16 such thresholds spread more
or less evenly over the spectrum were obtained for each of the 5
pigeons (TableIIA, B).

Wavelength discrimination functions were then plotted from the
data for each individual (Fig. 4) Each threshold was plotted at an
abscissal wavelength value which fell at the midpoint of the interval
between the two just distinguishable wavelengths, '

Thus, where S+>‘ represents the wavelength of the positive stimulus
of a discrimination pair and S-, the final negative stimulus wavelength,

A

threshold value 1s given by

A =/S+)\ - S-/ in nm

which 1s plotted at a wavelength value given by

)\:531'42-2‘ nm

Mean thresholds were calculated for all 5 subjects taken together
(Fig 5) For this, thresholds obtained using a particular wavelength
as posilive stimulus and under the same conditions of testing (1.e. with

the negative wavelength either greater or smaller) were averaged (4x ).
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Table IXI,

Data of Mcan Wavelength Discrimination Function.

Sﬁz S+ > S- S+ < S-

A P A AN
400 - —-— 418.6 3702
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 75
560 55506 8e7 56745 15
580 575 10 586.3 12,5
590 58603 703 593.5 7
595 592.,6 4.7 598 6
600 597.3 5e3 603.5 7
620 615 10 625.5 11
640 634 12 _— -
680 65945 41 — —_

S+ > S- = wavelength of positive stimulus always

longer than that of negative stimulus,.

S+ < S- = wavelcngth of positive stimulus always

shorter than that of necgativce stamulus,

wavelength of positive stimulus,
abscissal wavelength value in nm.

mean threshold in nme

38.
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These values were plotted at a point on the wavelength axis given

by

A = S+ #

)\ nm

NS

The i1ndividual and mean curves were fitted by eye. The coordinates
of the points in F1g, 5 are set out separately, in Table III, according
to the conditions of testing under which they were obtained.

The method of plotting thresholds differs from that used by
several other authors (Wright and Pitt, 1934, De Valois and Jacobs,
1968, Jacobs and Yolton, 1971). Usually the experimental design 1s
such that, for every subject, each positive stimulus 1s approached
with the negatives from both ends of the spectrum giving two thresholds
at each point tested. The mean threshold of these two 1s then plotted
at the wavelength value of the common posilive stimulus

It can be argued that this conventional plotting method 1s un-
salisfactory If thresholds are to be obtained over the maximum
spectral range then a balanced design, approaching the negative to
the positive stimulus from both ends of the spectrum, 1s obviously
1mpossible at the spectral extremes where choice of stimuli 1s limited
to those which are actually visible to the animal The usual methods
of plotting results also 1ignore consistent discrepancies found in
thresholds obtained when the positive stimulus 1s approached from
different ends of the spectrum In the present experiment these
differences arc clearly seen 1if thresholds obtained under the two

conditions of testing are plotted separately (Fig 6).
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In effect, using former methods of ploitting, the spectral range
of threshold data was being curtailed in order to keep a balanced
design or else two different sets of data were being shown on the
same giaph This latter situation arises, as the authors them-
selves point out, in the plot of the ground squirrel's wavelength
discrimination function given by Jacobs and Yolton (1971). In their
Fig 14, at the extremes of the spectrum the data were obtained
using only one dircction of approach of the negative to the positive
test stimulus, while in the middle portions the threshold values
plotted are the means of the thresholds obtained after testing in
both spectral dircctions Insufficient information 1s given in the
paper to see whether or not the mean threshold values also hide
discrepancies of the type found here.

The previous plotting methods are presumably derived from
the procedure used for plotting differcnce thresholds under circum-

stances 1n which Weber's Law applies. However, the Weber Law,

Al

I = k, 1s not applicable 1n the case of colour discrimination

since there 1s clearly not a monotonic increase 1n the threshold
value across the specirum as 1s found, for example, across a large
range of values in intensity discrimination. The present method of
plotting results 1s instead based on the rationale that, at threshold,
positive and negative stimul: are interchangeable, 1.e. 1t 15 not
important whether, in the case of two wavelcngths being 500 and

510 nm at th:eshold, 500 nm 1s the positive or the negative stimulus
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To the bird they will be more or less indistinguishable so that a
threshold of 10 nm would be expected 1f a positive stimulus of 500
nm were to be a]‘)pl oached from the longer wavelength end of the
spectrum, similaily a threshold of 10 nm would be predicted for

a positive stimulus of 510 nm approached with shorter wavelengths.
Where the results allow comparison, approximate confirmation for
this 1s found. Because of this interchangeability of results the
thresholds are actually plotted at points midway between the
wavelengths at threshold of the two stimuli 1in each discrimination
pair.

The overall shapes of the discrimination functions are very
similai for all individual subjecls (Fig. 4), each curve has three
troughs where discrimination thresholds fall to a minimum. The
only exception occurs in the case of the results for Sl in which the
trough at the long wavelength end of the spectrum 1s not very clear,
The narrow range of individual differences for each threshold value,
together with the lower absolute threshold values found in the present
experiment, when compared with the results of Hamilton and Coleman's

(1933) study, point to the reliability of this method of obtaining data.

DISCUSSION

Comparison of results with other studies relating to wavelength
disciimination

The results of the present study, showing three regions of optimum
wavelength discrimination at about 595, 530 and 460 nm, may be com-

pared with findings of similar previous experiments (Fig. 7). Using



501 r!00
nm
40 -80
- X
S 301 60
g %
",S“ 201 21/ ?g
n
10 20
. 400 420 <0 460 480 500 520 540 560 580 600 630 640 660
nm
1 Wavelength
Flg. 7
‘ Comparison of wavelength discrimination function (—————) with
| that of Hamilton and Coleman (1933) (--=----- ), of Wraight (1972a)
(x =———=x ), function derived from ERG experiment by Riggs, Blough
and Schafer (1972) ((-=--—--- ) and 'colour-naming?! functions (Wright
) and Cumming, 1971) ( )e

| Wavelength discrimination functions: scale on left,

Colour-naming functzons: scale on right.




42.

a jumping-stand discrimination method, Hamilton and Coleman
(1933) obtained a wavelength discrimination function showing a long
wavelength minimum at 580 - 590 nm, 1n approximate agreement
with that found here, but no corrcspondence 1s found with their
results at shorter wavelengths Although their thresholds appear
to be plotted at the longer wavelength stimulus of a test pai1, thas
difference in plotting does not substantially affect the position of
minima 1in the graph and a direct comparison may be made between
the two discrimination functions

Closcr agrecment for two of the minima 1s obtaincd, however,
with points of intersection at 540 and 595 nm 1n colour-naming
functions for the pigeon (Wright and Cumming, 1971) This experiment
used a 'matching-to-sample’' technique, colour-naming functions bemng
calculated fiom the percentage of responses to training st1}nu1us wave -
lengths shown on side keys when a particular 'probe' wavelength was
presented as the 'sample' on the centre key

A wavelength discrimination function, derived from a study of
ERG responses of the pigeon's eye to different wavelengths (Riggs,
Blough and Schafer, 1972), shows similar features to the present
function with optimal discrimination in the range 510 - 540 nm,
another point of good discrimination at about 585 nm and poor

discrimination above 630 nm.
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Another recent hue discrimination curve for the pigeon,
detcrmined by a signal detection procedure (Wright, 1972a), has
minima at 600, 540 - 550 and 500 nm The spectral positions of the
first two minima are close to the long and middle wavelength minima
obtained in this experiment. The present function also concurs with
Wright's in showing three discrimination minima instead of only two
as previously reported but the third minimum found here occurs at
a shorter wavelength of 460 nm, which 1s below the spectral range
tested by Wright. At 500 nm, a point of optimum discrimination in
Wright's function, the thresholds for all five pigeons are increasing
as 1s the case 1n the experiment of Riggs et al. (1972),

Further experiments relating to the pigeon's wavelength discrimination
abilities are reported by Blough (1972) and Schneider (1972). In the
former study generalisation gradients around a number of'trammg
wavelengths across the spectrum were examined and showed variations
in their degree of asymmetry and steepness. Blough argues that a
steeper gradient 1s found where wavelengths are more discriminable
to the pigeon and a flatter gradient indicates that the animal 1s less
sensitive to wavelength differences, From the data, two regions of
higher discriminability are shown at 600 nm and 540 nm while a third
region of increased sensitivity occurs at about 460 nm.

Schneider's experiment, in which pigeons were required to
discriminate between 'same' and ‘'different' pairs of wavelengths,

gcenetrates a 'colour ciicle' on which the spacing between wavelengths
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1s proportional to their perceived similarity or dissimilarity. Here,
perceptual d1551;n1lar1ty corresponds to widespread spacing of wave-
lengths The results of this work point to three regions of good dis-
crimination at 500, 540 and 600 nm. A similar scale of the 'psycho-
logical spacing' of wavelengths was calculated by Shepard (1965), who
applhied a transformation to the earlier generalisation gradient data of
Guttman and Kalish (1956). Maximal spacing, consistent with good
wavelength discrimination, was al about 490, 530 and 610 nm on this
scale.

In a further wavelength discrimination function, obtained from the
jackdaw, three minima have also been reported (Wessels, 1974). Two
of these minima, at about 590 and 530 nm, agree with regions of good
wavelength discrimination in the pigeon data However, the third
minimum at 570 nm 1in the jackdaw's wavelength discrimination function
finds no counterpart in the results obtained from pigeons. In addition
Wessels reports a 'reversal' in the jackdaw's response behaviour when
a positive wavelength of 500 nm was used, after the jackdaw had been
tested at a series of longer wavelengths., At this wavelength the birds
made consistently 'wrong' choices and Wessels concluded that 500 nm
represents a 'hue border' to the jackdaw, but there 1s no evidence of
a minimum in the discrimination function at this point

For comparison, the regions of best wavelength discrimination
reportied in all the studies on pigeons are tabulated in Fig. 8, which

shows that the most noticeable discrepancies are found amongst the
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Note that the experaments by Shepard, Wright, Riggs et ale. and
Wraight and Cumming did not explore far enough into the short-
wavelength spectral region to detect a 460 nm minimum., Stimulus
luminance levels varied widely amongst experiments but did not
correlate with the presence of either a 500 nm or 460 nm short-
wavelength minimum (see text).
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positions of short wavelengths minima, In several cases, a minimum
occurs at about 500 nm rather than at 460 nm, as in the present
experiment. In the studies by Shepard, Wright, Riggs et al. and
Wright and Cumming the stimulus range did not extend far enough
into the short-wavelength region to test for a 460 nm mimimum. However,
the disparity amongst existing results remains to be explained

In humans, several wavelength-dependent psychophysical functions
are modified by a change in stimulus luminance. For instance, the
most pronounced short-wavelength minimum in the hue discrimination
function shifts from 480 to 460 nm with a decreasc 1n luminance (Weale,
1951). This, and other functions which aie modified by luminance
changes, have been accounted for 1n an opponent-process model of
human colour vision in which Hurvich and Jameson (1955) postulate that the
blue-yellow chromatic system predominates at high luminance levels
while reds and greens predominate at lower luminances. Using pigeons,
Blough (1972) reports a slight shift in the generalisation gradient to a
600 nm stimulus with luminance change. This result, while demon-
strating some effect of luminance, differs in two respects from com-
parable human data. For humans, the position of the long-wavelength
discrimination minimum remains stable at different luminance levels,
Also, for pigeons, an increase in luminance produced a shift towards
shorter wavelengths whereas, in humans, any shifts in this direction
in the wa.veler.lgth discrimination function result from a luminance
deccreasc, The presence of any further gradient displacements there

may have been at other wavelengths 1in Blough's experiment were
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masked by the flatncss of gradients which were usually generated
with lower luminance stimuli

However, since stimulus luminance may be a critical facior
1in [ixing the positions of wavelength discrimination mimima, the
occurrence of a minmimum at 460 nm or 500 nm 1n the tabulated
experiments was compared with the stimulus luminance levels used,
where thesc data (given for wavelengths between 560 and 580 nm)
were available, Schneider's experiment, which gave a 500 nm
mimmum, employed stimuli of higher luminance (30 mL as opposed
to a luminance of 16 mL for the present experiment). On the other
hand, in Wright's work, which also showed a 500 nm minimum, the
luminance level was much lower (8 6 mL), while there was evidence
of a 460 nm minimum 1n Blough's generalisation giadient study, in
which a luminance level of about 0. 04 mL was used Clez’trly, these
results, obtained from a variety of test methods, lead to contradictory
conclusions about the effect of luminance on wavelength discrimination
thi1esholds, Less equivocal results might be given i1f luminance level
were manipulated within a standard wavelength discrimination test
procedure.

Interpretation of the wavelength discrimination function

A minimum 1n the discrimination curve indicates a point of maximum
sensitivity to wavelength change. Since wavelength responsiveness 1s
mitiated by the receptors, an animal's discriminative abilities must

ultimately dcepend on the response characteristics of these cells, While
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psychophysical data, depcndent on the processing capacities of

the whole visual system, are difficult to relate in any quantitative

ways to the receptors' sensitivities, the shape of the curve does
indicate the type of visual system possessed by the subject. A
wavelength discrimination function showing two well-defined mimima

1s characteristic of the performance of a trichromat (De Valois and
Jacobs, 1968, Wright and Pitt, 1934). From the finding of three
minima 1n the pigeon's discrimination curve, this animal's visual
system appears to be tetrachromatic rather than trichromatic as
previous behavioural and physiological infoirmation has indicated
(Hamilton and Coleman, 1933, Donner, 1953, Galifret, 1961, Riggs

et al., 1972). A secondary dip in the blue-violet part of the spectrum,
however, often appears in the human wavelength disciimination curve
(W1ight and Patt, 1934) (Fig 9) This subsidiary m1n1mur::1 becomes
more distinct with decrease in stimulus intensity, or with peripheral
stimulus presentation (Weale, 1951) Under certain conditions, human
colour vision 1s tetrachromatic (Cornsweet, 1970) Since eye movements
could lead to extia-foveal stimulation of the retina, and as, in Wraight
and Pitt's work, intensity was matched for each discrimination test
rather than across the entire spectrum, suggesting that short wave-
length stimuli were of low intensities, 1t 15 possible that the rods were
acting as a fowth colour processing mechanism for short wavelengths
(Trezona, 1970) The clearly defined short wavelength mimimum 1in the
pigeon data, togecther with the two other regions of optimum discrimin-

ation show that this animal has at least fou:r colour processing mechanisms.

r
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Physiological basis of wavelength discrimination

1. Comparison with receptor characteristics

Studies of the pigeon's photopigments using extraction techniques
have revealed only a single cone pigment, claimed by Wald (1958) to
be 10dopsin with a peak sensitivity at 562 nm while Bridges (1962)
has fourd a pigment with maximal absorption at 544 nm. Support for
the occurrence of 10dopsin i1n pigeons' cones comes from Liebman
(1972) who, with microspectrophotometry, could detect just one cone
pigment having a broad absorption peak at 560 - 575 nm., For all
droplets from both red and yellow retinal fields (King-Smath, 1969)
transmission spectra are at a minimum below 450 nm, thus, com-
bination of the oil-droplet filters with either of these pigments might
allow disciimination amongst longer wavelengths. Comparing the
wavelength function with oi~-droplet transmission spectra '(F1g. 10),
the pigeon's capacity to discriminate between shorter wavelengths
suggests that there 1s another short wavelength sensitive receptor.

Ewvidence for such a receptor, with maximum sensitivity at 400 nm,
has recently been provided by an experiment by Graf and Norren
(1974) using an ERG technique. Indeed their experiment not only
demonstrated an independent blue photopic mechanism but chromatic
adaptation revealed that the sensitivity curve of this mechanism was
closely matched by the nomogram for a pigment with peak sensitivity
at 400 nm, thus arguing for the presence of an additional visual

pigment Furthermore, Wiight (1972b) bas shown that pigeons can
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detect ultiaviolet light (1. e. wavelengths below 400 nm). Possibly
this sensitivity to very short wavelengths 1s common to other groups
of birds since UV sensitivaity has also been reported in a humming-
bird, an unielated species (Huth and Burkhardt, 1972)

Other ERG experiments provide evidence of separate chromatic
channels 1n the avian visual system. Studying the pigeon's photopic
spectral sensitivity, Ikeda (1965) demonstrated that there were at
least two colour-responsive mechanisms, showing maximum sensitivity
at 547 and 605 nm. She suggests a third visual pigment, 1n addition to
rhodopsin and pigment 544, to account for the long wavelength sensit-
1vity While she clearly shows that there are two independent photopic
mechanisms, her results do not meet Abramov's (1972) criteria for
claiming an additional underlying visual pigment since the respoase
function of the 605 nm mechanmism 1s much narrower than the nomogram
curve for a pigment with this peak wavelength. But further support
for separate photopic systems comes from other avian species
(Bonaventure, Wioland and Karli, 1972 ERG experiments on the
chicken, Thompson, 1971 ERG and pupillometric studies on gulls)
While the assumption of several visual pigments i1n the avian retina
maght account for the results, these ERG data cannot at present refute
the single pigment hypothesis of avian colour vision since multiple
chromatic channels could also be explained by a model of ncural
interaction between reccptors containing diffcrent oi1l-droplet filters

(e.g Thompson, 1971)
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However, 1f the function of the oil-droplets in birds 1s to permat
colour discrimination, 1t would be expected that in another species,
whose relina also had oi1l-droplets of several colours, these droplets
would serve a similar purpose Recent work, though, by Liebman
and Granda (1971) on turtles, which have three or four types of oil-
droplets (Strother, 1963, Granda and Haden, 1970), has shown that
the cone cells contain three different visual pigments

Although oil-droplets may, therefore, not be a necessity for
wavelength discrimination in birds, they may still modify the sens1-
tivity of the colour processing mechanisms. As well as reducing
chiomatic aberration by eliminating most of the short wavelengths
(Walls and Judd, 1933), the relatively sudden decrease 1n cone
sensitivity towards the shorter wavelenglh end of the spectrum,
given by the cut-off characteristics of the oil-drop filter, 'could be
involved 1n enhancing wavelength discrimination at certain regions
of the spectrum This argument has been made by Muntz (1972)
and by Donner (1960), who also suggesis that oil-droplets form an
adaptive mechanism providing a means of inter-specific variations
1n wavelength discrimination ability to suit the demands of the animal's
behavioural environment. This view 1s extended by Wessels (1974),
who reasons that, 1f 1t were easier to modify the pigment content of
the oi1l-droplets during the course of evolution than to generate new
photopigments themselves, the oil-droplets may have been instrumental

1n adapting the cone sensitivilies to meet an avian species' needs
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Several other hypotheses of oi1l-droplet function have been put
forward by Walls and Judd (1933). Their view that the yellow and
red filters provided by oil-droplets of these colours act to enhance
the contrast of objects viewed against different backgrounds has
recently been critically discussed by Muntz (1972). An alternative
hypothesis of theirs remains a possibility This 1s that birds, and
other species with o1l-droplets of several colours, have 'multiplex’
retinae, 1n which different cone populations (as defined by their oil-
droplet colour) come 1nto use as conditons of 1llumination change
Pi1esumably then, the yellow droplels, supposed Lo operate at average
intensities, must be associated with several visual pigments to give
polychromatic vision, while 1n bright 1llumination red and at least
orange droplets must function 1n combination for even dichromatic
'

vision to be maintained.

2. Comparison with characteristics of neural mechanisms

Donner (1953), recording electrophysiologically from the ganglion
cells 1n the pigeon's retina, found modulator units with maxima at
480, 540 and 600 nm waith possibly a fourth type of umit giving peak
activity at 440 nm  Although only three units showed maximum
sensitivity at this wavelength, the 440 nm modulator curves were
shown to be clearly different i1n origin from those of other units. He
believed these modulator curves closely represent the sensitivity
specira of the 1eceptors themselves, although Dartnall (1960) suggests

that modulato: activity does notl correspond with maximum sensitivity
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of a receptor but may be related to differences 1n sensitivity between
two photopigments

Comparison of the modulator curves with the pigeon's wavelength
discrimination function shows, 1n fact, that the maxima of 'red' and
'green' modulators correspond more closely with regions of optimum
wavelength discrimination than would be expected if these areas
represent points of changing sensitivity between two colour-processing
systems (Fig. 11). Bul, the fact that there 1s little differcnce between
the wavelengths of peak sensitivity in the modulators and of minima
in the discrimination function may be explained by the increased
gradient of cone sensitivity functions at shorter wavelengths produced
by the transmission spectra of the oil-droplets. In that case the dis-
crepancies between peak sensitivities and discrimination minima might
be less than would be expected 1n anmimals whose cones are not subjected
to additional filtering effects.

However, other physiological work lends support to Donner's
findings Ikeda's (1965) ERG studies showed response curves matching
Donner's 'red' and 'green' modulators, single unit recordings from
various diencephalic nuclei (Galifret, 1961) gave response maxima at
589, 540 and 499 nm, while Granda and Yazulla (1971), recording from
the nucleus rotundus, found spectral sensitivity functions with peaks
at 500 nm, 540 nm and 600 - 620 nm. Donner's data have furthermore
been suppor.ted by the results of a behavioural study of the jackdaw's

spectral sensitivity (Wessels, 1974). The photopic sensitivity curve
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of this bird showed four maxima which could be fitted by theoreti-
cally derived cone sensitivity functions having their maxima at
605, 540, 480 and 420 nm.

The lack of correspondence between regions of optimum
discrimination and points of change from one sensitivily function to
that of a different cone system, with respect to the modulator curves,
1s not altogether surprising. In primates, the cone sensitivities by
themselves cannol be used to predict the animal's wavelength
discrimination capacities, which are more closely reflected by
the response characteristics of cells whose activity 1s modulated
by two different receptor mechanisms (De Valois and Jacobs, 1968).
Such opponcnt-cells have recently been reported in the pigeon also
(Yazulla and Granda, 1973) While one type of unit, which shows a
rapid change 1n response pattern at 520 nm, may underh:e the 530 nm
minimum 1n the wavelength discrimination function, the other units
they discovered, with a crossover-point at 500 nm, do not at all
correspond with the 460 nm minimum of this experiment but instead
provide a better match for the short-wavelength minimum found in
several other studies of the pigeon's wavelength discrimination
abilities,

Since completion of this experiment, Wright (1972b), as previously
mentioned, has shown that pigeons are able to detect UV light arising
from higher order transmission spectra in interference filters.

Unfortunately no blocking filters were used for the suppression of



higher order wavelengths in the present experiment Waith the
monochromators used, second order sidebands within the UV
region could have occurred at nominal wavelengths above 600 nm.
When using a tungsten light source whose emission spectrum 1s
much reduced 1n the UV, the intensity of these sidebands would

be very low and certainly could not be detected with the thermopile
available, But it cannot be sure that their presence did not con-
taminate the experimental results Consequently, another experi-
ment was later set up to extend the investigation of wavelength
discrimination into the UV part of the spectrum and to attempt to
validate the results of this experiment by repeating some of the
threshold tests, using UV blocking filters at the appropriate wave-

lengths to eliminate sidebands.

54.



CHAPTER 3

A RELATIVE SATURATION DISCRIMINA TION FUNC TION FOR
THE PIGEON

INTRODUCTION
A perceptual attribute of any cdoured laight, that can be
distinguished from 1ts hue (largely dependent on the wavelength of
that light) and 1ts brightness (related to the stimulus energy), 1s the
saturation. Satuiation refers to the spectral purity of a laght thus
a light 1s maximally pure when 1t 1s monochromatic and (while the
total luminance 1s held constant) its purity can be altcred by mixing
with 1t other wavelengths, particularly a mixture of all wavelengths
constituting 'white' light. The light then appears to become paler or
more desaturated until 1t cannot be distinguished from white light.
Saturation 1s conventionally defined as the reciprocal of colori-
metric purity, which 1s a measure of the proportion of chromatic
light in the total heterogeneous mixture The reciprocal of colori-
rnetric purity 1s calculated using the formula
log ( Ly + Ly )
)

in which, in a heterogeneous stimulus, L)\ 1s the luminance of the

chromatic component, of a specified wavelength, and L, 1s the

55
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luminance of a white light with which 1t 1s mixed. Saturation is
mimimal when the stimulus consists only of white laight whale, for
any particular wavelength, saturation i1s al a maximum when the
stimulus contains only the chromatic component.

As well as being able to detect a change 1n saturation for any
single dominant wavelength, any subject with colour vision can dis-
tinguish differences i1n saturation between various monochromatic
lights. However, as with tle problem of estimating luminance
differences across wavelengths, the task of rating this disparily in
saturation for diffcrent wavelengths 1s not an easy one.

It 1s possible, though, to obtain a fairly objective rating of these
variations in saturation across the spectrum using the measure of
colorimetric purity. In order to compare the saturations of lights
of different dominant wavelength, white light may be added’to a mono-
chromatic light until the colour just disappears (or conversely chromatic
light may be added to a white light until colour 1s just detectable.) The
reciprocal of colorimetric purity at this point represents the saturation
threshold at that wavelength and the variation in saturation for different
spectiral laights may then be compared, drawing up a relative saturation
scale for the whole spectrum.

As with the wavelength discrimination function, the type of
saturation function obtained 1s characteristic of the subject's colour
vision system. A monochromat, unable to differentiate wavelengths,

can match any spectral light to a white light by making an adjustment
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in lumnance A subject with dichromatic vision 1s unable to distinguish
a very restricted portion of the spectrum, the neutial point, from white
laght (Chapanis, 1944, Jacobs and Yolton, 1971, Jacobs and Pulliam,
1973) If the organism has at lcast a trichromatic system, although the
saturation index will vary at different wavelengths, there 1s no spectrally
pure light which cannot be distinguished from a white light of the same
luminance (De Valois and Jacobs, 1968, Jameson and Hurvich, 1955,
Yager, 1967).

The performance characteristics of the human visual system, which
18 known to be tiichromatic, are often represented by a colour triangle
(Graham, 1965), on which pure monochromatic lights a1e situated at
points along the perimeter of the triangle while white light 1s depicted
as a point 1n the centre of the triangle, with laghts of a dominant wave-
length but varying degrees of saturation featured along axes joining
the white to the spectrally pure hghts.

Since the saturation function 1s another quantifiable aspect of an
animal's colour perception and may yield further information about the
visual system, an experiment was designed to measure this psychometric
function for the pigeon.

MEI)THOD
Subjects

The same 5 pigeons were used as 1n the wavelength discrimination

experiment, since these animals were already well-trained 1n performing

a complex discrimination task and somc information had been obtained
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about their visual abilitics. These animals were maintained at 80%
of their ad-l1b weight.
Apparaius

The Skinne1 box was that used in the wavelength discrimination
experiment (see Ch.2), This apparatus was operated in a darkened
room,

The optical system (Fig. 1),used in conjunction with the Skinner
box, gave a bar stimulus superimposed on an achromatic background.
Achromatic doublet lenses (L, L,) and half-silvered mirrors (M') were
used to project a diffusc 'white' light from two 50W tungsten-i1odine
lamps (with a colour temperature of about 3000°K), onto the back of
each response key (RK). In each beam was inierposed a heat-filter
(HF) and a 1. 3 Kodak Wratten neutral density filter (ND) The
irradiance of each light, as measured by a calibrated thermopile
(Hilger-Watts FT 17,1/526), placed in front of the 1esponse key, was
104 pW/cmz.

A second part of the optical system, employing 50W tungsten-
10dine bulbs, heat-filtcrs, lenses (L3 - L6) and fiont-silvered
mirrors (M),' provided a stimulus light of the bulb filament focused
onto the centire of each key This stimulus appeared as a horizontal
bar 10 x 3 mm. Each beam could be attenuated by a calibrated neutral
density wedge (NDW). One of the bcams passed through an interchangeable

Balzer interfcicnce filter (IF), to give a chromatic stimulus, while, in
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the other light-path, was a su1itablec neutral density filter, giving a
'white' stimulus. The positions of the interference filter and neutral
density filters were altered by a motor-operated slide and pulley
system, controlled by the programming apparatus. The lamps and
paris of the optical system were shielded to minimise light scatter.

16 different interference filters, having peak transmissions at
wavelengths between 702 and 403 nm, were used. The half-bandwidths
of these filters varied between 8 and 14 nm.

Calibration of white match

1f the pi1geon were required to discriminate a positive stimulus of
a coloured bar vpon a white background from a negative stimulus of the
white background alone, 1t would be possible to make a discrimination
based on the detection of a brightness difference between the super-
imposed bar stimulus and its background, i1rrespective of v:/hether or
not the bar appeared coloured to the animal. This 1s because the
luminance of the central bar would compound both the luminance of
the bar stimulus and that of the background at this point. The central
white bar, superimposed on the white ground of thenegative stimulus,
was designed to overcome this problem.

However, since the maximum energy available at each wavelength
varies, due to both the transmission characteristics of the interference
filtez s and the emission spectrum of the light source, no single white
stimulus can be cxpected to be equal 1n energy to all the chromatic

stimuli to be uscd 1n this experiment Furthermore, because of
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variations in the pigeon's spectral sensitivity, i1f a white bar stimulus
of constant energy were used, 1t would appear different in luminance
from at least somc of the chromatic stimuh

Therefore, for each test wavelength, an approximate match in
1um1nance;, for a pigeon, was calculated between the coloured stimulus
bar and the white bar, The match was obtained as follows -

With the background light off, the maximum energy available with
each of the interfercnce filters in position was measured. The
attenuation, 1n log unmits, necessary to give a spectrum of equal physical
energy was then calculated Using the lowest energy 1eading obtained
(with the 403 nm filter), the appropriate neutral density filters were
found empirically that would give this same thermopile reading at all
the other wavelengths., Further neutral density filter compensation
was then made for the pigeon's spectral sensitivity, using Blough's
(1957) data, and the total neutral density attenuation to give a spectrum
of equal subjective brightness to the pigeon was computed.

Luminance malches (for a pigeon) of a white stimulus to each of the
chromatic stimuli were obtained using the match to the 619 nm filter
as a standard A red polarocid filter, used by Blough (1956) to find a
photopic threshold, had a sharp, short-wavelength cutoff with 50%
transmission at about 610 nm. Since the pigeon's sensitivity decreases
rapidly at longer wavelengths (Blough, 1957) 1t was estimated that the

effective wavelength maximum of this filter, for the pigeon's eye, would



Table I
Stamulus Filters

Wavclengths of pecak transmission of interference filters
and log unit attcnuation values of neutral density filters,
used to give 'matching! white stimuli.

| A TFidter ND Filter

:

" 702 nm 2e4
635 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
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\

fall at approximately 620 nm. Blough found that the luminance values
of this red and a white stimulus, at the pigeon's photopic threshold for
the two stimuli, were the same. A simailair luminance match between
these red and white stimuli was apparent to a human subject thus
suggesting 'that the 1elative photopic sensitivities to these red and
white stimuli are comparable 1n the pigeon and man'. (Blough, 1956

p 430).

Since for this particular wavelength a luminance match, to the
human eye, would also match for a pigeon, a suitable neutral density
filter, for attenuation of the white stimulus beam, was found (using
an SEI photometer) thal would give a photometric match to the red
stimulus of the 619 nm filter This luminance match between the red
and white stimulus bai1s was obtained by inserting a 1.3 ND filter in
the white beam. Using this neutral density value as a 'zero standard'
and maintaining differences i1n attenuation between the 619 nm stimulus
and other wavelengths, necessary to give a specirum of equal subjective
brightness to the pigeon, other neutral density values could be calculated
that would give approximate luminance matches of the white light to
each of thc other wavelengths used

Neutral density filters to give matches to each of the interference
filters are set out in Table 1.

Standa:d eleclromechanical programming equipment, used Lo control
the sequence of events 1n the Skinner box (see Fig 2 and Procedure),

was housed 1n a sepatrate room.



sttmulus
lights on

+/- schedule

stimulus Gellermann
ke ecks
Y P |llghts off lshmulus Switch

‘correct’
‘incorrect’ key
key
+ve RF
hopper

-ve RF > 8 secs § secs
ceiling light on >8 secs

& plotform
ceiling !

light off

SATURATION DISCRIMINATION

Sequence of events in Skinner box

Fig, 2
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Procedure

The proccdure was similar to that used in the wavelength
disciimination experiment, except that the scquence of evenis in the
Skinner box (Fig 2) was entirely automated

Key pecking, on an 'add/subtract' schedule in which 5 consecutive
pecks to the same key were necessary to terminate a trial, turned off
the stimulus and background lights and led to reinforcement (RF). A
'correct' choice of pecking the response key bearing the coloured bar
produced a reward of 8 secs access to food (+ve RF) from the hopper,
which was 1lluminated by a small lamp 'Incorrect' pecks towards the
'white' bar turned on the ceiling lamp for at least 8 secs (-ve RF)
If, during this time, the platform had not been depressed, the ceiling
lamp slayed on until the pigeon had crossed to the back of the box, thus
operating the platform microswitch Simailarly if the platfo'rm micro-
swilch was nol activated within the 8 secs reward interval the ceiling
lamp came on until the bird had moved away from the response keys
During the 8 secs reinforcement intervals, the positions of the inter-
ference and neutral density filters were alternated according to a
Gellermann (1933) schedule. At the end of the reinforcement interval,
or after the platform had been depressed, the four key lights came on
and the next trial commenced.

A test session, lasting about 15 mins, ended after 50 trials. The

number of positive and negative reinforcements received were recorded
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on counters, the perccntage of trials on which 'correct' and 'incorrect'
choices were made could then be computed. Each bird was given two
test sessions daily,

Saturation discrimination thresholds were derived from a seiies
of 16 tests given to each subject A different wavelength stimulus,
with 1ts matching white stimulus, was presented on each test, and
the order in which the interference filters were used was random.,

At the beginning of each test, colourcd and whitc stimulus bars
of high luminance were presented The neutral density wedges were
initially set to give a minimal attenuation of 0. 6 log units or, 1in later
tests, 1n order to reduce the amount of time needed to complete a
test, to give an attenuation of 1.0 to 1. 6 log units Since the birds
were well practised on the discrimination procedure, which had been
used to find wavelength discrimination thresholds, they quickly trans-
ferred to the discrimination of chromatic and achromatic stimul1 and,
on many of the discrimination tests, performed at a level of more than
90% correct choices in the first test session (see Table V). After two
consecutive sessions 1n which the animal performed at a level of more
than 90% correct choices, the neutral density attenualion was increased
by 0 2 log units. At each session the luminances of the coloured and
white bar stimuli were further decreased by 0 2 log units until per-
formance had fallen to a level of less than 90% correct choices At

this point a session was repeated, using the same wedge settings,
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then luminance was decreased by 0.1 log unit steps. Each time a
subject performed at less than 90% correct, the session was repeated
with the same wedge settings before moving on to the next values.
When perfoimance accuracy was nearing the 70% coirrect criterion
chosen as a 'threshold' level of discrimination (1.e. when two
consecutive sessions with the same neutral density settings gave
discrimination scores of less than 80% correct), 0.05 log unit
changes 1n luminance were made

A discrimination test was completed when the accuracy of
performance had fallen to 70% or less of choices being correct on
two consecutive sessions The setting of the neutral density wedges
was then reco:ded for calculation of the threshold of saturation
discrimination.

Test for effect of luminance mismatch '

Using this procedure of steadily decreasing the stimulus lummnance,
the coloured and white stimulus bars appeared to 'fade' at the same rate
against their constant background of white light until a point was reached
at which they were no longer detectable. It was assumed that discrim-
ination was based on the visibility of the coloured stimulus, 1n order
to make a correct choice, but since the luminance matches between
the white and coloured bars may not have been exact this supposition
was checked

Following several threshold tests the luminance of the white bar

was systematically allered, to produce a mismatch between the white
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and coloured bars, by increasing or decreasing ils luminance by 1
or 0.5 log units relative to the 'matching' value. The effect of such
a mismatch was tested after the luminance of both stimuli had been
reduced to threshold level and again when the luminance of the two
stimuli was increased to a point just above the threshold (this point
being chosen to give about 80-90% correct discrimination using the
matching stimuli),

The percentage of correct responses for a session in which
mismatched stimuli were used was compared with tle percentage
score for an immediately preceding session using matched stimuli,
Some variation between individuals as well as variability in the
scores obtained on different sessions and on different days would
be expected, so thal a comparison was made of the percentage
difference 1n accuracy between a pair of consecutive match and mis-
match sessions with the percentage range of correct responses over
several sessions 1n which matching stimuli were used

Preliminary tests showed that with very large luminance differences
(3 log units with 443 nm) pigeons tended 1nitially to choose the brighter
stimulus, and, 1f this was white, to then, after 2 or 3 incorrect choices,
avoid this stimulus and switch 1ts choice to the dimmer coloured
stimulus

Further tests were carried out with the smalle1, although still
appreciable, differences in luminance between the two stimuli of 1 or
0.5 1log umts Table IIA summarises the results of these tests In

nearly all cases the percentage difference of responses (given in single

r
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Table IIB

Pooled data from Table ITA

68.

- White stumulus braghter Whaite stamulus dammer
Filter Subiect than maiching value than matching value
M vs 1B M vs 065B |M vs 1D M vs 005D
S1 > <
) = >
443
S7 <
>
S7 > > >
>
496
S10 > < <
> = '
S3 < <
<
536
S9 < < <
< >
Sign test: for N =15 Sign test: for N = 13

p = 0.5 (1 tailed)

p = 0.5 (1 tailed)
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parcntheses) on the match versus mismatch conditions fell within

the range (figures in double parentheses,final column) of inter-

session variation of choice accuracy when matched stimuli at threshold
luminance level were used. An exception to this 1s found in the test

on S9 at 536 nm i1n which the scores on the repeated tests with matching
stimuli were particularly consistent (see percent rangc 1n last

column of Table)

To check whether the discrepancies between the percentage scores
on paired match and mismatch sessions were significant, on each test
the discrimination score for a session with mismatched stimuli was
classified as greater than or less than the score on the preceding
session 1n which matched stimuli had been used. This classification
of the differences between scores 1s presented in Table ITB. All the
data from tests in which the stimulus was brighter than thé match
value were pooled as were the results for tests in which dimmer
white stimuli were employed. It was hypothesised that any luminance
difference between the bar stimuli would tend to facililate discrimination
1.e 1f the positive stimuli were clearly brighter, this additional cue
would lead to an improved disciimination score while the score would
also be greater if the luminance of the negative stimulus was 1ncreased,
since (as in the inmitial tests) the birds could quickly learn to avoid a
more distinctive ncgative stimulus. However, applying a sign test
(Sicgel, 1956) to these sets of pooled data gave, 1n each case, a p

valuc of 0.5 on a one-tailed test



Fig 3 (facing)

Course of discrimination for half of the threshold tests
for two subjects

Each giaph displays the change in discrimination
score as stimulus attenuation is-increased by 0 2; -0 1
or 0 05 log units (see Procedure) Single points show the
discrimination score at a particular neutral density
setling for one session Where the percentage score fell
below 90%, a session was repeated using the same wedge
setting Solid lines are drawn through the mean
discrimination scores for different attenuation values
A threshold test was terminated when both scores on
repeated sessions fell at or below 70% correct The
final ND setting was then used in the calculation of the
threshold of saturation discrimination (see Results)

S3 gencrally required fewer sessions to reach a
threshold than did S7

Wavelength values of interference filters in each
test are given beside each graph
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Since no consistent improvement or decrement 1n choice accuracy
could be discerned when changes in luminance of 1 or 0,5 log units
were used then presumably much smaller mismatches in luminance,
which might be the result of errors of estimation in the calibration
procedure, would be unlikely to act as reliable cues in the determanation

of saturation thresholds

RESULTS

The number of sessions required to obtain a threshold measurement
for each wavelength ranged from 13 to 44 sessions per threshold test.
Figuie 3 gives examples of the course of discrimination for half of the
threshold tests for each of two b1_rds, one which generally required
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 eac;'z graph 1s
plotted the results for an entire threshold test in terms of the percen-
tage of correct choices on each session versus the stimulus attenuation
1n log uniis for a particular session.

Examination of these and other graphs showed no consistent pattern
of discrimination results for specific wavelengths or subjects. For
some tests, the discrimination scores were quite stable until the
saturation threshold was reached (e.g. test at 403 nm for S3) while
on other tests the response pattern was more variable. For instance,
S7, testcd at 521 nm, exhibited some variability in the discrimination

scores as the stimulus was more attenuated but showed quite a high



Table ITI

Attenuation, in log units, of stimulus at threshold

A Subjccts Mean ND
Si S3 S7 S9 S10
702 203 2.25 2.4 2,65 244 2.4
685 264 265 247 247 20,6 2.58
662 248 285 2,55 2.7 2.7 2.72
639 3.3 365 3.4 3.8 3.55 3051
619 363 3.15 3.45 3.8 3.45 3.43
597 20635 2675 2465 2.8 2,75 2,66
584 3635 344 3.4 3.6 3.2 3.39
558 363 3.3 3.5 3.5 3045 341
536 361 3.1 3625 3425 2,75 3.00
521 3015 303 3.15 3.5 3.05 3.23
496 203 2:75 244 Je15 244 2.6
477 261 2045 2445 2485 2,2 2:41
464 3.1 2.8 2,85 3.1 2455 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 27 2.7 24 2,6

71.
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degree of consistency belween scores when a session was repeated
using the same neutral density wedge settings. In othe: cases (e.g.
S7 at 477 nm) scores changed more erratically both between repeated
sessions and as the stimulus attenuation was altered

Nevertheless, the results, in terms of the atlenuation of the
stimulus beams at the ends of threshold tests at each wavelength,
were found to show good agreement -a.crt;ss subjects These attenuation

figures, 1n log units, are set out in Table III.

Calculation of energy values of stimuli at threshold

Energy measures were obtained with just one of the central
stimulus lights operative. A motor driven sector, positioned in the
collimated beam, was used to provide a stimulus flashing at 1l Hz,
allowing for AC amplification of the thermopile potential (Fig 4).

The output from the thermopile, centred in front of the response
key, was amplified by a Grass P15 AC preamplifier and displayed on
a Tektronix Type 564B storage oscilloscope. The irradiance of the
unattenuated bar stimulus, with each of the interference filters 1n
place, was calculated and converted to a log scale

The thermopile was also used to find the minimum attenuation
given by the neutral density wedge. This minimum was 0.6 log units
at the five wavelengths tests (443, 464, 496, 558 and 643 nm).
Additional attenuation values were calculatcd ftom manufacturer's
calhibrations of the wedges. Thelogirradiance of each stimulus at

saturation th: eshold was then computed from the figures in Table IIIL,
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Part of the optical system, providing a flashing stiamulus for the

thermopile, used in calibrating the energy of the central stimulus

bar,

AC = AC preamplifier

CRO = cathode ray oscilloscope
TH = thermopile

Other abbreviations as in Fig. 1
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Computation of results

The saturation discrimination function specifies the relative
colorimetric purily acro ss the specirum and 1t 1s usually expressed
as the reciprocal of least colorimetric purity required for the
detection of a saturation difference al each wavelength. As mentioned
previously thc reciprocal of least colorimetric purity 1s given by the

ratio

log (Lw + L, ‘
L

In order to calculate the value of the saturation index, measures
must be obtained, on a luminance scale, of the components of the
stimulus at threshold. Howcver, since the pigeon's photopic sensi-
tivity curve 1s known to differ from a human's a suitable luminance
scale must be constructed for the pigeon. '

Having measures of the log energy at saturation threshold, a
conversion used by Yager (1967) was applied to transform energy
units into luminance units for the pigeon. Such a pigeon luminance

scale (L, ) can be computed by taking the log 1atio of energy of a

A

stimulus at the saturation threshold (E ) to energy of the

sat thres

b h .
same stimulus at i1ts absolute photopic threshold (Eabs thres)

E
log L}\ = log( sat thres )
abs thres
= 1 E
log L)\ log Esat thres °8 ™. bs thres



Table IV

Index of colorimetric purity

Calculated values of log gfl_,_ ;
and from mean rcsults. A

for individual subjects

Subjects Mean value

>\ of log 211—‘;

s1 S3 S7 S9 s10 A
702 3.60 3,55 3,70 3,95 3,70 3.70
685 3033 3443 3.63 3.63 3.53 3.51
662 3,07 3412 2,82 2,97 2,97 2.99
639 3412 3032 3,22 3.62  3.37 3,33
619 2,75 2,60 2,90 3,25 2,90 2,88
597 1.86 2426 2,16 2,31 2,26 2,17
584 279 2,84 2,84 3,04 2.4 2,83
558 2072 2472 2,92 2,92 2,87 2.83
536 2659  2.59 2474 274 2624 2458
521 2,83 2,98 2,93 3.18 2,73 2.91
496 2015 2,60 2,25 3,00 2025 2445
477 2030 2,74 2,74 3.14 249 2.70
464 3e56 3,26 3,31 3,56 3,01 3.34
443 2,65 2,75  2.75 2,85 2,70 2,74
422 4000 4601 3,96 4,06 3.96 4,01
403 4e24 4.04 4e24 4024 394 4.14

Th.
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The subtracted energy levels at absolute photopic thi1eshold were
taken from Blough's (1957) data

Simalarly, Lw 1n the saturation index can be found by comparing
the irradiance of a white light, which 1s just discriminable from a
white background, with the absolute photopic threshold for white
light,

The more desaturated a chromatic stimulus, the more of 1t
must be added to a white background for it to be visible Thus,
at a wavelength which appears highly desaturated the ratio becomes
small, this being dependent upon the amount of chromatic light which
must be added With an unchanging white background, as in this

experiment, Lw 15 constant and the relative satuiration discrimination
function can be expressed by
*
log<
A

Mean and individual saturation discrimination functions were

ol Lo

plotted against wavelength

plotted (Figs. 5 and 6) from calculated values of log{Il_‘— ) given
in Table IV, \

On all graphs there 1s a minimum at 597 nm while saturation
increases at the longest and shortest wavelengths tested. Troughs
subsidiary to the minimum also occur at 443, 496, 536 and 662 nm,

except 1n the case of S10 for which the minima at 496, 536 and 597 nm

arc almosi equal.
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DISCUSSION

Although the graphs of entire saturation discrimination tests
show some variability (Fig 3) there 1s fairly good agreement in the
threshold results of individual subjects as shown by the range of
1esults (Fi1g. 5) and the coincidence of the position of minima in
the graphs of indivaidual anmimals (Fi1g. 6). Saturation thresholds
were only tested every 20 nm, at wavelengths for which interference
filters were available. It would have been preferable to perform
further lests at other intermediate wavelengths to see 1f the positions
of peaks and troughs 1n the saturation function and the relative differences
between these maxima and minima could be assessed with greater
precision However, the occurrence of several minima in the
saturation discrimination function 1s unlikely to be due to a haphazard
variation between threshold results since the same maxima and minima
were found for each individual.

From these results, the light appearing least saturated to the B
pigeon had a dominant wavelength of 597 nm, by comparison the point
of lowest saturation for humans 1s at a shorter wavelength of 570 nm
(e.g. Martin, Warburton and Morgan, 1933, Jameson and Hurvich,
1955) (Fig. 7).

Clearly, at the start of threshold tests, when stimulus luminance

1s high, there 1s no point 1in the spectrum which pigeons confuse with

white light For the majority of saturation tests for each animal,
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the learning criterion of two consecutive sessions in which per-
formance was at a level of 90% correct choices was met very quickly.
As shown in Table V, except for tests at the first wavelength of 662
nm, for which an introductory procedure was used, this early
criterion was reached, 1n 70 out of 75 tests, within the initial 2 or

3 sessions Thus, the pigeon has neither a monochromatic nor a
dichromatic visual system However, the occurrence of 5 minima
in the saturation function indicates that its visual system 1s more
complex than that of a trichiomat since with such subjects, although
there 1s some variability in results, theoretical and empircal sat-
uration functions have shown 2 minima (FJameson and Hurvich, 1955,
Yager, 1967).

Comparison of results with other saturation discrimination data for

pigeons

The only other avian data on saturation discrimination come from
an experiment by Schneider (1972) in which pairs of stimuli of matched
luminance were rated for their 'similarity' or 'dissimilarity’ of
appearance to pigeons. The resulis were presented 1n terms of a
'colour circle' in which the spacing between stimuli represented the;r
psychological separation. As with the colour triangle used as a
notation of the perceptual capabilities of the human visual system,

white light was depicted as a point within the colour circle The

distance, however, betwecn different wavelengths and this white
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point varied, From this information a rclative saturation dis-
criminalion function may be derived for comparison with the

results of the present experiment (Fig 8) There 1s little agree-
ment betwecn the two sets of results Schneider's data point to

only one clear saturation minimum at about 550 nm. There 1s no
obvious explanation for this discrepancy in results. In a function
depending on a comparison between a coloured and white light, the
location of minima could be expected to depend on the colour tem-
perature of the white light, with a shift in the position of minima

to longer wavelengihs 1f a l1ght of lower colour temperafure 1s used.
However, this factor could not account for the disagreement in results
since tungsten-iodine lamps, of the same colour temperature, were
used 1n both experiments,

One marked difference between the two experiments was 1n the
presentation and luminance of the stimuli. In Schneider's study a
bipartite field was presented in which one half of the stimulus was a
monochromatic light and the other half a white light. He reported
the luminance of a 580 nm stimulus to be 30 mL. In the present
experiment the white and coloured stimulus bars were always
projected onto a background white of approximately 25 mL.l In
calculating values for the matching white bar stimuli, the 619 nm

stimulus was found to have a luminance of about 502 ml., with

minmimal neutral density attenuation of 0.6 log units. Knowing the
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log attenuation of the stimulus at threshold 1t was estimated that,

at mean thieshold for this wavelength, the stimulus luminance
would be 0.75 mL, which i1s of a much lower order than the stimulus
luminances used 1n Schneider's experiment However, once more
this difference 1n experimental condilions 1s unlikely to explain the
discrepant results, Hurvich and Jameson (1955), studying the effect
of stimulus luminance on the saturation discrimination function of
human subjects, report slight differences in sensitivity between
functions obtained under conditions of high and low luminance and a
more pronounced subsidiary minimum when high luminance stimulx
were used But there were no major shifts in the position of minima
that might have predicted the difference 1n results of the two studies
on pigeons

Physidogical basis of saturation discrimination

For some other species 1t has been possible to explain the saturation
discrimination function in terms of known physiological characteristics
of that species' visual system., For example, in the goldfish, for which
the sensitivity curves of the three cone pigments and the response
characteristics of opponent-process cells can be specified, this in-
formation can be used to predict a theoretical saturation function,
having two minima (Yager, 1967) While there are large discrepancies
between the results obtained on individual fish, theie 1s reasonably

good agreemecent between the theoretical function and the experimental

function 1f the overall curve of the range of results 1s considered
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Similaily, in humans, which also have three cone pigments,
Jameson and Huivich (1955) were able to derive a theoretical
saturation discrimnation function which matched the psychometric
function. In macaque monkeys, whose visual functions closely
compare with those of man, much data about their colour vision
has been gathered from physiological and behavioural tests (De
Valois and Jacobs, 1968)., In these amimals, saturation appears
to be related to the ratio of response of the opponent cells (most
strongly driven by chromatic stimuli) to non-opponent cells
(responding to both waveclength and intensity information but driven
most strongly by broadband achromatic light) at each wavelength,
or sumilarly, to the proportion of the total neural response at any
wavelength contributed by the opponent cells

At this point, 1t should be noted that the present use of log (1—47\)
as the saturation index rather than the ratio of log (Lw * L)\ ) imposes

LZ

certain limitations upon the direct comparison of the psychophysical
saturation function with any functions derived from physiological data.
Using the reciprocal measure, 1n which the constant value of Lw 1s
omitted, gives a saturation function in which the relative occurrence
of peaks and troughs of saturation are shown. But the inclusion of the
term Lw 1s needed to define the absolute differences between maxima

and mimima. This becomes important 1f, i1n the pigeon as well as the

fish and monkey, the saturation function could be predicted fiom numerical
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data about the mechanisms involved 1n the perception of the uminance

of both chromatic and achromatic stimuli, While this restriction 1s

borne 1in mind, the reclative saturation function obtained from the

present expeiriment remains valid. To specify the absolute values 1n

the function more accurately would require finding the photopic thres-
hold for the white light used, rclative to the thresholds for monochromatic
lights Within the time available, 1t was not felt worthwhile to set up

a complete photopic sensitivity experiment to provide this one additional
measurement.

Compared with other species mentioned, such nccessarily dectailed
information from the pigeon's visual system, though, 1s not yet
available so that a similar interpretation, in physiological terms, of
this animal's saturation discrimination function cannot be made at
present. In the work on monkeys, the response curve of ;the non-
opponcnt cells was used to account for the relative saturation at
different wavelengths, with low saturation being mediated by a large
response from the achromatic cells combined with low activity of
chromatic units Donner (1953) reported dominator cells in the
pirgeon's retina which had a broad-band response similar to that
of the monkey's non-opponent cells. The shift in the peak response
of these units to longer wavelengths, between 580 and 590 nm,
(compared with the maximum sensitivity of non-opponent cells at

about 570 nm (De Valois and Jacobs, 1968))may partially explain
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the similar displacement of the saturation mimimum to a longer
wavelength than in the macaque's function. This would only be
sigmificant, however, 1if opponent-cell activity at these longer
wavelengths 1s low Opponent-cells have been reported i1n the pigeon
(Yazulla and Granda, 1973) with crossover points at 500 nm, which

1s a point of low saturation in the psychophysical function, and 520

nm, a region of higher saturation, but the data are too incomplete

to provide a quantitative account of the entirc saturation discrimination
curve.

If the psychophysical function 1s compared with the oil-droplet
transmission curves (Fig. 9) then, as appears to be the case, decreased
sensitivity of each cone mechanism, here indicated by a low percentage
transmission value for the oil-droplet, can be expected to coincide
with a minimum of saturation. In addition, saturation 1s.h1gh at 400
nm, the point of maximum sensitivity of a blue mechanism which has
been demonstrated in the pigeon retina (Graf and Norren, 1974). On
the other hand, as with the wavelength discrimination function, there
1s little difference between the positions of peak activity in modulator
umts (Donner, 1953) and points of minimum saturation, whereas i1t might
be expected that chromatic units should show low response at these
points (Fig 10), Once again, this might arise 1if the steeply rising short
wavelength arms of the cones' spectral sensitivity curves, caused by
the o1l-droplets' filtering action, together with neural interaction
produced only a very small shift of discrimination minima away from

the points of maximum response in the modulators.
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In summary, while the operation of specific neural mechanisms
mediating the perception of saturation differences remains obscure,
the saturation discrimination function once more indicates the
complexity of the colour-processing abilities of the pigeon's visual
system, which appears to be more intricate than the trichromatic

sysiem to which previous evidence has pointed.
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CHAPTER 4

THE PIGLON'S SPECTRAL SENSITIVITY TO ULTRAVIOLET RADIATION

INTRODUC TION

Pigeons, amongst other vertebrates (e.g. humming-bird Huth
and Burkhardt, 1972, frog Govardovskii and Zueva, 1974, aphakic
human Tan, 1971), are now known to be capable of detecting ultra-
violet radiation (1.e. wavelengths below 400 nm) Wright (1972b)
has demonstrated that pigeons can distinguish between a monochromatic
520 nm stimulus and a mixiure of this wavelength together with a 366 nm
component given by unsuppressed sideband transmission ‘of an inter-
ference filter Accordingly 1t seemed necessary to more thoroughly
investigate the pigeon's discrimination of wavelengths within the
ultraviolet region. But, to do this, more information 1s needed about
the range of short wavelength sensitivity in this animal. Also precise
measurements of this sensitivity must be made i1n order to calibrate
stimuli, and equate them in lumimance for the pigeon's eye, 1n a
subsequent wavelength discrimination experiment.

Numerous workers have previously studied the pigeon's spectral
sensitivity but very few experiments provide sensitivity measures at

shorter wavelengths noi1 do they estimate the detection limits of this

bird's eye. Several methods are available for assessing spectral
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sensitivity, These include behavioural procedures (e.g. threshold-
tracking methods Blough, 1957, Meissner, 1970, flicker photometry
Graf, 1969) and physiological techniques (e.g. pupillometlry Laurens,
1923, microelectrode recording of retinal spike discharge Gramt,
1942, electroretinogram Blough, Riggs and Schafer, 1972, Graf
and Norren, 1974, Ikeda, 1965). Since there is reasonable agreement
amongst results obtained with these various procedures, 1t was
decided to use a method which provides relatively quick and rehable
data. Thus spectral sensitivity 1in this experiment was measured
using the varying electroretinographic response to different wave=-
lengths

The electroretinogram (ERG) has a complex waveform, whose
components originate in receptor and inner nuclear layers of the
retina (Brown, 1968, Ogden and Wylie, 1971). Since these layers
are likely to contain mechanmisms of differing spectral sensitivaties,
detailed interpretation of the waveform and its variation in response
to changes 1n stimulating wavelength 1s difficult, However, by using
special conditions of chromatic adaptation (Graf and Norx:en, 1974,
Norren, 1973) or by measuring the amplitudes of the constituent
waves (a-, b-waves and off-response) of the ERG response to a
single flash (e.g. Ikeda, 1965) 1t has been possible to estimate the
spectral sensitivities of contributory processes. However, in the
present study the total amplitude of the clectroretinographic response
was measuied to estimatc the compound sensitivily of the underlying

retinal mechanisms,

r
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Optical apparatus used to generate flashing chromatic stimuli
superimposed upon a constant white light background. All stimuli
were presented to the pigcon's left eye i1n axial Maxwellian view,
ERG potentials were amplified, monitored on an oscilloscope and
relayed to a Biomac transient averaging computer. Stimulus onset
and offset were detected by a photocell whose output was usecd to

trigger the Biomac,

Ap1 = 3 mm aperture IF = interference filter

Apz = 2 mm aperture MY = half-silvered mirror

BIO = Biomac ND = neutral densaty filter

CRO = cathode ray oscilloscope PC = photoccll

D = 1ris diaphragm Sec = motor-driven sector disc
E = pigeon's lcft eye TRIG = monostable trigger device

HF = heat filter Xe = high pressure xenon lamp
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EXPERIMENT I

METHOD

Apparatus

Optlics

Stimuli consisting of repeated flashes of narrow bandwidth
light superimposed on a constant white light background were
generated using the optical system diagrammed in Fig. 1. In
one channel, light from a tungsten 1odine 50W projector bulb was
collimated and passed through heat filters(HF) and a neutral density
filter (ND) before being focused onto a 3 mm aperture (Ap1)° A
second pair of achromatic doublet lenses then projected the light
onto a thin piece of glass, acting as a half-silvered mirror (M')
which partially reflected the beam 1into the pigeon's eye (E), The
light source of the second optical channel was a 75W xenon pressure
lamp (Xe). Laght was once more directed through heat filters befozre
being focused onto a 2 mm aperture (APZ)' behind which was a motor-
driven sector disc (Sec) giving a 11 ratio dark-light flash, By inter-
changing the sector disc or motor, stimuli flashing at 6; 20 or 30 Hz
could be used. The flashed beam was then collimated and passed
through onc of 19 interference filters (IF), mounted 1n a large
rotatable wheel so that filters were quickly interchangeable, and

through a diaphragm (D) and finally projected through the half-

silvered mirror into the bird's eye. Onset and offset of the flashed



88.

stimulus was detected by a small photocell (PC). Baffles were used

to prevent as much stray light as possible from entering the animal's
eye. All optical components were mounted on standard optical benches,
aligned at right angles to each other.

This optical system provided coloured stimuli and an achromatic
background, focused at the centre of the pupil so that stimuli were
presented 1n axial Maxwellian view. The adapting beam which was
constantly presentied to the eye, subtended a visual angle of about 21°,
The energy of this white light, measured with a calibrated thermopile
positioned in place of the bird's eye, was 2.22 uW. Since the adapling
beam was focused as near as possible to the pupil plane and the axial
length of the pigeon's eye between pupil and retina 1s about 9. 5 mm
(Marshall, Mecllerio and Palmer, 1973, Chard and Gundlach, 1938),
1t 1s estimated that the stimulus 1rradiance, on an 1lluminated retinal
area of 8 mmz, was approximately 28 }J.W/cmz. This value would be
only slightly reduced by absorption by the optic media, which are
relatively clear, absorbing only appreciably (up to 0.26 log units) at
wavelengths shorter than 450 nm (Graf and Norren, 1974).

The Balzer interference filters provided chromatic stimuli with
peak wavelengths ranging from 337 to 702 nm., Filters with maximum
transmission at 403 nm or longer wavelengths had half bandwidths of

8 - 14 nm while the half bandwidths of the ultraviolet filters were
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17 - 19 nm. Neutral density filters were unsuitable for attenuating
chromatic stimul:i i1n this experiment since th(;y show non-umifoim
transmission characteristics in the ultiaviolet part of the spectrum.
The 1118 diaphragm was used instead since it provided stimulus
atlenuation which was independenti of wavelength, The diaphragm has
the disadvantage though that as the aperture size decreases so does
the visual angle of the stimulus presented to the bird's eye. With a
maximum aperture size, the stimulus visual angle was 1° 24", It
was calculated that the visual angle would be reduced to 1° 48' wath
the minmimum diaphragm aperture used but this reduction would be
somewhat counterbalanced by stimulus diffraction and light scatter
within the eye.

This factor of size alteration would be important 1f colour-
sensitive mechanisms were differentially distributed in the retina,
more particularly 1f there was a large difference between peripheral
and central retinal processing mechamisms. The most noticeable
difference 1n the distribution of cell-types in the pigeon's retina occurs
between the dorso-temporal red field and the yellow field (Galifret,
1968).

There 1s conflicting evidence regarding spectral sensifivaty
differences between these two areas. King-Smath (cited by Muntz,
1972) recorded from tectal units whose receptive fields fell in either
the red or yellow retinal aireas and found a sensitivity shift towards

longer wavelengths 1n ncurones which had their receptive fields in
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the red area. Blough, Riggs and Schafer (1972), on the other hand,

1in an electroretinographic study of the pigeon's spectral sensitivity,
stimulated both the central ycllow field and the red field and found

the sensitivity curves obtained from these two areas to be i1dentical.
From the size of the chromatic stimuli used 1n the present experiment,
however, it i1s unlikely that, even with maximum diaphragm aperture,
the red field of the pigeon's eye would be stimulated. Differential
effects of stimulus area must therefore be considered within the
yellow retinal field. Ikeda (1965) tested the effects on the ERG response
of axial stimulation compared with stimulus presentation at 10° or 30°
peripheral to the optic axis. She reported no marked alterations in
b-wave amplitude as a function of stimulus position but there was a
decrease 1n response amplitudes of the a~-wave and off-response as
the stimulus was more peripherally placed. Since the of%-x esponse,
or d-wave, 1n the present study generally does not contiibute to the
total trough to peak amplitude used as a response measure, any
errors arising from a change in stimulus area are likely to be att-
ributed to differences occurring in the a-wave amplitude. DBut as
final results over much of the spectrum in this expcriment replicated
findings of previous spectral sensitivity studies, 1t 1s concluded that
any error introduced by the use of the diaphragm must be relatively
small,

Stimulus calibration

Using a calibrated thermopile (Hilger-Watts FT 17) in place of

the bird's eye and a digital voltmeter to measure the thermopile
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A Relative energy available at each stiumulus wavelength. The
maximum energy output of the xenon light source, with each of
the narrow bandwadth interference filters in position, was
measured with a calibrated thermopile. The log differcncc in
encrgy at each wavelength was computed relative to the radiant
energy (168.5 uW) of the 521 nm stimulus,

B Attenuation function of the diaphragm in log units. The log
decrease in energy for various apcrture diameters was measured
usang a thermopile. Detailled measurements were made with a high
encrgy 521 nm stimulus but the diaphragm!s attenuation function

1s 1ndependent of wavelength.
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potential, the maximum energy available with each of the inter-
ference filters i1n position was calculated. While doing this the
adapting beam was swilched off. For later computations on the
results, the difference in log units between the maximum energy
output, of 168.5uW, with the 521 nm filter and the energy trans-
mitted by each of the other filters was then calculated (Fig. 2A).
The diaphragm's atienuation function was also measured,
at a wavelength for which there was the haghest energy output.
Aperture settings, intmm diameter, were marked on the rim of the
diaphragm and repeated energy readings at several of these settings
were taken. The mean energy readings at each aperture width were
calculated and the log unit attenuation given by the diaphragm was
plotted (Fig. 2B). Seven aperture settings, giving an attenuation of
between 0 and 1.8 log units, were then chosen for obtau{mg response-
intensity functions in the experiment,

Preparation of subjects

Adult pigeons of mixed breed and unknown sex were used as
subjects., An inmitial operation was performed, enabling the bird's
head to be supported by a special head-holder. This operation was
carried out either immediately before the ERG experiment began or
4 to 5 days prior to a test session, allowing for the bird's recovery.

For both this operation, and for recording ERGs, birds were
anaesthetised with Equithesin (intramuscular, 0.25 ml/100 gm body-

weight)., During prolonged recording sessions supplementary doses
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(0.08 ml1/100 gm) were administered if there were signs of recovery,

The preparatory operation consisted of incising and retracting
the scalp, pitting thc skull with a dental drill and cementing to the
skull, with dental acrylic, a small brass block (5 x 7 x 3 mm) which
had two tapped holes. During the ERG experiment this block was then
screwed onto a adjustable bar, supportingthe head and rigidly main-
taining 1ts position in line with the visual stimulus, The overhead
bar was part of a specially constructed table on which the bird lay,
This table was mounted on the end of one of the optical benches and
could be rotated around the vertical axis, or moved along any of
three axes, Thus the bird's left eye, from which all ERG recordings
were tz-iken, could be precisely positioned so that stimulation was axial
and Maxwellian., The bird's body rested upon the table which was
covered by a thermostatically controlled heated blanket to maintain
the body temperature at 37°C.

Because of problems with a build-up of tracheal secretions during
prolonged experiments, for many recording sessions the birds were
intubated and artificially ventilated. Warmed air, at constant pressure,
was passed into the lungs by inserting a narrow plastic tube through
the mouth into the trachea. A hole was then drilled through the sacral
bone to allow air to escape from a dorsal air sac. Birds which had been
intubated were sacrificed at the end of an experiment.

Prior to ERG recording, the bird's left eye was treated with a

solution containing atropine, tubocurarinec chloride and benzalkonium



chloride i1n physiological saline (Campell and Smith, 1962)
Application of thissolution produced complete mydriasis and gave a
good electrical contact with the recording electrode. The nictitating
membrane and eyelids were held open with small retractors.

Recording equipment

A silver-silver chloride ring electrode, which was mounted on a
second adjustable arm, fixed to the table, was positioned against the
bird's left eye. This electrode just surrounded the dilated pupil. An
indifferent electrode of silver-silver chloride was inserted beneath
the scalp or postorbitally through the frontal bone. The bird was
eaithed via a needle elecirode placed beneath the rump skin,

Electrical potentials from the corneal and indifferent electrodes
were amplified differentially using a Grass P15 preamplifier, set with
a bandwidth of 0,3 to 100 Hz, Further amplification was i)rov1ded by an
Aim low-noise amplifier. The amplified potential, together with the
photocell signal of stimulus onset and offset, was monmitored on a
Tektronix 564B storage oscilloscope. The photocell output was also
led 1into a monostable device which provided triggering pulses for a
Biomac 500 transient averaging computer on which the averaged elec-
troretinographic responses and a stimulus trace were finally displayed.

These displays could then be photographed for subsequent scoring,

Procedure

At the beginning of each experiment and at 4 or 5 subsequent
1ntervals the responsc to a standard stimulus of the unattenuated 584
nm filte:r was recordcd to monitor the stability of the ERG over a

piolonged scssion,
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An alternating order of wavelength presentation was used so that
an ascending and descending series of wavclengths was given within
each rccording session, Each wavelength stimulus was initially
presented with the diaphragm fully open to give minimal attenuation.
Attenuation was then incrcased 1n steps of 0.23, 0.55, 0.79, 0.96,
1.40 and 1. 83 log units until an averaged ERG response was no longer
discernible, at which point 1 ecordings were begun at a different wave-
length.

At the end of recording with each wavelength-attenuation setting
a photograph was taken of the 3 or 4 ERG curves displayed on the
Biomac screen. Each of these ERGs was the average of 64 responses.
Between separate wavelength-attenuation recordings the chromatic
stimulus was occluded but the white background light was always
visible. This procedure was aimed to minimise chromatic adaptation
while maintaining the eye 1n a light-adapted state.

A few drops of the mydriatic solution were occasionally
administered to bathe the eye and so to keep a good electrical contact
with the 11ng electrode. When this was done the bird was left for
about 5 mins before continuing recordings.,

At the end of each recording session a calibration trace of known
voltage(an oscillator signal) was displayed on the Biomac and photo-
graphed. From this calibration trace a grid could be prepared for

subsequent measurement of the amplitudes of ERG responses.
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Recording sessions were completed on 5 different subjects
using a stimulus presentation rate of 6 Hz and on 2 birds using

flicker rates of 20 and 30 Hz.

RESULTS

Using grids constructed from photographs of calibration traces,
the peak to trough amplitude of each averaged ERG recoirding was
measured nuV. Where 3 or 4 ERGs were displayed on one record,
the mcan amplitude was then calculated. If the amplitude of response
to the 584 nm standard stimulus varied over time, correction factors
were calculated and the mean amplitude measurements of all ERGs
recorded duiring the intervals between standard stimulus presentation
were adjusted

From stimulus calibrations of the maximum relative energy
available at each wavelength and the attenuation function <;f the
diaphragm (Fig 2), the total relative attenuation for each recording
was obtained from the sum of the log difference in energy (from the
maximum energy available with the 521 nm filter) and the attenuation
in log units, given by the diaphragm From these amplitude and
totalled attenuation figures, response-intensity functions could then

/
be constructed for all wavelengths.

6 Hz flash
Foi1 a 6 Hz flash each photographic record showed three ERG
responses Adequate responses over a range of intensities were

only obtainable for wavelengths between 363 and 662 nm. With the









96.

present optical system, the energy available at 337 nm was
particularly low while the relative energy at the longest wavelengths
18 also reduced. In addition, previous measures of the pigeon's
photopic spectral sensitivity (Blough, 1957, Giaf, 1969) have shown
sensitivity o decline at longer wavelengths

With the technique of using a flickering stimulus rather than a
single flash, 1t was difficult to define a baseline from which the
separate component waves of the ERG could be measured Additionally,
in spite of efforts to obtain good electrode contact and positioning,
the quality of ERG records taken from different subjects varied widely
and 1t was not always possible to clearly distinguish a- and b-wave
components On all recordings, as stimulus intensity decreased and
the response amplitude diminished, the component waveforms became
indistinguishable (Fig. 3). Response amplitude was theréfore measured
1n all recordings as the maximum amplitude difference between peak and
trough on the ERG, Whale this does not permt separation of mechanisms
with varying spectral scnsitivities (Ikeda, 1965), the overall spectral
sensitivity of the pigeon's eye can still be assessed.

Response-intensity functions from the first complete set of records
obtained aie shown 1n Fig. 4. As stimulus attenuation increased,
response amplitude decreased i1n a linear fashion. Recordings from
all othe:r subjects were of much lower amplitudes, furthermore, the
amplitude 1ange varied widely between these subjects Because of
this lack of overlap in amplitude range, the criterion chosen to define
the spcciral sensitivity curve was a voltage level which was a constant

ratio (0 12) of the maximum responsc voltage recorded from each bizd.



Fig 4 (facing)

Respouse -intensity functions for one pigeon which
were obtained using a 6 Hz stimulus Numbers above each
line indicate stimulus wavelength Attenuation figures were
calculated fiom log encrgy differences between chromatic
stimuli plus log attenuation bv the diaphragm Relative .
spectial sensilivily was computed at a response criterion of
0 12 of the maximum responsc voltage recorded for each
subject For this individual the critei1ion level, shown by the
horizontal dashed line, was 25 upV At wavelengths of 496 and
662 nm, for example, attenuation at criterion was 1 42 and
1.05 log umts respectively, together with attenuation figures
for other wavelengths, these data were used to calculate
relative sensitivity

Response-intensity functions were fitted by eye and are

displaced along the abscissa by 1 log unit for clarity of display.
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From each response-intensity function the 1elative attenuation
corresponding to the criterion or 'threshold' amplitude was found.
Since relative attenuation figures already embodied both the energy
differences between wavelengths and the attenutation provided by the
diaphragm, the wavelength at which the greatest attenuation figure
was given at threshold indicated the point of peak spectral sensitivity,
The log difference between this and all other threshold attenuation
figures was calculated The differences, representing relative
energy differences of the stimuli, could then be plotted directly to
give a relative spectiral sensitivity curve.

Examination of these curves, for 5 birds, showed that only the
spectral sensitivity curve of the first bird (Fi1g. 5) resembled previous
spcciral sensitivalty curves obtained by other investigators. The spectral
sensitivity curve of this bird had 1ts maximum at 558 nm. Sensitivity
decreased towaids longer and shorter wavelengths but in addition
there was a sensitivity minimum at 403 nm before a further increase
in sensitivity within the ultrawviolet region.

The other 4 curves did not even have the familiar inverted-U
shape. Examination of the response-intensily functions of these
animals also showed noticeable deviations from linearity at the lower
stimulus 1ntensity settings. The maximum ERG amplitudes were ot
much lower voltage than those of the fir st pigeon (ranging from 30-110
pVvas oppos.ed to a maximum response of 210 uV for the first bird).
Much of the difficulty in obtaining good recordings of high amplitude

1in this experiment may be attributable to thc length of time required
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Relative spectral sensitavity curves of individual subjects in Expt, I.
Stiumulus flash ratcs are indicated beside each graph.

6 Hz stamulus: sensitivity curve of one subject, calculated at a
criterion voltage of 25 muV from data of Fig. 3.

20 Hz stimulus* relative sensitivity functions of two animals using

a response criterion of 20 uV.

30 Hz stamulus: sensitivity curve from bird also tested with 20 Hz

stamulus (solid carcles on both graphs), criterion voltage was § MVe
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to complete measurements, An entire test session lasted for several
hours and maintaining an animal under an even, deep level of
anaesthesia and i1n good condition for this amount of time was problem-
atical. In addition, while the shapes of the average ERGs displayed
on the Biomac screen during recording appeared normal, the signal
amplification during these recordings may have been insufficient to
provide an input voltage which would be reliably digitized by the
Biomac when only a small ERG potential was given at lower intensity
levels. Such an error in recording, together with the physiological
state of the animal, may explain the haphazard sensitivity curves of
the other 4 birds.

Since no reliance could be placed on most of the sensitivity curves
calculated {from this experiment, a subsequent attempt was made to
obtain more consistent results, using a modified recording method 1n

which data could be collected more quickly (See Experiment II)

20 Hz flash

While the achromatic beam should have been adequate to maintain
the retina in a light-adapted state, the additional use of faster flicker
rates of stimulus presentation was tried to 1solaie the cones' response,
since the rods cannot follow a flicker frequency greater than about 20 -
25 Hz (Dodt and Wirth, 1953, Granmt, 1955). More difficulty was
encountercd, however, in eliciting clear and mcasurable ERGs with

highe: flash rates, even when a bird had already shown a clear response
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to a 6 Hz stimulus, For both rod- and cone-dominated retinae,
response amplitude gradually diminishes as stimulus frequency
increases (Dodt and Wirth, 1953) For the pigeon, unless the off-
response 15 eliminated by changing the stimulus laght-da:k ratio,
this progressive decrease 1n respmse amplitude 18 complicated by
the interference of a-waves and off-responses at certain stimulus
frequencies for which there 1s a marked additional decline or en-
hancement of response amplitude.

With 2 birds, though, recording sessions were successfully
completed using a 20 Hz rate of stimulus presentation. At this
rate, only wavelengths between 443 and 662 nm gave ERGs with a
distinguishable waveform, All records appeared more 'noisy' than
those obtained with a 6 Hz stimulus Also another effect was noticcable
in the waveform there was a consistent alternation between ERG
responses of larger and smaller amplitude 1n most recordings,
especially 1n responses to higher intensity stimulr in which the peak
to trough amplitudes were greater (Fig. 6). For Lhese 2 subjecls,
the maximum amplitudes given to the unattenuated 597 nm stimulus
were on average 95 uV and 85 uV, the amplitude differences between
altcrnate responses were 1n these cases 25 uV and 3.5 uV respectively.
It 1s dafficult to understand what the basis for these regularly alternating
rcsponses might be. Although Dodt and Wirth (1953) found a systematic

change 1n rcsponse amplitude as stimulus frequency was altered there
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was no corresponding change between successive responses o a
flickering stimulus of a fixed frequency, In that case their 1ecordings
show that, for any particular frequency, the amplitudes of repeated
responses remained stable Similarly Adrian (1945) reported that
successive cone responses 1in man have the same amplitude when
stimulus freauency 1s less than 20 Hz, while for higher stimulus rates
only the amplitude of the first ERG response 1n a series 1s greater
than that of the rest  Parker (1971), on the other hand, obtained a
very irregular response at a stimulus frequency of 10 Hz when pigeons
were anaesthetised with urethane No suchirregularities were obtained
at higher or lower stimulus frequencies and a regular response was
given to a 10 Hz stimulus when equithesin anaesthesia was used The
interp: etation of the present peculiar response pattern with a 20 Hz
stimulus 1s especially difficult when considering that we are dealing
with records of averaged ERG responses, since large and small
ERG responses should have averaged out over repeated runs.
Response-iniensily functions were calculated as for the 6 Hz
stimulus condition and relative spectral sensitivity functions computed
using a 20 uV criterion level of response amplitude. The relative
sensitivily curves for the two birds showed peak sensitivity to come
at about 560 and 590 nm 1in each case (Fig. 5)
30 Hz flash

Recordings were made, using a 30 Hz stimulus, on the same 2 birds
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that were used 1n the 20 Hz condition and during the same recording
sessions. For one animal, a maximum response amplitude of 80 uV
was given to the unatienuated 597 nm stimulus whereas for the second
bird, which had given the greater response amplitudes to the 20 Hz
stimulus, the maximum amplitude at this wavelength was only about
14 nV. Because of 1ts low amplitude ERGs, the range of wavelengths
at which response-intensity functions could be plotted for this animal
were very limited so only the data of the first bird were used to
calculate a spectral sensitivity curve.

From both subjects, though, smoothly oscillating ERG responses
were recorded which, at higher stimulus intensities, were approximately
sinusoidal in waveform (Fig 7). These ERGs may be contrasted with
the irregular 1esponses obtained with a 20 Hz stimulus (Fig 6).

Fo1 the one animal, from which response-intensity functions
could be ploited over a wavelength range of 377 to 662 nm, a response
criterion of 5 uV was used to calculate a relative spectral sensitivity
curve, which had i1its maximum at 597 nm. This curve also showed a
slight increase 1n sensitivity in the ultraviolet region after a mimimum
at 403 nm (Fig. 5).

EXPERIMENT II )

In spite of recording problems, ERG responscs in the first
experiment had been most easily obtained using a 6 Hz stimulus.

Upon finding that the majority of spectiral sensitivity curves derived
from thc 1csulls of Experiment 1 weic unsatisfactory, a second

\,\)\\ ' [

, ’26 JA'\'I“'?A *

L5 %

—————



102

experiment was set up to retest the pigeon's electroretinographic
spectral sensitivity function, again employing a 6 Hz rate of stimulus
presentation but with a slightly modified method of recording results
which did not require the extended measurements needed to plot
response-intensity functions This method was previously used by

Thompson (1971) Lo estimate the spectral sensitivity curve of gulls,

METHOD
Apparatus
The optical apparatus and electironic recording equipment was
i1dentical to that used in the first experiment.

Preparation of subjects

Two adult pigeons were prepared for the experiment by attaching
small, tapped brass blocks to their heads several days prior to the
recording sessions In order to record ERGs, each b1rd‘ was lightly
anaesthetised with Equithesin (intramuscular, 0.18 ml/100 gm body-
weight) with supplementary doses (0.06 ml/100 gm) readministered
1f there were signs of r ecovery This use of a light dose of the
liquid anacsthetic alleviated the problem of excessive tracheal
secretions thus obwviating the need to intubate the bird. But so that a
lightly dosed animal would accept the corneal electrode, placed against
1ts eye, the left eye was bathed with Xylocaine solution to anaesthetisc
1t, as well as with the mydriatic solution. During the recording session,
a good elccirical contact between the eye surface and the 11ng electrode

was maintaincd by application of physiological saline to the ecye When
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this was done, the bird was left for a few minules before recording
was continued.
Procedure

Stimulus wavelenglhs were presented 1n aliernate order so that
each test run contained an ascending and descending series of wave-
lengths From Experiment I it was ascertained that, of the wavelengths
which produced clearly recordable responses, the unattenuated 363 nm
stimulus gave an ERG with the minimum amplitude 1n the UV part of
the spectrum, which 1s the region of particular interest in this
experiment Rather than plot responsc-intensity functions, and,
from a constant voltage criterion level, calculate spectral sensitivity
functions, the dala for a sensilivily curve were found more directly
by using the maximum amplitude obtained at 363 nm as a criterion and
finding the stimulus energies at all other wavelengths which would give
an ERG response which matched the responsc amplitude at 363 nm.
Using an oscillator giving an output of known voltage, the Biomac
display was calibrated For each of the two birds tested, the mean
maximum responsc obtaincd over repeated runs with the 363 nm
stimulus had a peak to trough amplitude of about 30 and 35uV
respectively. ) >
TheBiomac was set to display one electroretinogram curve, this was
the average of 32 responses. The trough to peak heights, in centi-
metres, of averaged ERGs were measured using a grid placed over the

Biomac screen At cach wavelength, the diaphragm was adjusted until
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a sctting was found at which the height of the ERG equalled that of
the rcsponse to the unattenuated 363 nm criterion stimulus, The
diaphragm setlting was noted before measuring the response to the
next wavelcngth On iwo test runs through all wavelengths for the
second bird, the averaged ERGs of matching criterion-level amplitudes
were photographed Because of the speed of this method 1t was possible
to complete 3 consecutive test runs at all wavelengths on each of the
2 birds.
RESULTS

Clear electroretinograms, of sufficicnt amplitude to match the
response to an unattenuated 363 nm stimulus, were recorded over the
wavelength range of 363 to 662 nm  While no detailed analysis of
components was made in ERGs produced by repetilively flashing
stimuli, since there 1s not a stable baseline from which to measuze
the amplitudes of constituent waves, some variation of waveform was
noticed atl different wavelengths Comparison of ERGs obtained on
separate test runs shows that there are slight differences 1n response
to the same wavelengths, with all the recordings made on the second
test run with Bird 2 appearing smoother than those on the first run
(Fig. 8). Nevertheless, some general remarks may be made about
the form of these electroretinograms -

1) In all electroretinograms, stimulus offset was followed by a
pcaked :esponse, the d-wave, which 1s characteristic of cone-dominated
retinac (Brown, 1968), This response consisted of both positive and

negative phases and may be contrasted with the off-response, a sharp

14
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positive deflection alone, which can be seen i1n the ERG recordings

made by Ikeda (1965) and Ogden and Wylie (1971). A prominent d-

wave 18 found following light adaptation of the pigeon retina (Frost,

1972), thus the form of this ERG component indicates that the retinas of the
birds used 1n this experimcent were maintained 1n a photopic state of
adaptation.

2) Each electroretinogram includes a sharp, biphasic b-wave
response. This peaked waveform, as compared with a more rounded
b-wave, typical of the pigeon's rod response (Ikeda, 1965), 1s a further
indication of the predominantly photopic response elicited by each
wavelength 1n the experiment,

3) The latency between stimulus onset and b-wave peak increases
slightly at shorter wavelengths. This latency effect 1s particularly
noticeable 1n the photographic records of the second test run on Bird 2,
in which the latency at 363 nm 1s 45 ms, decreasing to a latency of
aboutl 32 ms at wavelengths longer than 422 nm

4) There are differences 1n the waveform of responses to shorter
wavelengths which are again more obvious 1n the 1ecordings of the
second run. A secondary peak or shoulder can be seen on the falling

side of the b-wave The latency of 80 ms between stimulus onset and
the peak of this component 1ndicates that the smaller secondary peak
may be a rod response Although a small shoulder can be seen in
rccordings at several widely separated wavelengths in the first Lest
run, 11 1s not apparent in the second 1un at wavclengths greater than
422 nm. Presumably the rod response 1s masked by cone responses

during most of the recordings
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Table I

Voltage measures, proportional to stimulus energy
recordcd at criterion levels of
imtensity for each chromatic stimulus

The tablc shows, at each wavelength for the Lwo bairds
tested, the mean voltage output in log mV of a calibrated
thermopile together with the standard deviations of these
readings, averaged from the mcasures of repeated rest runs,

Day 1 Day 2

py Mean log mV SD Mecan log mV Sh

363 2:34 0.00 2:34 0.00
377 2.64 0,01 2,64 0.11
403 2077 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 2434 0.03 2,51 0.00
477 2.17 0.04 2,33 0.08
496 1.87 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 1.46 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 2452 0.05 2,50 0.06
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However, the measure of central interest in this experiment
was the overall trough to peak amplitude.

Encrgy calibration of stimuli at ciiterion level of intensity

With only the xenon lamp operative, the energy of cach chiomatic
stimulus, at an intensity level for which a criterion amplitude of
response had been :1egistered, was measured using a calibrated
thermopile 1n place of the bird's eye At each wavelength, the amplified
thermopile potential to the flashing stimulus was measured on a
calibrated oscilloscope with the diaphragm set to provide the attenuation
which gave criterion ERG responses on individual test runs with each
bird The voltage output of the thermopile was directly proportional
to stimulus i1rradiance so that voltage readings could be used directly
to calculate relatnve spectral sensitivity functions, The mean voltage
measures for stimulus settings used on repeated runs were calculated,
together with the standard deviations, for each bird. These data are
given in Table I and show the stability of recordings made on repcated
runs.

From the mean log voltage figures, proportional to stimulus energy,
sensitivity differences were calculated. Since scnsitivity would be
maximal at a wavelength for which the energy of the criterion stimulus
was least, all the volitage readings were adjusted to a relative zero level
and thesc figures plotted to give relative sensitivity curves for the 2
birds (Ihg 9) These curves too showed very little difference between
bir1ds and, together with the stability of repeated measures, indicate

the reliability of this recording method.
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Relataive spectral sensitivity curves obtained using a 6 Hz
stuimulus 1n Expt. TI.

Bottom graphs show the sensitivity curves of the two subjects
tested on Day 1 and Day 2. Curves are plotted from the mean data
over repeated test runs for each individual, (Some indivaidual
ERGs of the second bird are shown in Fig. 5.) Response criterion
for Day 1 was 30 uV and for Day 2, 35 uV,

The top curve 1s the mean sensitivity function of these two

animals,
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A mean spectral sensitivity funclion was calculated from the
two curves obtained from separate subjects (Fig. 9). This curve
showced that peak sensitivity fell between about 560 and 580 nm.
Sensilivity decreased towards longer wavelengths and towards a

minimum at 400 - 420 nm before a further increasc in the UV region,

DISCUSSION

If all the sensitivity curves obtained in Experiments I and II
are compared (Figs. 5, 9) there 1s a high degrec of consistency in the
resulls, i1n spite of the varying test conditions used to generate these
data Maximum scensilivily {alls belween about 560 and 600 nm, whicnh
1s well within the 1ange of peak sensitivaly position reported by other
authors. (Ikeda, (1965), for instance, found maximum photopic
sensitivily to lie at 544 nm while the peak sensitivity in Giaf and
Norren's (1974) curves ranged up to about 600 nm,) Th; experimental
results also tally quite well in the range of log difference 1n sensitivity
at comparable wavelengths, (For example, on all graphs there 1s a
sensilivity decreasc of approximately 1 log unit between peak sensitivity
and that at 440 nm.) All the animals tested with 6 Hz and 30 Hz flashing
stimuli show a sensitivity minimum at 400 - 420 nm followed by an
increase 1n sensitivily at shorter wavelengths in the UV region. In
one of the two birds for which a 20 Hz flash rate was used, a short
wavelength minimum occurs at 464 nm.

Since the results of Experiment II are known to be particularly

1cliable, the mean sensitivily curve computied 1n that experiment was
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Comparison of the mean relative sensitivity curve obtained in
Expte II (—————) with the photopic spectral scnsitivity
curve from Blough!s (1957) experiment, employing a threshold-
tracking technique (——————), and results of an ERG study by
Graf and Norren (1974) (-------- ) 1n which flickering chromatic
stumuli were superimposed upon a white background. ERGs in
Expt. II werc elicited by a 6 Hz stimulus, relative sensitivity
was computed at a response amplitude criterion of 30 - 35 uV.

Graf and Norrcn's expcrament used a 25 Hz stamulus and a 2 uV

criterion.
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directly compared (Fig. 10) with the data from two spectral sensitivity
studies for which measures of short wavelength sensitivity are available
Blough's (1957) investigation employcd a bchavioural test method and
Graf and Noiren (1974) used the ERG 1esponse. The greatest discrepancy
in the results occurs at the shorte:r wavelengths, While all the curves
show an increase 1n sensitivily at the shortest wavelengths (also seen
1in the gull's spectral sensitivity curve (Thompson, 1971), the other
authors' experiments find a sensitivity minimum at 440 nm rather than
400 - 420 nm, as in the present work. When using an ERG test method
this difference may be attributable to the criterion voltage level at
which relative scnsitivity was calculated Graf and Norren's sensitivily
curve shown in Fig 10 was obtained using a criterion of 2 uV whereas,
with a higher voltage criterion of 9 - 20 uV, which 1s closer to the 30 -
35V criterion used 1n Experiment II, they report a shift in the sensilivity
minimum {o 420 nm,

The higher voltage criterion 1in their experiment also produced
an overall reduction 1n the relative spectiral sensitivilty at shorter
wavelengths, which 1s another difference between their curve and the
present function shown in Fi1g. 10. However, 1{ should be mentioned
that this 1s not the only factor which might account for some individual )
variation 1n sensitivity to shorter wavelengths (see Graf and Noiren's
Fig 3a). Relative sensitivity differences at these wavelengths have
also becen 1eported i1n the 1esults obtained from juvenile and adult gulls

(Thompson, 1971) While the 1c(asons for this age~-depcendent change are
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nol very obvious, one suggestion i1s that in oldexr birds the lens or
cornea, which are both unpigmented, might show an increase in
turbidity, accompanied by relatively greater scattering of shorter
wavelenglhs and hence a loss of sensitivity at this end of the spectrum.
This type of change in the ocular media 1s part of the ageing process

in the human eye (Weale, 1968). Some such age-dependent change might
also partly contribute to variations in short-wavelength sensitivity in
pigeons.

The results of the present experiments, together with those of other
workers, thus clearly demonstrate the pigeon's sensitivity to ultraviolet
light but the short wavelength range of this sensitivity may yet extend
beyond the 363 nm limit for which adequate measurements could be taken
here. A 337 nm stimulus occasionally elicited a slight response but
the energy emitted, using the present optical system, was too low at
this wavelength to allow the acquisition of precise data For a more
extensive investigatlion of the response of the pigeon's eye at shorter
wavelengths 1t would be necessary to set up a system in which quartz
instead of glass oplics were used.

There are a number of possible mechanisms underlying the pigeon's
sensitivity in the ultraviolet. The absorption spectra of visual pigments
which have been extracted from the pigeon's retina (rhodopsin, pigment
544 Bridges, 1962 1odopsin Wald, 1958) all extend 1into the near-
ultzaviolet. In the case of 10dopsin, a cis-peak, similar to thatl found
1in human :1hodopsin (Collins, Love and Morton, 1952) occurs at 370 nm

(Wald, Brown and Smith, 1955) This secondary absorption maximum
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may be duc to the twisted configuration of the pigment molecule or
could bc attributed to breakdown products of the visual pigment, having
their maximum absorplion at ultraviolel wavelengths (Metaiodopsin II
(Yoshizawa, 1972), for example, which reacts in a way similar to
Metarhodopsin II, an intermediate product of rhodopsin Yoshizawa and
Wald, 1963). Note that Heller (1968) found that, in very pure preparations
of rhodopsin, the cis-peak 1s absent but appears upon slight exposure
of the pigment solution to light. As 1s the casc with aphakic humans
(Tan, 1971), the pigeon's sensitivily to UV light could be based on the
absorption of UV wavelengths bv the photopigments themselves or

their intermediate products.

An alternative mechanism for detecting UV wavelengths may be
found 1n a visual pigment which 1s maximally sensitive at 400 nm but
once more has an absorption spectrum extending into the ultraviolet
(Graf and Norren, 1974) Support for the 'blue' receptor, containing
this visual pigment, becing the basis of the pigeon's UV sensitivily
comes from examination of the response-intensity functions obtained
1in Experiment I of the present study (Fig 4) At 422 nm thereis a
change 1n slope of the response-intensity function, delineating a famly
of functions at longer wavelengths, which all have steep and more or less
parallel slopes, from a group at shorter wavelengths which all show
parallel but shallower gradicents This differcntiation, in terms of slope,

1s usually taken to indicate the presence of separate receptor mechanisms.



112.

Separate mechanisms are also expected from the changes in response
latencies mentioned 1n Experiment II. It remains to be seen whether
the pigeon's retina contains only one or two short wavelength receptors
with peak sensitivity below 420 nm,

Since the pigeon's spectral scnsitivity extends to wavelengths
below 400 nm under both photopic and scotopic adaptation conditions,
as shown by the present experiments and those of Graf and Norren
(1974), 1t may well be that the pigeon rclies on a combination of photo-
pigment mechanmisms to detect UV radiation. While inspection of ERG
records indicated that the retina was maintained 1n a light-adapted
condition, this does not necessarily preclude the operation of rods

during the photopic state,
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CHAPTER 5

WAVELENGTH DISCRIMINATION IN THE 'VISIBLE' AND

ULTRAVIOLET SPECTRUM

INTRODUCTION

The previous electroretinographic experiments provided both
confirmativn and measurements of the pigeon's relative sensitivity
to ultzaviolet wavelengths as well as to other parts of the spectrum.
Next an experiment was designed to explore further Wright's (1972b)
discovery that pigeons can distinguish betwecen a pure monochromatic

a .
lhght and/neterochromatic stimulus containing a UV component.

In the following piece of research, differential discrimination
within the ultraviolet region was examined and also difference thres-
holds were estimated for other points of the spectrum 1n order to
verify the results of the earlier investigation of wavelength dis-
crimination, described in Ch 2 In the latter experiment no pre-
cautions had been itaken to suppress possible UV components ai1ising
from second order spectra when using grating monochromators
However, 1t would be expected that short wavelength components,
falling within the pigeon's visible range, could only have contaminated

the longer wavelength stimuli, above 600 nm. This experiment, 1n

which appiopriate blocking filters were included, should therefore

r

revcal the effects, 1if ary, on the wavelength discrimination function
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of omitiing to use these filters.

Since the original wavelength discrimination experiment had
taken about 18 months to complete, this time a slightly modified
testing procedure was used which would not take so long to yield
data from which thresholds could be calculated This procedure
was adapted from a threshold-tracking method, developed by
Blough (1958), in which the stimulus values oscillate about a
threshold level 1n a manner dependent on the pigeon's response
pattern. This type of method has already proved useful in collecting
information about other aspects of the pigeon's psychophysical
performance (Blough, 1956, 1957, Meissner, 1970)

Pirevious experiments employing this 'atration' method
(Rosenberger, 1970) have aimed to find an animal's absolute th: eshold
on some stimulus parameter, such as intensity, and subj'ccts have
thus been required to respond to apparent 'presence' or 'absence' of
a single stimulus, Stimulus intensity was then modulated as a con-
sequence of each response. In such cases a threshold was calculated
from a graph of change in stimulus intensity level over time The
following experiment 1s concerned with difference thresholds rather
than absolute thresholds, so that a pigeon 15 required to compare two
stimuli rather than detect the presence of only one stimulus For
the puipose of cstimating wavelength difference thresholds and of
comparing these threshold results with the data previously reported

in Ch. 2, the contingencies of the titration proceduie were modified
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slightly Instead of 2 stimulus value changing after every response,
a ncw stimulus setting was made consequent upon the number of
correct responscs madec within a block of 10 trials. Thresholds
could then be estimated from graphs of the scores of correct
responscs made 1n successive blocks of trials versus wavelength
difference valucs on each block of trials. Thus the actual dis-
crimination scores are taken into account in calculating a difference
threshold, rather than just the limits between which stimulus values
are made to vary.

In spite of using this titration method, the experimental conditions
were still sufficiently similar to those of the original wavclength
discrimination cxperiment to be able to compare the results of the
two studies. While, in the following experiment, the wavelength
value of the negative stimulus changed within a test rather than being
altered over a number of successive sessions, the stimulus display
and the response sequence required of a pigeon 1n both experiments
were very similar. The criterion level at which difference thresholds
1n the two studies were calculated was the point at which a pigeon
could make a correct discrimination 70% of the time and, finally,
difference thrcsholds estimated in each of the two studies were
plotted in the same way so that wavelength discrim ination functions

could be directly compared



Fig 1 (facing)

Optical system by which monochromatic stimuli, each
consisting of a bright central square extending into a
dimme: vertical bar, were back-projected onto the response

keys of the Skinner box (see text).
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METHOD
Subjects
Fou:i of the five pigeons previously used for behavioural
testing again acted as subjects 1n this experiment. These subjeccts
were once more maintained at 80% of their ad-lib weight Sl was
not used as 1t had contracted an incapacitating disease.

Apparatus

Skinner Box

The Skinner box was the same one that had been employed before
in testing wavelength discrimination and saturation discrimination,
For the present experiment the perspex response keys were replaced
by keys of ground glass, wh1ch_does not {luoresce when irradiated
with UV light (Muntz and Northmore, 1970).

Optics

A 75W high pressure xenon lamp (Xe) served as the light source
(Fig. 1). Two becams were directed from this source via exit holes
1in the lamp housing and were collimated by achromatic doublet lenses
(Ll' LZ)' After reflection off front-silvered mirrors (M), reflecting
both 'visible' and UV radiation, each beam was transmitited through

specially constructed blinds (B ), mounted on stepper motors.

L

1’2
Rotation of these blinds aboul the vertical axis attenuated the intensity
of each beam. The blinds' attenuation function was independent of

wavelength but, unlike the i1ris diaphragm used to attenuate ‘stimuli

1 the ERG experiment (Ch.4), movement of the blinds did not alter



117

the stimulus geometry. Light was then focused by further lenses
(L3, 4) onto the entrance slhits of two Hilge:r-Watts grating mono-
chromators (MON), driven by stepper motors The light paths
could be occluded by solenoid opcrated shutters (Sh), placed in
front of the monochromato: entrance slits. The widths of the
monochromators' entrance and exit slits were adjusted to 2 mm
so that light with a bandwidth of 4.8 nm was produced by each
monochromator. A lens and mirror system then focused the

monochromatic light onto the back of each response key (RK_,

12)

on the Skinner box. Wratten 2B filters (UVF) were used 1n con-
junction with the monochromators to suppress ultraviolel sidebands
for nominal wavelengths above 600 nm.,

A laige matt black painted screen (SC), placed over the mono-
chiomators, and additional shielding around the xenon 1émp pre-
vented as much stray light as possible reaching the response keys.

The chromatic stimuli back-projected onto the keys by this
optical system appeared as two bright squares of light (3 x 3 mm)
centr ed on the keys with a fainter 3 mm wide vertical band of light
extending above and below this square.

All noise made by the stepper motors was masked by white
noisc from a loudspeaker (NG) placed in front of the Skinner box.
This masking noise, measured by a sound level meter placed inside

. 2
the closcd Skinner box, had an intensity of 70 db (re 0.0002 dynes/cm )



Fig 2 (facing)

Apparatus used to separately calibrate stimuli generated

by each optical channel.

BIO = Diomac transient averaging computer
CRO = storage oscilloscope

PC
TH

photocell

thermopile
TRIG = monostable trigger device
Sec = rotating sector

Other abbreviations as in Fig 1
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Control of eventis

Stimulus scttings, given by the motor driven monochromators
and blinds, were controlled by an IBM 1130 computer through a WDV
mniciface The computer also controlled the shutlters of the optical
system and the food hopper and ceiling light of the Skinner box. In
addition 1t performed timing operations and sensed responses to the
keys and depression of the Skinner box's floor platf orm. Response
data were collected on-line and were printed out together with a
record of the varying wavelength settings of the stimuli.

Stimulus calibration

The wavelengt‘?‘:ahbratmn of both monochromators was checked
using a metcury discharge lamp and was adjusted to agree within
0.5 nm for the two instruments.

The apparatus used to calibrate the energy availablé on each
response key 15 shown 1in Fig. 2. A rotating sector (Sec) gave a
sinusoidally modulated light, flashing at1Hz, as a stimulus for a
Hilger-Watts FT17 thermopile (TH) This thermopile was positioned
behind a response key to detect the irradiance of the bright central
stimulus square. The thermopile's output was amplified by a Grass
P16 preamplificr and an additional Aim low noise amplifier. The
output voltage was monitored on a storage oscilloscope (CRO) and
rclayed io 2 Biomac transient averaging computer (BIO). A photo-
cell (PC), placed behind the sector and used in combination with a
monostable tzigger device (TRIG), provided a triggering pulse for

the Biomac.
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So that data could be collected for contiolling stimulus settings
by computer during cxperimental sessions, the computer was used
to drive the motors and adjust the monochromator readings and
blind positions during the calibration procedure Fo1 this procedure
special programs were written which allowed the experimenter to
make stepwise changes in stimulus settings by operating a panel of
microswitches and which, when appropriate, recorded on the computer
the number of steps by which the motors had been moved.

Firstly, the position of each blind was found which gave the least
stimulus attenuation 1.e the maximum energy readmg for any
particular wavelength. This position was marked on the optical
apparatus and was the 'zero' setting from which all subsequent blind
adjustments were made,.

Next the stimulus attenuation necessary to give a spegtrum of
equal subjective brightness for a pigeon was found, using spectral
sensitivity data taken from the electroretinographic study reported
in Experiment II of the previous chapter Since, in spite of trying
to match the two channels of the optical systcmm, more energy was
generally available on key 1 than on key 2, attenuation settings for
each channel were calculated independently.

Calibrating first the key 2 stimul1, for which least energy was
available, the maximum thermopile potential, with the blind set in the
ze10 position. was measured for a 380 nm stimulus. At that wavelength

stimulus energy was relatively low as 1s the scnsitivity of the pigeon's
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eye. The theimopile's voltage output, directly p1oportional to stimulus
energy, was recorded in terms of ccntimetres deflection of the Biomac
trace.

Attenuating all other stimulus wavelengths until the thermopile
potential matched that obtained with the 380 nm stimulus would give
an equal energy spectrum Therefore, to produce a spectrum of equal
subjective brightness, faciors were calculated, from the sensitivity
data, by which thc thermopile's output at 380 nm had to be adjusted
for other wavelength settings. Having calculated the desired energy
readings for other wavelengths at 10 nm intervals between 360 and
660 nm, the blind settings which would give these energy measures
were found empirically at each wavelength the blind was moved
stepwise by the experimenter until the required deflection reading
on the Biomac was obtained. Above 600 nm a UV blocking filter
(Wiatten 2B) was used to suppress second order wavelengths, cali-
brations at these longer wavelengths were made with the filter 1n
position.

After the correct blind setting had been found at each wavelength,
the wavelength and the number of steps by which the blind had been
moved away from 1ts zero position were recorded on the computer,

For key 1, a blind position also had to be found which attenuated
the 380 nm stimulus on this key so that 1t was of equal energy, and

thus of equal brightness, to the 380 nm stimulus on key 2. At all
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othe1 wavelengths, blind settings were found which would give a
specirum of equal subjective brightness, using the energy values
which had been calculated for key 2 stimuli. By this procedure,
stimuli of the same wavelength should also be of equal brightiness
on the two keys. Once more, wavelengths and appropriate blind
settings were recorded on the computer.

Subsequently, a comparison between the two keys was made
by the experimenter when both stimuli wcre of the same wavelengths,
at 10 nm intervals. Blind settings for each wavelength were taken
from the above calibration procedure bui, instead of matching in
brightness, at some wavelengths there were slight discrepancies i1n
the brightness of the two stimuli. At these wavelengths, fine adjust-
ments were made to the blind positions until the brightness of a
particular wavelength on the two keys appeared equal to the exper:-
menter. Where discrepancies had occur:ed the brightness difference
between stimuli was £ 0 2 log units

After these adjustments, a graph was drawn of the blind settings
at the wavelengths calibrated for each key (Fig. 3). Using this graph,
values were interpolated to give blind settings at 1 nm intervals between
360 and 660 nm. These values were stored on the computer so that,
during the discrimination experiment, for every wavelength on each
key, a coriesponding blind position could be set up which would equate

the brightness of differcent spectral stimuli to the pigeon's eye. As an



Attenuation in log units

—
0 25 100 115 350 390
L1 L A

v T | T 1 | ||

0 50 150 250 350

1 1

450 550

Number of steps
Flge 4

Attenuation function of blind, measured in terms of log unit
attenuation of stimulus energy per number of steps by which blind
has been moved from 1ts initial 'zero! position.

From this graph, the number of steps were calculated which
would provide an attcnuation increment of 0.1 log units for any
blind setting., For example, where the attenuation function is of
low slope, increment values were calculated for every 25 steps of
blind movement., Thus at the zero blind position, additional
attcnuation of 0.1 log units 1s gaven by moving the blind by 100
steps. At 25 steps, an additional movement of 90 steps will
increment attenuation by thc same amount, As the function!s slope
becomes steeper, after 350 steps, 0.1 log unit increments were
calculated at 10-step intervals, The samc step .ncrement values
were assigned to all intervening blind positions within the 25- or
10-step intervals.

= 06l log unit 1ncrcasec in attenuation

""""" = number of steps required to produce this
increase, at a particular bland position.
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indication of the luminance levels used, the luminance of a 580 nm
stimulus, when attenuated by the blind, was 5.4 mL, as measurcd
by an SEI photomecter.

While these calibration procedures should have been adequate
to provide spectral stimuli, all of the same pigeon luminance, a
precautlion was taken to ensure that brightness differences could not
be used as a discrimination cue. During the experiment the attenuation
of one stimulus (sometimes the positive and sometimes the negative
stimulus) was increased by approximately 0,1 log units on random trials.
Before calculating the blind values that would provide these attenuation
increments, the attenuation function of the blinds was measured at a
high energy wavelength (520 nm). The decrease, in log units, of the
thermopile potential was measured as the blind was moved by intervals
of 25 steps from the zero position. i

From the plot of log attenuation versus number of steps the blind
had moved, additional attenuation values of 0.1 log units could be
worked out for various blind positions (Fig. 4). Where the attenuation
function was of low slope (between 0 and 350 steps), the number of
additional step movements nccessary to provide equal increments of
altenuation were calculated at intervals of 25 steps. For example,
when the blind was set 1n 1ts 1nitial zero position, 1t had to be moved
by 100 steps in order to increase the stimulus attenuation by 0.1 log
units, at a blind setting of 25 steps, a further 90 steps would increase
the atllenuation by this amount. Since the changes in the inciemental

step values al successive interval points were small, the same step
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increment was assigned to all blind settings within the 25 step
interval,

For blind settings greater than 350 steps, where the attenuation
function had a steeper slope, similar calculations for incremental
attenuation values were performed at 10-step 1ntervals. For example,
for all blind scttings between 350 and 359 steps, an additional movement
of the blind by 40 steps would increase attenuation by 0 1 log units,

To check the accuracy of these calculations, stimul: were sub-
sequently set up on both keys which were of the same wavelength and
were both attenuated by an additional 0.1 log units to the attenuation
values which had previously been found to give a good brightness
match. The brightness matches at each wavelengih still appeared to
be satisfactory to the experimenter

From the various calibration procedures, data were ‘obta1ned and
stored on the computer so that during the experiment both the wavelength
and attenuation of the stimulus presented on each response key could be
finely controlled For each wavelength value there was an associated
blind setting, calculated to equate the brightness of all stimuli for
the pigeon eye In addition, for each blind setting, values were
available which allowed an equal attenuation increment to be applied
randomly to either stimulus.

Procedure

Sequcnce of events in Skinner box

The computer -controlled sequence of events, during a training

or testing session, 1s summarised i1n Fig. 5

14
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At the beginning of each session the monochromators were set
up to the initial positions of the predetermined positive and negative
wavelengths and the blinds were rotated to give attenuation appropriate
to these wavelengths. Once the stimulus positions had been rcached
and the bird had depressed the floor platform, operating a concealed
microswitch, the shutters opened and the stimuli appeared on the
response keys,

As 1n the earlier discrimination experiments, pecking behaviour
was rewnforced on an 'add/subtract' schedule, 1n which reinforcement
was given following 5 consecutive pecks to one key If the bird changed
1its pecking from one key to the other before a run of 5 pecks had been
completed, the first responses had to be cancelled by making the same
number of pecks to the second key 1n addition to 5 more consecutive
pecks. Also, 1if a total of 10 pecks had been made to either key, the
add/subtract schedule was overridden and positive and negative re-
inforcement followed the 10th peck.

After a run of responses was completed, the shutters closed to
occlude the stumull and a reinforcement period started Choice of
the positive stimulus was followed by 4 secs access to food and 1n-
correct responding by 4 secs 1llummnation of the ceiling light.

Presentation of positive and negative stimuli on right or left
kecys was semi-randomly alteinated using a Gellermann sequence

Immediately the reinforcement period began, new stimulus positions
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were set up by operation of the stepper motors (if the positions of
positive and negative stimuli were 1nterchanged, if the negative
wavelength was altercd, or if the attenuation of one of the stimula
was incremented by 0.1 log units on the subsequent trial). If,
instead, the stimulus values and positions were to remain the same
on the next irial, a timing sequence started concurrently with the
beginnming of the reinforcement period This allowed for a time
period which was approximately equal in duration {o the time re-
quired for the motors to set up new stimuli, (This mostly consisted
of the time taken to drive the monochromators), Since the motors
operated al a constant speed, this time depended on the wavelength
difference between positive and negative stimuli. Thus the bird
could have no cues fiom differences 1n the duration of inter-trial
intervals as to which side the positive or negative stimulus would
appear on the next trial.

If the wavelength difference was small, the new stimulus positions
would be reached (or the timing sequence completed) within the 4 secs
reinforcement period However, if the wavelength difference was
large and more than 4 secs were necded in which to change the stimul,
the ceiling light came on (or remained on) after the 4 secs allowed
for the reinforcement period had elapsed.

When the new stimulus positions had been set up (or the equivalent
time period completed) and the bird had depressed the floor platform,
the next trial wes commenced by rc-opening the shutteirs to reveal

the stimuli on the keys.



Data recording

Experimental data were recorded on-line on a computer printout.
Following each trial a record was made of the positive and negative
wavelength values and whether positive or negative reinforcement had
been given, as well as other information monitoring stimulus pre-
sentation, e.g. side on which the positive stimulus appeared (right
or left key), addition of attenuation increment to one stimulus. After
every tenth trial, the number of correct choices made on the previous
10 trials was presented.

At the end of each session a summary table of results was printed
out giving the wavelength values and number of correct choices for
each block of 10 trials.

Training and test sessions

A total of 29 experimenis were completed on the 4 subjects. (An
experiment here means the complete procedure which yielded thres-
hold data for one particular positive wavelength, tested on an individual
subject.) About two thirds of the threshold results were collected from
2 birds One other anmimal virtually ceased responding after 5 experi-
ments, 1n spite of being adequately food depiived, while the fourth
bird became overweight several times. When 1n a presumably less
motivatled state, this amimal's response latencies became very lengthy
and 1ts response pattern was highly erratic If this happened, test
sessions were terminaled before completion and the animal was deprived

for a few days, but il then took longer Lo collect 1esults.,
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Thresholds were tested at wavelengths throughout the spectrum,
between 360 and 660 nm, with the negative wavelength being sometimes
longer and sometimes shorter than the positive wavelength, as in the
fi1 sl wavelength discrimination study In that investigation, present-
ation order of the thieshold tests had appeared unimportant and since
the subjects were by this time well practised in colour discrimination
tasks, the order of presentation in this study was designed, as far as
possible, to reduce problems of reversal learning.

To measure wavelength discrimination thresholds, two types of
experimental session were used -

1) Each new experiment slarted with a training session. In this
type of session, consisting of 50 trials, thc positive and negative
wavelength values, differing by 50 - 80 nm, remained constant. One
session lasted for about 20 mins. Training sessions were repeated
until a learning criterion had been reached of at least 9 choices being
correct 1n each of the last 2 blocks of 10 trials, although usually this
ciiterion was achieved within the initial training session.

2) Trawning sessions were followed by 'titration' sessions of
150 trials, taking 45 mins to 1 hr to complete During this type of
session the positive wavelength was the same throughout but the
negalive wavelength could change after each block of 10 trials, depending
on the discriinination score for the previous block, Within a block of
10 trials both positive and negative wavelength values remained

a
constant., Thus inffitration scssion 1t was expected that the wavelength
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difference would fluctuate about the difference threshold point and
the direction of this change would be controlled by the bird's response
pattern. Therefore 1f the block score was 2> 8, the negative wavelength
for the succeeding 10 t11als was altered so that the wavelength difference
on these 10 trials was decrcased by one fifth (to the nearest integer
value) of the wavelength difference on the preceding trials  If the
discrimination score had been 7, the wavelength of the negative
stimulus remained the same on the next trials. If, however, the block
score was < 6, the wavelength difference on the following trials was
increased by one fifth of the previous wavelength difference

In each experiment, a seiries of tilration sessions were used, 1n
the first of which thc positive and negative wavelengths were imtially
set to be the same as those employed in the training session. Genezally,
on the first few blocks of trials when there were large wavelength
differences between the two stimuli, scores of 9 or 10 correct choices
pecr block of 10 trials were obtained before the threshold level of
rcsponding was approached. If such a 'plateau' of high scores occured,
where discrimination was apparently easy for many of the trials at
the beginning of this session, then the negative wavelength at the start
of the second tilration session was altered so that the threshold level
was reached more quickly. The i1nitial wavelengths used in the third
titration session were similarly determined. If, on the other hand,

during the first titration session the 1initial block scores were low, 1n
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spitc of the learning criterion having been recached on the prior
training session, then the results of this session were 1gnored and
the bird was eithcr given another training session or the tatration

session was repcated

RESULTS
The raw scores used 1n the analysis of results were the numbers
of correct choices per block of 10 trials for a particular wavelength
diffcrence value.

Analysis of data

a
On/titration session, discrimination scores of 9 or 10 weae

mnitially obtained before further changes in the wavelength difference
betwecn 2 stimuli produced scores of 8, 7, 6, etc, above and below

the threshold level In the data analysis, results within this 'plateau’,
where scores of 9 or 10 showed that discrimination oontmx:ed to be easy,
were 1gnored Only the last score of this plateau series of blocks of
trials plus the scores on subsequent blocks were considered.

These results could be plotted on a graph of block scores versus
wavelength difference, for each positive wavelength value tested. A
least squares line was then fitted to these data (Spiegel, 1972). By
interpolation the wavelength difference threshold was calculated for a
block score of 7, 1.e the point at which discrimination was 70% correct,
which was the threshold level used 1n the first wavelength discrimination

study This threshold, or value on the X axis when the Y axis value

1s 7, 15 most easily and accurately calculated using the formula

Threshold = /- 1ntercept
slope
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Raw scores from one completc titration session for

bird S3 tested at 360 nm

Block of Positive Negative Wavelength | Discrimination

10 trials | Wavelength | Wavelength | Difference 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 ] 16 9 —|
8 360 372 :12 8 :
9 360 369 : 9 ' 7:
10 360 369 b9 8 1
11 360 367 : 7 6:
12 360 369 : 9 8:
13 360 367 b7 71
14 360 367 : 7 7:
15 360 367 ' 7 6!

The fairst graph in Fig. 6 was plotted from the data
encloscd by dashed lincs, the 'plateau'! of high
scorcs in the initial blocks were not used for the
threshold evaluataion,



Fig. 6 (facing)

Results of third titratyon session at all wavelengths

tesled for S3. - )
4

During a session, the positive wavelength, given beside
each graph, stayed the same but the negative wavelength
could change, depending on the discrimination score of the
number of correct choices made 1n the preceding block of
10 trials. Within each block of 10 trials the difference between
positive and negative wavelengths remained constant Each
graph displays, for every block of 10 trials that were analysed,
the score for the corresponding wavelength difference on that
block Data were fitted by a least squares line and a threshold
was calculated by interpolation when the discrimination score
was 7 The threshold values obtained from these graphs are

shown below the abscissae,

More than 2 coincident data points are shown by closed
circles.,

Data from which the 360 nm graph was plotted are given
in Table I
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where i1ntercept 15 the value of Y when X = 0 Values for both this
intercept value and the slope of the graph were obtained in computing
the line of besi fit, Data from each of thc titration sessions were
analysed 1n the same way Examples of the raw scores for one
completec titration session are presented 1n Table I The one threshold
value at 360 nm, calculated from these scores, together with thresholds
computed for other spectral positions, were obtained from graphs as
shown 1n Fig. 6

Calculation of mean thresholds

When the results of :epcated titration tests at a particular
wavelength were examined, i1n the majority of cases there was an
overall decrease in threshold values over successive sessions. This
deci1ease was most marked (about 2 - 12 nm) betwcen the thresholds
of the first and second sessions In computing the threshdlds for
individual subjects, the results of the first titration sessions were
therefore not uscd but an average was taken of thc thresholds cal-
culated from the second and third sessions.

Further mean thresholds were then taken by pooling the results
of individuals tested at a particular positive wavelength and under the
same stimulus conditions, 1.e. positive wavelength greater than or
less then negative wavelength As 1n the prior wavelength discrimination
study, a wavelength discrimination function (Fig 7) was constructed

by plotting each of thcse mcan thresholds at a pownt ()\ ) given by the

formula
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mean discrimination threshold



Table II

Co-~ordinates for mean wavelength discrimination function
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S+ > S- S+ < S-
S|->\ — —
A Vip) A AN
360 366,70 13.40
380 386429 12,57
400 411,43 22,86
430 435.28 10.56
460 457497 4407 462,25 4450
500 496412 7476 503.50 6.99
530 532.80 5.60
570 566,01 797 57523 10.47
595 596.87 3.74
640 633,02 13.96
660 646,66 26.60 ‘
S-l-)‘ = wavelength of positive stimulus
S+ > S— = wavelength of positive stimulus greater than
that of negative stimulus
S+ < S- = wavelength of positive stimulus less than that
of negative stimulus
A abscissal wavelength value in nm given by formula--
A = S+ 2 A?)‘
A—>\ mecan difference threshold in nm

For calculation of A see text

Preponderance of data for S+ < S- condition was due

to 1nabalaty to obtain a full set of results from
2 birds, S9 and S10.



w here S+>‘ 1s the positive wavelength and A—)\the mean of the pooled
dafference thiesholds This 1s stmilar to the way in which results

on the forme: discrimination function were plotted at points midway
between the values of positive and negative wavelengths at threshold
The data from which the wavelength disciimination function was plotted
are given i1n Table II.

Post-threshold tests of UV discrimination

Seveial additional tests of discrimination behaviour by 2 birds
were performed following titration sessions at positive wavelengths
of 360 and 380 nm. To the experimenter, a 380 nm stimulus appeared
as a very dim purplish light whereas a 360 nm stimulus looked like a
faint greenish-white light However, this stimulus, which was very
slightly attenuated by interposing an ultrawviolet blocking filter
(Wratten 2B) 1n the light-path, was eliminated by a Wratten 18A filter,
which blocks a wide band of 'visible' wavelengths. The appearance,
to the human eye, of 2 360 nm stimulus was therefore attributed to
the unavoidable transmission of stray light by the monochromators.
This stray light component would also be present, but masked, at all
other stimulus wavelengths.

The post-threshold discrimination tests, of 20 trials each, at
ultraviolet wavelengths were designed to test whether the pigeon's
disciiminalion was based on the visibility of an ultraviolet stimulus
(tests 1 and 2) or whether responding was controlled 1n some other
way e g by extraneous cues provided by operation of the apparatus

or by avoidance of the negative stimulus (tests 3 and 4) After titration

sessions al 380 nm, which had been originally paired with a 440 nm
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negative stimulus, the following 4 tests weire carried out -

1) After correctly responding on the fi1st one or two trials, using
the wavelength pairs 380 and 440 nm, the negative 440 nm stimulus
was occluded (by the experimenter placing a black card in the path of
the randomly aliernating incorrect stimulus), The 380 nm positive
stimulus was detected correctly every time on the subsequent 18 or
19 trials

Since each animal responded correctly when only the positive
stimulus was prescnted, 1t would appear that this ultraviolet wavelength
was visible to the pigeon.

2) The second test examined discrimination between a 380 nm
positive stimulus and an incorrect stimulus in which the 380 nm UV
component had been blocked by a filter, leaving only stray light. The
Gellermannsequence of stimulus alternation had prev1ousl;r been de-
termined for a 20-trial run by the experimenter so that the filter
could be inserted in the path of the incorrect stimulus before each
trial.

Once more, when only the correct stimulus on cach trial contained
a UV component, each bird maintained discrimination, choosing the
380 nm stimulus on 100% of trials.

Use of a blocking filter with a 360 nm stimulus, which to the
human eye contained no colour component, very slightly decreases
the 1um1nanc.e of the stray light. Howecver, such a luminance difference

acting as a disciimination cue would be prevented by the random addition
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of 0 1 log units blind attenuation on one key Therefore supposing
the UV component did not constitute a 'colour’ to the bird, discrim-
nation 1n this test could not have been due to brightness differences
alone Simalarly it seems unlikely that discrimination between a
380-440 nm stimulus pair would have been made by the bird using
a brightness cue and avoiding a bright negative stimulus in preference
for a dim positive stimulus, comparable to the stray laght stimulus.

3) In the above two tests it appeared that ultraviolet light
constitutes a chromatic stimulus to which a pigeon 1s able to respond.
It could be, though, that the animal's discrimination behaviour was
based upon other non-visual cues arising from the experimental
proccdure. Thercfore, for the third test, a 380 nm stimulus was
ptresented on each of the response keys When the 2 stimul:1 were
i1dentical then, as expected, discrimination broke down and the
birds adopted a position preference instead Discrimination at this
and other wavelengths could not have been due at any time to artifacts
of the experimental procedure

4) On the last test, 'transfer of discrimination was tested by
pairing a 380 nm correct stimulus with a 590 nm incorrect stimulus.
The pigeons had not previously encountered the latter wavelength
during the present wavelength discrimination study If the animals
had becen basing their discrimination, dumng the threshold testing
procedurc, 6n choice of the positive stimulus rather than on avoidance

of a clear negative stimulus, then the introduction of this necw wavelength



Table III

Results of post-threshold tcsts of UV discrimination

on two birds

Stamulus conditions

Discrimination score

% of cerrect choices

1) 380 vs

blank

100%, 100%

2) 380 vs

stray light

100%, 100%

360 vs stray light 100%, 100%
3) 380 vs 380 6%, 50%
360 vs 360 6%, 45%
4) 380 vs 590 95%, 100%

136



should not have disrupted discrimination, the 'correct' pattern of
responding should have been immecediately transferred to the novel
discrimin&tion situation. This hypothesis was confirmed TFor
each animal, a correct choice was made without hesitation on the
first transfer test trial and discrimination was maintained for the
two birds at a level of 95% and 100% of correct choices respectively

Tests 2) and 3) were also carried out after completion of titration
sessions for a 360 nm positive wavelength, With this UV wavelength
instead of the 380 nm stimulus the results were once more as expected.
When a 360 nm correct stimulus was paired with a 'stray light'
negative stimulus, discrimination behaviour was maintained, whereas
when two 1dentical 360 nm stimuli were used discrimination broke
down, The results of all these discrimination tests are summarised
1n Table III. '

While the above tests demonstrate that discrimination was based
upon the choicc of ultraviolet stimuli, which were 1n some secnse
visible, rather than upon avoidance of some other chromatic stimulus,
or upon non-visual cues, they do not exclude the possibility that
discrimination was mediated by detection of fluorescence produced
upon the ocular media by ultraviolet light. The response keys them-
sclves did not fluoresce (This could be checked using a UV blocking
filter which, by eliminating UV wavelengths, would also have removed
any fluoresccnce.) But the apparatus, in which stimuli were displayed

on two quite scparate keys, was unsuitable for testing whether
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discrimination was based on fluorescence of biological tissues. The
results of Wright's (1972b) experiment, however, argues against such
a possibility since, 1n his apparatus, stimuli1 were juxiaposed on a
small bipartite field With such a stimulus arrangement, in which
both halves of the field would have been viewed simultaneously, if
ultraviolet light had produced fluorescence of ocular structures, this
fluorescence would have becn diffused over the retina and could not
serve as a discrimnation cue.

From the results of the control tests listed above and from
Wright's own experiment, 1t 1s concluded that ultraviolet light con-
stitutes a genuine chromatic stimulus which a pigeon can readily

discriminate from other stimuli of longer wavelength.

DISCUSSION

The wavelength discrimination function

The results of this set of experiments, together with those of
the previous ERG study, indicatec that the pigeon 1s not only sensitive
to UV light but can also disciiminate quite well between wavelengths
within this spectral region., If wavelength discriminaiion had been
tested to the limits of the bird's visible spectrum, however, steadily
increasing thrceshold values would be expected, as arc found at the
long wavelength end of the spectrum (Fig. 7). Instead the discrimination
function shows an inciease followed by a decrease 1n the size of

thresholds at the shortest wavelenths tested. Similarly, instcad of
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obtaining a decirease 1n sensitivity within the ultraviolet region,
the sensitivity curve was still rising towards 360 nm (ch.4, Fig. 9).
Both thesc [indings would suggest that the pigeon's visible range
extends Lo shorter wavelengths than 1t has becn possible to test
here

It would also be interesting to have further information about
discrimination below 360 nm to find out whether the lowered thresholds
between about 365 and 385 nm 1n fact constitute a subsidiary minimum
in the disciimination function. This might suggest that more than one
mechanism participates in UV detection.

Compaiing the present wavelength discrimination function with
the one found 1n the original wavelength discrimination study, the
occurrence of 3 minima at 460, 530 and 595 nm 1s confirmed (Fig 8)
The most noticeable change between the two functions 1s in'the flattening
of the curve at 500 nm. In the first case there was a clear peak in the
discriminalion function, with a maximum threshold of about 20 nm,
whereas i1n the later results this peak 1s fai1 less pronounced and the
maximum threshold value 1s only about 8 nm  Over much of the rest
of the spectrum theie are not such marked discrepancies between
threshold values at comparable points on the two functions. Because
of this 11 seems unlikely that this discrepancy could be due to differences

in the procedurcs used to obtain results
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The overall agrecment between the two functions also shows that
omitting to suppress any UV wavelengths in the first experiment made
very little difference to the major features of the discrimination
function. But only the longe: wavelengths, above about 600 nm,
would have been contaminated by possibly visible second order com-
ponents, If the apparent colour of thesc wavelengths had been altered
by this contamination, this might explain the slight inflection seen
at about 630 nm in the first wavelength discraimination function. But
unfortunately there was insufficient data within this part of the specirum
to test this hypothesis in the second discrimination study.

In ch 2 the results of several studies related to wavelength
discrimination were collated and 1t was noticed that some authors
report that the region of best discrimination towards the 'blue' end of
the specirum 1s centred at 500 nm while 1n other cases the resulls
indicate a threshold minimum at 460 nm instead. An attempt to
correlate this difference with stimulus luminance levels used in the
various experiments led to equivocal conclusions but any correlation
that might have existed would have been confounded by the lack of
standardisation 1n conditions of stimulus presentation and testing
procedure. Since there was a close similarity 1n stimulus presentation
for the two wavelength discrimination studies discussed here and also
testing procedures were based upon the same principles, a reconsid-
eraton of the etfect of stamulus luminance may be more worthwhile.

Stimulus luminance 1n the first experiment was about 16 mL at



Table IV

Thresholds calculated from cach tatration session in

cxtended scries of tests

Threshold values in nm

Scession S3 S7 S7
Number ka = 660 nm Sty = 640 nm S+A:= 660 nm
1 33.06 25039 32455
2 25.35 18,57 36.18
3 20,60 12,61 24,61
4 20049 14,28 16,27
5 17.62
6 12,33

+

Each threshold for S3 was calculated from graphs
displayed in Fige 9
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12 33
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Fig. 9

Results of extended titration testing on S3 at a positive
wavelength of 660 nm. There 1s a steady decrease i1n the threshold
value calculated from sessions 1 to 6, There 1s also an overall
decrease 1n the range of wavelengths within which the negative
stimulus varies (indicated by the abscissal wavelength difference
numbers). But the range of wavelengths does not vary consistently
between successive sessions nor 1s there any progressive change
in the slope of the graph, which might have indicated a more finely
controlled discrimination performance.

Session 10 o o Session

4
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560 - 580 nm while luminance at 580 nm 1n the second study was

5.4 mL  The {latiening of the discrimination curve at 500 nm

(Fig 8) may represent a situation midway i1n the progressive change-
over {rom the occurrence of a 460 nm mimmum to one at 500 nm,
(see ch. 2, Fig 8) If this 1s the case then it must be concluded
from this research that a decrease in luminance produces a shift

in the minimum towards longer wavelengths This would concur
with Blough's (1972) report of a shift towards longer wavelengths

in a 600 nm gencralisation gradient as luminance was decrcased

It 1s not clear though what underlying mechanisms in the avian visual
system maght mecdiate such shifts.

Methodological considerations

It has already been mentioned that there was often an overall
decrease 1n the threshold values calculated from successive fitration
sessions at a particular wavelength, In three cases an extended )
number of titration tests werc given and the thresholds calculated
from each of these sessions are set out in Table IV, These results
indicate that the difference threshold 1s still decreasing even after
6 sessions., There 1s, however, no consistent change in the slope
of graphs from which thresholds were calculated (Fig 9), which
might have been expected 1f responding came to be more precisely

controlled by fine differences in the stimulus wavelengths. Instead

improvement 1n discrimination performance may be partially reflected
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by the range of wavelength difference within which the stimulus

settings were made to vary. Looking at the sample results overall,
this range became more limited when titration sessions were repeated
but again the variation 1in the range of wavelength differences was not

a progressive and consistent change., In order to get a better estimate
of the absolute threshold levels that could be obtained with this stimulus
arrangement and testing procedure 1t would have been preferable to
continue with test sessions until the thi1eshold valucs had stahilised.
This was not possible though 1n the time available. But by always
considering results of corresponding titration sessions (mean results
of the second and third sessions at each wavelength), information about
relative discrimination performance across the spectrum 1s still gained
and thus the results may be compared with those from other experiments.

Functional significance of ultraviolel d etection )

While the pigeon's discrimination abilities within the ultraviolet
miaght tell us a Iittle more about the physiological mechanisms under-
lying this aniumal's colour vision it 1s also worth considering whether
ultraviolet sensitivity 1s merely an outcome, serving no specific purpose,
of a visual system in which there 1s no pre~-retinal filtering of the longer
UV wavelengths or 1f the bird can actually make some use of 1ts abilities.
In a wide vairiety of animals, including man, transmission of a range
of UV wavelengths 1s blocked by the yellow pigmented lens or cornea
(Muntz, 1972) Thec human cye, at least, 1s still sensitive to UV 1if the
lens has becn 1<¢moved (Tan, 1971). The clear optic mcdia of the pigeon,

on the othei hand, transmit UV wavelengths down to 320 nm (Walls and
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Judd, 1933), although these wavelengths may then be absorbed by the
oil-droplets contained in the majority of its cone cells, Presumably
the cells able to dctect UV are those without droplets, such as the rods
or the accessory elements of the double cone pairs (Cohen, 1963, but
note there has been some contention about whether this type of cell
contains an oil-droplet in other avian species Meyer et al, 1965),

In another avian species, the humming-bird, which can detect UV
light (Iluth and Burkardt, 1972), 1t has been suggested that the sensitivity
of this bird's eye 1s an adaptation which enables it to search for flowers.
Furthermore, this animal would be able Lo orientate itselfl to a neclar
source, using 'honey-guides’, distinctive patterns revealed when some
flower petals are 1lluminated with UV light. This ability has already
been demonstirated in bees, which are also UV sensitive (Daumer, 1958).

From what 1s known about 1ts normal behaviour it seems' unlikely
that a pigeon would use 1ts UV discrimination abilities in such a way
to differentiate amongst terrestrial cues 1n 1ts immediate surroundings.
The most obvious source of ultraviolet to which a pigeon could respond
1n 1t natural environment would be the UV component of skylight, produced
by molecular scattering of sunlight in the atmosphere. By such scattering
processes light in the sky also becomes polarized. As wavelength de-
creases, the laight becomes more strongly scattered and thus more strongly
polarized, with maximal polarization of UV wavelengths (Sears and
Zemansky, 1964) The intensity of the sky's polarization pattern will

then be gicatest for these shorter wavelengths,
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Since pigeons can both detect and orientate themselves by the axis
direction of lineaily polarized light (Delius et al, 1n press, Kreithen and
Keeton, 1972), 1t would also be advantagecous to be able to see wavelengths
at which the polarizatlion pattcrn 1s at its most intense Responsc to
polarized light 1s linked to stimulus colour i1n a complex way (Delius
et al, 1n press) and 1s clearly not specific to UV wavelengths, It1is
therefore envisaged that the mechanisms responsible for the sensitivaty
to UV wavelengths will enhance the pigeon's ability to detect polaiization
patterns, while other colour mechanisms, by responding to a lesser
extent to partially polarized sunlight of other wavelengths, may supplement
this detection ability.

It 1s argued then that, in terms of its functional significance, the
pigeon's sensitivity to UV wavelengths 15 advantageous not so much as
an additional colour discrimination mechanism but as a means of extending
1ts visual spectrum in order to detect and respond to polarized light,

a cue frequently encountered in 1ts natural environment.
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CHAPTER 6

OVERVIEW AND CONCLUSIONS

Similarities between wavelength and saturation discrimination functions

Since psychophysical results on colour vision are all dependent on
the functioning of the same population of visual mechanisms, some
interrelationship between the psychophysical functions would be
expected In monkeys, for instance, the shapes of spectral sensitivity
curves, wavelength discrimination and saturation discrimination
functions can all be related to the functioning of known opponent cells
(driven by chromatic stimuli) or non-opponent cells (res]_:.)ondmg
especially to broadband achromatic stimuli) or a combination of both
(De Valois and Jacobs, 1968), These central umts are themselves
subserved by the differentially sensitive retinal cones A comparison
of the results of the wavelength discrimination and saturation
experiments performed on the pigeon would therefore be of particular
interest in trying to elucidate the mechanisms that may underlie these
functions ,

The three functions obtained from the work described here are
shown in Fig 1 As previously mentioned the two curves of wavelength
discrimination thresholds have minima at 460, 530 and 595 nm, while

the curve from the second experiment 18 more flattened than that from
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Fig. 1
Comparison of mecan wavelength discramination and saturation
discramination functions obtained from the behavioural experiments.
------- = wavelength discrimination function from
first experiment, described in ch. 2
— — — = = = wavelength discrimination function from

last experiment, see ch. 5

= saturation discrimination function from
experiment described in ch. 3

Scale of wavelength discramination thresholds 1s shown on the raght

and scale of saturation discrimination thresholds on the left-

hand ordinate,
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the first study 1n the region of 500 nm, a point at which some other
authors have instead found a short wavelength minimum  The
saturation discrimination function showed several mimima, all of
which were displayed in the results of individual subjects. Although
saluration discrimination thresholds were only tested at 20 nm
intervals so that the positions of peaks and troughs in the curve may
not be very precise, these minima show an approximate agreement
with the features of the wavelength disciimination function,
particularly in the positions of minima at 597 and 536 nm. A
subsidiary minimum also occurs in the saturation function at 662 nm
which may be related to an inflection at about 630 nm 1n one of the
wavelength discrimination curves Since 1t was not possible to make
detailed threshold measurements within this long wavelength region in
the subsequent discrimination experiment, 1t 1s not cex tain whether
this inflection was an artifact due to detection of unsuppressed UV
components or was a real feature ot the discrimination curve That
this may be the case though 1s suggested by the finding of a similar
inflection 1n the wavelength discrimination function reported by Riggs
et al (1972) and the occurrence of a minimum 1n the saturation
discrimination function )

A greater discrepancy in results 1s seen at the shortest wavelengths.
The 443 nm trough in the saturation function appears to be slightly
displaced from the 460 nm minimum of the wavelength curve while a
more pironounced saturation minimum occurs at 496 nm, corresponding

to a point of good wavelength discrimination reported in other
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investigations and to the region of greatest change between the wave-
length discrimination thresholds of the two functions found here
Measurements of visual function at short wavelengths are both the most
difficult to obtain and also the most variable (Graf and Norren, 1974,
Hurvich and Jameson, 19553 Weale, 1951, Delius, 1968) The 'blue’
system(s) seems to be particularly affected by stimulus conditions
In the saturation experiment, the superimposition of chromatic stirnulx
upon a diffuse white background would have produced a key stimulus
whose overall luminance was high and may account for the more
emphasised minimum at 496 nm. It1is surprising, however, thatin
the wavelength discrimination experiment a possible changeover from
a pronounced 460 nm minimum towaids the occurrence of a 500 nm
trough appears to depend on a decrease 1n stimulus luminance At
present it seems that a minimum may occur at either short wavelength
position but the conditions controlling which minimum predominates
are not yet clear

Close correspondences 1n the positions of minima i1n wavelength
and saturation discirimination functions are also found 1n other species
Opponent-process models have been formulated to quantitatively
account for the forms of these functions. For instance, the wavelength
discrimination functions from trichromatic humans and macaques show
two minima at 480 - 490 nm and 570 - 590 nm (Graham, 1965,
De Valois and Jacobs, 1968) De Valois found that these minima,
denoting marked sensitivity to changes 1n wavelength, correspond

closely with points of changing activity in two types of opponent cells
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1in the macaque, one type of cell receiving dual input {rom cones
maximally sensitive to long- and short-wavel engths while the other
type has inputs from the long- and middle-wavelength 1eceptors In
humans, whose visual pigments aie very similar to the macaque's
(Maiks et al, 1964), chromatic vision also seems to operate along two-
channel opponent-process lines and the two minima in the wavelength
discrimination function are explicable in terms of the operation of
these two channels (Jameson and Hurvich, 1955)

As 1n the wavelength discrimination function, the saturation
discrimination functions of macaque and man show a pronounced
minimum at 570 nm (Graham, 1965, De Valois and Jacobs, 1968)

In the human function there 1s also a subsidiary minimum at 480 -
500 nm, which again 1s a region of good wavelength discrimination.
These minima 1n the saturation functions can be matched by
calculating the ratio of response of the opponent and non-opponent
cells (or ratios of the chromatic and achromatic processes in the
Jameson and Hurvich (1955) scheme) Minima are predicted at
regions i1n which the non-opponent cell output 1s relatively high while
the opponent cell activity 1s neutral. The latter will occur at
wavelengths where the response pattern of opponent cells changes
from excitation to inhibition or vice versa A similar situation 1s
found 1n the goldfish whose saturation minima can also be predicted by
an opponent-process theory (Yager, 1967) Thus in all these subjects
the positiors ot minima 1n both wavelength and saturation furctions

seem to be closely related to changes 1in response of underlying
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Fig. 2
Model by which neural connections amongst three differentially
sensitive cones, A, B and C, could produce three classes of

opporient-cells, which act as separate channcls wath different

outputs, 01, 02 and 03.
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opponent channels

This opponent-process model may also be considered 1n relation
to the psychophysical data from pigeons. It two types of opponent cell
underlie the two minima of the trichromat's wavelength discrimin ation
function, by analogy one would expect to find at least three opponent
channels 1n the pigeon visual system Logically, these three types of
opponent cell could still be obtained if there were only thi1ee cones of
differential spectral sensitivity in the retina, 1f neural connections of
the type shown 1n F1g., 2 were postulated

There 1s evidence of two types of opponent cell found 1n the pigeon
nucleus rotundus (Yazulla and Granda, 1973), having crossover points
at 520 and 500 nm. These cells may correlate with the minima
found at about 530 nm 1n both wavelength and saturation discrimination
functions and also with the minimum near 500 nm found 1n the
saturation data and which has been recorded i1n other wavelength
discrimination functions In order to explain the wavelength
discrimination minima near 600 nm and at 460 nm, one would predict
that there are other classes of opponent cells with crossover points at
these wavelengths Here 1t 1s assumed that the 460 and 500 nm minima
would be relatively independent since, 1in spite of the depression of the
second wavelength discrimination function at 500 nm, there was no
shift 1n the position of the 460 nm trough which might be expected if
the two minima are based on the same mechanisms However, at
least four differcntially sensitive cone types would be necessaiy to

provide all these oppenent channels
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There are several other reasons for arguing that the pigeon's
visual system 1s at least tetrachromaltic 1n 1ts operation. The
available evidence in pigeons of differentially sensitive colou:
systems peaking at about 600, 540 and 500 nm (Donner, 1953,
Galifret, 1961, Granda and Yazulla, 1971, Ikeda, 1965) would not
account for the results reported here A fourth cone type, containing
a 400 nm pigment, as described by Graf and Norren (1974), would be
an additional minimum requirement Furthermore, the results
summarised 1n the saturation discrimination function suggests that,
under some condilions, the avian visual system may operate in a way
more complex than would be expected of a tetrachromatic system

Besides assuming that all the minima 1n the psychophysical
functions can be explained by this type of opponent cell model, other
models could also provide the basis for some of the presént data
Under some circumstances, psychophysical functions can be related
to the independent responses of differentially sensitive cones rather
than depending upon their interaction In fish, for instance, the
receptor systems underlying the photopic spectral sensilavity curve
appear to operate independently (Muntz and Northmore, 1971) But to
discriminate between simultaneously presented wavelengths, as in the
wavelength discrimination studies, some sort of differencing mechanism,
whether central or peripheral, 1s 1equired to compare cone outputs to
different wavelengths, In the saturation discrimination experiment,
although the most convenient method was used for testing satairation

differences across the spectrum, no direct comparison between
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wavelenglths was 1equired Instead each comparison was made
between a monochromatic light and a broad-bandwidth achromatic
light. The saturation function, but nol the wavelength function,
maght therefore be fitted by the cone sensitivity curves themselves
Alternatively, a combination of the responses of opponent cells and
independent chromatic channels could underlie the minima 1in the
saturation function Such a model, 1n which the red and green cones
interact but the output of the blue cones remains independent, has
been postulated by Sperling and Harwerth (1971) to account for the
monkey's increment-threshold spectral sensitivity, tested under
conditions of high laght adaptation

One complicating factor in the interpretation of psychophysical
data 1s that the stimulus conditions (e g stimulus size, duration,
background) very much influence the relative predominance in
responsiveness of the underlying visual mechanisms (King-Smith, 1975)
Thus, while general similarities between functions may be expected,
opponent cell activity, for example, may only be a complete predictor
of psychophysical results obtained under a limited set of stimulus
conditions and other chromatic chann¢ls may be activated under
different circumstances These channels, corresponding to responses
of separate cone populations, are perhaps found in the central
meéchanisms with differential peaks of activity reported by Granda and
Yazulla (1971) Although these thalamic units respond umdizectionally
with either excitation or inhibition, the relative sensitivity of their

peaks 1s modified 1n a complex way by altering the stimulus luminance
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so 1t 1s not certain at present to what extent the peaks are
representative of independent channels

De Valois' model, based on descriptions of the average
activaties of different groups of cells, 18 the most comp:iehensive
modcl to date which can account for performance on several
psychophysical tests, relating behavioural data to known
physiological mechanisms. However, recent re-investigations by
Padmos and Norren (1975) have shown that the input to opponent and
non-opponent cells may be more complex than has been generally
stated by De Valois Also, experiments of the type performed by
Sper1ling and Harwe:rth suggest that a more detailed model may be
needed to construe some psychophysical results with greater
precision

A model of colour vision similar to De Valois' may partially
account for the present results, as 1t does for results from other
species, and would explain the similarities found between saturation
and wavelength discrimination functions. However, the details of a
model applicable to birds will probably differ from one suitable to
describe psychophysical data 1n monkeys and will depend on the
number and sensitivities of cone mechanisms together with a
knowledge of the mode and extent of their interactions. It is not
possible to specify the number of cone types, nor how they interact,
from the present discrimination functions alone. The available
evidence about the pigeon s chromatic mechanisms, both at a

retinal and central level, 1s incomplete so that more physiological
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information 1s nceded together with further psychophysical data,
perthaps involving chromatic adaptation techniques to try and 1solate
colou:r channels. Then a moie detailed correlation between
physiological and psychophysical data could be made to test how far an
opponent-process model would be appropriate for explaining the
results from pigeons and also to elucidate whether the pigeon's colour
vision 1s tetrachromatic or maybe more complex than that

Speculations upon the retinal mechanisms of colour vision 1n the pigeon

At present no coherent picture emerges concerning the relatively
sparse physiological information about either retinal or central
mechanmiems of colour vision in the pigeon However, by draw:ing
together a number of disparate observations and considering parallels
with another group of animals, turtles, which also have multi-coloured
oil-dioplets and for which the retinal situation 1s better known,
speculations may be made about the cone mechanisms which might
ex1st 1n the pigeon retina.

Firstly, the type of cones found 1n two species of turtle will be
described Microspectrophotometric measurements of single cells

made by Liebman and Granda (1971) revealed that each species

possessed three cone pigments In Pseudemys scripta these pigments

were 1dentified as P4502, P5182 and P6202 whereas the cones of

Cheloma mydas contained pigments P4401, PSOZ1 and P5621. In

addition to the three pigments, each retina 1s equipped with three
types of oil-dioplet, red, orange and colourless d:oplets in the case
of Pseudemys and orange, yellow and colourless in Cheloma. However,

some of these oil-droplets may combine with more than one of the cone
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Summary of cone types found uin two species of

turtles (after Liebman, 1972)

Pigment | Oil-drop Effcctive A max
A max colour of cone sensitivity
Pseudcmys 450 c 450
518 —_— 518
518 560
620 0 620
620 R 640
Chelonia 440 — 440
502 _— 502
502 C 502
502 Y 520
562 c 562 *
562 Y 562
562 0 575

w o K Q
I

= red

= yellow

= orange

= colourless oil-drops

155



pigments (Licbman, 1972) In both species the rod pigment, 518 or
502, occurs in the accessory cones, too, which contain no oil-droplets,
This pigment 1s also found 1n some of the single cones where, 1n
Pseudemys, 1t 1s filtered by an orange droplet and, in Cheloma, 1t 18
combined with eithe:1 coloutless o:r yellow droplets The pigment
with A max at shortest wavelengths 18 either unfiltered or 1s combined
with a colourless oi1l-droplet. The longest wavelength pigment 1s
found 1n conjunction with orange and red dioplets 1n Pseudemys and
with all types of droplets, but mosily orange and yellow ones, 1in
Chelonia. Where the cut-off of a particular oil-droplet 18 found at
shorter wavelengths than the Amax of the pigment with which 1t 1s
combined, the peak sensitivity of that cone 1s unaltered However
some oi1l-droplets, which cut-off at longer wavelengths relative to the
peak absorption of the underlying pigments, shift the effective peak
sensitivity of the cones to a longer wavelength. As described by
Liebman, and summarised in Table I, due to the filtering effects of
these o1l-droplets, cones, i1n each species, have peak sensitivities
at 5 spectral regions rather than the 3 regions at which the absorption
of the pigments themselves 18 maximal

The retinae of turtles closely resemble those of birds, not only in
possessing a number of coloured oil-droplets but also 1n the morphology
of the receptor cells. Thus in both groups of animals rods and cones
are found and, furthermore, there are single cones as well as double
cones, consisting of paired principal and accessory clements (Cohen

1963, Walls, 1942) Because of such close stiuctural resemblancexs,
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1t seems highly likely that there are also similarities i1n the
functional properties of the cone mechanisms of colour vision in the
two groups of animals

There 18 now mounting evidence that the 'single pigment theory!
18 1nadequate to account for the more recent findings about the pigeon's
colour vision, In particular, in addition to 2 cone pigment found by
extraction techniques (Bridges, 1962, Wald, 1958), a short wavelength
pigment has been demonstrated (Graf and Norien, 1974) which better
explains the pigeon's fairly good sensitivity to and discrimination of
short wavelengths. In another avian species, a shorti wavelength
pigment with Amax at 415 nm has also been inferred by Wessels (1974)
to explain the peak obtained near this wavelength in the jackdaw's
spectral sensitivity curve, The occurrence of a short wavelength
sensitive system, with peak sensitivity at 400-420 nm, has just been
confirmed electroretinographically in the jackdaw as well as 1n the
pigeon and chicken by Norren (1975)

Neural colour-responsive mechanisms have been consistently
reported to have sensitivity peaks at about 540 and 600 - 605 nm
(Donner, 1953, Galifret, 1961, Granda and Yazulla, 1971, Ikeda, 1965)
Bridges' 544 pigment 18 more likely than Wald's 1odopsin, with >\max
at 562 nm, to underlie the 540 nm peak since none of the pigeon's
oil-droplets (King-Smith, 1969) have transmission cut-offs which
could shift the effective peak sensitivaty of an 1odopsin-bearing cone to
shorter wavelengths While there 1s no independent evidence of a

longer wavelength pigment at the moment, the repeated finding of
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processes with peak sensitivities at 600 nm or longer 18 suggestive
that a pigment with maximum sensitivity at about that wavelength
might exist, especially as the transmission spectrum of the pigeon's
red oil-droplets would drastically reduce the sensitivity of a cone
conlaining a pigment with a much shoiter )\max

Of particular intercst was the occurrence in turtles of a rhodopsin
pigment, usually associated with rods, i1n accessory cones and some
other types of cones The accessory cones of frogs also contain
rhodopsin (Liebman and Entine, 1968) Bridges (1962) has reported
that rhodopsin constitutes a large proportion of the extiractable yield
of visual pigment from the pigeon's retina and may be involved i1n cone
vision, while Wessels (1974) attributes one of the peaks obtained in the
photopic spectral sensitivaity function of jackdaws to a cone system
containing rhodopsin So rhodopsin might be found 1n acéessory cones,
and possibly some of the single cones, in the avian retina too

Bearing 1n mind that each type of oi1l-droplet 1s not just
associated with one type of visual pigment in turtles, the combination
of the pigeon's 4 oil-droplets with the known or putative avian cone
pigments can also be considered

As previously mentioned, combination of a red droplet with all but
a long wavelength pigment would veiry much attenuate a cone's
effective sensitivity As a first approximation, 1t 1s suggested that a
red droplet could be combined with a 605 nm pigment As 1n turtles,
1t 15 then unlikelv that this red droplet vould be associated with any

other pigments with a shoiter >\max However, a 605 nm pigment
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could also be combined with an orange droplet, which would little
affect 1ts maximum sensitivity The suggested red pigment plus red
droplet, on the other hand, would have 1ts maximum sensitivity at
620 - 640 nm. (The sensitivity curves of these, and other, pigment-
- dioplet combinations aie presented in Fig 4a)

An orange droplet could also effectively filter the 544 nm
pigment, shifting its peak sensitivity to about 570 nm. The large
yellow type of oi1l-droplet has 1ts cut-otf edge too far towards the blue
to make any difference to the sensitivity of a 605 nm or other red
pigment and 1s therefore assumed to be combined only with the 544
pigment, whose peak sensilivity would be slightly reduced but shifted
very little

If these assumptions were approximately correct, they might
explain why Donner (1953) 1eported 2 or 3 peaks on man.y modulator
curves, 1if cones containing the same pigment combined with more than
one droplet were to provide 1nputs to a single ganglion cell For
example, 1t 1s suggested that the activity of cones containing pigment
605 plus an orange or a red droplet would be transmitted to the red
modulator In many modulator units the main sensitivity peak
occurred at 596 nm but in other units a second peak, which Donner
thought might be of a separate modulator, was often found at a
longer wavelength of 613 nm. Similarly the green modulator, tested
under couditions of laght-adaptation, had its main peak at 543 nm but
showed a subsidiary hump or peak of activity at 560 - 550 nra  Such

a response pattern in a green modulator could depend on input from a



Fig 3 (facing)

a,b Effective cone spectral sensitivity curve whose input
to single ganglion cells could produce red and green
double-peaked modulator units of the type described by
Donner (1953) In 3a 1s shown the scnsitivily spectrum
of a red modulator with a single maximum at 596 nm,
together with part of the sensitivity curve of a second
type of modulator which had a small subsidiary peak at
613 nm The green modulator (3b) has its maximum
sensitivily at 540 nm and a pronounced hump 1in the
sensitivily curve at 560 - 580 nm.,

c Spectral sensitivity curves of two types of thalamic umt,
described by Granda and Yazulla (1971), and effective ‘
sensitivity functions of two classes of cones which might
underlie these units

Pigment absorption spectra were calculated from Dartnall's (1953)

nomograms )\ max of unfiltered pigments 15 indicated above the

cone sensitivily curves (e g P502) together with the colour of an

oil-droplet with which a pigment may be combined (e g P544 + O).

Transmission spectra of red (R), orange (O), large yellow (LY)

and small yellow (SY) droplets are taken from King-Smith (1969).
Effective >\max of each cone sensitivity function 1s shown by
arrowed figures below thesc functions Wavelengths of peak

sensitivity of modulator and thalamic units aire given above

sensitivity curves of these units
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544 pigment together with an orange or large yellow droplet
Furthermore, the maximum peak sensitivity of each of these
modulators, which might be fed by more than one pigment-droplet
combination, corresponds to the combination which would have the
higher relative sensitivity for that pigment, and the subsidiary peak
corresponds to the combination whose sensitivity would be lower
see F1g. 3a,b.

If, as i1n turtles and frogs, the pigeon's accessory cones contain
rhodopsin then this pigment, with Amax at 502 nm (Bridges, 1962,
Sillman. 1969), would be unfiltered, since the pigeon's accessory
cones appeal to be free of oi1l-drops (Cohen, 1963), The similarity
with turtles might extend even further, with rhodopsin also being
found 1n some of the pigeon's other cones. If so 1t could also be
combined with a small yeliow droplet, whose transmission spectrum
would not substantially alter the sensitivities of any longer wavelength
pigments The maximum sensitivity of such a cone would then be at
510 - 520 nm,

The sensitivity of rhodopsin-containing cones would not coincide
very well with the peak sensitivity at 480 nm of Donner's blue
modulator., Wessels (1974), who also reports a peak at 480 nm 1n
the jackdaw's sensitivity function, attributes this sensitivity peak to a
class of cones containing a pigment with >\max at 455 nm and
filtered by a green o1l-droplet Indeed, 1n a paper just published by
Norren (1975), a cone svstem, maximally senritive at 450 nm, was
revealed by electroretinography in three avian species, the pigeon,

jackdaw and chicken According to Nosren, the sensitivity carve of
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this system could be mimicked by filtering a 460 nm pigment with a
yellow o1l-droplet This combination (not shown in Fig 4a) may
therefore constitute another shoi1t-wavelength sensitive system in the
pigeon's retina

However, other investigations have reported processes with
maximum scnsitivity at 500 nm instead (Galifret, 1961, Granda and
Yazulla, 1971) In addition, Granda and Yazulla found several
thalamic unils whose peak sensitivities occuirred at 520 nm 1instead of
500 nm. This peak ditference could not be effected by changes in
stimulus luminance, for example, so did not merely represent a
Purkinje shift in the units' gsensitivity As well as having separate
peak sensitivities, the sensitivity curves of the two groups of units did
not concur at shorter wavelengths but closely coincided at wavelengths
longer than 570 nm  This pattein could be produced qu1fe well at
shorter wavelengths by unfiltered cones containing 1hodopsin and cones
with this pigment combined with a small yellow droplet but as Granda
and Yazulla showed, the longer wavelength arm of the two sensitivaty
functions 1s displaced towards the red compared with the absorption
spectrum of rhodopsin at the longest wavelengths (Fig. 3c).

Finally the 400 nm pigment may or may not be filtered (Graf and
Norren, 1974) Since all the droplets transmat only about 10% of the
incident light below 450 nm, any droplet would certainly very much
reduce the sensitivity of this pigment throughout 1ts spectrum

Since this model of possible droplet- pigment combinations 1n the

pigeon's cones 1s based upon a number of assumptions 1t must be



Fig. 4 (facing)
a Absorption spectra (Daitnall, 1953) of known or putative

cone pigments in the pigeon together with effective spectral

gensitivily curves of cones which may contain these pigments

in combination with one or more of the pigeon's retinal oil-

droplets (King-Smith, 1969) Amax of cone pigments 18 .
indicated above the absorption spectra and pigment-droplet
combinations (e g 605 + R) are given beside the effective
sensitivity curves of the cones. Absorption spectra are drawn

in solid lines (—————) and sensitivity functions of pigments
combined with droplets are 1llustrated by dashed lines (-~- -----. ).
Arrows below the abscissa represent positions of minima found in
wavelength and saturation discrimination functions, described
previously These mean functions are also given in the lower

half (b) of the figure (see legend of Fig. 1)
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regarded as highly tentative but 1t does concu: with some of the
circumsiantial evidence of anomalous sensitivity peaks reported
during physiological recordings (Donner, 1953, Granda and Yazulla,
1971) Also 1t does not contradict any of the psychophysical results
1epoited here and would provide appropriate mechanisms to underlie
the minima found 1n both wavelength and saturation discrimination
functions see Fig 4 The type of arrangement whe:ieby one pigment
1s combined with several oil-droplets and vice versa would account
for the apparent complexity of the pigeon's colour vision if the
retina still contains relativeiy few visual pigments Since this model
has been presented at a fai1ly descriptive level 1t would obviously
remain substantially sitmilar if slightly different p1gm;nts were
assumed instead Also some of the droplets, the small yellow
droplet, for instance, could be combined with some of the longer
wavelength pigments but would not modify their sensitivity spectira
very much, since its main effect would be to attenuate only the
shortest wavelengths, Therefore, 1n broad outline, the model seems
feasible when 1t 18 compared with the available information about the
pigeon's colour vision but could still be inaccurate 1n detail

A problem that still remains 18 what function the oil-droplets
themselves serve in modifying the sensitivities of the cones. As has
been previously pointed out by Donner (1960) and Muntz (1972) they
would make the short-wavelength sides of the cones specrtial
sensitivity curves steeper, thus producing a more rapid change in a

cone's response for a given wavelength change This in itself would
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impiove discrimination at points 1n the spectium where this enhanced
sensitivily to wavelength change occurs In addition, as Donner
comments, by modifying the cones' outputs, the oil-droplets could
shift these regions of fine wavelength discrimination to parts of the
spectrum 1n which improved discrimination abilities are biologically
advantageous to the pigeon

By combining a number of oi1l-droplets with several cone pigments,
in a way that has been outlined above, the oil-droplets would also
serve to 1ncrease the complexity of the pigeon's colour vision system
This ;mcreased complexity might only be apparent under the
appropiiate stimulus conditions. Thus the quite complicated
psychophysical results found in the saturation discrimination
function here could st1ll rely on only a few visual pigments 1f some of
the pigments underwent differential filtering by o11-dropfets In
lizards and tuitles the oil-droplets appear to enrich the animal's
colour vision, converting systems apparently containing one or two
visual pigments to dichromatic and tetrachromatic systems
respectivelv (Orlov and Maximova, 1964, cited in Muntz, 1972),
The pigeon's oil-droplets could quite feasibly serve a similar function

One of the 1deas put forward by Walls and Judd (1933) to explain
the inter-specific diversity in the proportions of the variously
colouired oil-drops was that cones containing differently coloured
droplets became operative at different levels of laght intensity. Red
dioplets, 1n particular, are said to function under high light

intensities and animals which commonly encounte:r such conditions, or
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a lot of 'glare', are noted to have a greater proportion of red droplets
(Cullen, cited in Muntz, 1972), Separate cone populations, as defined
by the colours of their oil-di1oplets, are then said to function more or
less independently as 1llumination conditions change, so that cones
with red droplets are primaiily operative at high light intensity levels
and cones contaiming yellow dioplets operate under 'mormal' dayhight
conditions with a functional bridge being provided by orange-d:ioplet
containing cones

While this function of the oil-droplets was regarded as only
secondary in the majority of birds, presumably this 1dea of a
'multiplex' retina cannot be limited to only a few avian species (e. g
kingfishers) and not others since it implies a fundament;al functional
organisation of the avian, and also turtle, retina. The argument that
only a very limited population of cones are operative under certam
lhght condilions seems unlikely, as this would restrici the animal's
colour discrimination abilities as well as the eye's acuity. The
hypothesis could be tested, however, by a re-examination of modulato:
units. If, as suggested, a modulator can receive inputs from more
than one type of cone sharing the same pigment but with different
oil-droplets, a change in luminance should be reflected by a shift
from the predominant sensitivity of one cone to that of another For
mnstance, by increasing stimulus luminance the 540 nm peak of the
green modulator should be superceded by a peak at about 570 nm

In view of the multiple peaks that some o1 the mod: lztors appeared

to have, further investigations into the sensitivity functions of the
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ganghion cells and thei1 inputs would be worthwhile However if, as
suspecied, a ganglion cell can 1eceive 1ts 1inpul from cones containing
the same pigment but different oi1l-droplets, 1t would be difficult to
apply the usual techniques of chromatic adapiation to 1solate different
sensitivity functions and obtain clear cut results If the modulators
can receive dual excitatory inputs, though, the narrowness of their
sensitivity curves 1s surpiising. While the oi1l-drops would restrict
short wavelength sensitivity, resulting in the steeply rising
sensitivily functions at these shorter wavelengths, additional inhibitory
inputs to ganglion cells might also account for the oveiall narrowness
of the curves Of relevance here 1s the recent work by Padmos and
Noiren (1975), showing that the non-opponent cells of monkeys,
formerly thought to receive either all excitatory or all inhibitory
inputs, can also have antagomstic inputs These make the sensitivity
curves of individual non-opponent cells slightly narrower than would
be predicted from the fundamental cone sensitivaty functions
Alternatively the modulator curves' narrowness might be due to
Donner's use of a diffuse stimulus light since Michael (1968),
recording from optic nerve fibres i1n the ground squirrel, found that,
while the maximum sensitivity of the units remained stable,
sensitivity functions were broader when a spot of light was restricted
to the receptive field than when the retina was diffusely i1lluminated
In general, lhittle 1s known about the interaction between
differentially sensitive colour channels i1n the pigeon's visual system

Lattle can be infeired from Yazulla and Granda's (1973) investigations
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of thalamic units about the precise nature of cone i1nputs to opponent
cells other than that mechanisms contributing to these cells's functions
are sensitive to wavelengths longer and shorter than 500, 520 and 560 nm

Simailaily Galifiet (1960) has described some diencephalic units
which seem to act 1n a complex opponent fashion In one unit,
stimulation with 675 nm light produced a 1esponse pattern opposite to
that elicited by shorter wavelengths After stimulation onset, at
shoiter wavelengths there was an imitial spike discharge which was
followed by inhibition of spontaneous activity During maintained
stimulation (about 650 ms), spontaneous activity returned before
stimulus offset, but this then produced response blockage again A
675 nm stimulus, on the othe: hand, produced an 1mitial suppression
of spike activily following stimulus onset Spike frequency then increased
instead of being inhibited during the stimulus period. After stimulus
offset, response inhibition was delayed, and instead occurred when
spontaneous activily was being resumed at shorter wavelengths Only
a few widely spaced wavelengths were tested so 1t 1s difficult to see
the complete transition in this response patlern However, this unit's
activity bears some resemblance to the opponent action described by
Yazulla and Granda in a few units, in which an on-response changed to
a delayed off-response as wavelength was altered A further umt
mentioned by Galifret, but of which few details are given, produced a
response pa{ttcrn to 614 nm stimulation which was most in opposition
to the activity gencrated by 499 nm hight It was also interesting to

note that the changeover i1n response pattern seemed to occur with a
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589 nm stimulus This 1s near to the point at which a minimum was
found in both the wavelength and saturation discrimination functions
obtained fiom the present :axpemments and which were presumed to
depend on neural opponent activity Since the peak activity in the
macaque's opponent cells (De Valois et al, 1966) does not correspond
very precisely with peak sensitivity in 1ts retinal cones, knowledge of
the cone 1nputs to avian opponent units must really await furthe:
neurophysiological work to 1nvestigate the sensitivity spectra of
undetlying cone mechanisms

De Valois' approach of correlating neurophysiological response
data with psychophysical functions has proved very profitable 1n
revealing the ways 1n which retinal and neural units may interact and
form the basis of behavioural results It 1s hoped that more
information may soon be forthcoming about physiological' chromatic
mechanisms 1n birds to sumilarly elucidate the increasing number of
behavioural observations on their colour vision The precise number
of pigments in the avian retina and their combinations with the various
o1l-droplets would best be decided by microspectrophotometric studies
of single retinal receptors. So far these investigations have met with
technical difficulties because of the slenderness of the avian cone outer
segments (Liebman, 1972) Furthe: to that, the ways in which cone
systems interact would have to be known before precise quantitative
models of avian colour vision could be formulated While the 'single
pigment theory no longer seems adequate to account for the

psychophysical data, we are still some way from knowing what other
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mechanisms do actually unde:lie the bird's discriminatory abilities

In conclusion, the present results supportl other recent work on
the pigeon's colour discrimination in showing that this animal's colou:
vision differs in several respects from our own It 1s now apparent
that the pigeon's visual system 1s al least tetzach:romatic, as shown
by the wavelength discrimination results, but the saturation
discrimination function indicates that its vision may be even more
complex than that, This added complexity might be attributed to the
retinal oil-droplets, overlying possibly 4 or even 5 basic cone
pigments

Also notable 1s the biological adaptiveness of the pigeon's colour
vision It 1s particularly good at discriminating between wavelengths
1n the 'orange’' and 'green' regions and no doubt makes use of these
abilities in seatching fo1 grain and other food Besides aiding in these
discrimination abilities and adding to the complexity of the pigeon's
colour vision, the oil-dropletls, by elirminaling short wavelengths,
would also act as filters within individual cone cells to reduce any
deleterious effccts of chromatic aberration and scattered light 1In
this respect the oil-droplets also serve to maintain visual acuity by
acting as an alternative mechanism to a homogeneous yellow filter
provided in the lenses of some other animals However, the pigeon's
sensitivity to blue and UV lhght shows that some photopic receptors,
probably without o1l-droplets, still respond quite adequately to these
shorter waveclengths The retention of 1ecepiors without droplets 1n

the pigeon's retina would be useful 1n order to maintain this short
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wavelength sensitivily, since an importlant environmental visual
stimulus 1s found 1n the scattered light of a blue sky, which may be
used as a cue 1n homing and navigation behaviour With such a
diffuse light source only a coarse detector mechanism, provided bv
relatively few and scattered receptors, would be necessary rather
than finc-grained mechanisms, which have good resolving power and
are differentially responsive to colour Thesec latter mechanisms,
needed for the discrimination of other objects in the environment,
would be provided by the oil-drop bearing cones which form the

majority of the receptor population in diurnal birds (Walls, 1942,

Morris, 1970)
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APPENDIX

BEHAVIOURAL TECHNOLOGY

Comparison of discrimination performance on behavioural tests

Since the same subjects were used for all behavioural tests, their
performance in the three experiments can be compared to assess the
relative difficulties of the tasks required of them The closest
similarities in procedure were between the first wavelength
discrimination experiment and the saturation task. In the first case,
each animal had to discriminate between stimuli differ.ng in hue
whereas 1n the latter instance the pigeon had to respond to the
chromatic rather than achromatic component of the stimulus display
Examianation of the course of discrimination pertormance between the
learning criterion of 90% coriect choices per session and the
threshold level of 70% correct choices showed thar 1n both experiments,
the change 1in discrimination scores varied from one wavelength to the
next and also from one subject to another (see Fig. 3, ch 2 and Fig
3, ch 3) The most marked dlfflerence was 1n the numbers of sessions
to acquisition 1 e 90% correct criterion The saturation experiment
had sessions of 50 trials and, 1n most cases, the acquisition criterion
was reached within the first two sessions (see Table V, ch 3)

This was not so for the first wavelength discrimination experiment

Sessions of 20 trials were used and this time the number of sessions



needed to 1each criterion level varied between 1 and 38 Sometimes
the discrimination criterion was quickly acquired, within the first
three sessions, but more often several (6 - 8) or many sessions were
needed to reach the 90% level Although discrimination scores
cannot be compaied on a trial-by-tiial basis, since only the total
scores for each session were recorded, on the wholec more trials
were obviously taken to achieve a criterion level or performance in
the 1initial wavelength discrimination experiment than in the saturation
discrimination procedure

This difference might have been because, by the time of doing the
saturation discrimination experiment, the birds were particularly
well-trained using this apparatus and method and so had developed a
type of 'learning set' for the procedure they had to follow Thus 1n
the second experiment they would learn more quickly. However, 1n
the first wavelength discrimination study there was not much evidence
of quicker acquisition by the end of that experiment From an
examination of the number of sessions to acquisition over the complete
experiment, the only conclusion that could be drawn was that there was
a wide variation from one wavelength test to another, with high and low
numbers of sessions occurring throughout the course of the experiment
This would suggest that familiarity with the task was not the basic
reason for the quicker acquisition on new tests in the saturation
experlment.

Apart trom the task familiarity factor, another explanation ior

the difference between the wavelength and saturation discrimination
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acquisition times may be that colour 1s a particulaily salient visual
cue to a pigeon (Jones, 1954, Pritz et al, 1970) Because of this, 1n
the saturation experiment the birds may have immediately chosen the
'coloured' versus the 'non-coloured' stimulus, even when a 'new!
colour was presented Hence, on this sort of detection task,
acquisition would be quicker

During wavelength discrimination, all the stimuli were coloured
so the birds did not have an immediate cue enabling a simple choice
In this case they had to learn to choose one colour rather than a
different colour, although both stimuli may have been equally salient
cues to the animals Analysing the initial discrimination task in the
same way that Over (1967) has done, the pigeon not only had to be able
to perceptually differentiate between the stimuli but also had to learn
to attach its responses to the correct stimulus, this latte.r requirement
may have presented more difficulty in the acquisition of wavelength
discrimination In this experiment also, in some but not all cases,
the prolonged time taken to reach the learning criteiion could be
attributed to what was a reversal learning problem 1in which the
positive wavelength of one test became the negative wavelength of the
next tesl, or vice versa This type of problem 1s moderately
difficult for the pigeon (Bitterman, 1965, Bullock and Bitterman, 1962)
On the other hand, not all reversals of wavelengths proved
problematical, nor were all prolonged learning times due to an
obvious reversal problem

Comparison between acquisition times of the first wavelength
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discrimination cxperiment and the saturation work becomes more
complicated when the results of the later wavelength discrimination
study are also considered In this experiment, discrimination tests
were ordered so as to circumvent any reversal learning problems
On the majority of discrimination tests, the learning criterion of 90%
corrcct 1esponding on two successive blocks of tiials was achieved
within the first 50-trial session, often within the 1nitial 20 to 30 trials
of that session Why this should be 1n the second but not in the first
wavelength discrimination study 1s not clear

Casual obscrvation suggested that the threshold testing procedure
used 1in the second of the wavelength discrimination studies was a more
dafficult one for the birds than that of the initial experiment In this
first experiment the pair of stimulus wavelengths used i1n each session

’

remained constant whereas in the last experiment the negative
wavelength was frequently changed within a titration session
Responding was then occasionally interrupted by bouts of wing-flapping
which had generally been encountered before when there was some
apparatus failure e g key contacts were non-functional It was also
unexpected that one pigeon, S9 should have virtually ceased responding
even though 1t had been extensively tested on colour discrimination
tasks in the same apparatus. Perhaps the difficulty in this procedure
lay again in remembering which stimulus was the correct one,
especially when the negative stimulus was changed at short intervals

Procedural improvements

Because of the difficulties encountered by birds in the second
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wavelength discrimination experiment, which led to the loss of one
expcrienced subject, one way of making the titration procedure o
slightly less demanding would be to limit the numbe1 of times that the
setting of the negative wavelength was made to vary In the titration
procedure, any discriminalion score on a block of 10 trials which was
greate: than or less than 7 produced an alteration in the negative
stimulus setiing on a subsequent block of trials Wavelength values
only remained the same 1f a bird happened to get a score of exactly 7,
the response criterion defined as the threshold level. This constraint
produced very frequent changes in wavelength setting.

One way of overcoming this would be 1o allow 1nitial
disciimination scores to decrease until a level of 7 (o1 less) out of 10
correct choices was reached and then to keep the wavelength difference
stable as long as scores of between 6 and 8 were obta1ne‘d (The
wavelength difference would be allowed to decrease following the first
discrimination score of 8 1n a session, since the wavelength difference
for the 1mitial score of 8 was sometimes above the apparent threshold
level (see ch 5, Table I) The wavelength difference might otherwise
remain at this high level throughout a session) This modification in
procedure might make the stimulus situation seem less transient to a
pigcon and possibly this introduction of longer periods during which
stimulus values remained stable might have a less disruptive effect
on behaviour

In the second wavelength disciimination studv, 1t was also noticed

that, over successive sessions, the calculated wavelength difference
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thresholds became smaller given practice, the birds apparently
learned to make finer discriminalions As mentioned before, 1t
would therefore be better to continue with titration sessions until the
thi1eshold level tested at each point in the spectrum had stabilised
Although no formal tests were cariied out to see 1f thresholds could
be simlarly lowered, 1t would probably also have been tiue of the
first wavelength discrimination and saturation discrimination
experiments that discrimination could have improved 1f more
prolonged testing had been carried out This would have entailed
repeating sessions al the same wavelength setltings, or neutral
density values, more than once after discrimination was at a level

of less than 90% correct (see procedures of ch 2 and 3) While more
prolonged testing may have produced more stabilised thresholds, with
perhaps even less individual variation in results, and would have given
a more accurate estimate of the absolute discrimination abilities of
the pigeon on the two types of visual discrimination problem, such
1ncreases 1n accuracy would be gained at the expense of a considerably
prolonged time needed to complete the experiments Instead, it1s
belhieved that by applying, throughout an experiment, a predetermined
criterion level from which to define a threshold, the more useful and
meaningful information about relative wavelength difference and

saturation thresholds was obtained
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