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Introduction
Since the discovery of the coloured oil-droplets in the retinal cones of vertebrates by

Valentin, and of their widespread distribution by Hannover (1840, 1843), a voluminous
literature of interpretation has grown up about these structures. At the present
time there is no general agreement as to their r6le in the physiological optics of
their possessors. It is our purpose in the present paper to relate to the oil-droplets
a number of facts, some long but little known, and others recently discovered,
concerning the distribution, nature, and probable functions of several additional

* This work was commenced under an Alfred H. Lloyd Fellowship held by the
senior author at the University of Michigan in 1931-32 and completed during his
tenure of a National Research Fellowship, 193243. Sincere thanks are herewith
expressed to the administrators of these fellowships for the opportunity to make this
investigation.

1 Museum of Zoology, University of Michigan, Ann Arbor.
2 Associate in Physical Optics (with Dr. Ralph H. Pino), David Whitney Building,

Detroit, Michigan.
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THE BRITISH JOURNAL OF OPHTHALMOLOGY

types of natural intra-ocular colour-filters These various devices are quite strictly
limited to vertebrate forms of similarly circumscribed visual habits. They are
almost completely mutually exclusive; only one of these types is ordinarily present
in a given animal or group, and none is found in any of the forms which possess
oil-droplets. The difficulty of formulating a teleological interpretation of the oil-
droplet mosaic is immensely lessened by the consideration of the other, less well
known and at first thought simpler types of intra-ocular filters. We believe'that
as the facts are set forth, the first suspicion of the reader-that all of these
apparently so dissimilar types of filters actually serve a common purpose-will
become as firm a conviction in his mind as it is in ours.
We have omitted a complete survey of the literature of this field; it is almost

wholly devoted to the oil-droplets, and many of the contributions are rendered
meaningless, from our standpoint, by a few critical researches to which we shall
refer. But little descriptive work has been done upon the oil-droplets in recent
years, and the reader will get an adequate conception of the oil-droplet as a
structure from such works as Greeff (1900), Garten (1907), Hess (1912), Putter (1912),
and Franz (1913).
We shall- content ourselves with a fair statement of each of the theories wbich

have been advanced in explanation of the oil-droplet type of filter, and shall
attempt to formulate an explanation in common terms of the entire assemblage of
filter types.

Dr. John F. Shepard of the Department of Psychology of the University of
Michigan furnished valuable advice on frequent occasions and kindly consented to
read and criticise the completed manuscript. We are also very heavily indebted for
advice, material, and for the conduction of experiments upon forms not available in
our locality, to many members of the above and other institutions; among them:
Dr. C. L. Hubbs, Professor T. L. Hankinson, Dr. J. R. Greeley, Mrs. H. T. Gaige,
Mr. L. M. Klauber, Professor S. H. Gage, Mr. Werner Schroder, Dr. J. Van Tyne,
Miss F. N. Clark, Dr C. P. Russell, Dr. L. R. Dice, Dr. Leigh Anderson,
Dr. R. A. Sawyer, Dr. F. B. Fralick, Dr. Harvey de Bruine, Mr. S. N. Jones,
Dr. H. B. Lewis, Dr. L. S. Palmer, Dr. H. G. Houghton, Dr. Brian O'Brien,
Dr. W. H. Feldman, Dr. G. F. Laidlaw, Dr. H. W. Feldman, Mr. L. M. Wing,
Mr. Laurance Radford, Mr. M. T. Lawton, Mr. F. H. Edmonds, Mr. H. Thornton
Rutter, Dr. Walter R. Stokes, Dr. Ludwig Plate, Dr. Viktor Franz, Dr. P. L.
Risley, Dr. W. P. Gowland and Dr. Glover M. Allen.

Types of Filters and their Distribution

OIL-DROPLETS.

The oil-droplet filter is usually a single large spheroid, occasion-
ally smaller and multiple, in the choroidal end of the inner segment
of the receptor for sharp, photopic vision, the "cone." It is
ordinarily coloured rather deeply with one or more pigments of
the carotinoid group, the resultant colour being red, orange, yellow
or-rarely-greenish-yellow. Colourless droplets occur in many
retinae either to the exclusion of coloured ones or in combination
with them. Colourless droplets are usually small, which fact
renders them prone to purely optical colourations under incom-
pletely corrected lenses, and has led the majority of authors to
describe various dilute green and blue droplets which actually
contain no pigment and can exercise a selective filtration only
if they fluoresce, thus slightly weakening one band of wave-lengths
and slightly strengthening others.
The single large oil-droplet is invariably so located and of such

diameter that no light-rays directed longitudinally to the cone can
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INTRA-OCULAR COLOUR-FILTERS OF VERTEBRATES 643

reach the percipient organelle (the outer segment) without first
passing through the oil-droplet. Some cones (e.g., the "red"
cones of the domestic pigeon) have numerous tiny coloured drop-
-lets scattered throughout the inner segment in addition to the
single large one, and in the accessory members of double cones
a similar diffuse condition of the pigmented oil and the absence
of a large droplet is the rule.
As we ascend the vertebrate scale, we find oil-droplets first

in the sturgeons. Here they have been reported as yellowish
(see Franz 1913, p. 33), but in the only sturgeon available to us
(Acipenser fulvescens) they are colourless when observed through
apochromatic lenses. The presence of only colourless oil-droplets
in these, the most primitive forms which have droplets at all,
has led to a belief that the oil droplet originated phylogenetically
as a colourless structure whose sole function was to condense the
incident light into an intense beam directed into the base of the
photosensitive outer segment. We agree that it is plausible that
the oil-droplet should have arisen as a colourless dioptric body,
and that it should later, secondarily, have been "chosen" by the
animal as a convenient locus for a pigmentation for which- a need
had arisen, but we do not believe that the situation in the sturgeon
can be admitted as evidence. The .sturgeon has a typical nocturnal
eye; in Acipenser fulvescens there is a brilliantly silvery choroidal
tapetum and the rods are large and greatly outnumber the cones.
In this nocturnal form the oil-droplets would be expected to be
colourless just as they are in the nocturnal lizard Xantusia (v.i.).
In the latter case there can be no doubt that the oil-droplets have
becomne colourless secondarily to facilitate the development of a
nocturnal habit. Similarly in the case of Acipenser it is very prob-
able that the absence of pigment in the oil-droplets goes with the
animal's nocturnality and is secondary-that is, the diurnal
ancestors of Acipenser may have had coloured oil-droplets.

Oil-droplets are definitely known to occur in at least one of the
lung-fishes (Lepidosiren; Kerr, 1902, 1919). In immature retinae,
Kerr found but one type of visual cell, and called it a rod-which,
considering its form, was justifiable. If the visual cells of the
adult Lepidosiren are actually physiological rods, their oil-droplets
must be colourless. This, together with the temporary presence
of an oil-droplet in the embryonic frog rod as reported first by
Babuchin (1863, 1864) may signify that the oil-droplet once
occurred in rods as well as in cones (if oil-droplets ever occurred
in rods they were presumably colourless; there are, however,
other interpretations of the above situations).
The frogs are the most primitive of living vertebrates which are

known to have coloured oil-droplets. In these animals both
yellow and colourless ones occur in roughly equal numbers. The
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single pigment involved is the same carotinoid which colours the
fat of the animal. Toads lack oil-droplets entirely, as do the
salamanders and coecilians.
Of the reptiles, only the crocodilians, the geckoes and the snakes

lack oil-droplets. The living Rhynchocephalian, Sphenodon, has
long been known to possess them but observations of the fresh
Sphenodon retina have not hitherto been made. At our request,
Dr. W. P. Gowland of the University of Otago, Dunedin, New
Zealand, kindly examined a fresh Sphenodon retina under apochro-
matic lenses and reported that definitely yellow droplets, like those
of the domestic pigeon but larger, and having a greenish
fluorescence, were present.
Sphenodon "sleeps the greater part of the day, and awakens

slowly even when handled" (Hutton and Drummond, 1923), has
a vertical pupil, and has relatively massive visual-cell outer seg-
ments. We had expected that Sphenodon would prove to have
only colourless oil-droplets as do Xantusia and Hieloderma; but
Sphenodon, with its yellow droplets and shallow fovea, compares
rather with the owls.

In the turtles many ruby-red, orange, yellow, and some colour-
less droplets are found. The lizards have (apochromatic optics !)
only yellow and colourless ones; pigments are absent in Xantusia
and Heloderma and absent or greatly reduced in fossorial forms
such as Aniella pulchra. Like the Xantusiidae, the family
Pygopodidae is characterized by a vertical-slit pupil and nocturnal
habit; in these forms colourless oil-droplets are to be expected.
The birds have had the most attention. Many of the older

workers employed microscopes which were not fully corrected for
chromatic aberration, and in many cases illustrated their publica-
tions with vivid lithographs. The result has been that birds in
general are erroneously credited by text writers with deep oil-
droplet colours running the gamut of the visible spectrum.. Few
first-hand observations have been made by those persons who have
been most interested in trying to fit the avian oil-droplet colours
into the tlheories of colour-vision. Some authors have thus been
led to think of the "blue" oil-droplets of birds as being as richly
pigmented as the red droplets, wherea§ these droplets owe their
faint bluish appearance solely to the optical properties of the
pigment-free oil and to their critical diameters. Even pure green
droplets are extremely rare; the majority of birds have some yellow
droplets which are pure in colour and some which are greenish-
yellow, but of the birds which we have examined, only one, the
Flicker (Colaptes auratus luteus), has any droplets which are more
green than yellow. The domestic pigeon, usually credited with
eight distinct oil-droplet colours, shows only three under apochro-
matic lenses.
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INTRA-OCULAR COLOUR- FILTERS OF VERTEBRATES 645

Of the mammals, the two lower divisions are claimed to have
oil-droplets; the situation in the monotremes is, however, in con-
siderable doubt. Gunn (1884) says, of Ornithorhynchus: "The
bacillary layer is well-developed, consisting of both rods and cones.
The outer segments of the cones are long and tapering. It was
just possible to see oil-droplets at the outer ends of the cones in
teased preparations. These were all of a light greenish colour .
Gunn's material had been preserved in ca. 50 per cent. alcohol
(whiskey), and the structures he describes may have been merely
shrinkage spaces, which often occur at the base of the outer
segment. It is significant that these structures were omitted from
the accompanying drawing, although the scale of the latter was
such that even a small oil-droplet could have been shown. The
objects Gunn saw must have been very small indeed, and were
probably not oil-droplets.
Most marsupial mammals are nocturnal and lack oil-droplets.

Droplets were found in two species of kangaroos (a diurnal group)
by Hoffmann (1876), who stated the colours to be light blue, light
green, and red. Unfortunately there has been no subsequent
study of kangaroo material, and it is not known which of these
droplets are actually pigmented. From analogy with the birds,
we would suggest that the light blue droplets would be found
colourless, the light green ones yellow, with apochromatic optics.

LENSES.
One of us has reported the discovery of physiologically yellow

lenses in the eyes of diurnal snakes and diurnal squirrels (Walls,
1931). More recently the senior author has found yellow lenses
in two lampreys Entophenus appendix and Petromyzon marinus.
Lampreys are diurnal and most species have the same high pro-
portion of cones to rods as is seen in the diurnal Sciuridae (un-
published observations). The pigment of the lenses of all three
of these groups is apparently the same; it will be brought out later
in this paper that this pigment is not identical with the true
melanin which is often formed in early cataractous lenses, human
and animal.

Physiological colouration of the living lens was first seen by
Merker (1928) in the European squirrel, Sciurus vulgaris. Merker's
discovery was of no interest to him, however; in fact, the coloura-
tion handicapped Merker in his work on the fluorescence of the
lens, and he was concerned only in finding a solvent for it which
would leave the squirrel lens colourless and in condition for his
use.

Franz (1932) reports the presence of granules of pigment in
some of the lens fibres in sections of formalin-fixed eyes of the
European river lamprey, Lampetra fluviatilis; this pigment is
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presumably the one which gives the lens its macroscopically homo-
geneous colouration. Franz refers to Plate (1924); who had
found pigment granules in the preserved lens of the newly-
transformed Geotria chilensis; neither of these authors noted the
macroscopic colouration of the fresh lenses of lampreys.

CORNEAE.
The discovery of yellow lenses is, of course, too recent to have

drawn the attention of the oil-droplet theorists. Yellow corneae,
on the other hand, have long been known. Schiefferdecker (1887)
found in the superior portion of the corneae of Cyprinus carpio and
Esox sp. "a number of yellow pigment cells, which,. inasmuch
as they occur down to the middle of the pupil, probably influence
colour-perception." No important function has ever been postulated
for this corneal pigmentation, perhaps because its occurrence in
many other fishes has not hitherto been noted3.
We have found yellow corneae in a number of fishes; in some

(e.g., Esox vermiculatus, Amia calva) the entire cornea is yellow
-shading even to orange in the dorsal periphery. In. other species
there may be merely a yellow "eyeshade," the pigment not entirely
covering the portion of the cornea through which the fish looks,
so that the filter is apparently employed only when looking upward
through the round window formed by the area of sub-total reflec-
tion in the water surface. This area is said to subtend a visual
angle of about 970. Thus it becomes -difficult to decide, in many
cases, whether or not the yellow colouration of the extreme dorsal
region constitutes an effective colour screen. One gets the im-
pression that the perfect yellow cornea, as in Esox, is merely a
quantitative variant of a situation universal among fishes. One
suspects that those fishes which have produced an effectively
yellow cornea have done so independently, and more or less
fortuitously. This opinion is strengthened by a comparison of
Esox with, for example, Cottus bairdii. In the former the cell-
bodies of numerous compact xanthophores are contiguous over
much of the corneal surface; the entire xanthophore has migrated
bodily and extensively from its original location in the pigmented
head skin. In Cottus, on the other hand, the body of the cell has
remained very close to the mass of pigment cells which enter into
the head pattern above the eye, and has sent a very long heavily
pigmented process down over the otherwise transparent cornea.
The effect produced resembles a yellow waterfall, and gains the
same end as the Esox arrangement.

3 Soemmering (1818) appears to have been the unwitting (liscoverer of the yellow
cornea. Of Esox he says (p. 71): "I have observed the aqueous humour to be beauti-
fully yellow, in the living fish under water, the golden colour being easily distinguish-
able because of the colourlessness of the cornea and lens."
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INTRA-OCULAR COLOUR-FILTERS OF VERTEBRATES 647

We believe that the yellow cornea, unlike the yellow lens, has
never been a group-character, but has been produced independently
and variously in each genus which possesses it. Many swift,
diurnal, sharp-sighted fishes-the trouts, for instance-lack the
yellow cornea and all other types of filters; but these fishes might
very well derive benefit from a yellow cornea if, like a minority
of light-loving fishes, they had happened to hit upon it.
We should mention, in passing, another coloured cornea which

probably has only an incidental relation to the present problem.
We refer to the observation by Ditmars (1910; p. 140) of a red
cornea in the unale only of the Bahaman Iguana, Cyclura
bwealopha. This observation has not been confirmed; without
wishing to seem to doubt Dr. Ditmars, we would mention that
in our survey of fishes for yellow corneae, we were often deceived
by reflections from the iris which made the cornea appear pig-
mented when the line of sight was parallel and close to the side
of the head; only when the cornea was excised, and placed over
a white background, could we be certain that the colour was
actually there. The cornea of C. boealopha may similarly owe its
appearance to reflection, and the question of its colouration must
remain open until the excised tissue is examined. In any case the
meaning of such a colouration remains a mystery to us; as will
appear later, a red cornea would be explicable in terms of our
own conclusions if it were present in both sexes and if C. bcealopha
were aquatic. Ditmars, however, states that this species, unlike
some others of the genus, is terrestrial. It may be found that the
oil-droplets of the male are paler than those of the. female or even
colourless, but this would be more of an effect than a cause of
the male's red cornea4.

RETINAL CAPILLARIES AND MACULAE LUTEAE.
A retinal capillary network is characteristic of the mammals;

of lower forms, only the eels have vascular retinae. Indeed, many
of the mammals (see Leber, 1903) lack retinal capillaries. Schultze
(1873)5 long ago pointed out that the human retinal capillaries
form an effective filter and absorb much violet and some blue.
The reader may be inclined to doubt this, for the capillary supply
naturally appears scanty and haphazard in a thin section; but it

4 Cilimbaris (1910) describes a homogeneous pigmentation of the entire surface of the
cornea in the sheep; the chromatophores were observed in sections, in all individuals
studied. No observation was made of the fresh cornea, which may have been yellowish
macroscopically.
The breed of sheep was not mentioned, and the phenomenon is apparently restricted

to certain breeds and probably fortuitous-at least, we failed to find chromatophores
or free pigment in the fresh cornea of a Rambouillet ewe (ca. 1i years old). Although
no pigment was seen, this cornea was distinctly cloudy-but not coloured.

5 For convenience we shall refer throughout to this inclusive publication, rather
than to Schultze's separate papers of the preceding decade.
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should be remembered that in a flat view of the retina there are
but, few small areas of the bacillary layer which are not covered
by capillaries at some level. Moreover, the capillary network is
considerably out of focus, and there is, therefore, less need for it
to be free of projected lacunae in order for it to constitute a filter;
as a filter it is, of course, yellow, not red, because of the thinness
of the blood streams.
Deep and well-developed foveae occur in many of the lower

animals. The only mammals which have such a fovea are the
diurnal primates (Woollard, 1927; Kolmer, 1930); and it is in
just these forms that the yellow pigmentation of the foveal region,
the "macula lutea," is seen. The macular pigmentation is
another familiar but unsung intra-ocular colour-filter. Several
ophthalmologists have pointed out that it necessarily reduces the
apparent intensity of a blue or violet stimulus, but there has not
been much attempt to account for it in terms of a positive value
in vision (see, however, Holm, 1922). Foveae in the lower animals,
if well-developed, contain oil-droplets (shallow foveae such as
those of the pipe-fishes and sea-horses have no oil-droplets, but
the eyes of these forms may have yellow corneae-they have not
yet been examined). It would seem that the macular pigment of
the primates replaces the yellow oil-droplets of the birds and
lizards and the yellow lens of the few snakes which have good
foveae (Drvophis and probably Dryophiops and Thelotornis-see
Walls, 1932a). At the same time, as Lindsay Johnson has pointed
out, the macular pigment replaces the capillaries, which are
lacking only in the foveal region because of the thinning which
takes place there.
The macular pigment of the diurnal primate is thus a stop-gap,

filling in the one avascular portion of the retina and constituting
a more effective filter than would the capillaries, even were the
latter present in the fovea; this is indicated by the fact that a
blue or violet light appears brighter peripherally than when fixated
centrally6.

The accompanying Table I summarizes the entire situation.
It will be seen that there is every indication that, whatever the
significance of a yellow filter, such filters are needed only by
diurnal forms. A highly absorptive yellow filter is actually a handi-
cap to nocturnal forms, for only brute vision, at best, is possible
for any eye in dim illumination, and a yellow filter would not only

6 The presence of numbers of rods at and near the edge of the macula may be a
potent factor in this phenomenon. Rods have been held by many investigators to
be capable of qualitative hue-perception at the short end of the visible spectrum;
see Siven (1905, 1912), Friedman (1931), and especially p. 66 of the review by Adams
(1929).
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TABLE I

DISTRIBUTION OF INTRA-OCULAR COLOUR-FILTERS IN VERTEBRATES

HABITS WITH RETINAL YEL- YE RETINAL MAC-
GROUP REGARD OIL- LOW ELLOW CAPILL. ULA

TO L1GHT DROPLETS LENS ORNEA ARIES LUTEA

CYCLO- Lampreys: DIURNAL +
STOMES Hags: Blind

ELASMO- e.g. Isuruts: DiURNAL
BRANCHS Nearly all: Nocturnal

e.g A mia: DIURNAL
GANOIDS e.g. Aciplnser: Nocturnal + All

colourless

DIPNOANS e.g. Lepidosiren: Nocturnal + Allcolourless

Many (e.g. Esox): DIURNAL LIn some
TELEOSTS Many (e.g. Percopsis): Nocturnal + In eels

only

Coecilians: Fossorial
AmPHIBIANS Salamanders: SecretiveASSali- Frogs: DIURNAL + Yellow

entia Toads, Hylas: Nocturnal

+ Red,
Turtles: DIURNAL Orange,

Yellow
Crocodilians: Nocturnal
Sphenodon: Nocturnal + Yellow

f Most: DIURNAL + Yellow *

REPTILES Anniellidae,etc.: Fossorial + Almost
Lizards' Xantusiidae, colourless

Helodermatidae: Nocturnal + All
colourless

\ Geckoes (most): Nocturnal
Inke Many: DIURNAL +

Snakes { Many: Secretive,
Nocturnal

+ Red,
Most: DIURNAL Orange,

BIRDS Yellow
Some: Nocturnal + Mostly

colourless

Monotremes: Crepuscular,
Nocturnal Colourless ?

Marsu- Some
pials Macropodidae: DIURNAL + Colours ?

Most: Nocturnal +In some
Most: Crepuscular, +In some

MAMMALS Nocturnal
Ochotona: DIURNAL ?

Placen- Sciur- Most: DIURNAL ±4- +
tals ciur-ae Ptero-

i myinae: Nocturnal +
Prim-J Many: DIURNAL + +
ates Many: Nocturnal +

*Red cornea, in male only, in Cyclura bealopha.
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TABLE I-conItinued
THE FOLLOWING FORMS SHOULD BE EXAMINED:

Crossopterygians: ? ? ? ?
(Polypterus, Calamoichthys)

Le6idosiren; Polyodon; Colourless ?
Pygopodidae; Monotremes:

Phelsumna, Lygodactylus; ? ?
Procavia; Tubaia:

Kangaroos: Colours ?

Pikas (Ochotona):

be a useless refinement but would further reduce the illumination
which is perhaps already barely liminal.
The yellow or orange oil-droplet is only one form of yellow

intra-ocular colour-filter, and other types appear only where oil-
droplets are lacking.
As during vertebrate differentiation the habit of diurnality has

evolved and disappeared and arisen anew, yellow filters have
come and gone also. There is no definite succession of types;
the vertebrate series presents no picture which would indicate that
the various types of yellow filters were each evolved to replace
an inferior mechanism. The yellow lens, the yellow cornea, and
the complex of capillaries and pigment typical of the human retina
are all on a par. The oil-droplet mosaic, however, has at least one
obvious point of superiority: the lizard, for example, with both
yellow and colourless droplets, can receive the advantages of the
yellow filter and at the same time perceive (with those cones which
contain no pigment) weak, short-wave stimuli. The lizard, if it
has colour-perception, can thus discriminate hues over as wide
a band of wave-lengths as can man; at the same time, the lizard
gains the same advantages, whatever they may be, that are con-
ferred by a yellow lens or macular pigmentation. The squirrel,
on the other hand, sacrifices perception in the short end of the
spectrum by placing a homogeneous filter in front of all visual
cells alike. To express the table in story form:
The yellow lens is apparently the most primitive type of colour-

filter; it makes its debut in the lampreys, where the pigment
involved seems to be identical with that in the lenses of the snakes
and squirrels. This peculiar distribution indicates that the pre-
cursors of the pigment are easily available and that the pigment
is readily produced on, so to speak, short notice.
Very few of the elasmobranch fishes could possibly be con-

sidered diurnal; one of these, the Bonito Shark (Isurus glaucus)
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along with several nocturnal species (Rhinotriacis heulei, Mustelus
californicus, Triakis semifasciata, and Alopias vulpes) was kindly
examined for us by Miss Frances N. Clark, of the California State
Fisheries Laboratory. No yellow colouration of any of the media
was found.
The "diurnal" elasmobranchs are thus our first exception to

the rule of yellow filters being associated with diurnality. There
is considerable experimental and anatomical basis for the
widely-held belief that the eyes of elasmobranchs mean little to
them; if this may be assumed to be true for the Bonito Shark,
it may account for the absence of such a refinement as a yellow
filter.

In the Ganoids and their relatives, the known bright-light forms
(e.g., Amia) have well-developed yellow corneae. The nocturnal
Acipenser has colourless oil-droplets, indicating that in diurnal
ancestors these were probably coloured; if we assume this it
would appear that the diurnal ancestors of the sturgeon lacked a
yellow cornea. Lepidosiren probably has colourless oil-droplets,
and the mud-loving Polyodon, closest living relative of the stur-
geons, probably has colourless oil-droplets if any; so also with
the lungfish Neoceratodus, which Dean (1906) states to be
nocturnal, and Protopterus which is apparently also a night-
prowler.
The Teleosts appear, like Amia, to have evolved from primitive

ganoids, which had not yet produced the oil-droplet. A minority
of light-loving Teleosts have yellow corneae. As we have already
stated, we consider the yellow cornea to have arisen independently
many times, and believe that a fish which lacks it has not
necessarily "tried" it and found it undesirable.

Unless the oil-droplet of the frogs is a re-invention, the
primitive amphibians were probably diurnal; else the oil-droplet
inherited from the Ganoids would surely have had time to vanish
completely as it has in the snakes, placental mammals, etc. The
droplets have been lost in the Bufonidae and Hylidae, and are
likewise lacking in the salamanders and coecilians.
Again, unless the turtle's oil-droplets are innovations, the

dominant reptiles of the past were diurnal. The crocodiles being
nocturnal forms of long standing have discarded the oil-droplets
entirely. The turtles, a very ancient group, have retained and
diversified them; here, for the first time, there is more than a
single colour in the same retina. A second advantage of the oil-
droplet type of filter over all other types is seen in this very
diversification, for only if the individual visual cell has its own
private filter is it possible for the filter to differentiate and serve
more than a limited function. We shall present later our evidence
for considering that the red oil-droplet is concerned primarily with
a rather different process from the yellow-orange one.
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Lizards have no pure colour other than yellow. The geckoes, an
almost bodily nocturnal group which early diverged from the
lacertilian stem, have lost the oil-droplets, although their visual
cells are descended from lacertilian cones7. One or two genera of
geckoes (e.g., Phelsuma, Lygodactylus) are markedly diurnal;
these forms should be investigated for yellow filters of some type
or other.

In many modern families of lizards, forms with partially or
wholly reduced limbs occur. From ancient equivalents of such
forms the snakes unquestionably originated. An interesting side-
light on the early history of the snake is, we believe,, afforded by the
intra-ocular colour-filter situation. The snakes lack oil-droplets,
but the swift, active diurnal forms have considerable lens pigment,
the secretive forms practically none, and the nocturnal species none
whatever (see Walls, 1931). The "original" snake must have had
such a mode of life that it could afford to discard the oil-droplets
of its lizard ancestors; the first snakes were, then, secretive or
nocturnal, and must have remained so for a considerable time-
for so archaic a lizard as Xantusia has lost the colour of the oil-
droplet, but has retained the droplet itself. The snake group
subsequently differentiated and produced a central family, the
Colubridae, which contains a majority of diurnal species. These
diurnal forms, coming in need of a yellow filter, re-invented the
yellow lens. This situation in the snakes leads us to conclude
that once the oil-droplet, which is a definitely structural entity,
is lost it cannot be reproduced by a descendant group. The yellow
lens on the other hand, representing merely a minor chemical
modification of a standard structure, has reappeared at least twice
in vertebrate evolution.
The oil-droplets of the birds were passed on to them by their

diurnal reptilian ancestors; it cannot be decided whether the red
droplets of birds were produced by them or have common ancestry
with the red droplets of the turtles. We incline, however, to the
former view; our reason will not be apparent until later in this
paper.
The early mammals possessed oil-droplets; their presence in the

living monotremes is doubtful as pointed out above. The nocturnal
and crepuscular habits of these forms as reported by Bennett
(1860, p. 136; p. 149) and Burrell (1927) lead one to suspect that
their oil-droplets, if any, are colourless.
Of the marsupials, only the diurnal forms (the kangaroos) have

kept the oil-droplets; these forms have no retinal capillary
circulation. The placental mammals, typically, do have retinal

7 The visual cells of the nocturnal geckoes are universally regarded as rods. They
are indeed functionally such; the evidence for the view expressed above will be
presented by the senior author in a future paper.
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capillaries; but that the vascularization of the retina of the
placental mammals did not in itself make unnecessary an oil-
droplet filter is indicated not only by the fact that retinal
capillaries are present in some marsupials, but also by the fact
that, like these marsupials, most placental mammals are nocturnal
or crepuscular and have retinal capillaries. If the capillaries are
so ineffective a filter that they are tolerated by nocturnal forms,
they cannot be considered the equivalent of a deeply pigmented
oil-droplet system.

It is probably not fully realized by a majority of biologists that
the placental mammals, as a group, are crepuscular or nocturnal.
Many forms have the habit of taking "cat-naps" in the day time
with intervening periods of, apparently, full activity; but many
such species employ the protecting darkness in migrations of any
great extent. Domesticated mammals readily invert their habits
to accommodate to those of their masters, but "escapes" revert to
an inherent crepuscularity or nocturnality. The hunted mammal
usually awakens to full activity and gets into motion before the
approaching hunter sees his quarry at all. All of these factors
help to blind one to the truth of the above generalization.
Few of the placentals are strictly diurnal; those available in

this country are the diurnal members of the Sciuridae. The tree-
squirrels (excepting the nocturnal flying squirrels), the chipmunks,
ground-squirrels,, and marmots all have yellow lenses, the intensity
of the colouration correlating nicely with the extent to which the
species exposes itself to bright light (see Walls, 1931). With the-
exception of the squirrel family, a single diurnal genus of placental
mammals occurs in the United States. These forms are the Pikas,
which are active in daylight hours except for a period centering
at noon when their rock-slide habitats are unbearably hot. The
Pikas may have a rich retinal capillary network, but they have
no other type of intra-ocular colour-filter; Dr. Carl Russell, of the
National Park Service, kindly examined the media of three
specimens of Ochotona princeps ventorum at our request, and
reported the lens and cornea perfectly colourless.

Besides the above, some of the primates, some of the insectivores
(e.g., Tupaia), and the Hyrax (Procavia) are stated in the natural
history literature to be diurnal. Procavia has little or no retinal
circulation (Leber, 1903) and demands examination for filters of
other types. The eye of Tupaia has never been investigated from
this standpoint.

In the diurnal primates, man for example, the need for a yellow
filter is apparently not so great as in the even more strictly diurnal
Sciuridae which, according to incomplete investigations of the
senior author, are exceptional among mammals in having at least
as many cones as rods (see also Grosskopf, 1893). In any event
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the diurnal primates are adequately served by the combination of
retinal capillaries and macular pigmentation.
The reader will of course have noted that we have said nothing

as to variations in the richness of the retinal capillary circulation
from species to species. Unfortunately, we have no data on this
point. For the sake of our thesis, we would naturally be pleased
to learn that Ochotona has a thick retina heavily laden with
capillaries and that the extremely nocturnal Didelphys has but
few, as is indeed known to be the case in the bats. We can only
suggest that the study of injected total retinae of some of these
exceptional forms might be worth while.
We must emphasize that we do not at all consider that the

important functions of nutrition and respiration are subsidiary in
any way to the secondary and actually fortuitous filtering capacity
of the capillaries. Forms which seem to need a yellow filter,
e.g., Ochotona, cannot be expected to abuse the metabolism of
their retinae to obtain one by over-development of the capillary
network; nor of course can nocturnal forms afford to discard the
capillaries in order to eliminate a slight handicap. It should also
be remembered that in afoveate mammals the area centralis when
present is generally avoided by blood-vessels (Franz, 1913).

Possible Interpretations

It having now been demonstrated that diurnal vertebrates in
general have intra-ocular filters of one type or another, and that
nocturnal forms have not produced such filters, have discarded
those effective types which diurnal ancestors handed on to them8,
and will tolerate only the weakest of all types (the capillary net-
work), we must now attempt an explanation of this situation. Two
questions are involved: Why is a yellow spectacle desirable for
all diurnal vertebrates? Why do the turtles and birds (and
kangaroos?), with so little in common in their environments and
adaptations, hold a joint monopoly of an additional red filter?
Since the various theories have been concerned almost solely with
the best-known type of filter, the oil-droplet mosaic, we will
consider this type first.
The various theories either attempt a single explanation of all

of the avian oil-droplet colours, or account reasonably for but one
of the colours; in the latter case the presence of more than one
colour is left unexplained. While our chart brings out the wide-
spread occurrence of yellow filters other than those constituted by
the oil-droplets, it should be remembered that this synthesis is

8 Sphenodon, combining yellow droplets with nocturnality and a vertical pupil, is
an exception here.
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new; we shall see that where attention has been given chiefly to
one oil-droplet colour, it is the red rather than the yellow which
has had most consideration.
The oldest theory of all is the one which is still most frequently

seen in text-books; this is the "colour-vision theory" of Krause
(1863). This author based his theory at first upon a misconception
as to the number of distinct colours present in lizards. Later,
Krause (supported by Max Schultze) shifted the basis to the birds,
for the more complex situation in that group seemed to serve much
better the purpose of the theory. The colour-vision theory then is
based at the present time on the colour assortment of the diurnal
avian droplet mosaic, a tacit implication being that vertebrate
groups with fewer droplet colours must have a correspondingly
reduced hue-discriminatory capacity. The present form of the
colour-vision theory may be stated as follows:

Unlike the droplet-free placental mammal, the bird has but a
single undifferentiated photochemical substance in its cone outer
segments. This substance is broken down by any or all visible
wave-lengths and initiates an impulse. If rays of all wave-lengths
had access to every cone, achromatic vision would result, for the
single photochemioal substance cannot "discriminate" qualita-
tively between wave-lengths. The coloured oil-droplet of a given
cone permits only certain wave-lengths to affect the outer segment
of that cone; thus some wave-lengths are permitted to stimulate
only certain cones and other wave-lengths affect only certain other
cones. A basis is thus laid for hue-discrimination, the hues
perceptible centrally as qualitative entities being determined by
the transmission bands of the various oil-droplet tvpes.

Krause, who was never convinced of the non-existence of blue-
pigmented oil-droplets, saw in the avian colour assortment the
specific filters for the "Urfarben" or primary colours, demanded
by the Young-Helmholtz theory of colour vision (see Krause,
1894). Comparisons of the droplet mosaic with the tri-colour granu-
lation of a Lumiere plate and with the three-colour process of
reproduction have often been made; the discussions in Frisch
(1904) and Garten (1907) are perhaps the most elaborate.

Consideration of this plausible theory leads to certain doubts.
There can be no question that Teleosts have colour vision (see
*Warner, 1931), yet they have no oil-droplets. It is puzzling that
an oil-droplet mechanism for colour vision should begin to evolve
in the Amphibia, with yellow as the only hue discriminable, and
become perfect (except as to the perception of short-wave hues)
only in the taxonomically and chronologically distant birds-when
the lowly Teleosts had been able to produce a more perfect
mechanism based upon a differentiated photochemical system, a
mechanism which would reappear only in the placental nmammals.
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Again, it is curious that the placental mammals should have so
quickly revolutionized the colour vision mechanism, for the so
closely related marsupials (kangaroos) have been unable to abandon
the oil-droplets. If we assume that all vertebrates which dis-
criminate hues, as such, do so by the teleostean and human method,
the oil-droplets become seen as modifiers of colour-vision for which
a necessity may still be found.
These are not, however, grave objections to the colour-vision

theory; the fatal blow is given by the birds themselves.
Schultze (1873) says: "According to my observations the

percipient elements in the two fossae centrales of the falcon9
consist of cones of smaller thickness than in the adjoining parts,
which possess only yellow, but no red pigment spheroids, though
both are present in the other portions of the retina." Krause
(1894) records an identical situation in a hawk, Buteo vulgaris,
and cites Schultze as having found a preponderance of yellow
droplets in the foveae of Corvus corone and C. cornix, so that the
pattern is "like the edge of the fovea of Buteo vulgaris."
These observations have gone unnoticed; the authors themselves

do not appear to have realized their significance and no other oil-
droplet theorist has taken them into consideration. The assump-
tion by all that the colour pattern in the avian fovea is the same
as in the general fundus is due, we think, to the fact that the mass
of research upon oil-droplets has been made on the domestic fowl
and the domestic pigeon. The former has no fovea and the latter
a degenerate one from which the red droplets are not excluded.
Waelchli (1881, 1883), whose work on the pigeon is regarded as
classical, makes no mention of an alteration of the colour propor-
tions in the fovea comparable with the situation in the birds
mentioned above. In the afoveate fowl the area of most acute
vision (the "orange field"-see Krause, 1894) is evenly dotted with
red, orange, and yellow droplets'0.
The explanation of these diverse situations is easily seen in the

relative importance of the fovea in different birds. As Krause
and others have pointed out, the absence of a fovea in the fowl
(and its barn-yard associates) is correlated with its complete
domestication; the pigeon, less perfectly domesticated, is well
known to have a shallow and variable fovea (see Slonaker, 1897).
One would expect to find a well-developed fovea in -the crows and
ravens and an even more perfect development in the diurnal
predators-most especially in the swift-stooping falcons.

It appears then that the perfect avian fovea contains only yellow
9 Falco s. subbuteo? We have confirmed these observations on a specimen of

Falco sparverius.
10 The turtles are also afoveate, hence do not reveal the physiological divorce of

the oil-droplet colours.
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droplets and that red droplets invade this critical region only
when, as in the pigeon, the organization of the fovea begins to
break down11. The final loss of the fovea, as in the fowl, involves
a concomitant obliteration of the exclusively yellow portion of the
droplet mosaic.
To return to the colour-vision theory-it is now seen to be

inconceivable that a bird should have polychromatic vision in the
relatively subsidiary periphery and only monochromatic vision in
the all-important fovea. The picture can have but one meaning, a
meaning which is pointed to also by the comparative situation not
only in the groups which have the yellow droplet alone, but also
in those which have some altogether different type of yellow filter:
the' yellow droplet is the more important for the bird's vision; the
red droplet is primarily concerned in some process distinct from
and secondary to the function of the yellow. The avian colour-
filter situation is indeed complex-but not in the direction assumed
in the colour-vision theory.
The older literature of the colour vision of the fowl has been

interpreted as supporting the colour-vision theory of oil-droplet
function. The absence of blue-pigmented droplets being now
universally admitted, the supposed blue-blindness of the hen has
seemed to many a very strong indication that the ability of the
bird to discriminate the longer-waved hues is due to the selective
filtration of the red, orange, and yellow oil-droplets. The argument
is, of course, that the hen cannot discriminate blue as such, because
she has no blue oil-droplets (see Garten, 1907).
The question of the fowl's blue-blindness is highly controversial.

The work of Hess (see 1912) seemingly established the fact
beyond doubt. The principal technique employed consisted of
projecting a spectrum upon a floor, sprinkling rice grains
uniformly throughout the (to the human) visible region and allow-
ing a light- or dark-adapted hen to feed upon the grains. The
fowls were observed to eat the grains throughout the (human)
long-wave region, but they ceased to peck in the neighbourhood
of the blue-green junction. The conclusion drawn was that the
blue and violet regions were as darkness to the bird, the explana-
tion being that the short rays were absorbed by the oil-droplets.
The presence of many colourless droplets and of cones (the

accessory members of the double cones) which contain no oil-
droplets would lead us to expect that while perhaps (in terms of
the theory) the hen may have no "blue" or "violet" sensations,
still such rays should stimulate the cones of these two categories.
Objects in the short-wave end of the spectrum should thus be
visible, though not (due to the coarseness of the colourless-cone

11 There are some bright-light birds in which very few red droplets are present
anywhere in the retina (e.g., barn swallows, martins; see Krause, 1894).
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mosaic) sharply outlined and perhaps not chromatic. One would
expect that large objects in the blue and violet would surely be
perceived and this was indeed found to be the case by Blasser
(1926)12.

If the light-adapted hen sees the rice grains in the blue and violet
one wonders why she does not eat thern. If they appear achromatic
to her, her failure to consume them is wholly mysterious; but
if they appear coloured to her, the logical explanation (given
by Hahn, 1916) is that blue objects do not look good to eat, there
being no blue food in nature so far as the hen is concerned.
Hahn (1916), using the feeding-in-a-spectrum technique, con-

cluded that while the hen has an instinctive "blue-shyness" she
can be trained to overcome it and then no longer appears to have
a relative blue-blindness. Hahn believed that the colour vision
of the fowl is much like that of the normal human, but Blasser
(1926) criticized her technique, the intensity of Hahn's arc-light
illumination having been variable and high so that reflection from
other grains may have illuminated those in the short-wave region.
Honigmann (1921) made the interesting discovery that the light-

adapted fowl is much more sensitive to the longer wave-lengths
than is the light-adapted human. He found that the relative blue-
blindness increases markedly after sexual maturity, presumably
due to an increase in the size (and pigment content?) of the
coloured oil-droplets.

Bliisser (1926) confirmed the existence of a partial relative blue-
blindness in thie fowl and believed that the bird would see all
colours brighter than man were it not for the absorption of much
of the short-wave light by the oil-droplets.
None of the above authors appears to have known of the work

of Watson (1915) and Lashley (1916), who by a vastly superior
method involving the training of the birds to saturated spectral
lights, proved beyond cavil that the fowl perceives hues as such
and has a spectrum almost identically co-extensive with that of
man.
Owing to an unfortunate lacuna in Lashley's work it cannot

be regarded as absolutely proven that the fowl sees blue and violet
as qualities distinct from each other, and from green, etc., but it
is certain that some of her cones are stimulable by short-wave
lengths. While we believe that the exclusion of red droplets fromn
the avian fovea is an insurmountable obstacle to the success of the
colour-vision theory, we await with interest an eventual continua-
tion by some investigator of Lashley's experiments into the blue-
violet region. We feel safe in drawing the conclusion that the

12 Who however credits the rods with this perception. There are few (or no) rods
in the .portion of the fowl's retina used in pecking, but Blasser was forced to his
conclusion because he could find no droplet-free cones and no colourless droplets.
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light-adapted hen perceives blue qualitatively13, else she would eat
grains unquestionably visible to her in the short-wave end of the
spectrum. Further confirmation will remove the last prop of the
colour-vision theory, for if the hen secures the sensations of blue
and violet without blue oil-droplets, her droplets cannot endow
her with colour-vision but merely modify the values of hues which
are discriminated by an altogether different mechanism, presumably
a differentiated photochemical system.
The second theory of oil-droplet function to be offered was

that of Hensen (1865), revived later in modified forms by Waelchli
and Hess. Hensen thought that the oil-droplets serve colour vision
by adjusting the chemical effects of the various wave-lengths; by
absorbing relatively larger proportions of the more powerfully
actinic short wave-lengths, the droplets equalize the capacities of
the respective rays for producing the chemical changes which
initiate the visual impulses.
The supposed advantage of this operation would be that the

spectrum would be rendered homogeneous in physiological bright-
ness (subjective intensity), and thus the various hues of the visual
field would have equal voice in the sensation complex of the
percipient. The first doubt which arises derives from the fact
that man certainly has no special mechanism (extra-macularly, at
least) which would materially alter the relative actinic power of
different lights. The spectrum, even when subtended only by the
pigmented macula, is notoriously non-uniform in physiological
brightness both to the light- and dark-adapted eye; but man does
not appear to be thereby handicapped.

Waelchli (1883) held an opinion similar to Hensen's, but seems
to have had the "harmful" effects of short-wave light more
definitely in mind. He saw in the macular pigmentation of the
primates a similar protective mechanism. Waelchli's ideas fore-
shadowed those more definitely expressed by Hess.
Hess believed for several years that the function of the coloured

droplet was the elimination of those actinic rays known to -be
lethal to protoplasm. The clear portions of the eye are exposed
to light, including ultra-violet light, as are no other unpigmented
living tissues. Hess thought that the oil-droplet"4 protected the
sensitive outer segment from harmful ultra-violet irradiation.
Hess himself became dubious of this explanation when he found
himself forced to assume that the cones of turtles would be greatly

13 And see the excellent paper of Bailey and Riley (1931); these authors concluded
that the parakeet Melopsittacus undulatus has essentially the same hue-discriminatory
capacity as man, and found that this bird discriminates blue, green, etc., on a
qualitative basis.

14 And the macular pigment of primates; but no abiotic ultra-violet light reaches
the human retina (Duke-Elder, 1929).
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harmed even bv visible wave-lengths (because even "nocturnal"'11
turtles have richly coloured oil-droplets). He admitted also that
in terms of this theory the lizards, exposed to bright sunlight,
should have much more deeply pigmented oil-droplets than they
possess. Hess pointed out that the xeduction or absence of the
colours in nocturnal birds is correlated with their lessened exposure
to ultra-violet light; but any other supposed need for colour-filters
finds this same support (we maintain that no matter what the
function of intra-ocular filters may be, their absence or great
reduction in nocturnal species is to be expected).
An obvious objection applies here and also to Hensen's theory:

not more than a single type of droplet would be needed, and all
cones should contain such a droplet. An ideal pigmentation (red ?)
should have been evolved long ago and rigidly adhered to, if the
reduction of the chemical effects of certain wave-lengths or the
protection of the percipient organelle from abiotic light were its
function.

Erhard (1924) thinks that while oil-droplet and macular pigments
may be protective in this manner, the same protection could have
been afforded by a capacity for fluorescence of one or more of the
colourless dioptric media. He seems to think that the birds should
have evolved such a fluorescence, as have other vertebrates and
some insects (Hess, 1911a; and see Stiibel, 1911, Merker, 1928),
instead of resorting to the absorption-by-pigment method with the
detrimental effect thereof on colour values.
The fundamental question here is whether any ultra-violet light

within or near the abiotic range (X2950-3050; Verhoeff and Bell
1916) ever actually reaches the vertebrate retina. The human optic
media transmit absolutely no ultra-violet below x3200 (Duke-Elder,
1929); hence the human retina is shielded from these harmful rays
by the unpigmented cornea and lens. In other vertebrates these
tissues might be transparent to abiotic rays, or the absorption
might not be coinplete in the short distances involved in very small
eyes, thus necessitating a more efficacious absorbent in the form
of a pigmented filter-which should, logically, be yellow, orange,
or red.
To ascertain whether abiotic light reaches the retina in a droplet-

bearing eye we performed a simple experiment:
The domestic pigeon was chosen, as a species in which the oil-

droplet mosaic is well developed. An eye was removed from a
15 Few of the many turtles termed "nocturnal" by Hess (1910) are such to any

degree whatever. All are active in daylight, feeding and basking; the Kinosternidae
and Chelydridae are, however, more active at night than other families. Nocturnal
activity does not imply scotopic vision, especially in the case of aquatic animals whose
chemical senses are very keen.
Henning (1920) sees no ophthalmological foundation for scotopic visual capacity in

any of the turtles, but one of us (G.L.W.) has found rods in the retina of Chelydra
sef,entina.
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freshly killed adult bird; with a Gillette blade, a cut was made
posterior -to the equator of the globe and parallel to the plane of
the iris. Much of the posterior wall and the greater part of the
retina were thus removed while the major portion of the vitreous,
uncontaminated by blood, retinal fragments, or the like, remained
in place in the globe. The large anterior moiety of the globe was
now wrung on to a thin (1.5 mm.) quartz disc, which retained the
vitreous and permitted the optic axis to be placed horizontally.
The eye was now placed in the beam from a 12 mm. tungsten

spark (under water); this beam, very rich in ultra-violet, passed
through the cornea, aqueous, pupil, about one-half of the original
thickness of the vitreous, and the quartz plate into a Hilger quartz
spectrograph.

Exposures were made with proper plates at thirty seconds and
at one minute; even with the latter exposure there was no trans-
mission whatever below ,3120 and very little between x3120
and x3150. Since no harmful actinic light can reach the pigeon's
retina, it is obvious that none of the coloured oil-droplets can
possibly be designed to absorb such light. Nor, of course, can
such absorption be a function of the primate macular pigment!
It is possible that in very small eyes (e.g., those of brook lampreys)
the pigment of the lens may share to a valuable extent in the
protection of the retina, but there are many small diurnal fishes
with small eyes, which do nicely without such a pigment16.
The tlheory of Haab (1879) is least reasonable of all. Haab was

struck by the tendency toward mutual exclusiveness of well
developed oil-droplet patterns and visual purple. Vertebrates
which have much visual purple have few oil-droplets, and vice versa
(but this is merely a reflection of the duplicity theory). The un-
tenability of Haab's conclusion-that the oil-droplet pigments
have the same function as visual purple-has been explained by
Garten (1907) and others. The oil-droplet colours are remarkably
light-stable, which Haab himself knew (see Kuhne and Ayers,
1878) and cannot be considered photochemical substances com-
parable with visual purple or with the hypothetical ones required
by the multi-component theories of colour vision17. Moreover, as
Garten points out, the oil-droplet is in a disadvantageous position
in the cell for it to be the locus of a photochemical activity involved
in the visual act.

16 It is worthy of note that most of the filterless diurnal vertebrates are fishes.
Aquatic forms probably receive considerable protection from ultra-violet light through
the high capacity of natural waters for fluorescing such light (see Merker, 1931).
It should be remembered that the vertebrate lens is more fluorescent than any other
part of the body (Stiubel, 1911; Merker, 1928).

17 Hamada (1927) has, however, demonstrated a photochemical difference between
the. oil-droplets of dark- and light-adapted frog cones, expressed in a staining difference
with toluidin blue-erythrosin.
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The above theories view the oil-droplets as neutralizers of physio-
logical defects or as substitutes for other mechanisms; we turn now
to a new set of ideas concerned with the possible values of the oil-
droplets as optical devices for the positive improvement of vision
beyond the level attainable without them.
Hess believed the droplet to act as a spherical lens, concentrating

the longer wave-lengths into an intense pencil directed into the
outer segment, thus putting to work the light which would other-
wise escape past the sides of the relatively slender outer segment
and "go to waste" by being absorbed in the pigment epithelium.
This theory takes no account of the pigments or of their differentia-
tion, but may explain the retention of completely decolourized
droplets by such forms as Heloderma and Xantusia.
Honigmann (1921) considered this concentration a probable

factor in the supersensitivity (compared with the human) of the
retina of the fowl. Erhard (1924) calls attention to the slenderness
of the outer segment as a factor in visual acuity, and points out
that a corollary of increased slenderness is a reduction of the
amount of light entrapped by the cross-sectional area of the outer
segment; the concentrating action of the oil-droplet would counter-
balance this18.

Garten (1907), while he supported the colour-vision theory,
proposed an extra function for the red oil-droplet-the reduction
of chromatic aberration; the shorter wave-lengths, being the more
refrangible, are responsible for the greater portion of the "thicken-
ing"'9 of the image, and their removal would naturally result in
a thinner image, the elimination of blur circles, and a consequent
increase in visual acuity. It is well known that in lithographic
establishments, etc., attempts are made to furnish light as nearly

18 We feel that too much attention has been paid in the past to the diameter of
the outer segment as a factor in the structural basis for the two-point limen. The
diameter of the inner segment is the important value; in such cones as those of man
the gentle curvature of the outer end of the inner segment and of the fibrils of the
"Fadenapparat" is such as to guide light rays into the outer segment without per-
mitting lateral escape. When this is borne in mind, resort to the extreme theory of
Fortin or even to the less unreasonable one of Bard (1919) becomes unnecessary.
The ellipsoid, a single solid body in most cones but represented in human cones by

the "Fadenapparat," has the same action which Hess ascribes to the oil-droplet.
If the condensing action of the oil-droplet is important, one wonders why the ellipsoid
is invariably present even in cones which contain oil-droplets.
We have already mentioned our lack of sympathy with the view that the absence

of pigment in the sturgeon's droplets indicates that the droplet was originally an
achromatic body with a purely dioptric function. The pigment epithelial cells of many
animals contain droplets of yellow oil; these may be genetically related to those
of the visual cells, which may thus have been pigmented from the beginning. In
the frogs, the lowest forms which have pigmented droplets, the pigment and oil of the
droplets in the pigment cells and in the cones are identical (Majima, 1925), and the
same pigment colours the somatic fat (Palmer, 1922).

19 The "thickness" of the image, in our sense, being equal to the linear chromatic
aberration.
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as possible monochromatic; for monochromatic light of any wave-
length should theoretically result in maximal visual acuity (in small
visual fields) if its intensity is of the correct value. Only mono-
chromatic light can eliminate all chromatic aberration. Garten
also speaks of the coloured droplets as eliminating, from the mosaic
image, the scattered short-wave light which succeeds in reaching
the eye through mist-filled distances.
Henning (1920) has elaborated upon Garten's views and adduced

many points to their support. He had previously (1919) called
attention to the effect of red light in increasing visual acuity and
apparent size.
Henning claims that both photography and human vision are

much improved in misty weather by the use of red, orange, or
yellow filters, and that the same improvement is obtained in vision
through water which is in the slightest degree unclear; the longer
waves penetrate best through turbid and watery media of all kinds.
He states that the red and yellow lights of an approaching steamer
are seen first through a mist, and that persons with turbid optic
media find that they can read more clearly if they use red light.
The same effect is produced whether one looks at objects illuminated
with long-wave light without a filter, or at normally illuminated
objects through a long-wave filter.
Henning considers that both the red and yellow droplets share

in this supposed effect, and explains the red droplets of turtles as
primarily for di-aquatic vision and secondarily for vision through
long air pathways. He contends that even land turtles pay much
attention to water and that the vital activities of turtles are largely
carried on in morning twilight conditions2O, and are of such nature
as to require sharp distant vision. Turtles, he says, do indeed
have much better distant vision than other kinds of reptiles.
This author considers the macular pigment of man to have the

function of absorbing blue haze and thus sharpening the image
as does the yellow filter of a camera; it is because of the macular
pigment, he claims, that we see better (?) through mist with central
fixation than with paracentral (this, however is most doubtful, for
the concentration of cones is not at all the same in the two cases).
Henning's hypothetical paleobiological explanation of the

droplet-colour assortments of the various vertebrate groups must
be received with great caution21, and his demonstration of the
inability of birds to "home" when provided with blue goggles
has been shown to be meaningless by Erhard (1924). His most
severe critic, however, is Honigmann (1921), whose objections have
been widely quoted by authors who have not perceived certain
fallacies in them.

20 When the sunlight reaching the animal is reddened by the long air pathway
which it has traversed.

21 And compare the exactly antithetical paleobiological theory of Hulburt (1926).
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Honigmann thinks, like Henning, that long waves penetrate
mists best, but ridicules the idea that a practical benefit would be
derived from a red filter. He contends that Henning implies
that a red glass produces an actual objective increase in the amount
of red light (Henning does, actually, confuse scattering with
fluorescence and states that when white light passes through fog
there is an objective increase of its red content). Mist, Honigmann
claims, cuts out some short-wave light and the filter cuts out some
more, but any benefit to be obtained must come from the elimina-
tion of the chromatic aberration due to the short waves. Honig-
mann says that if chromatic aberration is detrimental we should
see better through mist than through clear air, for the mist cuts
out the rays most responsible for the detrimental effect. He thus
takes no account of the difference in total illumination, nor does
he realize that short-wave light is not per se undesirable-it is
only when scattered short-wave light is mixed with more direct
long-wave rays that it produces that blurring which is not due to
chromatic aberration, and chromatic aberration itself is detrimental
to vision only because both short-wave and long-wave lights are
entering the eye.

Erhard (1924), while not satisfied with any theory, supports
Henning from his own experience with the value of yellow goggles
in improving detail, especially in snowscapes in mountainous
country. He states that the German Navy uses yellow filters in
telescopic instruments in misty weather, and that photography
shows the value of yellow filters even in the clearest weather.
Yellow filters improve vision, Erhard thinks, chiefly by reducing
dazzle and by enhancing contrast in flat22 fields of view.
The situation may now seem confusing to the reader. There

can be no doubt of the value of colour-filters in photography and
vision, but several questions arise: Under just what conditions are
filters of various colours useful? Io what physical phenomena
do they owe their efficacy? Is any extrinsic filter of practical
value in huwnan vision, under any natural circumstances? It may
seem that an affirmative answer to the last question is pre-requisite
to the acceptance of an interpretation of intrca-ocular filters in these
general terms, but it will appear shortly that such is not strictly
the case. The possible effects of a yellow filter are as follows:-
1.-To increase visual acuitv by reducing chromatic aberration.

-Because of their different refrangibility the various wave-lengths
are brought to independent foci by an uncorrected lens system.
The violet rays are focussed nearer, the longer wave-lengths pro-
gressively further from the lens. Moreover, the dispersion i5 not
uniform, but greatest in the violet and progressively less toward

22 In the photographic sense.

664

copyright.
 on M

ay 16, 2023 by guest. P
rotected by

http://bjo.bm
j.com

/
B

r J O
phthalm

ol: first published as 10.1136/bjo.17.11.641 on 1 N
ovem

ber 1933. D
ow

nloaded from
 

http://bjo.bmj.com/


INTRA-OCULAR COLOUR-FILTERS OF VERTEBRATES 665

the red; thus the shorter wave-lengths contribute more to the
thickness of the total image. Any approach toward monochromasy
will improve matters, but if only a part of the spectrum is to be
absorbed, it is logical that the short-wave end should be that part.
Such absorption is accomplished by a yellow filter, and the effect
will be manifest without regard to the character of the medium
looked through23.

Luckiesch (1911) found that with monochromatic lights of equal
subjective brightness the maximum visual acuity was obtained with
yellow ( 5800); short wave-lengths gave lower acuity, as did the
long end of the spectrum. While this phenomenon has nothing
to do with chromatic aberration it points to a fortunate multiple
coincidence: a yellow filter will reduce chromatic aberration con-
siderably while transmitting maximally the very wave-lengths
to which the retina is most sensitive, which, per se, yield the
highest visual acuity. Furthermore, the yellow filter reduces
general illumination minimally since the shorter wave-lengths
have the lowest energy content; hence a minimnum of brightness
is sacrificed.

It apparently needs emphasis (for Honigmann, at least, has
overlooked the point) that short wave-lengths are not in themselves
particularly detrimental to visual acuity, but only when inter-
mingled with longer wave-lengths. As Erhard has pointed out
in rather simpler terms; the predominance of short-wave rays in
nocturnal illumination make it a positive optical fault for scotopic
visual cells to possess an absorbent for such rays. Hence we find
that animals whose yellow filters are homogeneous are restricted
to purely diurnal vision. Only the oil-droplet mechanism, with
its potentiality of having only some receptors provided with filters,
can succeed in nocturnal animals whose eyes are important to
them. Thus some owls have some coloured droplets, which fact
reflects their imperfect nocturnality (see Erhard, 1924). Other
animals which have oil-droplets in all of their visual cells must of
necessity abandon all pigmentation thereof in order to become
perfectly nocturnal (witness Xantusia and Heloderma).
2.-To promote comfort by the reduction of glare and dazzle.-

This is a more or less "intangible" factor but none the less real.
The effect of a filter upon dazzle is not proportional (unless it be
a "smoked" one) to its total absorption coefficient, since the hue-
sensitivity curve of the photopic human eye is sharply peaked in

23 Luckiesch (1911) has called attention to an interesting point. A concave spectacle
placed before an eye reduces chromatic aberration by approximating the violet and
red foci. Such a lens, together with the ocular media, tends to form an achromatic
system. Reduction of the effects of chromatic aberration, in this manner, may
possibly occur in lampreys and snakes-provided of course that the refractive indices
of the lens, cornea, "Brille," and the curvatures of the latter are suitable.
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the yellow region-and we have noted also that the birds are
especially sensitive to long visible wave-lengths. A yellow filter
would, therefore, have less effect upon dazzle than a red one of
equal density, but perhaps represents a compromise since a red
filter would greatly alter chromatic values and might absorb too
much photic energy under average conditions.

Scattered light, in nature, is largely of short wave-lengths; if
sufficiently bright a true glare results, which a yellow filter will
obviously minimize.
3.-The enhancement of detail by the absorption of "blue haze."

-In photography, even with apochromatic lenses, a yellow filter is
still found valuable for increasing detail. This effect, present
of course also in vision, is due to the absorption of the
scattered, unfocussable blue light which pervades the atmosphere
and tints the sky. Even when insufficiently bright to bring about
glare, this light is responsible for a blurring of the image.

4.-The enha'ncement, of contrast has several phases. The
elimination of the blue of the sky increases the visibility of objects
seen against that background. Most filter-bearing vertebrates have
much to fpar from aerial foes, and arboreal forms such as the
squirrels must welcome any increase in the visibility of the slender
branches toward which they leap. These same twigs must be
clearly seen and avoided by birds flying among them.
More general contrast-producing effects of yellow filters have

been emphasized by Erhard. We would point out still another
property peculiar to the oil-droplet mosaic and resident in the
arrangement of the coloured droplets: the predominance of yellow
droplets in the ventral portion ("yellow field") of the pigeon's
retina is especially convenient for the production of contrast against
the sky. The heavy concentration of red droplets in the dorsal
quadrant ("red field") perhaps enhances the visibility of objects
seen from the air against the green surface of the earth. While
this situation is by no means widespread among birds, as is
frequently assumed, such regional differences in the oil-droplet
pattern have their only obvious interpretation in terms of contrast
production.

The non-oil-droplet types of yellow intra-ocular filters must also
perform the above functions in greater or lesser degrees. The very
fact that a red filter is relatively uncommon indicates that its special
functions are secondary and less widely demanded.' We will
shortly consider what those functions may be.
The filter-bearing vertebrate must compromise between the

advantages of some differential absorption and the disadvantage
of cutting out so much light as to dim its vision appreciably.
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The level at which the balance is struck will depend upon the habits
of the animal. Thus the "sun-worshipping" prairie-dog, Cynomys
ludovicianus, and ground-squirrel, Citellus t. tridecemlineatus, have
deeply and equally pigmented lenses. The chipmnunk (Tamias
striatus lysteri),. the red (Sciurus hudsonicus loquax) and fox-
squirrels (S. niger rufiventer) and the woodchuck (Marmota monax
rufescens), all of which24 favour light timber or the edges of woods,
have lenses less deeply coloured. The grey-squirrel (S. carolinensis
leucotis), which prefers heavy timber, has a still paler lens; and
the lens of the (nocturnal) flying-squirel (Glaucomys v. volans) is
perfectly colourless. The snakes exhibit the same correlation
(see Walls, 1931), but here the degree of pigmentation also shows
a relation to the activeness of the species-possibly a coincidence,
but we think meaningful; a swift animal, other things being equal,
naturally needs keener vision than does a sluggish relative.

Because only a rather deeply coloured filter is found to improve
human vision appreciably under certain experimental conditions,
some may be led to question the efficacy of natural filters (on the
ground that they are "too pale") in producing any or all of the
above effects to a really valuable extent. Two points must be
kept in mind when debating this matter. In the first place, the
human eye is already provided with an intrinsic yellow-filter
system25. We cannot judge how much our vision would suffer
if this system were not present, and we must not expect a pale
extra-ocular filter to add much, for it constitutes a minor part of
the total absorbent complex. As is shown clearly by cone-to-rod
ratios, man is not the most strictly diurnal of the primates; merely
because human vision can be improved in bright light by an extra-
ocular yellow filter, that is no indication that the human macula
lutea is "imperfect" as an aid to vision and that therefore it must
have some function other than those proposed here for natural
yellow filters in general. Any such conclusion must be held
strictly in abeyance until the extent of macular pigmentation in
the more cone-rich primates has been learned.

Referring to their previous work (1925) -in which a thin layer
of saturated potassium bichromate solution was found to increase
visual acuity when employed as a filter, Luckiesch and Moss
(1931) say-

"It was found that no great increase in visual acuity resulted
from the elimination of the light of short wave-lengths. In general,

24 The lenses of these four forms are all matched by a 2 mm. layer of Noviol "0"
glass (see Walls, 1931); The American Opt-ical Company informs us that this glass
transmits 79 per cent. of the total energy of the visible. This should be somewhere
near the value for the animal lenses.

25 -Which includes, not only the macular pigment and the capillary network, but
also the yellow colouration of the lens-a senile change, but one which is so usual in
persons past thirty years of age as almost to deserve to be considered physiological.
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the increase in visual acuity approximately compensated for the
decrease due to lesser intensity of illumination as the filter was
increased in density. This not only tends to establish the un-
importance of spectral character in seeing colorless objects, but
also shows that there is no appreciable advantage in eliminating
the blue end of the spectrum."21
These remarks apply to human vision under indoor conditions,

but it is not to be supposed that they would hold true of an eye
deprived of its intrinsic filters. Luckiesch's claim that ". . . the
use of colored lenses without increasing the candle-power of the
light-source results in a net loss in, the ability to see" holds good
for ordinary artificial lights, but under the much brighter outdoor
conditions the loss of intensity brought abouit by even a deeply
coloured filter is no sacrifice, and the benefits of the filter are fully
enjoyed'7.
That extra-ocular colour-filters are of very real value in human

vision under natural outdoor conditions is shown by the experience
of the United States Navy. Mr. Laurence Radford of the Bureau
of Ordnance, to whom we applied for information, replied as
follows:
"The Navy uses both red and yellow color filters in optical

instruments. Both are made of Corning Glass. The red cuts
quite sharply at about X6000-6200 and the yellow at about x5100-
530028. These filters are used because much experience has shown
that they are helpful, and the particular filters selected were chosen
after considerable study, both experimental and theoretical.

"In my opinion these filters are effective for our purposes
because they reduce glare due to scattered light and minimize the
effects of the chromatic aberration of the eye, and for these reasons
almost exclusively. These two effects are produced more intensively
by red than by yellow filters, i.e., the amount of scattered light
transmitted by the red is much less than by the yellow because
the latter transmits the green; and with the red filter the effect of
chromatic aberration is practically eliminated. But there are
conditions when the red filter cannot be used effectively, perhaps
because of insufficient intensity of illumination, or perhaps because

26 They say: "Certainly (chromatic aberration) is a defect of vision but, excepting
in special cases, it is of little or no importance"; but cf. Hildreth (1932)-the linear
chromatic aberration of the human eye has been variously computed as from one to
four dioptres.

27 Coblentz (1932) found that the darker shades of tinted commercial optical glasses
increased visibility outdoors, though he considers the effect solely due to the absorption
of blue haze. Coblentz claims that a filter must transmit only a narrow band of wave-
lengths in order to increase visual acuity through an effect on chromatic aberration;
we cannot agree.

28 These figures are intriguingly close to those reported for the oil-droplets of the
fowl by Roaf (1929a, b), who found that the red droplet absorbs up to ca. A5800-5900,
the yellow up to A5150-5250.
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it would reduce the color contrast. Hence the two colors, giving
us essentially the choice of two degrees of the same effect."

Further evidence of the value of yellow filters in human vision
is afforded by rifle marksmen, many of whom have long been con-
vinced that such filters improve definition. Mr. F. H. Edmonds,
a Washington optician who has experimented with filtering
goggles for Army rifle teams, tells us that his experience indicates
that Noviol "C" glass effects a maximal net improvement in visual
acuity. Many marksmen have particular preferences, however;
a former national champion informed us that he favoured an amber
(Hallauer 63) glass as it eliminated headache due to the dazzle
and glare, but had not chosen the glass for its effect on visual
acuity as his unaided sight was exceptionally keen.

Still another, purely aesthetic application of yellow glasses is in
landscape viewing (Laurance, 1920).

The functions of red filters, as exemplified by the red oil-droplet,
are not so simply expressible. If the intensity of illumination is
sufficiently high, or/and the sensitivity. of the retina is especially
great for long wave-lengths, the red droplet will perform-even
better-the functions of combating chromatic aberration, blue
haze, and dazzle ordinarily cared for by yellow filters. On the
other hand, contrast effects will be hindered rather than promoted,
due to the limitation of perceptible chromatic values, and this
alteration will also be detrimental to colour vision in its ordinary
sense.
As suggested by Mr. Radford's statements (v.s.), the red and

yellow oil-droplets may be considered to afford two different
degrees of the same effect-the two filters being only inter-
changeable in a telescope, but simultaneously available in the eye
of the bird or turtle.
Without going further we can now understand the exclusion

of red droplets from the avian fovea. The bird cannot permit such
alteration of colour values and cannot chance a detrimental dim-
ming of vision in that area. The extra-foveal duplicity of the
coloured droplet mosaic affords a maximal benefit over a con-
siderable range of intensity-the yellow cones playing the more
important part in ordinary illuminations and the red ones coming
into play especially in very bright sunlight.

Analysis of the behaviour and environment of the diurnal birds
points at once to a special situation in which a red filter becomes
of advantage. Birds are markedly matutinal, and in the twilight
period in which their activities are concentrated there is a pro-
nounced reddening of the incident sunlight due to Rayleigh
scattering in its greatly lengthened path. The red droplets of the
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birds are especially valuable at this time; they undergo a change
of function as the sunlight becomes brighter and whiter, taking
on then the function of supplementing the action of the yellow
droplets to a degree dependent on the brightness of the sunlight.

Indirect evidence of this special matutinal function is afforded
by the situation in the diurnal raptorial birds. Hawks and their
allies are incapable of their typical high flights and soaring until
lifting air currents have been produced by the rising sun. These
prey-seeking activities, placing the heaviest demand upon the
keenness of sight, do not commence until about 9 a.m. sun time,
when the ruddy glow of early morning is gone. This, we believe,
accounts for the relatively very low proportion of red droplets in
such birds (see Erhard, 1924)29.
Turning for a moment to the turtles let us consider the questions

posed by their red droplets. The majority of turtles are partly
or wholly aquatic; if we assume for the moment that their red
droplets are an adaptation for underwater vision it may be reason-
ably asked why red filters are lacking in fishes. The pure-cone
character of most chelonian retinae, together with the many points
of superiority in the turtle's ocular anatomy, make it probable
that minor refinements of vision would be worth while in this
group. But in the fishes the coarseness of the cone mosaic and
the size of the cones precludes the attainment of a really high
visual acuity by the use of any accessory device. Moreover, the
use of any but an oil-droplet filter makes necessary the choice of
a single "all-purpose" colour, and the colour evolved will naturally
be the one with the widest usefulness, i.e., yellow.

It has been claimed that human underwater vision is improved
by an extrinsic red filter. We have been unable to find any
special physical reason for such an effect and can only suggest
that, if the intensity is very high, afly benefit would derive from
the selfsame properties such filters possess in aerial vision.
Only two possible factors could endow a red filter with

advantages peculiar to underwater use thereof. If Rayleigh
scattering were produced in natural waters by minute (i.e., <.75p)
particles, the red rays would be transmitted in the best focussable
condition and a red filter would then be needed to deal with the
scattered zone of the spectrum, which would then include longer
wave-lengths than blue. If such scattering occurred, however,
objects seen through water would appear ruddy as they do through
a smoke haze-and such is not the case. The blue colour of

29 Relatively few red droplets are present in woodpeckers, also (Erhard); these birds
are notoriously poor fliers and do most of their seeing at very close range, where a
red filter would be of no value. In the one woodpecker in which we were able to
study the fresh fovea (Dryobates pubescens medianus), the fovea was verv shallow.
The paucity of red droplets in swifts, etc. (see Krause, 1894) is probably related to
their crepuscularity.
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INTRA-OCULAR COLOUR FILTERS OF VERTEBRATES 671

deep water, unlike that of smoke and the sky, is an intrinsic
colour.

If red rays suffered much less extinction in water than others
there might be benefit from a red filter. Hulburt (1926) claimed
that yellow filters were transmitted best through 40 metres of sea
water and there is abundant evidence that the shortest rays are
the last to be extinguished at great depths; but it has never been
claimed that red rays are transmitted best to any level. They are
the first visible rays to be extinguished, the shorter and shorter
wave-lengths penetrating deeper and deeper until only violet
(Grein, 1912) or blue (Hulburt, 1932) is left.
Henning has stated that human vision through turbid aqueous

media is aided by a red filter. Natural waters, however, are
rarely if ever rendered turbid in a way which would produce the
Rayleigh effect. We have consulted the two American manu-
facturers of diving equipment; neither knew of any experimental
evidence of a beneficial effect of any type of filter in underwater
vision. Reighard (1907) employed yellow filters in diaquatic
photography, but was not sure that they were really helpful.
The "blue translucence" which, according to Reighard, envelops
objects seen horizontally under water at distances greater than a
few feet, might be combated with a yellow filter; but any benefit
would be due chiefly to contrast effects. At considerable depth,
under a very bright sun, a pale blue filter30 might even be helpful
-but never a red one.

If the red droplets of turtles were primarily adaptive to under-
water vision, such droplets would be unnecessary, even detri-
mental, to strictly terrestrial turtles. But we have found a desert
turtle, Gopherus polyphemus, to have as well-developed ruby
droplets as any aquatic form. Chelydra serpentina, also, has
numerous large red and orange droplets though this species is a
mud-loving scavenger and has little need for good vision through
water. If the relatively recent Xantusia has been able to de-
colourize its droplets, and the still mnore recent snakes, during
their early evolution, were able to discard them completely, it
would seem that such ancient forms as the land turtles must have
had ample time to get rid of red pigment if the latter became
useless, or worse, when the desert habitat was adopted.

Again, if the red droplets of turtles were- of special value under
water, an exceptionally high proportion of such droplets would
be expected in diving birds. Erhard (1924) found, indeed, that
in the fundus of a European kingfisher 60 per cent. of all the
droplets were red, as compared with an average of only 20 per
cent. for five other miscellaneous passerine species. A duck

30 Reighard mentions that Boutan once adopted blue filters in his underwater
photographic work, but later abandoned them.
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(Nycora fuligula) and a heron (Ardea c. cinerea), however, each
had only 20 per cent. reds. The European water ouzel showed
24 per cent.red droplets. This bird has no structural adaptations
for aquatic activity, whereas the kingfisher is beautifully adapted
for plunging31. Thus the low number of red droplets in Cinclus
might seem a part of the general lack of aquatic specialization-
were it not for the similar low numbers in Nycora and Ardea.
It appears safe to say that the "extra" red droplets in Alcedo are
not adaptive to underwater vision; their probable meaning will
be considered later.

It is widely supposed that red light penetrates fog differentially
well. Unless smoke is present, however, there is no such effect
(see Granath and Hulburt, 1929). Red light would get through
fog better than other visible wave-lengths if the water particles
were less than 0.75,u in diameter, but this limit is exceeded by even
the smallest natural fog particles (Houghton, 1931, 1932). The
reddening of horizontal sunlight is due to Rayleigh scattering by
particles of molecular size or but little larger, and no such redden-
ing occurs in clean, true mists or fogs. There is no possibility
that red oil-droplets aid vision through true mist, as Henning
claims32.
The red droplets of turtles are certainly of no value in mist,

and of less value under water than in clear air. The Navy's
experience affords, we believe, the clue to their function:

In clear weather glare over water is especially severe due to
reflection from the surface. The turtles, unlike other diurnal
vertebrates, must do most of their seeing over water with the
eyes at little or no height above it. Their problem is thus
essentially identical with that of the Navy-and their red and
yellow (or orange) droplets equip them to meet it in the same
way, with the advantage that the turtle's two filters are inter-
changed for him automatically. Even Chelydra basks and needs
its red droplets at such times. The retention of the red droplets
by desert tortoises is now comprehensible, for they have a glare
problem which most terrestrial animals never encounter. So also
with the kingfisher, whose red droplets must be capable of per-
forming the extra function of defeating the glare which interferes

31 And Kolmer (1924) has noted gross features of the eye itself, in Alcedo a. attis,
which he considers adaptive to diaquatic vision.

32 In England the use of yellow fronts on automobile "fog lamps" and of temporary
headlight colourants, such as the proprietary "Mortifog," is fairly common. The
coloured light-beam produced owes its fog "penetrating" power solely to its lowered
intensity. The glare from a brilliant beam in fog results in lower visibility than is
obtained with a downward-directed beam of less intensity. Many American motorists
prefer to use their auxiliary dim lights when driving in fog. 0

In this connection, note a statement in Mr. Radford's letter to us: "We do not,
of course, expect to see through fog with either filter for . . . fog particles are too large
to show selective scattering in the visible region."
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with the clear perception of the prey from the bird's observation
station a few feet above the surface.
We have stressed the functional divorce of the distinct oil-

droplet colours. The average (e.g., human) rod-and-cone retina
(extra-foveally), is spoken of as duplex; it is perhaps logical to
speak of the droplet-bearing retina (again, extra-foveally) as
multiplex in much the same sense, for the independent sets of
similar cones are each of maximum value under some particular
set of conditions33. The red, yellow, colourless, etc., cones,
interpreted by a "multiplicity theory," are seen to be relatively
independent mechanisms just as the simpler cone- and rod-
mechanisms of droplet-free vertebrates are independent. External
conditions will not be optimum for more than one mechanism of
a "multiplex" retina at any one time-which is true also of the
"duplex" retina. The mosaic of any one colour of cones, how-
ever, is sufficiently fine-grained34 to afford a minimal visual angle
comparable with that of the extra-foveal cone mosaic of duplex
retinae. The colourless cones become functionally prominent in
dim diurnal illuminations and afford a transition between the
coloured bright light mechanisms and the rod-system. Even in
bright light colourless cones will naturally aid in preserving
chromatic values which the pigmented cones tend to suppress.
We have so far said nothing as to the orange droplets which

are prominent in turtles and occur also, along with reds and pure
yellows, in birds. The more distinct categories of droplets
found in a given retina, the more the colour-vision theory seems
to be strengthened, but we interpret the orange droplet as simply
a transitional mechanism bridging the functional gap between
the red and yellow systems.
We can offer no explanation as to why these three types of oil-

droplets are so distinct as to colour, size, height above the external
38 Blasser (1926) considers the partial blue-blindness of the fowl to be due to

"additive" absorption in the red and yellow droplets. He implies that there is some
neurological mechanism which brings about the same result as though the red and
yellow droplets occurred in tandem in a single cone. Hess and others speak of the
bird and turtle as "seeing the world as we would if we looked through an orange
glass"-assuming that the actions of the red and yellow droplets are in some way
blended so as to simulate the effect of a homogeneous intermediate (i.e., orange screen).
We can imagine no such neurological mechanism as this view demands. The most

intimate relation possible for two differently-coloured single cones is to be in synapsis
with the same bipolar neuron. The result would be analogous to illuminating a room
through two windows of different colours-not a single window made of two super-
imposed panes of different colours. Blasser. Hess et al. have igniored the difference in
the laws of hue- and of pigment-mixture; they are perhaps misled by the manner in
which orange is produced by the red and yellow dots of a multicolour process
illustration. Rochon-Duvigneaud (1929), at least, has clearly perceived this fallacy.

34 Diurnal birds have very few rods and most turtles none at all. A pair of
adjacent cones containing oil-droplets of the same colour are thus at least as close
together as two adjacent extra-macular human cones. This does not hold, of course,
in cases where a given type of droplet has lost its importance and degenerated, e.g.,
the few widely scattered red droplets of the swifts, etc.
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limiting membrane, etc.; the cones which differ as to colour of
droplet differ also in other respects, and this differentiation is a
mystery at the present time. But "intermediate" types of visual
cells almost never occur along with the distinct cones and rods
of duplex retinae, which, in similar fashion, replace each other
functionally as illumination-conditions change. A smooth func-
tional replacement of one mechanism by another does not then
necessitate a structural intergrading of the two mechanisms.
Were it not for the very distinctness of oil-droplet types the
colour-vision theory would not seem so plausible, but the distinct-
ness does not constitute an obstacle to the "multiplicity" theory
presented here.
Many investigators of bird's retinae have remarked on the fact

(confirmed by our own observations) that an orange droplet is
very frequently paired with a red one, the two being so close
together as to make it seem that they are in the two members of
a double cone3. The meaning of this pairing is not clear; but
that the red and orange droplets are of most importance (apart
from early morning) under the brightest conditions, the yellows
of chief importance under more ordinary outdoor illuminations,
is .indicated by the observation of Kuhne (1882, p. 107), that each
red-orange pair of cones is surrounded by heavy retinal pigment,
while less of the latter is present in the neighbourhood of the
cones which contain yellow oil.
The occurrence in a few birds, as recorded by others and noted

by us in the Flicker, of some yellowish droplets, which are really
more green than yellow, or of a separate set (f truly green
droplets, is wholly mysterious to the writers. Such droplets
probably pass a band of wave-lengths practically as wide as do
the pure yellow ones, but curtailed somewhat at the red end.
While green droplets fit nicely into the colour-vision theory of
oil-droplet function, they are exceedingly rare and have no place
in our own theory; we must leave their interpretation to a wiser
future.
To sum up: Any colour-filter is worse than useless in scotopic

vision. Natural yellow filters in general, including all yellow
and orange oil-droplets whether found alone or combined with
red ones, have a quadruple beneficial effect on photopic vision
under average outdoor conditions. They do not help to endow
the animals with colour vision-they modify it. They are not
designed to equalize the actinic power of wave-lengths, nor do
they protect the visual cell outer segments from ultra-violet light.
None of the pigments concerned can be considered photochemical
substances comparable with visual purple, etc.

X5 This is probably not the case, however; sectioned material rarely if ever reveals
a double cone both cells of which contain oil-droplets.
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Red oil-droplets perform, incidentally, most of the functions
of yellow filters-even better than the latter when the objective
light intensity is very high, but introduce an undesirable curtail-
ment of the range of the subjective chromatic spectrum, and
become inefficient in "comfortable" illuminations except where
the amount of scattered medium-wave light is great, as at the
twilight periods. For these reasons they are never found alone,
but always accompanied by large numbers of paler droplets which
bear the brunt of the work of vision under ordinary conditions.
The primary importance of red droplets, in birds, is in sharpening
vision in the reddened illumination (with its accompaniment of
scattered violet, blue, and green light) of their favourite matutinal
period of great activity. In turtles (and the kingfisher?) their
primary function is to reduce the excessive glare which interferes
with sharp vision over water. A red oil-droplet is of no value
in natural mist or under natural waters.
Those diurnal vertebrates which rely upon lenticular, corneal,

macular, and capillary filters must of necessity choose a single
optimum colour and density, and accept a resultant limitation of
those activities in which their visual capacities are important.
The oil-droplet type of filter, however, permits of the develop-
ment of a functionally multiplex photopic apparatus, with a
resultant wider range of adaptation to varying illumination con-
ditions. Because many cones would not be maximally efficient
under any one static set of conditions, only very cone-rich retinae
can afford to evolve a multiplex oil-droplet mosaic-and it is in
such retinae that the multiplex system finds its highest expression.

To be continued.

THE CILIARY MUSCLE AND DESCEMET'S
MEMBRANE

BY

H. DE VILLIERS
LATE DISTRICT SURGEON, LAINGSBURG, SOUTH AFRICA

SIR ARTHUR THOMSON in The Ophthalmoscope Vol. IX, 1911,
described the action of the ciliary muscle on the scleral spur, at
the angle of the anterior chamber, with a pump-like effect. It is
probably a tribute to his work that to-day it is generally taught
that the anterior attachment of the ciliary muscle is to the scleral
spur.

(Vide: Cunningham's "Anatomy"; Gray's "Anatomy";
Buchanan-"Manual of Anatomy"; Duke-Elder-"Text-book of
Ophthalmology I.")
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