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Abstract The spectral absorption characteristics of the
retinal photoreceptors of the blue tit (Parus caeruleus)
and blackbird (Turdus merula) were investigated using
microspectrophotometry. The retinaec of both species
contained rods, double cones and four spectrally distinct
types of single cone. Whilst the visual pigments and cone
oil droplets in the other receptor types are very similar in
both species, the wavelength of maximum sensitivity
(Amax) of long-wavelength-sensitive single and double
cone visual pigment occurs at a shorter wavelength
(557 nm) in the blackbird than in the blue tit (563 nm).
Oil droplets located in the long-wavelength-sensitive-
single cones of both species cut off wavelengths below
570-573 nm, theoretically shifting cone peak spectral
sensitivity some 40 nm towards the long-wavelength end
of the spectrum. This raises the possibility that the
precise Apax of the long-wavelength-sensitive visual pig-
ment is optimised for the visual function of the double
cones. The distribution of cone photoreceptors across the
retina, determined using conventional light and fluores-
cence microscopy, also varies between the two species
and may reflect differences in their visual ecology.
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Introduction

In addition to a single class of medium-wavelength-
sensitive (MWS) rod and a single class of long-
wavelength-sensitive (LWS) double cone, the retinae of
most birds contain four classes of single cone with
maximum sensitivity to different regions of the spectrum.
The use of spectral filters (oil droplets) to narrow cone
spectral sensitivity functions (Baylor and Hodgkin 1973;
Neumeyer and Jager 1985; Kawamuro et al. 1997) sug-
gests that the maximum number of spectrally distinct
single cone types, and the spectral location of their
wavelength of maximum sensitivity (Anax), are con-
strained in birds to some extent by (1) the range of rele-
vant wavelengths useable in vision reaching the retina,
(2) the need to minimise potentially disadvantageous
excessive overlap between adjacent chromatic channels
(Barlow 1982), and (3) the need to space receptor sensi-
tivities evenly across the visible spectrum (Vorobyev and
Menzel 1999). Indeed, the spectral absorption charac-
teristics of retinal photoreceptors measured in the few
species of bird studied to date using microspectropho-
tometry are broadly similar (see Bowmaker et al. 1997
for review; also Hart et al. 1998, 1999; Das et al. 1999).

Nevertheless, there is considerable variation between
species in the A,,x values of the visual pigments ex-
pressed in certain cone types. For example, the visual
pigment found in cones with a transparent (T-type) oil
droplet, which shows no detectable absorption of
wavelengths between at least 330 nm and 750 nm, has a
Amax value between 403 nm and 426 nm (violet sensitive,
VS) in the duck Anas platyrhynchos (Jane and
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Bowmaker 1988), domestic turkey Meleagris gallopavo
(Hart et al. 1999), pigeon Columba livia (Bowmaker
et al. 1997), chicken Gallus gallus (Fager and Fager
1981; Yoshizawa and Fukada 1993; Bowmaker et al.
1997), penguin Spheniscus humboldti (Bowmaker and
Martin 1985) and Japanese quail Coturnix coturnix
Jjaponica (Bowmaker et al. 1993), but between about
355 nm and 380 nm (ultraviolet sensitive, UVS) in the
Pekin robin Leothrix lutea (Maier and Bowmaker 1993),
zebra finch Taeniopygia guttata and budgerigar Melo-
psittacus undulatus (Bowmaker et al. 1997), European
starling Sturnus vulgaris (Hart et al. 1998) and canary
Serinus canaria (Das et al. 1999).

Whilst this UVS/VS dichotomy constitutes the
greatest variation observed to date within a single cone
type, other more subtle variations exist. Understanding
why these variations exist depends entirely on complete
and high quality data from more species. Here, we
provide microspectrophotometric data for two species of
passerine, the blue tit (Parus caeruleus L. 1758) and the
blackbird (Turdus merula L. 1758). These two species
were chosen mainly because they exhibit different for-
aging strategies: blue tits are generally arboreal (Lack
1971; Moreno 1981), whereas blackbirds are ground
feeders (Hillstead 1944; Cramp et al. 1988). We show
that, whilst the spectral absorption characteristics of the
other photoreceptors are very similar, there is a clear
difference in the A,,, values of the LWS cone visual
pigment between species. Furthermore, we provide
measurements of the transmission of the ocular media
and the relative abundance of the different cone photo-
receptors across the retina of these two species.

Materials and methods

Animals

Wild-caught adult blue tits and blackbirds were kept in unheated
outdoor aviaries illuminated with natural skylight filtered by
translucent Perspex roofing. Their diet consisted of a proprietary
insect-based feed (Orlux soft bill, Belgium), daily supplements of
two to three mealworms and, in the case of blue tits, sunflower
seeds and peanuts. Captive birds are susceptible to the depletion of
carotenoids in the coloured oil droplets of retinal cone photore-
ceptors (Hart et al. 1998), so all microspectrophotometric record-
ings were made within two months of the capture date.

Microspectrophotometry

Birds were held in darkness overnight and killed by approved hu-
mane methods (cervical dislocation followed by decapitation).
Preparation of retinal tissue for analysis using a microspectro-
photometer (MSP) was as described elsewhere (Hart et al. 1998,
1999). Photoreceptors were mounted in a solution of phosphate-
buffered saline (PBS; Dulbecco ‘A’ tabletised PBS made to a
concentration of 340 mosmol kg™!, Oxoid, Basingstoke, UK)
diluted 1: 3 with pure glycerol (BDH) and adjusted to pH 7.3 using
1 mol I"! NaOH. Separate retinal preparations were made for
the measurement of oil droplet absorption spectra and these
samples were mounted in pure glycerol. Absorption spectra (330—
750 nm) of individual photoreceptors were measured using a
computer-controlled, wavelength-scanning, single-beam MSP, the

construction and operation of which has been described in detail
elsewhere (Hart et al. 1998).

Dimensions of the measuring beam were adjusted according to
the size of the photoreceptors and varied from approximately
1 um X 1 um for UVS cones and oil droplets to 2 pm x 10 pm for
rods. Rod outer segments were typically 34 um in diameter and
15-20 pm in length. Dimensions of measured cone outer segments
ranged from about 2 yum X 2 um up to 5 pm x 5 um, UVS cones
being the smallest and double cones the biggest. Cone outer seg-
ments were often folded over upon themselves or otherwise dis-
torted and, consequently, it was difficult to estimate either true
length or transverse pathlength. For this reason, specific absor-
bances per micrometer of cone outer segment were not calculated
and absorbances measured at the A, of the mean difference
spectrum are given instead (Tables 1 and 2, which also list diam-
eters of the different oil droplet types).

Analysis of visual pigment absorbance spectra

Baseline and sample scans were made from tissue-free and cellular
samples, respectively. Data were recorded at each odd wavelength
on the ‘downward’ long-wavelength to short-wavelength spectral
pass and at each interleaved even wavelength on the ‘upward’
short-wavelength to long-wavelength spectral pass. A single scan
consisted of two downward and two upward spectral passes in
alternate succession, and spectral passes of the same ‘direction’
were averaged together.

In order to minimise in-scan bleaching, only one sample scan of
each outer segment was made, but this was combined with two
separate measurements of the baseline absorbance spectrum. Av-
eraging the two absorbance spectra obtained in this way improved
the signal-to-noise ratio of the spectra used for determining visual
pigment An.. values (Bowmaker et al. 1997). Because of their
smaller diameter, and the resultant reduction in signal-to-noise ratio
of the spectra obtained, three pairs of sample and baseline scans
were made from outer segments containing UVS visual pigment.
In-scan bleaching of UVS visual pigments was less of a problem
because of the reduced light flux from the monochromator light
source at ultraviolet wavelengths.

Having recorded absorbance spectra from outer segments, the
visual pigments were bleached with white light for 5 min and an
identical number of sample and baseline scans made subsequently.
The post-bleach average spectrum created in this way was deducted
from the pre-bleach average to create a difference spectrum for
each outer segment.

Baseline and sample data were converted into absorbance values
at 1-nm intervals. Absorbance is a logarithmic measure of light ab-
sorption and is defined as the log of the ratio of the intensity of the
light incident upon a sample to the intensity of the light transmitted
by the sample or, alternatively, as —log;o (7) where T'is transmission
(1-absorptance). Absorbances are additive (doubling the pathlength
doubles the absorbance) but when normalised, the shape of an ab-
sorbance spectrum remains unchanged regardless of concentration
or pathlength. Absorbance is not to be confused with absorptance,
which is the ratio of the intensity of light absorbed by a sample to the
intensity of light incident upon it. The shape of an absorptance
spectrum will be dependent upon the concentration and pathlength
of the sample. Upward and downward scans were averaged by fitting
a weighted (delta function), three-point running average to the ab-
sorbance data, i.e. the two absorbance values on either side of a
datum were averaged and this mean averaged with the datum. This
eliminated separation of the upward and downward spectral passes
caused by in-scan bleaching, resulting in a more accurate estimate of
the Amax Whilst increasing the apparent full-width at half-maximum
(FWHM) bandwidth by only ca. 1 nm (Hart 1998).

Pre- and post-bleach absorbance spectra were then normalised
to the peak and long-wavelength offset absorbances obtained by
fitting a variable-point unweighted (‘box-car’) running average, the
number of points being determined by the signal-to-noise ratio of
the data (Hart et al. 1998). The An,.x was determined using the
polynomial of Partridge and DeGrip (1991) or, for UVS visual



pigments, that derived from the data of Stavenga et al. (1993) and
Palacios et al. (1996) by Hart et al. (1998). Specifically, each point
on the long-wavelength limb of the absorbance spectrum with an
absorbance between 80% and 20% of the normalised maximum
was used to estimate the A, the average of all these estimates
being taken as the best estimate of the A, of the visual pigment
(Partridge and DeGrip 1991).

Spectra were retained for further analysis only if they satisfied
the acceptance criteria described and justified elsewhere (Levine
and MacNichol 1985; Hart et al. 1998, 1999). Criteria were relaxed
for UVS cones, these being so rarely encountered, and all spectra
from cells that were shown to be photolabile were included. Ac-
ceptable spectra from each photoreceptor type were averaged and
reanalysed.

Analysis of oil droplet absorption spectra

A single sample scan was made from each oil droplet and combined
with a single baseline scan. Each scan consisted of only one
downward and one upward spectral pass, which were not averaged
together. Sample and baseline data were converted to absorptance
and normalised to the maximum and long-wavelength-offset ab-
sorptances obtained by fitting an 11-point, unweighted running
average to the data (Hart et al. 1998). Oil droplets are described by
their ‘cut-off wavelength’ (4¢y¢), Which is the wavelength of the in-
tercept at the value of maximum measured absorptance by the line
tangent to the oil droplet absorptance curve at half maximum
measured absorptance (Lipetz 1984). For comparison with other
studies (e.g. Partridge 1989), the wavelength corresponding to 50%
maximum measured absorptance (4yn;q) (Lipetz 1984) is also given
(see Tables 1, 2).

Spectrophotometry of ocular media

Absorbance measurements (200-800 nm) of the ocular media
(cornea, aqueous humour, lens and vitreous humour) were made
from whole eyes using a Shimadzu 2101 PC UV-VIS scanning
spectrophotometer (Shimadzu, Japan) fitted with a Shimadzu ISR-
260 integrating sphere assembly. Following enucleation, a small
circular ‘window’ was created in the posterior pole of the eye by
removing a portion of the sclera opposite to, and of approximately
the same size as, the cornea. Careful dissection ensured that a
negligible amount of vitreous remained attached to the section of
retina removed along with the sclera.

The intact eye of the blue tit was placed in a rectangular alu-
minium insert, designed to fit inside a standard (10-mm pathlength)
quartz cuvette, in which a 6.8-mm-diameter hole (the same diam-
eter as the eye) had been drilled to coincide with the measuring
beam of the spectrophotometer and in which the eye could be
positioned in its normal orientation relative to the incident light.
Thin plastic rings were lodged inside the insert hole in front of and
behind the eye to prevent movement.

The eye of the blackbird was measured in a similar fashion, but
using a modified ‘cuvette’. This comprised a Perspex cylinder of
length 17.0 mm and internal diameter 15.8 mm, sealed at either end
by glass coverslips (19 mm diameter, no. 0 thickness) held in place
with silicone sealant. The internal diameter of the cylinder was
reduced, using concentric rings of flexible plastic, to ensure that
eyes were held perpendicular to the path of the measuring beam
and did not move during measurement. Care was taken to avoid
compression of the eye which would alter it’s length along the optic
axis. Identical inserts and cuvettes were placed in the reference
channel of the spectrophotometer. Eyes were bathed in, and mea-
sured relative to, 340 mosmol kg™' PBS.

Topographical spatial distribution of cone photoreceptors

One bird of each species was dark adapted for at least 1 h prior
to sacrifice. Eyes were removed under infra-red illumination,
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hemisected and left to soak in 340 mosmol kg™' PBS for 1 h to
encourage detachment of the pigment epithelium from the neural
retina. Retinae were subse(iluently fixed for 1-2 min in 10% para-
formaldehyde in 0.1 mol 17" phosphate buffer and divided into four
quadrants (posterior dorsal, PD; anterior dorsal, AD; posterior
ventral, PV and anterior ventral, AV) using the pecten for orien-
tation. Counts of oil droplets from ten fields of view from each
quadrant were made from both the left and right eyes. Observa-
tions were made using an Olympus BHS microscope (Olympus,
Japan), fitted with a reflected light fluorescence attachment (mer-
cury lines isolated at 334 nm and 365 nm) and a long-pass filter for
viewing wavelengths longer than 435 nm. The ‘colour’ and dura-
tion of oil droplet autofluorescence when irradiated with near-
ultraviolet wavelengths is a particularly useful criterion when
distinguishing droplets located in the UVS and short-wavelength-
sensitive (SWS) single cones and the principal member of double
cones, which may appear ‘colourless’ to the human eye but differ in
spectral transmission, chemical composition and fluorescent prop-
erties (Goldsmith et al. 1984; Hart et al. 1998).

Results
Microspectrophotometry

Microspectrophotometric results from the blue tit and
blackbird are summarised in Tables 1 and 2. The retinae
of both species displayed an identical complement of
photoreceptors: a single class of MWS rod, a single class
of LWS double cone and four types of spectrally distinct
single cones. Mean absorbance spectra (and difference
spectra) of the visual pigments measured in these pho-
toreceptors are displayed in Figs. 1 and 2 for the blue tit
and blackbird, respectively. Each spectrum is overlaid
with an appropriate (Anax/A)-transformed rhodopsin
template generated using the equations given by Sta-
venga et al. (1993). In each case, the f-peak of the
template absorbance spectrum is shifted linearly with
respect to the a-peak, as suggested by Palacios et al.
(1996) and the relative extinction coefficients of the a-
and f-peaks are those proposed by Stavenga et al.
(1993). The absorbance spectra of UVS visual pigment
have narrower FWHM bandwidths than those of visual
pigments with 1,,., in the human visible spectrum, even
when transformed on a scale of A,,,/4 (Hawryshyn and
Harosi 1994; Palacios et al. 1996). Consequently, for
UVS visual pigments the coefficients given by Palacios
et al. (1996) were substituted into the equations of Sta-
venga et al. (1993). Mean absorptance spectra of the oil
droplets found in the different cone types are displayed
in Figs. 4 and 5.

Blue tit

Rod photoreceptors, which in birds do not possess an oil
droplet, contained a rhodopsin with a mean A,,, of
503 nm. UVS single cones, with a ‘transparent’ or T-
type oil droplet in their inner segment that showed no
detectable absorption of wavelengths between 330 nm
and 750 nm, contained a rhodopsin of mean Ay
372 nm. SWS single cones with a ‘colourless’ or C-type



Table 1 Characteristics of visual pigments and oil droplets in the retinal photoreceptors of the blue tit (Parus caeruleus). Values are plus/minus one standard deviation. Standard
deviations for the wavelength of maximum sensitivity (1,.x) values of mean visual pigment absorbance spectra refer to the error in estimating the visual pigment A,,,, using the method
described in the text. Standard deviations for the mean 4,,,,, cut-off wavelength (A.,) and wavelength of 50% maximum measured absorptance (4,,;q) values represent the variance of
the individual records used to create the mean spectra. Rods do not contain oil droplets; no oil droplet was observed in the accessory member of the double cone pair (D dorsal, V'
ventral, UV'S ultraviolet-sensitive, SWS short-wavelength-sensitive, M WS medium-wavelength-sensitive, LWS long wavlength-sensitive)

Rod Single cones Double cones

UVS SWS MWS LWS Principal Accessory
Visual pigments
Amax Of mean prebleach spectrum (nm) 503.3 £ 1.0 3712 £ 2.1 448.0 £ 34 5029 £ 1.6 563.1 £ 2.1 564.7 £ 2.1 563.4 + 3.0
Mean Ap.y of prebleach spectra (nm) 503.4 £ 1.1 3724 +£ 3.8 448.6 £ 2.5 5023 £ 3.0 5627 £ 1.5 565.1 £ 1.8 563.4 +£ 2.2
Amax Of mean difference spectrum (nm) 506.6 + 1.9 372.0 + 3.8 4485 + 7.7 508.6 = 3.8 563.83 £ 3.2 565.0 = 2.0 561.4 + 4.8
Mean A, of difference spectra (nm) 506.3 £ 1.3 3673 £ 7.2 446.5 £ 8.0 509.1 £ 2.6 563.8 £ 1.3 565.1 = 1.7 563.0 + 3.5
Absorbance at Ay, (mean difference spectrum) 0.023 0.006 0.007 0.010 0.018 0.017 0.012
Number of outer segments 6 5 5 10 7 14 4

T-type C-type Y-type R-type P-type A-type

Dorsal Ventral
Oil droplets
Jeut Of mean absorptance spectrum (nm) - <330 413.5 507.7 572.6 417.4 417.9 -
Amia of mean absorptance spectrum (nm) - <330 426.6 528.0 595.9 431.1 436.4 -
Maximum corrected absorptance of mean - <0.01 0.25 0.83 0.87 0.72 0.58 -
absorptance spectrum

Mean Ay (nm) - <330 4129 £ 3.1 507.6 + 43 5725 £ 1.7 416.8 £ 32 4179 £ 05 -
Mean Ap;q (nm) - <330 4262 £ 22 5275 + 43 5959 + 1.8 430.6 £ 3.5 437.0 + 3.4 -
Mean diameter (pm) - 20 £ 0.5 22 + 04 2.7 £ 0.3 31 £ 02 32 £ 02 30+ 03 -

Number of oil droplets - 8 12 13 14 . 7 . 9 -
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Table 2 Characteristics of visual pigments and oil droplets in the retinal photoreceptors of the blackbird (Turdus merula). Values are plus/minus one standard deviation. Standard
deviations for the A, values of mean visual pigment absorbance spectra refer to the error in estimating the visual pigment A, using the method described in the text. Standard
deviations for the mean Ayax, Acur and Apiq values represent the variance of the individual records used to create the mean spectra. Rods do not contain oil droplets; no oil droplet was
observed in the accessory member of the double cone pair. For abbreviations see Table 1

Rod Single cones Double cones
[OA'A SWS MWS LWS Principal Accessory
Visual pigments
/Amax Of mean prebleach spectrum (nm) 504.5 £ 0.6 373.0 £ 23 4535+ 1.5 5043 +£ 2.0 5572 £ 12 5568 +£ 1.0 555.8 £ 2.1
Mean Ap.x of prebleach spectra (nm) 504.4 £ 09 3725 £ 5.0 453.6 £ 22 503.8 +£ 2.7 5570 £ 08 5569 £ 1.3 556.0 = 1.8
Amax Of mean difference spectrum (nm) 506.6 £ 1.1 3672 £ 49 4557 = 3.1 5079 + 34 557.6 £ 20 5573 £ 14 555.8 £ 3.0
Mean Ay, of difference spectra (nm) 506.8 £ 1.8 3652 + 57 4568 £ 4.3 5082 + 23 5576 £24 5574 + 18 556.1 £ 1.5
Absorbance at Ay, (mean difference spectrum) 0.038 0.007 0.008 0.011 0.018 0.023 0.015
Number of outer segments 15 4 12 8 9 35 7
T-type C-type Y-type R-type P-type A-type
Dorsal Central Ventral
Oil droplets
Acut Of mean absorptance spectrum (nm) - <330 414.3 514.2 569.9 414.7 439.1 472.3 -
Amia of mean absorptance spectrum (nm) - <330 429.1 532.5 593.0 431.0 455.5 494.2 -
Maximum corrected absorptance of - <0.01 0.29 0.88 0.88 0.78 0.79 0.90 -
mean absorptance spectrum
Mean A, (nm) - <330 413.8 £ 32 5148 £ 24 570.0 £ 1.8 4143 + 1.1 438.8 £ 2.1 4704 = 7.5 -
Mean Zpiq (nm) - <330 4288 £ 5.1 5323 £39 5929 £2.0 4310 £ 1.5 4555+ 1.5 4934 +40 -
Mean diameter (pm) - 23 £ 0.6 2.5 £ 0.6 32 +£04 33 £ 04 40 £ 0.3 32 £ 0.2 39 £02 -
Number of oil droplets - 5 23 33 61 11 13 23 -
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Fig. 1A-D Normalised mean prebleach absorbance (A, B) and

difference (C, D) spectra of visual pigments from the blue tit (Parus
caeruleus). A, C Single cones (symbols) with best-fitted rhodopsin
templates (solid lines). B, D Rods and the principal member of the
double cones (symbols) with best-fitted rhodopsin templates (solid
lines). UVS ultraviolet-sensitive; SW.S short-wavelength-sensitive;
MWS medium-wavelength-sensitive; LW.S long-wavelength-sensitive
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Fig. 2A-D Normalised mean prebleach absorbance (A, B) and
difference (C, D) spectra of visual pigments from the blackbird
(Turdus merula). A, C Single cones (symbols) with best-fitted
rhodopsin templates (solid lines). B, D Rods and the principal
member of the double cones (symbols) with best-fitted rhodopsin
templates (solid lines). For abbreviations see Fig. 1
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Fig. 3A, B Histograms showing the spectral distribution of cone
visual pigment wavelength of maximal sensitivity (An.x) values
determined from prebleach absorbance (A) and difference (B) spectra
for the blue tit (grey bars) and blackbird (black bars). In the case of the
LWS cone visual pigment, values from LWS single cones and both
members of the double cone pair are displayed. For abbreviations see
Fig. 1

oil droplet (mean ., 413 nm), MWS single cones with a
yellow or Y-type oil droplet (mean A, 508 nm) and
LWS single cones with a red or R-type oil droplet (mean
Acut 573 nm) contained rhodopsins with mean A, at
449 nm, 502 nm and 563 nm, respectively. The principal
and accessory members of the double cone pair both
contained the LWS rhodopsin (mean /,,,, values mea-
sured at 565 nm and 563 nm, respectively). Only the
principal members contained an oil droplet (P-type) in
their inner segment. The spectral absorptance charac-
teristics of this droplet type varied only marginally
across the retina, those droplets occurring in the ventral
half of the retina having a very similar cut-off wave-
length (mean A., 418 nm) to those found in the dorsal
half (mean A., 417 nm) but with a slightly more pro-
nounced shoulder in the absorptance spectrum at about
490 nm (Fig. 4C).

Blackbird

Rod photoreceptors in the blackbird contained a rho-
dopsin of mean A, 504 nm. UVS single cones
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contained a visual pigment that was similar to that of the
blue tit (mean A,,x 373 nm). The spectral location (mean
Amax 454 nm) of the SWS visual pigment found in cones
with a C-type oil droplet (mean A., 414 nm) was at a
longer wavelength than that measured in the blue tit.
Whilst the visual pigment measured in the MWS single
cones was similar to that found in the blue tit (mean A,
504 nm), the cut-off wavelength of the Y-type oil droplet
with which it was associated occurred at a longer
wavelength (mean A., 515 nm), although this may be an
artefact of the increased average diameter of this droplet
type in the blackbird (Table 1). Furthermore, the LWS
single cones, whilst containing R-type oil droplets that
were spectrally similar to those found in the blue tit
(mean Ag,; 570 nm) contained a visual pigment whose
spectral location occurred at a noticeably shorter
wavelength (mean A,,,, 557 nm).

Both members of the double cone also contained this
short-wavelength-shifted LWS visual pigment (mean
Amax Values measured at 557 nm and 556 nm for the
principal and accessory members, respectively). Once
again, only the principal member contained an oil
droplet, the A., value of which increased in a dorsal to
ventral manner (Fig. 5C, D).

The histograms displayed in Fig. 3 demonstrate the
variation in visual pigment A, values between the two
species. It is readily apparent that there is a difference in
the spectral location of the LWS, and possibly the SWS,
cone visual pigments, although the quality of the mic-
rospectrophotometric data obtained from the LWS
single and double cones is considerably better than that
of the SWS cones.

Ocular media

Absorbance measurements of the pre-retinal ocular
media of the blue tit and blackbird were converted into
transmission and are displayed in Fig. 6. On the
assumption that apparent absorbance by the combined
ocular media at 800 nm was due only to light scattering
(Geeraets et al. 1960; van den Berg and Spekreijse 1997),
transmission was assumed to be wunity at this
wavelength, and all measurements were scaled relative to
an absorbance of zero at 800 nm. All spectra were fitted
with an 1l-point, unweighted running average to
smooth random noise in the data. A number of
smoothed spectra obtained from multiple scans from the
same individuals were averaged together for display.
Both species investigated in this study have ocular media
that transmit well into the near ultraviolet. Wavelengths
of 0.5 transmission were 317 nm and 343 nm for the
blue tit and blackbird, respectively.

Topographical distribution of cones

LWS and MWS single cones were readily identified by
their red and yellow oil droplets respectively. Trans-
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parent (T-type) oil droplets were the smallest observed
and, as they contained no detectable carotenoid, did not
fluoresce on stimulation with ultraviolet light. The
principal oil droplets associated with the double cones
were generally largest and displayed a long-lasting, faint,

<

Fig. 4 Mean absorptance spectra of oil droplets found in the single
cones (A) and the principal member of the double cones (C) in the
blue tit. Also shown are histograms illustrating the spectral
distribution of the cut-off wavelength (/) values determined for
each of the single cone (B) and double cone (D) oil droplets used to
create the mean spectra. 7 transparent or T-type; C ‘colourless’ or C-
type; Y yellow or Y-type; R red or R-type; P principal member of
double cone or P-type. Pp and Py refer to P-type oil droplets in the
principal member of the double cones measured in the dorsal and
ventral regions of the retina, respectively

greenish fluorescence. By contrast, the C-type oil drop-
lets associated with SWS single cones were generally
smaller in diameter than all but the T-type droplets and
displayed a brighter, more transient, bluish fluorescence.

Because of potential variation in the degree to which
the retina spreads out on mounting, percentages of each
cell type were calculated and used in preference to actual
cell densities. Consequently, data were converted to
proportions and arcsine-square-root transformed prior
to statistical analysis (Sokal and Rohlf 1995). Signifi-
cance was assessed using balanced repeated-measures
multivariate analyses of variance (MANOVA, Minitab
10.51, Minitab), with the transformed proportions of all
the measured cell types as the dependent variables and
within-subjects factors ‘side’ (left/right eye) and ‘quad-
rant’ (eye region).

Pooling the results for all four quadrants from both
the left and right eyes, the mean relative abundance of
each cone type in both the blue tit and blackbird is
summarised in Table 3. In general, it is evident that the
blue tit retina displays a higher single cone to double
cone ratio than the blackbird. In contrast, the ratios of
single cone types, considered in isolation, were quite
similar in the two species (Table 3).

Blue tit

Multivariate analysis of the blue tit data revealed a
significant effect of quadrant (Wilk’s Fs g3 = 6.74,
P < 0.001) and left or right side (Wilk’s Fs g = 12.28,
P < 0.001) on cone distribution. There was also a
significant interaction of quadrant and left/right side
(Wilk’s Fis 138 = 4.69, P < 0.001) which suggests that
the distribution of cones across the retina differs between
left and right eyes.

Inspection of the mean relative abundance of each cone
type displayed in Fig. 7A reveals that there are no con-
sistent trends in retinal distribution, despite significant
univariate test statistics for the effect of quadrant on LWS
(F1’72 = 1682, P < 0001), MWS (F1’72 = 2203,
P < 0.001), UVS (F; 7, =6.89, P < 0.001) and double
cones (Fy 75 = 30.26, P < 0.001). The lack of comparable
retinal distributions between the two eyes explains the
significant univariate test statistics for the quad-
rant X left/right eye interaction (LWS F;57, = 6.62,
P=0.001; MWS F;,,=1152, P < 0.001; UVS
F57,=5.16, P=0.003; double cones F;57, = 18.96,
P < 0.001). Itisconceivable that the small size of the blue
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Fig. 5 Mean absorptance spectra of oil droplets found in the single
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blackbird. Also shown are histograms illustrating the spectral
distribution of the A, values determined for each of the single cone
(B) and double cone (D) oil droplets used to create the mean spectra.
For abbreviations see Fig. 4. Pp, Pc and Py refer to P-type oil
droplets in the principal member of the double cones measured in the
dorsal, central and ventral regions of the retina, respectively

383

1 1

Blackbird

0.8 1 Blue tit
=]
2
G 06
:
8 0.4 -
=~

0.2 1

0 T T T T T T T T T T T T

200 250 300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Fig. 6 Mean transmission spectra of the ocular media of the blue tit
(thick trace) and blackbird (thin trace). Each line represents an 11-
point, unweighted running average fitted to the mean spectrum
created from multiple scans of the same eye (blue tit n = 4; blackbird
n = 3). Wavelengths of 0.5 transmission were 317 nm and 343 nm for
the blue tit and blackbird, respectively

titeyes resulted in an uneven dissection of the left and right
retinae. Errors of this type are exaggerated in smaller eyes,
and will have a large influence with such a limited sample
size.

As reported elsewhere for the starling (Hart et al.
2000), LWS and MWS single cones were significantly
more abundant in the left eye (univariate: LWS F; 7, =
10.30, P = 0.002; MWS F; 7, =22.09, P < 0.001), and
double cones were significantly more abundant in the
right eye (univariate: Fy 7, = 17.10, P < 0.001).

Blackbird

Results of the blackbird MANOVA indicated a signifi-
cant effect of quadrant (Wilk’'s Fis 88 = 6.97,
P < 0.001) and left or right side (Wilk’s Fs¢5 = 4.77,
P = 0.001) on cone distribution. Furthermore, there was
a significant interaction of quadrant and left/right side
(Wilk’s Fis 138 = 3.40, P < 0.001) which suggests that
the pattern of regional variations is different for left and
right eyes.

The univariate tests revealed that the distribution of
all of the different cone types differed depending on
retinal location (LWS Fj 7, = 18.50, P < 0.001; MWS
F1’72 = 763, P < 0001, SWS F1’72 = 343, P= 0021,
UVS  Fi;»=11.72, P < 0.001; double cones
F17,="7.12, P < 0.001). The mean relative abundance
of each cone type in each retinal quadrant of each eye is
displayed in Fig. 7B. LWS single cones were most
abundant in the PD quadrant, and least abundant in the
PV quadrant. MWS cones, like the LWS cones, were
relatively more abundant in the PD quadrant. SWS
cones were most abundant in the AV quadrant, whilst
UVS cones were least abundant in this region. Double
cones were most abundant in the PV quadrant and least
abundant in the PD quadrant. Furthermore, these
trends were identical for both the left and right eyes.
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Table 3 Mean relative abun-

dance and ratios of each type of ~ SPecies Single cones (%) DOUblGO
cone photoreceptor in the re- cones (%)
tinae of the blue tit (Parus (A SWS MWS LWS
e G ate o™ Bluc tit % of all cones 76 14.6 20.4 205 369
pooled across all regions of Single cone ratios ' 1 1.92 2.68 2.70 -

both left and right eyes. Only Single:double cone ratio 1.71 1

one specimen of each species Blackbird % of all cones 6.8 12.1 15.0 13.3 52.9

was used. For abbreviations see Single cone ratios 1 1.78 2.21 196 -~

Table 1 Single:double cone ratio 1 1.12

Fig. 7 Distribution of the different classes of cone photoreceptor in
the retinae of blue tit (A) and blackbird (B). Each diagram represents
the fundus of an eye as observed from the corneal aspect of the
appropriate side of the birds head. The horizontal and vertical dashed
lines represent dissection cuts which separated the retina into four
quadrants. The oblique solid line indicates the position of the pecten.
Values represent the mean percentage of each particular cone type
relative to the mean total number of cones in each quadrant. AD
anterior dorsal; PD posterior dorsal; 4V anterior ventral, PV
posterior ventral; UV'S ultraviolet-sensitive; V'S violet-sensitive; SWS
short-wavelength-sensitive; MWS  medium-wavelength-sensitive;
LWS long-wavelength-sensitive

A LEFTEYE RIGHT EYE

UVS single cones

SWS single cones

MWS single cones

LWS single cones

LWS double cones

Although the results of the MANOVA revealed a
significant difference between left and right eyes, none of
the univariate tests were significant. It is possible that,
whilst not significant on their own, some cumulative
effect of the different cone types resulted in a significant
multivariate test statistic. Variations in overall cone
proportions between the two eyes are small. LWS single
cones and double cones are slightly more abundant in
the left eye, whereas the remaining single cone types are
relatively more abundant in the right eye.

The significant interaction between quadrant and left/
right side revealed by the MANOVA was explained only
by the differing distribution of UVS (univariate:

B LEFTEYE RIGHT EYE

UVS single cones

SWS single cones

MWS single cones

LWS single cones

LWS double cones



Fi7,=7.49, P < 0.001) and LWS single cones (uni-
variate: Fj 7, =3.93, P =0.012) between the left and
right eyes. The existence of such differences is difficult to
interpret. With such small sample sizes, the chances of
committing a Type I-statistical error are relatively high,
and hence our conclusions of retinal asymmetry in both
the blue tit and blackbird remain tentative.

Discussion

The spectral characteristics of the photoreceptors of the
blue tit and blackbird are very similar to those described
in the other passeriform and psittaciform species studied
to date (Maier and Bowmaker 1993, Bowmaker et al.
1997; Hart et al. 1998; Das et al. 1999), the similarities
including the presence of a cone visual pigment with a
Amax Delow 380 nm. That many birds show considerable
sensitivity to wavelengths in the ultraviolet spectral
region is now well established (Bennett and Cuthill 1994;
Cuthill et al. 2000) and the ultraviolet components of
certain visual signals are integral to mate choice deci-
sions (Andersson et al. 1998; Hunt et al. 1998) and
foraging performance (Church et al. 1998) in blue tits.
Whilst the visual pigments measured in the rods,
UVS and MWS single cones of the blue tit are spectrally
very similar to those of the blackbird, there are small
inter-specific differences in the A, values of the SWS
and LWS cone visual pigments. The difference (ca. 5 nm)
in SWS visual pigment A,,,x may well be an artefact of
the poorer quality of the microspectrophotometric data
for this cone type: smaller outer segments and lower
visual pigment density (Tables 1, 2) give records with a
lower signal-to-noise ratio than those obtained for LWS
single and double cones (Figs. 1, 2). Nevertheless, the
visual pigments located in the SWS single cones of birds
investigated using microspectrophotometry range in
Amax from 430 nm in the zebra finch, Taeniopygia guttata
(Bowmaker et al. 1997) to 463 nm in the tawny owl,
Strix aluco (Bowmaker and Martin 1978) and multiple
spectral locations for SWS visual pigment Ay.x, Which
may be interpreted as Ay.x cluster points (Dartnall and
Lythgoe 1965; Partridge et al. 1989), are therefore likely.
The higher quality of microspectrophotometric data
for LWS cones (both single and double) makes us more
confident of a genuine difference in the spectral location
of the Anax Of this visual pigment type between the two
species, although the magnitude of the difference
(ca. 5 nm) is similar to that seen in the case of the SWS
pigments. Furthermore, the blackbird is not the only
avian species with a LWS cone visual pigment whose
Amax OcCcurs at shorter wavelengths than has been found
usually in birds. Similar visual pigments (both with a
Amax at 555 nm) were measured microspectrophotomet-
rically in the tawny owl (Bowmaker and Martin 1978)
and inferred from electrophysiological data in the great
horned owl, Bubo virginianus (Jacobs et al. 1987) and
a LWS visual pigment with a Z,. at 543 nm was
measured microspectrophotometrically in the Humboldt
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penguin, Spheniscus humboldti (Bowmaker and Martin
1985).

Interestingly, these three spectral locations for LWS
visual pigments in birds are identical to those produced
by the three different allelic forms of the single poly-
morphic middle- to long-wavelength-sensitive cone
visual pigment opsin gene in marmosets, Callithrix

jacchus jacchus, and tamarins, Saguinus mystax and

S. fuscicollis (543 nm, 556 nm and 563 nm; Neitz et al.
1991; Tovée et al. 1992; Williams et al. 1992; Hunt et al.
1993). It is thought that only three non-homologous
amino acid substitutions in the opsin protein are
responsible for the differences between these monkey
LWS pigment types (Shyue et al. 1998). The substitution
of serine by alanine at position 180 (human LWS
numbering) and glycine by serine at position 233 are
thought to shift the Ay.x of the LWS visual pigment
from 563 nm to 556 nm, whilst the 543-nm J,,,x form of
the pigment is created by a further substitution of
threonine by alanine at position 285.

Both chicken and canary LWS opsins, which create
visual pigments with A, at 571 nm and 567 nm,
respectively (Bowmaker et al. 1997; Das et al. 1999),
contain serine at position 180 and alanine (a non-polar
amino acid like glycine) at position 233 (Okano et al.
1992; Das et al. 1999). We predict that, whilst the amino
acid sequence of the blue tit LWS opsin will be more
similar to that of the canary and chicken, the blackbird
LWS opsin sequence will display similar substitutions to
the marmoset and tamarin 556-nm A,,, opsin variants
at these tuning sites. Furthermore, it is not inconceivable
that avian LWS visual pigments with A,,., above 560 nm
fall into more than one spectral type: A,.x values mea-
sured microspectrophotometrically range from 563 nm
to 571 nm (Sillman et al. 1981; Jane and Bowmaker
1988; Bowmaker et al. 1993; Maier and Bowmaker
1993; Bowmaker et al. 1997; Hart et al. 1998, 1999, this
study; Das et al. 1999). Whilst some of this observed
variation may be due to noisy data, or even differences
in the accuracy of the wavelength calibration of the
different MSPs used in each study, subtle variations in
opsin amino acid sequence may also explain the spread
of )”1nax~

Consideration of the interplay between oil droplet
and visual pigment suggests the hypothesis that, at least
in birds, the LWS visual pigment is spectrally tuned to
optimise the visual function of the double cones rather
than the LWS single cones. LWS single cones have their
effective spectral sensitivity shifted towards longer
wavelengths by approximately 40 nm due to the long-
pass spectral character of the R-type oil droplet with
which they are associated (Bowmaker 1977, Bowmaker
and Knowles 1977; Maier and Bowmaker 1993). Con-
sequently, the A, of the R-type droplet determines the
precise peak effective spectral sensitivity of the LWS
single cone (601 nm and 605 nm, respectively, in the
blackbird and blue tit) rather than the visual pigment.
However, in the double cones the same LWS visual
pigment is associated with an oil droplet (often only
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present in the principal member) which absorbs strongly
at short wavelengths but does not shift the peak sensi-
tivity of the double cone away from the /. of the
visual pigment. In summary, selection pressure is more
likely to act on the 4.« of the LWS visual pigment in
the double cones rather than in the LWS single cones
(which are effectively tuned by the absorption of the oil
droplet).

Single cones are thought to subserve colour vision
whilst double cones represent an achromatic channel
(Maier and Bowmaker 1993; Vorobyev and Osorio
1998) and have been implicated in movement detection
(Campenhausen and Kirschfeld 1998). Thus, the loca-
tion of the double cone A,.« value in birds may be
selected so as to optimise spatial contrasts for each
species. The background radiance of many terrestrial
habitats is dominated by the reflectance spectrum of
green vegetation, which peaks at around 550 nm, and
may explain the convergence in the shape of the elect-
roretinogram (ERG)-determined photopic spectral sen-
sitivity functions measured 1in many terrestrial
vertebrates, despite differences in absolute radiance and
irradiance and the shape of the irradiance spectrum in
different habitats (Fleishman et al. 1997). A thorough
investigation of the spectral environments encountered
by each of the two species examined here will be neces-
sary to determine whether subtle variations in the shape
of the background radiance spectrum are responsible for
the differences in A,,,, observed.

Blackbirds occupy extremely diverse habitats, in-
cluding dense woodland, most types of farmland, heaths,
moors and some wetlands, and forage largely on the
ground (Hillstead 1944; Cramp et al. 1988). Much of
their time during feeding is actually spent with the head
in an upright position, scanning the vicinity for sources
of disturbance (Smith 1974; Lawrence 1985). Examina-
tion of Fig. 7B reveals that the blackbird has a higher
proportion of double cones in the ventral half of the
retina, which views the celestial visual hemisphere, a
feature consistent with a role in detecting aerial predators
that was also noted in another ground-feeding species,
the European starling (Feare 1984; Hart et al. 1998).

Blue tits, on the other hand, are generally arboreal in
habit (Lack 1971) and display quite the opposite trend in
dorso-ventral double cone distribution (Fig. 7A). Fur-
thermore, the blue tit also lacks the pronounced dorso-
ventral gradient in P-type oil droplet pigmentation seen
in the blackbird (cf. Figs. 4C and 4D with Figs. 5C and
5D) and starling (Hart et al. 1998). A higher carotenoid
concentration in the ventral P-type droplets, which
results in a A, at longer wavelengths, will reduce the
amount of short-wavelength radiation reaching
the double cone outer segments relative to those in the
dorsal retina. This feature of some avian retinae pre-
sumably has an analogous function to the dorsal ‘eye
shades’ observed in the corneas of certain fishes, that is
to even out the intensity of the incident light across the
retina (Douglas and Marshall 1999). One reason for the
absence of this adaptation in the blue tit may be that,

when foraging, they spend up to 44% of their time
hanging upside down, inspecting the undersides of leaves
and twigs for prey items (Moreno 1981).

It appears, therefore, that the relative abundance,
retinal distribution and spectral absorption properties of
the double cones may reflect differences in the visual
ecology of these two species. Whilst the other inter- and
intra-retinal differences described herein remain to be
explained, it is evident that there is much variation in
avian photoreceptors to be investigated.
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