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Supplementary methods 

Optical calculations 

Calculations were performed using the freely available finite-difference time-domain 

(FDTD) simulation software, MEEP (MPI version 1.2; Oskooi et al. 2010) using the 

computational facilities of the Advanced Computing Research Centre, University of 

Bristol. Simulations took advantage of the rotational symmetry of the models about 

the z-axis and computations were performed in cylindrical polar co-ordinates (r,ϕ,z) 

for a thin wedge of the model. 

Carotenoid absorbance spectra along with refractive index measurements were used 

to predict the dielectric function of the oil droplets for a given cone class as 

previously described (Wilby et al. 2015). 

We define F, for a given cone class i, as the fraction of photons within the cross-

sectional area of the inner segment, which are focused into the outer segment and 

calculated as the ratio of the integrated electric field intensity, E*E, within the outer 

segment in the presence of an oil droplet & ellipsoid to the integrated electric field 

intensity in the absence of the oil droplet & ellipsoid: 

𝐹𝑖(𝜆) =
[∬ 𝐸(𝜆)∗𝐸(𝜆)𝑑𝜙𝑑𝑟]𝑂𝐷

[∬ 𝐸(𝜆)∗𝐸(𝜆)𝑑𝜙𝑑𝑟]𝑁𝑂𝐷

𝑑𝑂𝑆
2

𝑑𝑂𝐷
2       (Eq. S1), 

in which the integrals are performed numerically in cylindrical polar coordinates over 

the volume of the outer segment (which reduces to an area due to cylindrical 

symmetry). OD indicates the situation with the oil droplet and ellipsoid present and 

NOD indicates the absence of the oil droplet and ellipsoid. Integrals were performed 

using Matlab (Mathworks, Natick, MA, USA). The diameters of the outer segment 

and oil droplet are dOS and dOD respectively, and the last term is a division by the ratio 

of the cross-sectional areas of the inner segment and outer segment. 

To compare with the quantum catches from our previous study (Olsson et al., 2015) 

we calculated the absolute quantum catches of individual photoreceptors as 

𝑁𝑖 = (
𝜋

4
)
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𝑑

𝑓
)
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𝐷2𝜅𝜏Δ𝑡 ∫ (1 − 𝑒−𝑘𝐴𝑖(𝜆)𝑙)𝑆(𝜆)𝐼(𝜆)d𝜆
700

300
   (Eq.S2), 

where d is the receptor diameter taken as the width of the ellipsoid, f is the focal 

length and D is the pupil diameter, κ is the electrical conversion coefficient, τ is the 

transmittance of the ocular media, t is the integration time obtained from flicker 

fusion frequency experiments (Lisney et al., 2011), k is the absorbance coefficient, A 

is the absorbance of the visual pigment filtered only by the ocular media, l is the 
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length of the outer segment, S is the stimulus reflectance and I is the radiance of the 

illumination. In this case the optics of the ellipsoid, oil droplet and outer segment is 

ignored, the quantum catches are available in Table S1.  
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Table S1. Quantum catches of single cones per integration time from the stimuli 

at the different intensities using a simple model (SM) of calculating absolute 

quantum catch. 

Quantum catch 

Rewarded  Unrewarded 

Illumination L M S VS  L M S VS 

Orange          

300 cd m-2 975 376 265 139  887 429 265 126 

15 cd m-2 216 84.1 54.5 29.3  197 96.1 54.5 26.4 

1.5 cd m-2 38.6 17.4 8.58 6.06  35.1 20.0 8.64 5.44 

0.6 cd m-2 14.6 7.57 2.89 2.75  13.5 8.72 2.93 2.46 

0.3 cd m-2 7.42 3.92 1.45 1.34  6.89 4.51 1.48 1.20 

0.15 cd m-2 3.85 2.09 0.71 0.71  3.57 2.41 0.73 0.63 

0.1 cd m-2 2.52 1.37 0.47 0.47  2.34 1.58 0.48 0.42 

0.08 cd m-2 2.12 1.14 0.39 0.39  1.96 1.32 0.40 0.35 

0.05 cd m-2 1.06 0.71 0.22 0.19  1.15 0.62 0.21 0.21 

Green L M S VS  L M S VS 

300 cd m-2 286 341 308 152  270 324 343 184 

15 cd m-2 63.3 76.4 63.2 31.8  59.7 72.4 70.3 38.7 

1.5 cd m-2 11.5 16.0 9.95 6.59  10.9 15.1 11.0 8.08 

0.6 cd m-2 4.52 7.01 3.34 2.98  4.26 6.64 3.67 3.68 

0.3 cd m-2 2.35 3.61 1.68 1.46  2.21 3.42 1.85 1.80 

0.15 cd m-2 1.21 1.93 0.82 0.77  1.14 1.83 0.91 0.96 

0.1 cd m-2 0.79 1.26 0.54 0.50  0.75 1.20 0.59 0.63 

0.05 cd m-2 0.36 0.57 0.24 0.23  0.34 0.54 0.27 0.28 

Pupil diameter, D = 0.35, 0.415, 0.47, 0.47, 0.47, 0.475, 0.48 and 0.5 cm at 300, 15, 

1.5, 0.6, 0.3, 0.15, 0.1 and 0.05 cd m-2. t = 12.5, 25 and 50, 50, 50, 50, 50 and 50 

ms at 300, 15, 1.5, 0.6, 0.3, 0.15, 0.1 and 0.05 cd m-2 
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Supplementary figures 

 

Figure S1. The illumination spectra. The inserts refer to the radiometric intensity of 

the illumination in cd m-2. 

 

Figure S2. The fraction F of light incident on the ellipsoid that is focused into the 

outer segment by the combined optical effect of the ellipsoid, oil droplet and outer 

segment of the single cones of the chicken. 
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Figure S3. Individual color discrimination performance with orange stimuli 

containing 100% or 10% color tiles. 

 

Figure S4. Individual color discrimination performance for orange stimuli with 1 

large or small color tile. 
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Figure S5. Individual color discrimination performance for green stimuli containing 

100% or 10% color tiles. 
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