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Abstract Three contending models address the ability of bees
to detect and discriminate colours: the colour opponent coding
(COC) model, the colour hexagon (CH) model and the recep-
tor noise-limited (RN) model, but few studies attempt to
determine which model fits experimental data best. To assess
whether the models provide an accurate description of bum-
blebee colour space, we trained bees to discriminate four
colour pairs. The perceptual distance between the colours of
each pair was similar according to the CH model but varied
widely according to the COC and RN models. The time that
bees required to select a flower and the proportion of correct
choices differed between groups: decision times decreased as
achromatic contrast increased, and the proportion of correct
choices increased with achromatic contrast and perceptual
distance, as predicted by the COC and RN models. These
results suggest that both chromatic and achromatic contrasts
affected the discriminability of colour pairs. Since flower
colour affects the foraging choices of bees and foraging
choices affect the reproductive success of plants, a better
understanding of which model is more accurate under each
circumstance is required to predict bee behaviour and the
ecological implications of flower choice and colour.
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Introduction

Like most pollinators, bumblebees use visual information to
detect and recognize landmarks and food sources. To maxi-
mize foraging efficiency, they require an effective visual sys-
tem and the ability to associate visual cues with rewards.
Several models have been developed to understand how col-
our vision is processed. Three of them are currently used to
study colour discrimination by bees and other hymenoptera:
the colour opponent coding (COC; Backhaus, 1991), colour
hexagon (CH; Chittka, 1992) and receptor noise-limited (RN;
Vorobyev and Brandt 1997; Vorobyev and Osorio 1998;
Vorobyev et al. 2001) models. The COC model was originally
formulated for honeybees, Apis mellifera, while the CH model
was developed for trichromatic hymenopteran species and the
RN model for a much wider range of taxa, including species
with dichromatic and tetrachromatic colour vision. In the
remainder of this paper, RN refers to the trichromatic version
of the receptor noise-limited model.

The three models assume that colour information is proc-
essed via two sets of colour-opponent coding neurons. The
COC model used the least-squares method to obtain the set
of opponent mechanisms that best fitted honeybee data from a
multidimensional scaling experiment (Backhaus et al. 1987).
Using this set of opponent mechanisms, we can plot the colour
loci of arbitrary colours on a plane. According to the COC
model, the perceptual distance between two colours is propor-
tional to the distance between their loci, calculated with the
city-block metric (Backhaus 1991). The COC model should
provide a reasonably good description of the honeybee colour
space, but if different hymenopteran species are endowed with
different sets of colour-opponent coding neurones, the COC
model might not be applicable to other species. The CH model
therefore assumed that the two opponent mechanisms were
orthonormal and that perceptual distance between two colours
was proportional to the Euclidean distance between their loci
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(Chittka 1992). With these assumptions, perceptual distances
are independent of the specific choice of opponent mecha-
nisms. The rationale of the CH model was that, when we
ignore the set of colour opponent mechanisms used by a
species, it might be preferable to describe its colour space
using rather non-specific sets of mechanisms than those of
another species (Chittka et al. 1992). Finally, the RN model
assumes that it is noise at the receptor level, and not the
specific information processing rule, that sets the discrimina-
tion limit, its parameters are inferred from electrophysiologi-
cal recordings in photoreceptor cells (Vorobyev et al. 2001),
and the model has been used in different experiments to
predict chromatic distances between spatially separated stim-
uli (Hempel de Ibarra et al. 2001; Hempel de Ibarra et al. 2002;
Dyer and Neumeyer 2005; Niggebriigge et al. 2009; Martinez-
Harms et al. 2014). One common point between the COC and
CH model is the way that they deal with the non-linearity of
phototransduction. Signals from receptor cells are non-
linearly related to the quantum flux that forms the input to
the receptor (Naka and Rushton 1966a; Chittka 1996), and
both models assume that the phototransduction process is well
described by the Naka—Rushton equation (Naka and Rushton
1966a; Naka and Rushton 1966b; Backhaus 1991). By con-
trast, the RN model assumes linear phototransduction in its
linear version (Vorobyev and Osorio 1998) and logarithmic
phototransduction in the logarithmic version of the model
(Vorobyev et al. 2001).

The three models predict the main features of the honeybee
spectral sensitivity data (Vorobyev and Brandt 1997; Brandt
and Vorobyev 1997) and explain a number of experimental
results (Giurfa et al. 1997; Hempel de Ibarra et al. 2002; Lotto
and Chittka 2005; Dyer and Neumeyer 2005; Arnold and
Chittka 2012), but the plurality of assumptions of available
models could be confusing and lead to erroneous conclusions
in ecology and vision research. For example, the ability of
pollinators to locate flowers should affect how floral resources
are partitioned among pollinator groups (Rodriguez-Gironés
and Santamaria 2005). Hence, flower colour may influence
both resource partitioning and the selective pressures to which
flowers are subject. However, to understand the effect of
colour on resource partitioning, we must know with which
ease different pollinator species will locate flowers. Likewise,
as long as we accept several colour discrimination models,
their different assumptions remain putative mechanisms for
visual information processing. Falsifying one or more of these
models would evidence the models’ underlying assumptions
to be incorrect, narrowing down the search of putative mech-
anisms and therefore contributing to our understanding of the
bee’s visual system.

Due to differences in their underlying assumptions, the
models can make different predictions, and it is possible to
select a set of colour pairs in such a way that the different
models rank their perceptual distances in different orders. If
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we train bees to discriminate between the two colours of each
pair, the proportion of correct choices indicates their percep-
tual distances, and therefore, we can use these results to
evaluate the models.

To select the model that best describes bumblebee (Bombus
terrestris terrestris L.) colour discrimination, we trained bum-
blebees to discriminate four pairs of coloured stimuli in the
laboratory. The pairs had similar perceptual distances accord-
ing to the CH model, but varying perceptual distances accord-
ing to the COC and RN models. Although the COC and RN
models have parameters inferred from honeybee behavioural
and neurophysiological data, respectively, all three models are
commonly used to estimate perceptual colour distances in
bumblebees (Gumbert 2000; Kunze and Gumbert 2001;
Spaethe et al. 2001;Dyer and Chittka 2004c; Dyer and Chittka
2004a; Dyer and Chittka 2004b; Lunau et al. 2006; Dyer et al.
2008; Martinez-Harms et al. 2010; Arnold and Chittka 2012;
Rohde et al. 2013), and it seems reasonable to ask which
model is more accurate under our experimental condition.

Materials and methods
Rationale for the selection of colour pairs

Let us draw, in the CH plane, a circle of radius » and centre P.
According to the CH model, the perceptual distance between
two colours is proportional to the Euclidean distance between
their loci in the CH (Chittka 1992). Therefore, the perceptual
distance between colours represented by P and O, where Q is
any point on the circle, should be equal to 7, regardless of the
angle a between the vertical axis and the segment PQ
(Fig. 1a).

Knowing the loci of two colours on the CH model, it is
straightforward to calculate their perceptual distance accord-
ing to the COC and RN models (see Online Resource 1). This
distance depends on the angle « (Fig. 1b), and the change can
be as large as fivefold for the RN model. It follows from
Fig. 1b that, if we have two colour pairs, (P, 0,) and (P, 0>),
such that o is slightly greater than 0° and «; around 100°, the
chromatic distance between P and Q, according to the COC
and RN models, should be much higher than the chromatic
distance between P and O,. Assume that we train a group of
bees to discriminate between P and Q; and a second group to
discriminate between P and Q. According to the predictions
of the CH model, no difference in the performance of bees
between groups should be found. By contrast, if the COC or
RN models were correct, performance should be better for
bees of the (P, O;) group than for bees of the (P, O,) group.

Based on these considerations, we have selected four col-
our pairs in such a way that, when plotted on the CH colour
space, all pairs had the same distance, but the line segments
joining the two loci of a pair formed different angles with the
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a b

Normalized perceptual distance

Fig. 1 a According to the colour hexagon (CH) model, the perceptual
distance between colours represented by points P and O, where Q lies on
a circle of radius » centred at P, is independent of the angle, o, between the
PQ segment and the vertical axis. b Colour distance between points P and
O (o) according to the colour opponent coding (COC, solid line) and
receptor noise-limited (RN, dashed line) models, plotted vs. the angle that
the PO segment makes with the vertical axis, . Note that the perceptual

vertical axis (see below). Figure 1 represents a hypothetical
example, not the colours used for the experiment; these are
specified in the following.

General set-up

Bumblebees, B. terrestris terrestris, kept indoors in a single-
chamber nesting box (length, width, height 30x20x25 cm),
were trained to collect 60 % (weight/weight) sucrose solution
from ultraviolet (UV) transparent artificial flowers (hollow
Plexiglass cubes 4x4x4 cm, with 3-mm-thick walls) inside
a flight cage (70%70x 35 cm) connected to the hive by a gated
tunnel. Bees had ad libitum access to pollen within their nest
box and were allowed to collect 20 % (w/w) sucrose solution
from a transparent feeder, positioned inside the flight cage,
outside experimental sessions. The flight cage was lined with
UV-reflecting grey cardboard paper (Canson Mi-Teintes 431,
Fig. 2). Incoming light (Fig. 2) was provided by two Philips
TL-D90 Graphica 36w/965 white light tubes and one Philips
TL-D 36w BLB UV light tube, 75 cm above the cage floor.
Light flicker was converted to 1.200 Hz, diffused and homog-
enized by a single sheet of Rosco 216 (Rosco, Germany) UV-
transmitting white diffusion screen.

Computation of colour distances

We measured the spectral irradiance of the light inside the
cage and the reflectance spectra of stimuli and background in
the range of 300-700 nm (Fig. 2) with an Ocean Optics USB
4000 spectrometer (Dunedin, FL, USA). For all computations,
we used the average of three measurements. The absolute
irradiance (photons s ' cm 2 nm ') was measured using a
cosine corrector (CC-3-UV-S, Ocean Optics, Dunedin, FL,

Alpha ()

distance between P and Q changes with the orientation of the PQ
segment. The COC and RN models use different perceptual scales. For
comparison, distances have been normalised. Colours (both P and Q («))
are chosen in such a way that Eyy+Eg+Eg=1 when bees are habituated
to the background. For this hypothetical example, calculations assume
D65 illumination function and green background colour (HKS coloured
paper 54 N)

USA) to collect light, which was transmitted through an
optical fibre to the spectrometer. A lamp (LS-1-CAL-220,
Ocean Optics) of known output was used to calibrate the
spectrometer. For the measurements of the background and
stimuli, the spectrometer was calibrated with a standard white
(Ocean Optics WS-1) and measures were taken using a re-
flexion probe at 45° to the surface.

Online Resource 1 specifies how we calculated perceptual
distances according to the three models. For the computations,
we used the photoreceptor spectral sensitivity of Bombus
terrestris dalmatinus (Skorupski et al. 2007), as Chittka
et al. (2001) found no difference between the behavioural
preferences of this subspecies and B. ferrestris terrestris.
Green and brightness contrast, contrast of target colours
against background and spectral purity were calculated as

1.0 -

lllumination Light

Relative Reflectance / Nomalized Irradiance

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 2 Spectral reflectance of stimuli and background and normalized
irradiance (irradiance reached a maximum of 5.33756x 10"
photons s ' cm 2 nm™' for 545 nm)
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specified in Online Resource 1, and the results are presented in
Online Resource 2 (Table S1).

Stimuli and perceptual colour distances

Colour stimuli were 7x7-cm squares cut from Canson Mi-
Teintes cardboard (98 1b/160-gsm series) and set under the
transparent Plexiglass flowers. By combining six different
colours (references MT-133, 429, 336, 350, 101 and 470;
Fig. 2), we formed four pairs (Table S2, Online Resource 2).
Within each pair, one colour was arbitrarily designed as the
“A” colour and the other as the “B” colour. According to CH
model (Chittka 1992), perceptual distances were similar for all
four pairs (mean+SEM=0.0549+0.0007 hexagon units).
However, according to the COC (Backhaus 1991) and RN
(Vorobyev and Osorio 1998; Vorobyev et al. 2001) models,
there were differences in perceptual distances (Online

Resource 2, Table S2, Fig. 3); note that, because all colour
pairs had similar distances (coefficient of variation=0.06)
according to the logarithmic version of the RN model
(Vorobyev et al. 2001), we only consider the linear version
of this model (Vorobyev and Osorio 1998). For our choice of
colour pairs, the predictions of the logarithmic version are
indistinguishable from those of the CH model.

Experimental procedure

During sessions, only the experimental subject was allowed to
enter the flight cage. The trajectory hive—cage—hive was con-
sidered as a foraging bout, and any contact with the surface of
a stimulus, regardless of whether the bee only touched it with
its front legs or landed on it, was considered as a choice. After
every foraging bout, flowers were replaced with new ones and
cleaned with 30 % ethanol to remove olfactory cues. To rule
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Fig. 3 Loci of stimuli (black circles), background (grey square) and
orange distracter presented during phase I (orange circle), plotted on
the a CH, b COC and ¢ RN linear colour spaces. Note the detailed
magnification of the CH colour space showing the stimuli and
background distribution with black lines connecting the two colours of
each pair (bold numbers in parenthesis indicate the group to which they
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belong). 4 and B in b represent the two colour opponent coding channels
used in the COC model. X; and )X, in ¢ correspond to orthogonal axes (for
detailed information, see Hempel de Ibarra et al. 2001), calculated with
coefficients values of 4=1.104, B=1.154, a=0.453 and »=0.547,
assuming noise to be Eyy=0.74, Eg=0.67 and Eg=0.61 (obtained from
Fig. 3¢, Skorupski and Chittka 2010)
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out position learning, the spatial arrangement of the flowers
was randomized before each foraging bout.

The experiment was divided into three phases: a pre-
training phase was used to discard individuals not using
colour as a cue (phase I); during training (phase II), individ-
uals learnt to discriminate between perceptually similar col-
ours, and finally (phase III), their performance was tested over
anon-rewarded foraging bout. A total of five individuals were
rejected after failing to meet the selection criteria of phase I
(see below). Discarding these individuals should not bias the
results for two reasons: (1) the task used to discard bees was
not the task that they had to perform during the training and
testing phases and (2) the five bees had been pre-assigned to
the four experimental pairs (two bees to group 3, one bee to
each of the other groups). We successfully trained and tested
64 bumblebees (16 per pair), from five different colonies,
approximately matched in size (mean+SD length of the left
eye, measured as the distance of the longest surface perimeter
through the centre: 2.35 mm=+0.13 mm) due to the relation-
ship between eye size, optical quality and behavioural ability
at target detection and discrimination (Macuda et al. 2001;
Spaethe and Chittka 2003; Wertlen et al. 2008). All selected
bumblebees did not differ in eye size between groups (gener-
alized linear model (GLM) analysis: X*=0.02; df=3; p=1). Of
the 16 bees tested for each colour pair, eight bees were trained
to seek nectar in colour A and the remaining ones in colour B.
Bees were assigned to a colour pair in a random order, and
therefore, there was no association between colony and colour
pair.

Upon entering the flight cage, bees encountered eight target
and eight distracter flowers as specified below. From any
flower, the nearest neighbours subtended an average angle
greater than 8° (bumblebees use chromatic cues to process
visual information when objects subtend a visual angle greater
than 2.7°; Dyer et al. 2008). The average distance between
nearest and most distant flowers was 10.63 and 52.15 cm,
respectively. Target and distracter flowers differed in the re-
ward that they offered as well as in their colour. In order to
habituate bees to encountering empty flowers before the ex-
tinction test (phase III), during phases I and II, four of the
target flowers contained 30 pl of 60 % sucrose solution and
the other four were empty. All eight distracter flowers
contained 30 pl of 0.12 M quinine hydrochloride dihydrate
(Sigma) solution during phases I and II.

Phase I: pre-training

Within each group, target flowers were of colour A for half of
the bees and of colour B for the other half. Target colours
remained the same throughout the experiment (phases I, II
and III), while distracter colours changed. During phase I,
distracter flowers had the same colour for all bees (Canson
Mi-Teintes 553, orange to humans, Fig. 2). This colour was

sufficiently dissimilar to all others (mean+SEM distance 0.33
+0.013 hexagon units, 5.81£0.21 COC units, 0.85+0.12 RN
units, Table S3, Online Resource 2) so that any bee should
have been able to discriminate between it and the target colour
to which it was being trained. Phase I aimed on eliminating
bees that were not using chromatic information to locate
nectar. In this phase, bees were allowed to complete as many
foraging bouts as needed to visit 60 flowers. Individuals that
chose target flowers on at least 70 % of visits entered phase II.

Phase II: training

In phase II, bees had to discriminate between the two colours
of'the pair to which they were assigned. Now, bees pre-trained
with colour A were going to find the complementary opponent
colour, B, as the distracter flower, and vice versa, with a total
of 16 flowers inside the flight cage. Bees completed 15
foraging bouts during phase II. During each bout, bees were
allowed to visit as many flowers as they wanted, but we
recorded only the first six flowers visited, ignoring revisits
to the same previous flower, only being considered a new visit
after a different visitation to another flower (already empty or
not). Once satisfied, bees flew back to the hive. Upon com-
pletion of training, bumblebees were tested in a final non-
rewarded foraging bout.

Phase III: testing

Phase III lasted for a single foraging bout with bees visiting as
many flowers as they wanted. Flowers had the same colours as
in phase I, but they were all clean and empty. This foraging
bout was recorded using a video camera for subsequent anal-
ysis. Using the Picture Motion Browser (PMB) program (ver.
5.8.02, Sony), we calculated the average time that bees spent
in choosing flowers. For each flower visit, we measured the
time elapsed since the bee left a flower until it landed on the
following one. Dividing the overall time by the number of
flowers (including the final one) that the bee approached and
inspected during its flight trajectory, we obtained the average
time spent per flower during each visit. Taking the median of
these values over the duration of phase III, we obtained the
“decision time”—or time spent travelling to and inspecting a
flower before deciding whether to land on or reject it.

Statistical analyses

A Mann—Whitney U analysis, with Bonferroni correction for
multiple comparisons (Ctagjustea=0.012), revealed that, for
each colour pair, the proportion of correct choices (Table S4,
Online Resource 2) was independent of whether target flowers
were of colour A or B (all p>,gjusica). We therefore pooled
the data from bees trained to seek nectar at A or B flowers,
ignoring this factor in subsequent analyses.
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We explored how the acquisition of the discrimination task
(changes in the proportion of correct responses through phase
IT) and final performance (proportion of correct choices during
phase III) changed with decision time, colour pair and other
parameters that might affect bee choices: brightness (Hempel
de Ibarra et al. 2000; Reisenman and Giurfa 2008), green
contrast (Giurfa et al. 1996; Giurfa et al. 1997; Giurfa and
Vorobyev 1998; Hempel de Ibarra et al. 2001; Hempel de
Ibarra et al. 2002; Hempel de Ibarra and Giurfa 2003; Marti-
nez-Harms et al. 2010), colour contrast to the background and
spectral purity (Lunau 1990; Lunau 1993; Lunau et al. 1996;
Lunau et al. 2006; Rohde et al. 2013; Papiorek et al. 2013).

To analyse the acquisition of the discrimination task, we
divided phase II (15 foraging bouts) in three blocks of five
foraging bouts each and calculated, for each bee, the propor-
tion of correct choices in each block. Because there were too
many explanatory variables to include them all in a single
model, we performed several groups of repeated measures
analyses of variance on these data. Each group included a
subset of explanatory variables. Within each group, we started
with the full model, which included all the explanatory vari-
ables of the group and interaction terms, and systematically
removed non-significant interactions and variables to find the
model with the lowest value of Akaike’s information criterion
(4IC, Akaike 1973). In the first group, we started with a model
having block (1 to 3) as within-subject repeated measure,
colour pair as between-subjects categorical factor and log-
transformed decision time as continuous variable (decision
time was log-transformed to improve the linearity of the
relationship). This model also included the interactions be-
tween block and colour pair and (log-transformed) decision
time. The process was then repeated with eight additional
groups. For the initial model of these groups, we replaced
colour pair with a continuous measure of perceptual distance
(as predicted by the COC or RN model—half of the groups
with each variable) and added a variable related to the achro-
matic properties of the pair (brightness contrast, green con-
trast, spectral purity or colour contrast against the

background—each of these variables was combined with the
two measures of perceptual distance). Table 1 specifies the full
model and the most parsimonious model for each group. Note
that this exercise was not repeated with the CH and logarith-
mic RN models because there was no sufficient variability in
perceptual distances of the four colour pairs when calculated
with these models (coefficients of variation of 0.04 and 0.06,
respectively). From all the models tested, we selected the one
with the lowest AIC value and those within two AIC units,
and these were the models that we used for hypothesis testing.
In the selected model, we estimated p values with type 11 tests.

For the analysis of final performance, we determined, for
each bee, the number of correct choices over the first 15
flower visits in the extinction test (phase III). Subsequent
visits were discarded because bee behaviour becomes haphaz-
ard as the number of empty flowers visited increases (Lotto
and Chittka 2005). These data were analysed with generalized
linear models (GLMs) with binomial distribution and logit
link function. As in the previous case, we fitted nine sets of
models to the data, with the same structure described for the
repeated measures ANOVAs, except that in the GLMs, we
removed the variable “block” (as we only included data from
the last trial). In each of these sets, we systematically removed
interaction terms and variables to search for the most parsi-
monious (lowest AIC value) model. Table 2 specifies the full
model and the most parsimonious model for each group. We
used the most parsimonious models to determine statistical
significance, based on type II log-likelihood ratio tests, and
used planned contrasts to compare performance on specific
colour pairs. Note that, in these models, decision time was
not log-transformed. The reason for this is that we used a
non-linear (logit) link function.

Finally, we used GLMs with Gaussian distribution and
identity link function to investigate whether decision times
differed between groups. In the first analysis, we used pair
as categorical variable. In the following analyses, which were
followed by a post hoc Tukey’s honest significant difference
(HSD) test for comparisons among groups, we used

Table 1 Model selection for the repeated measures analysis of task acquisition (phase II)

Initial model Selected model AlCial AlCginal
Block * ColourPair+logTime+Block: logTime Block+ColourPair —195.66 —257.41
Block * COC+logTime+Brightness+Block: logTime+Block: Brightness Block+COC+Brightness -216.82 —265.10°
Block * COC+logTime+GreenContrast+Block: logTime+Block: GreenContrast Block+COC+GreenContrast —215.71 —264.32%
Block * COC+logTime+SpectralPurity+Block: logTime+Block: SpectralPurity Block+COC+SpectralPurity —208.09 —260.12
Block * COC+logTime+CCB+Block: logTime+Block: CCB Block+COC —203.22 -261.57
Block * RN+logTime+Brightness+Block: logTime+Block: brightness Block+RN+Brightness -218.67 —264.82°%
Block * RN+logTime+GreenContrast+Block: logTime+Block: GreenContrast Block+RN+GreenContrast -219.23 —265.34*
Block * RN+logTime+SpectralPurity +Block: logTime+Block: SpectralPurity Block+RN+ SpectralPurtiy —205.89 —256.66
Block * RN+logTime+CCB+Block: logTime+Block: CCB Block+RN -201.92 -261.26

*Most parsimonious models
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Table 2 Model selection for the generalized linear models (GLM) of
the extinction test (phase III)

Table 3  Hypothesis testing for the repeated measures analysis of task
acquisition (phase II)

Initial model Selected model AlChitiar AlCpinal Model Variables X df pvalue
ColourPair * Time ColourPair * Time 284.45 284.45% Block+COC+ Brightness
COC+Brightness COC+Brightness 285.6 285.6° Block 89.19 2 <0.0001
COC+GreenContrast ~ COC+GreenContrast ~ 288.42 288.42 COC 11.45 0.0007
COC+SpectralPurity ~ COC+SpectralPurity ~ 295.45 295.45 Brightness 1090 1 0.001
COC+CCB COC+CCB 311.92 311.92 Block+COC+GreenContrast
RN+Brightness RN+Brightness 288.1 288.1 Block 89.19 2 <0.0001
RN+Green Contrast RN+GreenContrast 286.5 286.5% COC 13.97 0.0002
RN+Spectral Purity RN+SpectralPurity 304.87 304.87 GreenContrast  10.13 1 0.0015
RN+CCB RN 31547 313.49 Block+RN+Brightness
Block 89.19 2 <0.0001
*Most parsimonious models RN distance 1039 0.0013
Brightness 10.88 1 0.001
perceptual distance (calculated with the COC or RN model) =~ Block+RN+GreenContrast
and achromatic (brightness or green) contrast. Block 89.19 2 <0.0001
Statistical analyses were performed with R software (R RN 1431 1 0.0001
Core Team 2013). GreenContrast 1149 1 0.0007

Results

In the analysis of task acquisition during training, the most
parsimonious models contained block of trials, perceptual
distance and either brightness or green contrast (Table 1).
We obtained the same results regardless of whether we used
the COC or RN models to estimate perceptual distances.
Although the model with RN distance and green contrast
had the lowest AIC, the difference in AIC value between this
model and those with COC and brightness was less than two
units (Table 1). As a result, we cannot conclude that one model
fits the data significantly better than the others (Burnham and
Anderson 2002), and therefore, we used these four models for
hypothesis testing (Table 3).

We obtained qualitatively similar results for the four most
parsimonious models. The proportion of correct responses
increased with experience (effect of block, Fig. 4), with per-
ceptual distance (as calculated with the COC or RN model)
and with achromatic (brightness or green) contrast (Table 3).

Overall, the most parsimonious model for the extinction
test (phase III) included colour pair as a categorical factor,
decision time and their interaction (Table 2). The model with
COC distance and brightness was within two AIC units
(AAIC=1.15), and the model with RN distance and green
contrast was just beyond the two-unit limit (AAIC=2.05).
Since the “two-unit rule” is an arbitrary criterion and was
infringed only by 0.05 units, we used all three models for
hypothesis testing.

In the most parsimonious model, there was a significant
effect of colour pair, and the proportion of correct choices

Only the most parsimonious models are described here

increased with decision time, while the interaction between
the two variables was marginally non-significant (Table 4). In
the alternative models, the proportion of correct choices in-
creased with (COC or RN) perceptual distance, as well as with
the (brightness or green) achromatic contrast (Table 4, Fig. 5).
There was a strong correlation between brightness and green
contrast (Pearson’s correlation »=0.95, =40.27, p<0.001)
thus, the two variables are interchangeable in the analyses
and figures.

The contrast analysis revealed that the proportion of correct
choices of group 3 was significantly higher than for the other
groups (£>3.26, df=60, p<0.002).
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Fig. 4 Acquisition of colour discrimination task during training (phase
II): change in the proportion of correct choices as training progresses for
the different treatment groups. Error bars denote standard errors
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Table 4 Results of the generalized linear models (GLM) for the ex-
tinction test analysis

Model Variables X df  pvalue
ColourPair * Time
ColourPair 41.71 3 <0.0001
Time 421 1 0.04
ColourPair: Time 6.88 3 0.08
COC+Brightness
coC 28.10 1 <0.0001
Brightness 28.52 1 <0.0001
RN+GreenContrast
RN 35.29 1 <0.0001
GreenContrast 28.98 1 <0.0001
Only the selected models and their variables are described here
a
015
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O Group 2
0,10 } A Group3
v Group 4
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Fig. 5 Partial regression plots showing the relationship between the
proportion of correct choices during phase III and a COC distance and
b brightness contrast. In the vertical axis, we show the residuals of the
regression of the proportion of correct choices on a brightness contrast or
b COC distance. In the horizontal axis, the residuals of the regression of a
COC distance on brightness contrast or b brightness contrast on COC
distance (Moya-Larafo and Corcobado 2008). Error bars are standard
errors
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Concerning the effect of decision time on the proportion of
correct choices, after controlling for colour pair, bees with
longer decision times were more likely to choose flowers of
the correct colour. Since the interaction between colour pair and
decision time approached statistical significance, it is important
to ask how the relationship between decision time and propor-
tion of correct choices changed between groups. Inspection of
the regression coefficients (Table S5, Online Resource 2)
showed that the proportion of correct choices increased with
decision time for all colour pairs (Fig. S1, Online Resource 2),
with the exception of group 3—the group where discrimination
reached its maximum value—where increasing decision time
had no effect on the proportion of correct choices.

We now ask how the properties of the stimuli affected the
decision time. The most parsimonious model included a single
variable: green contrast. Nevertheless, the model with bright-
ness contrast and RN distance was within two AIC units
(Table S6, Online Resource 2) and must also be considered.
Decision time decreased as achromatic contrast increased
(Fig. 6b), but somewhat surprisingly, it increased with RN
perceptual distance (Fig. 6a), and these effects were statisti-
cally significant (Table S7, Online Resource 2). A Tukey HSD
test revealed that decision times were higher for bees in group
4 than for all other groups (all p<0.014), while there were no
significant differences in the decision times of bees trained
with colour pairs 1, 2 and 3 (all p>0.92).

Discussion

The COC, CH and RN models are often used in the literature
to estimate chromatic distances as perceived by bees (Hempel
de Ibarra et al. 2002; Reisenman and Giurfa 2008; Benard and
Giurfa 2008; Niggebriigge et al. 2009; Martinez-Harms et al.
2010; Rodriguez-Gironés et al. 2013; Wang et al. 2013;
Nityananda and Pattrick 2013). Nevertheless, although the
models make different predictions, few attempts have been
made to determine which model provides the best description
of the data (Vorobyev and Brandt 1997; Vorobyev et al. 1999;
Hempel de Ibarra et al. 2000), and even less effort has been
devoted to determine whether different models should be
applied in different circumstances.

Models’ predictions can be in agreement with behavioural
data, in some cases, for a particular subset of coloured stimuli
during a detection or discrimination task, but there are also
instances in which they will fail (Hempel de Ibarra et al. 2014).

Most of the studies that use the models to estimate percep-
tual distances were meant to elucidate the (fine and large)
colour discrimination ability of bees (Dyer and Chittka,
2004a), the detectability of colours against complex and neu-
tral backgrounds (Spaethe et al. 2001; Forrest and Thomson
2009), the effect of conditioning protocol on learning rate
(Giurfa 2004; Reser et al. 2012) or the effect of aversive
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Fig. 6 Partial regression plots showing the relationship between search
time and a RN distance and b brightness contrast. In the vertical axis, we
show the residuals of the regression of the search time on a brightness
contrast or b RN distance. In the horizontal axis, the residuals of the
regression of a RN distance on brightness contrast or b brightness
contrast on RN distance. Error bars are standard errors

stimuli on learning ability (Chittka et al. 2003; Avargués-
Weber et al. 2010). There was sporadic interest in testing model
predictions about the detectability of bright and dim objects
(Hempel de Ibarra et al. 2000) or under different light condi-
tions (Arnold and Chittka 2012; Dyer and Chittka 2004b),
while other studies address questions about innate and sponta-
neous colour preferences (Giurfa et al. 1995; Lunau et al. 1996;
Raine and Chittka 2007; Papiorek et al. 2013) and different
learning forms in bees (Giurfa and Sandoz 2012).

In this context, the present experiment constitutes the first
attempt to determine which model provides the best descrip-
tion of perceptual chromatic distances in bumblebees, much as
Hempel de Ibarra et al. (2000) attempted to determine which
model should be used to estimate the detectability of stimuli
and Brandt and Vorobyev (1997), using spectral sensitivity
data (von Helversen 1972; Bobeth 1979), to test hypotheses
about the physiology underlying honeybee spectral sensitivity.

Our results show that the ability of free-flying bumblebees to
discriminate colour pairs is not well predicted by their percep-
tual distance, as calculated with the CH model. At the end of
the experiment, the proportion of correct choices for different
colour pairs ranged from 70 % (groups 1 and 2) to 90 %
(group 3), although all colour pairs had the same CH distance
(mean=SEM=0.0549+0.0007; Table S2, Online Resource 2).
While the predictions of the COC and RN models were
somewhat better, they too failed to predict which colour pair
bees would find it easier to discriminate: bumblebees were
significantly better at discriminating between the two colours
of group 3 (dcoc=1.13; drny=0.40) than of group 4 (dcoc=
1.51; dgn=0.78). These findings demonstrate experimentally
that, although current models may be used to obtain rough
estimates of perceptual distances, they cannot be used to
predict whether bumblebees will discriminate one colour pair
better than another.

It has repeatedly been stated that bees ignore brightness
differences when choosing target colours subtending a
known visual angle (Backhaus et al. 1987; Backhaus
1991; Chittka et al. 1992; Lehrer and Bischof 1995;
Vorobyev and Brandt 1997; Giurfa and Vorobyev 1997;
Giurfa et al. 1997; Niggebriigge and Hempel de Ibarra
2003; Reisenman and Giurfa 2008; Papiorek et al. 2013).
Besides, the idea prevails that honeybees and bumblebees
use an achromatic channel when stimuli subtend a small
visual angle and a chromatic channel when they subtend a
large one (Lehrer and Bischof 1995; Giurfa et al. 1996;
Giurfa et al. 1997; Giurfa and Vorobyev 1998; Dyer and
Griffiths 2012). Supposedly, bees use the chromatic or
achromatic channel depending on the task, but they do not
use both channels simultaneously. In our set-up, with 16
flowers randomly distributed on a 70 x70-cm surface, the
visual angle subtended by the nearest flowers when a bee
departed from a flower was typically greater than 8°, and it
increased as the bee approached the flower, but also de-
creased for flowers farther away. Because bumblebees use
chromatic cues to process visual information when objects
subtend an angle greater than 2.7° (Dyer et al. 2008), we
expected them to use chromatic cues in the discrimination
task. Nevertheless, both chromatic and achromatic con-
trasts affected the discriminability of colour pairs—indicat-
ing that bees can use the achromatic channel since it is
available to the visual system even for subtended large
visual angles. It is impossible, however, to infer here
whether bumblebees were using both channels at the same
time or in a sequence since they were flying around the
arena. Because of the strong correlation between green
and brightness contrasts among our stimuli pairs, however, it
is impossible to determine which achromatic cue bees used.

Careful psychophysics experiments will be required to
produce detailed descriptions of the bumblebee colour space.
At least within the region of colour space that we used,
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however, we can conclude that the COC and RN models
provide a better description than the CH model of bumble-
bees’ perceptual distances and that bumblebees can use chro-
matic and achromatic cues to solve a discrimination task even
for stimuli that subtend a large visual angle.

Implications for colour processing mechanisms

The visual processing mechanisms that enable colour discrim-
ination are not completely understood. For example, models
assume that bee colour discrimination results from comparing
the output of photoreceptors using two colour opponent mech-
anisms. The topology of the colour space results from the
choice of unspecified orthogonal colour opponent mecha-
nisms according to the CH model (Chittka 1992), from the
choice of a specific pair of colour opponent mechanisms
according to the COC model (Backhaus 1991) and from the
level of noise of the different receptor types according to the
RN model, limiting performance of colour opponent mecha-
nisms (Vorobyev and Osorio 1998; Vorobyev et al. 2001). Our
data clearly show that postulating a pair of orthogonal mech-
anisms (CH model) is not enough to describe the colour space
of bumblebees, but differences in the goodness of the fits of
the COC and RN models are insufficient to rule out an
exclusive effect of receptor noise limiting colour discrimina-
tion or the specificity of the colour opponent mechanism
adopted by the COC model in the topology of colour space.

If the finding that the COC model provides a good fit to our
data suggests that the nature of colour opponent mechanisms
must be taken into account to understand colour perception,
this suggestion should be taken with care: bees possess several
types of colour opponent neurons (Yang et al. 2004) distrib-
uted along different regions in the bee brain (Yang et al. 2004;
Paulk and Gronenberg 2008), and the implication of these
regions in chromatic information processing is still not clear
(Mota et al. 2013) and, so, how the different colour opponent
neurons are used to produce what seems to be a two-
dimensional colour space (Backhaus et al. 1987). On the other
hand, the RN model also predicted the bumblebee perfor-
mance well for the set of colour pairs used in this work, and
it could also be that discrimination was limited by the receptor
noise mechanism. It is not clear, however, that such limitation
is set only by receptor noise, with neural noise being negligi-
ble and, with that, the opponent interactions between receptor
signals (Vorobyev et al. 2001).

Both the COC and RN models were originally based on
experimental honeybee data. Because honeybees and bumble-
bees perform differently in colour discrimination and detec-
tion tasks (Dyer et al. 2008; Wertlen et al. 2008; Morawetz and
Spaethe 2012) and it has been suggested that the two species
could differ in the way that they process ommatidia signals at
the neural level (Wertlen et al. 2008), it is somewhat surprising
that both models provide a relatively good description of the
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bumblebee colour space. These finding suggest that the two
species could process colour information in a similar way.
Since honeybees and bumblebees belong to the same subfam-
ily (Apinae), it is possible that the CH model provides a better
description of the colour space of more distantly related spe-
cies. Nevertheless, as the COC and RN models made similar
predictions for our colour pairs, we cannot rule out the possi-
bility that noise at the receptor level has a strong effect on
perceptual distances. If this were the case, the goodness of
fit of the COC model to our data would be a spurious conse-
quence of our choice of colours, since the RN model assumes
that the noise in receptor mechanisms is dominant and dis-
crimination of signals does not depend on how the receptor
signals are combined to form opponent mechanisms
(Vorobyev et al. 2001).

Regardless of whether perceptual distances are determined
by the choice of colour opponent mechanisms, receptor noise
or a combination of both, the role of chromatic and achromatic
cues in discrimination tasks may have to be reconsidered and
more data should be collected before attempting to produce a
new descriptive model of bee colour space and topology.

The positive correlation between decision time and perfor-
mance has been demonstrated by many authors (Spaethe et al.
2001; Chittka et al. 2003; Dyer and Chittka 2004b; Skorupski
et al. 2006; Chittka and Spaethe 2007; Rodriguez-Gironés
et al. 2013), suggesting that bees face a trade-off between
increasing accuracy and speed (Chittka et al. 2003; Chittka
and Spaethe 2007). Our results are consistent with the exis-
tence of this trade-off: within colour pairs, the proportion of
correct choices increased with decision time, with the excep-
tion of group 3, where discrimination was easiest. Between
groups, however, decision times were shortest when the ach-
romatic contrast between target and distracter flowers was
largest (Fig. 6b), but they increased with perceptual chromatic
distance (Fig. 6a).

The behaviour of a bee is the result of a decision-making
process that operates on memory and perception, and in order
to predict how bees will respond to different environments, we
need to understand perception, learning and decision-making.
Likewise, if we are to infer the properties of perception from
the results of behavioural experiments, we need to know the
decision-making process linking perceptual input to behav-
iour. In addition, the study of recently discovered colour
opponent neurons could give some new insights about the
visual information process, within distinct bee brain regions.

Ecological implications

Size and shape can affect the foraging choices of bees and
other insects because they can constrain access to the reward
(Inouye 1980; Stang et al. 2006; Santamaria and Rodriguez-
Gironés 2007). Flower colour has also been proposed to affect
the foraging choices of pollinators (Raven 1972; Chittka and
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Waser 1997; Rodriguez-Gironés and Santamaria 2004). Also,
the combination of flower size and colour has been shown to
affect the time that bees need to detect flowers (Spacthe et al.
2001) in a homogenous background. As we have seen, both
the probability of selecting the correct flower colour and the
time required to select a flower depend on the chromatic and
achromatic parameters of the target and distracter flowers.
Both factors affect foraging efficiency: inaccurate foragers
will waste precious time exploiting suboptimal flowers, and
increasing decision time reduces the number of flowers that a
bee can visit per unit of time. The optimal balance between
increasing accuracy and decreasing decision time will depend
on the available options and the need to track changes in
resource availability (Dyer and Chittka 2004b; Chittka and
Spaethe 2007). At the same time, the balance achieved by
foraging bees has important consequences for the reproduc-
tive success of plants: flower constancy promotes conspecific
pollen flow, reduces pollen loss and stigma clogging (Chittka
etal. 1999).

Hence, because flower colour affects the foraging choices
of bees and foraging choices affect the reproductive success of
plants, and thus the selective pressures to which a plant is
exposed within a community (Rodriguez-Gironés and
Santamaria 2005; Rodriguez-Gironés and Santamaria 2010),
in order to understand and predict changes in flower aspect
and abundance through time and space and their ecological
implications, we first need to understand how the ability of
bees to discriminate between flowers and the time that they
require to accomplish this task depend on the spectral proper-
ties of the flowers and the learning mechanisms that modulate
their behavioural flexibility.

Conclusions

Developing a colour difference formula valid throughout the
colour space of bumblebees may be an impossible quest
(Chittka and Kevan 2005). This, however, does not mean that
we should use available models blindly, without trying to
elucidate which model provides the most accurate description
in each context. This information will greatly increase the
performance and power of available models. The present
paper is only a small contribution in this direction, but one
that can easily be extended in future experiments.
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Online Resource 1 Calculating Perceptual Distances, Colour and Achromatic Contrasts

The quantum catch of a photoreceptor, g; (where i = UV, B or G), is an estimate of the
number of impinging photons that the photoreceptor absorbs under specific illumination
conditions. If R;(A) is the spectral sensitivity of type-i photoreceptors, then its quantum

catch is given by:
o =k R(A}1(4)}D(2)d4, €y

where 1(4) and D(A) are the reflectance spectrum of the stimulus and the spectral
distribution of incident light, respectively, and k; is a scaling factor chosen so that
quantum catches equal 1 for the background spectrum, Ip(A), to which photoreceptors

are adapted:

K = . @

[ R(AN,(2)D(2)}d2

For the colour hexagon, CH (Chittka 1992), and colour-opponent coding, COC
(Backhaus 1991) models we must also calculate the excitation level of photoreceptor

neurons, E;, according to the equation

q.
E. = 3
"1+ @)

COC distance

To calculate the colour distance between two stimuli according to the COC model, for
each colour of the pair we first calculate the colour-opponent mechanisms (Backhaus

1991) A and B
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A =-9.86-Eyy +7.70-Eg + 2.16-Eg (4)

B =-5.17-Eyv + 20.25-Eg - 15.08-E¢ (5)

If colours 1 and 2 produce excitation values (Euvi, Eg1, Ec1) and (Euvz, Esz, Eg2), from
which we can compute (A;, B;) and (Az, By) using equations (4) and (5), then the
perceptual colour distance between colours 1 and 2 according to the COC model, dj», is

given by (Backhaus 1991)

di2 = |A1 - Ay| + |B1 - By (6)

CH distance

From the photoreceptor excitations (equation 3), we calculate the hexagon coordinates

Xand,
X = +/3. (Eg— Euv)/2 (7
Y = EB — OS(EUV + Eg) (8)

The CH distance between two colours, E1,, is the Euclidean distance between the loci of

the colours on the hexagon (Chittka 1992):

Ex2 = [(X1 - X2)? + (Y1 - Y2)°]¥? 9)

RN distance

To obtain the RN perceptual distance we do not need to obtain the loci of the two
colours of a pair on a hypothetical colour space. Rather, the RN model assumes that

perceptual distances are determined by the level of noise at the different photoreceptor

3
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channels, e;. For the particular case of Bombus terrestris habituated to daylight, these
parameters are eyy = 0.74, eg = 0.67 and eg = 0.61 (see Fig. 3c of Skorupski and Chittka
2010). With these noise parameters and the quantum catches, the perceptual distance,
(ASY)?, between colours 1 and 2 is given by

(ASt )2 _ Gy “{Ads —AGg )" +e5°{Ads —Aqy, ) +e5”(Ady, —Adg )’
(euv €g )2 + (euv €s )2 + (eB €g )2

(10)

Two versions of this model have been proposed, corresponding to different definitions

of the Ag. For the linear version (Vorobyev and Osorio 1998),
AQ; =0y — 0 (11)
while for the logarithmic version (Vorobyev et al. 2001),

Aq; =log(a,; )-log(ay;) (12)

Calculating COC from CH Distances

It is possible to express the colour-opponent mechanisms A and B of the COC model
(equations 4 and 5) as linear combinations of the colour-opponent mechanisms X and Y

of the CH model (equations 7 and 8). Specifically,
A=6.94-X+7.70-Y (13)
B=-572-X+20.25'Y (14)

Given P = (X, y), let Q = (x’, y’) be a point a distance r from P, at an angle o with the
vertical axis. The coordinates of Q on the (X, Y) plane of the colour hexagon are

therefore

X’ =X + r-sin(a) (15)
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y’ =y +r-cos(a) (16)

From equations 13 and 14, the A and B colour-opponent mechanisms for points P and Q

are:
Ap = 6.94:-X + 7.70y (17)
Bp = -5.72-X + 20.25-y (18)
and

Ag =6.94-(x +r-sin(a)) + 7.70-(y + r-cos(a)) (19)
Bo =-5.72:( X + r-sin(a)) + 20.25-(y + r-cos(a)) (20)

From equation 6, it follows that

dpg = r+(]6.94-sin(c)+7.70-cos(a)| + |-5.72-sin(a)+20.25-cos(cv)|) (21)

Calculating RN from CH Distances

A given point on the CH plane corresponds to infinitely many different reflectance
spectra (essentially, the same hue with different brightness; Chittka 1992). To calculate
the correspondence between CH and RN distances we must therefore make additional
assumptions. In particular, we will assume that colours (both P and Q (a)) are chosen in

such a way that
EUV + EB + EG =1 (22)

For each point (X, Y) on the colour hexagon, this constraint, together with equations 7
and 8, define a system of three linear equations with three unknowns (Eyy, Eg and Eg)
which can be solved for the photoreceptor excitation values. In other words, given the

coordinates of a point on the colour hexagon, equation 22 allows us to calculate the

5
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photoreceptor excitation values and, from equation 3, the corresponding quantum
catches produced by a colour stimulus. We can therefore calculate the quantum catches
corresponding to points P = (x, y) and Q = (x’, y°), a distance r from P and at an angle a
with the vertical axis. Once we have calculated the quantum catches, the RN distance

between the colours corresponding to P and Q is simply obtained from equation 10.

Calculating brightness and green contrast

We calculated brightness and green contrasts as specified by Reser et al. (2012). Let qic
be the quantum catch of photoreceptor i (i = 1, 2, 3 for photoreceptors UV, B and G)

when the eye of the bee is stimulated with colour ¢ (equation 1).

Brightness contrast between colours 1 and 2:

3
ZQM
_ iz

Br,, = i3 (23)
Z aj,
j=1
Green contrast between colours 1 and 2:
q
Gy, = —= (24)
0z,

Chromatic contrast of target colours against background

Let (X, Y¢) be the colour hexagon coordinates of colour ¢ (equations 7 and 8). The

chromatic contrast of colour c agains its background is the euclidean distance between
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the loci of the colour and the background. Because the coordinates of the background

are (0, 0), this is simply X/XCZ +Y_%. The contrast between the chromatic contrasts of

colours 1 and 2 against the background is therefore

IX 2 +Y2
VX2 +Y,)7

CCB,, = (25)

Spectral purity

The spectral purity of colour c is the ratio between its chromatic contrast against the
background (as defined above) and the chromatic contrast against the background of its
dominant wavelength (Lunau et al. 1996; Rohde et al. 2013) — where the dominant
wavelength of colour c is the intersection of the spectral line with the straight line
through the centre of the hexagon and the locus of colour ¢ (Fig. S1). Given colours 1

and 2, their spectral purity contrast equals the ratio of their spectral purities.

Fig. S1 Loci of stimuli (green and orange circles), background (grey square) and
spectral locus (black circles connected by a line) plotted in the CH space. The stimuli
are indicated by their reference names and the corresponding hues are highlighted in
grey. The continuous line represents the spectrum locus for bumblebees with the

illumination and background colour used in the experiment
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Online Resourse 2 Additional information about chromatic and achromatic parameters
of stimuli used in the experiment, regression coefficients for the proportion of correct
choices, model selection and hypothesis testing for the search time and the relationship
between proportion of correct choices, decision time (s) and the COC distance during
the extinction phase
Table S1 Quantum catch, Green contrast (GC), Brightness contrast, Colour contrast
against the background (CCB) and Spectral purity contrast (SP) of target colours used in
the experiment
Colour
Group reference Quantum catch GC Brightness CCB SP
uv Blue Green
Background MT - 431 1 1 1
Distracter MT - 553 0.180 0.117 0903  1.108 2.500 0.334 0574
1 MT-133 0573 0.416  0.414  2.426 2.146 3639  3.026
1 MT-429 1.047 0.957  1.005
2 MT-336 0934 0719  0.882  2.129 1.807 1.205  1.018
2 MT-133 0573 0416  0.414
3 MT-350 2005 1991 2355  2.669 2.506 1.659  2.690
3 MT-336 0.934 0719  0.882
4 MT-101 2.348 3.038 3234 1468 1.560 1.107  1.094
4 MT-470 1.672 1649  2.203
Table S2 Colour opponent mechanisms according to the CH (X and Y), COC (A and B)
and RN_ (X and X3) models, for the different colours used, perceptual distance for each
pair, calculated using the CH, COC and RN (lineal and logarithmic versions) models,
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and angle a that the segment linking the loci (in the colour hexagon) of the two colours

of the pair makes with the vertical axis

Colour Angle
Group Colour opponent mechanisms Perceptual distance
reference (o)
X Y A B X1 X CH cocC RN_ RN_gg
Distracter MT -553 0.278 -0.208 0.331 -5.815 0.867 -0.339
1 MT-133 -0.062 -0.035 -0.697 -0.354 -0.001 0.182 71° 0.055 0.55 0.11 0.29
1 MT-429 -0.009  -0.017 -0.195  -0.299 0.053 0.079
2 MT-336 -0.012  -0.058  -0.528  -1.094 0.180 0.163 294°  0.054 0.90 0.18 0.29
2 MT-133 -0.062  -0.035 -0.697 -0.354  -0.001 0.182
3 MT-350 0.030 -0.019 0.063 -0.554 0.401 -0.174  227°  0.057 1.13 0.40 0.27
3 MT-336 -0.012  -0.058  -0.528  -1.094 0.180 0.163
4 MT-101 0.054 0.019 0.527 0.090 0.217 -0.898  180°  0.054 151 0.78 0.32
4 MT-470 0.053 -0.034 0.108 -1.002 0.612 -0.263

Table S3 Perceptual distances between stimuli and distracter during phase |

Group  Stimuli reference  Perceptual distance between distracter and stimuli
CH CcocC RNL_ RNLog
1 MT-133 0.38 6.49 1.01 244
1 MT-429 0.34 6.04 0.91 2.29
2 MT-336 0.33 5.58 0.85 2.17
2 MT-133 0.38 6.49 1.01 244
3 MT-350 0.31 5.53 0.50 212
3 MT-336 0.33 5.58 0.85 2.17
4 MT-101 0.32 6.10 0.86 2.20
4 MT-470 0.28 5.03 0.27 1.98

Table S4 Proportion of correct choices and search time for target colours A and B

within groups during the extinction phase (I11)
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40

Group  Colour reference

Target colour

Proportion correct choices (%0)

Search time(s)

1

1

MT-133

MT-429

MT-336

MT-133

MT-350

MT-336

MT-101

MT-470

A

B

69

74

67

72

94

89

88

71

1.57

1.68

1.73

1.73

1.58

1.55

1.83

2.17

Table S5 Regression coefficients of the GLM for proportion of correct choices (phase

I11) with group, decision time and their interaction as explanatory variables. Baseline is

group 4

Coefficients Estimate Std. Error z value Pr (>|z|)
Intercept -0.648 1.046 -0.620 0.535
Group 1 -2.503 2.099 -1.193 0.233
Group 2 2.243 1.494 1.501 0.133
Group 3 0.765 2.354 0.325 0.745
Time 1.159 0.602 1.925 0.054
Group 1 : Time 1.674 1.399 1.197 0.231
Group 2: Time -1.630 0.912 -1.787 0.074
Group 3 : Time 0.392 1.642 0.239 0.811

Table S6 Generalized linear models with Gaussian distribution to investigate the effect

of colour pair, distance (COC and RN) brightness and green contrast on the search time

(s)



Initial Model Selected Model AIlChitial AlCrina

ColourPair ColourPair -10.734 -10.734
COC + Brightness COC + Brightness -11.374 -11.374
COC + GreenContrast GreenContrast -12.593 -14.333*
RN + Brightness RN + Brightness -12.499 -12.499*
RN + Green Contrast GreenContrast -12.708 -14.333*

41

42

43

44

45

46

47

48

49

50

*most parsimonious models

Table S7 Hypothesis-testing for the GLM analysis with Gaussian distribution of

chromatic and achromatic parameters affecting the search time (s). Only the most

parsimonious models are described here

Model Variables X d.f. p

GreenContrast
GreenContrast ~ 27.04 1 <0.0001
RN + Brightness
RN 4.87 1 0.03

Brightness 10.30 1 0.001

Fig. S1 Relationship between proportion of correct choices, decision time (s) and the
COC distance during extinction phase (I11): Effect of perceptual distance, as predicted

by the COC model, on a the proportion of correct choices and b decision time during

phase Ill. Error bars are standard errors
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