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While most models of decision-making assume that individuals assign
options absolute values, animals often assess options comparatively,
violating principles of economic rationality. Such ‘irrational” preferences are
especially common when two rewards vary along multiple dimensions of
quality and a third, ‘decoy’ option is available. Bumblebees are models
of decision-making, yet whether they are subject to decoy effects is
unknown. We addressed this question using bumblebees (Bombus impatiens)
choosing between flowers that varied in their nectar concentration and
reward rate. We first gave bees a choice between two flower types, one
higher in concentration and the other higher in reward rate. Bees were
then given a choice between these flowers and either a ‘concentration’
or ‘rate’ decoy, designed to be asymmetrically dominated on each axis.
The rate decoy increased bees’ preference in the expected direction,
while the concentration decoy did not. In a second experiment, we
manipulated choices along two single reward dimensions to test whether
this discrepancy was explained by differences in how concentration versus
reward rate were evaluated. We found that low-concentration decoys
increased bees’ preference for the medium option as predicted, whereas
low-rate decoys had no effect. Our results suggest that both low- and
high-value flowers can influence pollinator preferences in ways previously
unconsidered.

1. Introduction

Animals face a myriad of decisions in their daily lives, and central to decision-
making is the ability to assess the potential benefits (or rewards) associated
with different options. Classic economic models such as expected utility
theory (for humans) [1] and foraging theory (for non-human animals) [2-5]
assume that an objective measure of value is determined for each option
through combining several attributes of value, often related to fitness [6,7].
However, a multitude of studies in human [8-10] and non-human [11-13]
animals have shown that a reward’s value is rarely absolute, but instead is
perceived relative to expectations based on experience with similar rewards or
other available options. This can lead to economically ‘irrational” decisions
[14], where the magnitude and even the direction of preferences depend
on the composition of the choice set. For instance, many animals expecting
a high-quality reward are more likely to reject a medium-quality reward
than individuals expecting a low-quality one (e.g. honeybees [15], ants [16],
pigeons, rats [17]). When faced with two or more choices, animals often make
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decisions relative to the other options available, which can lead to circular preferences where no one option is ‘best’” (honeybees [ 2 |

[18], grey jays [19]). While considered to be economically irrational, such behaviours can still be ecologically rational [20]
through allowing animals to more efficiently exploit environments that vary in time and space [21]. Throughout this paper, we
refer to ‘irrational” in terms of economic rationality.

Decoy effects are a common example of context-dependent preferences in which the introduction of an apparently ‘irrele-
vant’ option into a choice set alters preferences between two or more preferred options. Decoy effects are typically encountered
in ‘unfriendly’ choice environments where options have two or more value dimensions (e.g. price and quality) [22] that can be
directly compared. When choosing between one option, the ‘target’, which is superior in one dimension but inferior in another
(e.g. ‘R’ on figure 1), and a second option, the ‘competitor’ (e.g. ‘C’ on figure 1), preference between these two options can be
shifted by the addition of a third option, the “decoy’ [10] (e.g. DR on figure 1). The decoy creates an asymmetric dominance,
being worse than the target along both dimensions, but only worse than the competitor along one, making the target appear
relatively better. For instance, when choosing between a five-star restaurant 25 min away, and a three-star restaurant 5 min
away, people would be more likely to drive to the five-star restaurant when a decoy is added: a four-star restaurant 35 min
away. The five-star restaurant is both higher quality and closer than the four-star restaurant, whereas the three-star restaurant is
only closer (i.e. it is asymmetrically dominated). Such effects are common in humans and marketers frequently manipulate the
decision context to steer consumers towards particular options (e.g. [23,24]).

Outside of humans, decoy effects have been widely documented across a diverse array of taxa, including slime moulds,
insects, birds, frogs and mammals (reviewed in [14,25]). There is considerable variation between species in the presence and
magnitude of these biases. For example, frog-eating bats make rational choices in the presence of an acoustic decoy [25] but
fruit-eating bats show preference shifts when choosing between different fruits [26]. Even within species, there is evidence
that different reward dimensions are evaluated using different decision rules [27]. For example, hummingbirds show context-
dependent preferences for nectar concentration and volume but not corolla length [11,27,28]. Such findings suggest that, while
common, comparative evaluation is not a general feature of decision-making in animals, but instead may represent an adaptive
solution to ecological pressures surrounding decisions in the wild [21].

Generalist pollinators, such as honeybees (Apis mellifera) and bumblebees (Bombus spp.), are classic systems for the study
of foraging economics, with foragers encountering a ‘floral marketplace’ [29,30]. Previous work indicates that bees largely
perceive the value of nectar in relative terms. For example, honeybees show both decoy effects [31,32] and circular preferences
[18]. Relative value perception may represent a general feature of decision-making in nectarivores [21], which feed on tightly
clumped, ephemeral resources, allowing for rapid sampling and comparison of flower types [21]. On the other hand, floral
rewards vary along several dimensions of value [13,33], and such evaluation mechanisms may depend on the attributes
evaluated. However, studies of floral preferences rarely explore how decision-making may vary across different dimensions of
quality (but see [11,13]).

Here we investigated decoy effects in bumblebees concerning two aspects of nectar quality shown to be important in
foraging decisions: sugar concentration and reward rate. Sugar concentration is one of the most important aspects of nectar
quality that bumblebees attend to, with nectar sugars providing the main source of energy for flight [34]. Bees and other
pollinators generally prefer higher sucrose concentrations [15,35] and plants often compete along this reward axis [36,37].
The presence of nectar in flowers (reward rate) can also vary considerably within and between flower types due to daily
patterns of reward depletion and renewal (e.g. [38]). Bees attend to nectar’s replenish rate, leaving patches sooner when the
frequency of rewarding flowers falls below a certain threshold (e.g. [39]) or preferentially avoiding certain flower types (e.g.
[40,41]). To assess how bumblebees evaluate these attributes together and separately, we conducted two experiments. In the first
experiment, we asked whether the addition of decoy flowers would shift bees’ preferences between two preferred flowers. Bees
were given a binary choice between two artificial flower types, one higher in concentration and the other higher in reward rate
(figure 1). They were then given a trinary choice between these two flowers and either a ‘concentration decoy’ (D¢), which was
asymmetrically dominated by a high-concentration flower, or a ‘rate decoy’ (DRr), dominated by a high-rate flower. If decoy
flowers shift bees” preferences, we predicted this would increase preferences for target flower types (table 1).

After finding DR induced the predicted effect, but D¢ did not affect bees’ relative preferences between flowers, we conducted
a second experiment to explore this further. Specifically, we asked whether bees use comparative evaluation to a greater degree
when assessing nectar concentration than reward rate. This could explain why Dg, which was low in concentration, increased
the preference for R, while the same was not true for D¢. Specifically, if bees in Experiment 1 are primarily shifting preferences
in response to comparative evaluation with a low-value concentration option, we would expect the lower concentration DR to
increase the preference for R (R now appears better compared with DR), while Dc may not have an equivalent effect if bees
do not value rate comparatively. To test this hypothesis, we gave bees a choice between medium- and high-quality flowers on
a single dimension (concentration or reward rate), followed by the addition of a low-quality decoy. If bees use comparative
evaluation to a greater degree with concentration, then the addition of a low-quality option would increase bees’ relative
preference for the medium-quality option on the concentration, but not reward rate, axis.

2. Material and methods

(a) Study system

We conducted experiments with bumblebees (Bombus impatiens) (n = 103) from commercially reared queenright colonies (1 = 8)
(Koppert, USA); sample sizes per colony are shown in electronic supplementary material, table S1. Colonies were maintained
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Figure 1. Artificial flowers and rewards used in Experiment 1. Flower C was high in concentration and intermediate in reward rate. Flower R was high in reward
rate and intermediate in concentration. The rate decoy (Dg) flower had a higher reward rate than flower C but was less rewarding than flower R on both axes. The
concentration decoy (D¢) flower had a higher concentration than flower R was less rewarding than flower C on both axes.

Table 1. Asymmetric dominance relationship between decoy flowers and main flower types, C and R, in Experiment 1, and predictions of the asymmetrically
dominated decoy effect. Flower C is high in concentration (50% w/w) and intermediate in reward rate (50% rewarding). Flower R is high in reward rate (100%
rewarding) and intermediate in concentration (30% w/w). Flowers Dg (20% sucrose, 75% rewarding) and D¢ (40% sucrose, 25% rewarding) were designed to be
asymmetrically dominated by flowers R and C, respectively.

relationship to flower R relationship to flower C prediction of asymmetrically
dominated decoy effect
D¢: concentration decoy R is superior to decoy on rate axis but Cis superior to decoy on both axes  decoy will increase preference for
not concentration axis option C
Dg: rate decoy R is superior to decoy on both axes Cis superior to decoy on decoy will increase preference for
concentration axis but not rate option R
axis

in small boxes (approx.40 cm®) on 30% (w/w) sucrose solution and honeybee-collected pollen (approx.0.5 g/day, Koppert
Biological Systems, USA). We connected colonies sequentially to a flight arena (I xw x h: 122 x61 x 61 cm), using a clear plastic
tube with sliding doors to control the entry and exit of bees into the arena. The floor of the flight arena was lined with green
laminate and the sides and top consisted of black mesh screens. The arena was lit from above by a 40 W LED light placed atop
the arena and the room was illuminated with fluorescent light on a 12/12 h light/dark schedule.

(b) Experimental arrays and floral stimuli

The vertical arrays used for experiments consisted of black corrugated plastic sheets with 24 holes for ‘flowers’” arranged in a 6
x4 grid. Twelve artificial flowers were pseudorandomly arranged to be equally represented across the array, with unoccupied
holes sealed using black rubber bungs (figure 2a). We constructed artificial flowers from 1.5 ml plastic Eppendorf tubes with
small holes cut in the base of the tubes to pipette sucrose solution (figure 2a). The ‘corollas’ of these artificial flowers were made
from laminated, coloured circular discs (5 cm in diameter) placed around the opening of the tube. We used three colour stimuli
to correspond to our three flower types: blue, yellow and white (figures 1 and 24).

To accurately monitor and manipulate the reward rate of flowers (see §d below), we attached rotating paper discs to the
back of our artificial flowers, which corresponded to the four rates of reinforcement used across both experiments (electronic
supplementary material, figure S1). There were eight positions on the discs that were either marked with an ‘X’ or marked with
the sucrose concentration used for that flower type (e.g. 50%). The spot in the upright position denoted whether a flower was
empty or full, and whether to refill the flower following a bee visit. The experimenter rotated the disc a single position each time
a bee visited the flower, only refilling it on positions not marked by ‘X’. Discs were only visible to the experimenter and not to
the foraging bee.

(c) Initial training

During the initial training phase, we first allowed bees to forage for sucrose in the foraging arena by giving a whole colony
access to a white-wicked feeder containing 30% (w/w) sucrose solution. This was a single plastic container filled with sucrose
solution that had an immersed and saturated wick (a braided dental cotton roll, Richmond Dental, USA) protruding vertically
from the lid, on which bees could land and drink from. We initially placed the feeder close to where foragers exited their
colony. Over 1-2 days, we incrementally moved the feeder towards the end of the arena until bees readily foraged on it and
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Figure 2. (a) Vertical floral arrays used for training and testing in both experiments. Array for the binary (pre) test trials are shown on the left and trinary (post) test
trials on the right. (b) Overview of Experiment 1. Bees in all treatments experienced six trials; for flower reward values, see figure 1. The binary group experienced two
choices (R and C) across six trials, while trinary groups experienced only decoy flowers on trial 4, followed by three choices (R, Cand D) on trials 5 and 6. Each trial had
12 flowers total, and numbers next to flowers represent the number of flowers of each flower colour present on that trial. (c) Overview of Experiment 2. Bees in the
binary treatment were given the same choice across six trials between medium (M) and high (H) flowers. Bees in the trinary treatment were given a ‘decoy’ trial on trial
4 where they had access to low (L) flowers only, followed by a trinary choice on trials 5 and 6.

returned to the colony. We then trained bees to visit artificial flowers on a 24-flower array similar to the experimental array
with the exception that no colour stimuli were used (Eppendorf tubes alone). All flowers were provisioned with 30% (w/w)
sucrose solution. During this initial training, flowers contained an additional hole on top which we used to mark individual
bees’ thoraces using non-toxic, water-based paint markers (POSCA, USA). Bees were each given a unique colour combination
for identification. Foragers consistently leaving the colony to forage from this array (three or more visits) were selected for use
in experiments.

(d) Experimental protocol

(i) General protocol

Each bee was assigned to one of either three (Experiment 1) or four (Experiment 2) treatments. All treatments were represented
across all colonies within each experiment (electronic supplementary material, table S1). We systematically varied treatment
order across bees within a given colony to avoid any temporal confounds. All bees experienced a total of six consecutive
training and testing trials (Experiment 1: figure 2b; Experiment 2: figure 2c¢). Trials lasted around 10 min each with bees making
approximately 20-30 flower choices per trial. Twelve flowers were used on the array during the training and testing trials,
and individual flowers could be re-visited since they were either re-filled or left empty. For all experiments, a flower ‘choice’
was defined as a bee entering a flower and extending her proboscis. Flowers varied in concentration (20%, 30%, 40% and 50%

7807207 *L67 805 490l qdsyjeumnolSioBuysigndanosefor |



Downloaded from https://royalsocietypublishing.org/ on 18 September 2024

sucrose (w/w)) and reward rate (25%, 50%, 75% and 100% rewarding). Reward volumes were kept constant at 4 ul per flower. “

We used three different flower colours: blue, yellow and white to indicate the different flower types. Blue and yellow flowers
were always used as the two main flower types for each experiment, while decoy flowers were always white (figure 2, electronic
supplementary material, figure S4). We chose this design since a previous study indicated that bees did not show a strong
preference between this particular blue and yellow (for chromatic contrast, see [42]). Reward values were chosen such that bees
had roughly equal preferences between the two main flower types and were consistent with previous studies demonstrating
robust preferences in bees for higher nectar concentrations and rates of reinforcement [15,35,43]. The energy content of both
flower types, as well as the two decoy flowers, is shown in electronic supplementary material, table S2.

In both experiments, each bee was given the following trials (figure 2b,c): Trial 1: binary training: bees were given a choice
between six blue and six yellow flowers; this trial allowed bees to gain experience with the two main flower types. Trials 2 and
3: binary preference tests: these trials allowed us to assess bees’ preference between the two main flower types. Trial 4: decoy
training: bees in trinary treatments received a trial with only decoy flowers to ensure that all bees gained experience with the
decoy before the trinary preference trials; bees had to visit a minimum of 10 decoy flowers to move on to the next trial. In place
of the decoy training trial, bees in the binary treatment received another trial with the initial two flower types. We did this rather
than a ‘blank’ trial to ensure that foragers did not lose foraging motivation and to give bees across treatments the same number
of trials overall. Trials 5 and 6: trinary preference test: bees in binary groups were given the same choice again, while bees
in trinary groups had the original two flowers alongside the decoy option. These final two trials allowed us to compare bees’
binary versus trinary preferences both within and across treatments. Bees were not trained to the decoy until trial 4, as prior
experience with decoy flowers may have influenced bees’ initial preferences for R versus C, even if those flower types were
absent during later choice tests [32]. All trials were recorded using a Canon camcorder on a tripod placed near the nest box and
facing the array.

Experiment 1: are bumblebees subject to decoy effects?

We tested 55 bees from five colonies (electronic supplementary material, table S1). Bees were trained and tested individually
in one of three experimental treatments: a binary choice between two flowers, one higher in reward rate (flower R, yellow)
and the other higher in concentration (flower C, blue), or one of two trinary choice treatments where they also had a decoy
flower (either DR or D). Flowers R (30% sucrose, 100% rewarding) and C (50% sucrose, 50% rewarding) were designed to be
roughly equally preferred, with each option being superior to the other on one dimension (figure 1). Flowers D (20% sucrose,
75% rewarding) and D¢ (40% sucrose, 25% rewarding) were designed to be asymmetrically dominated by flowers R and C,
respectively (figure 1, table 1).

Experiment 2: how do bumblebees evaluate reward rate and concentration dimensions separately?

After finding in Experiment 1 that DR induced the predicted effect, but that Dc did not affect bees’ relative preferences
between flowers (see §3), we conducted a second experiment to better understand this result. In Experiment 2, we tested how
bees evaluate each reward dimension (concentration and reward rate) separately by determining how the relative preference
between a medium and high option was affected by the presence of a lower (decoy) option. We tested 48 bees from three
colonies (electronic supplementary material, table S1). Using a similar design to Experiment 1, bees were trained and tested
individually across one of two experimental treatments (binary or trinary) for each reward dimension (figure 2b). Bees in binary
treatments were given a choice between a medium-quality flower (flower M) and a high-quality flower (flower H) (figure 3).
Bees in trinary treatments were also given experience with a low-quality decoy flower (flower L) and subsequently given a
three-choice test between all three flower types (figure 2b). In this experiment, because there was a clear ranking of flowers
within each choice set, any initial colour preference would likely be enhanced by the preference for the higher quality flower. As
such, we counterbalanced colour (blue or yellow) across the two flower types (flowers M and H) to control for any colour bias
associated with the best option.

(e) Data analysis

(i) Preference measures

We tested whether bees shifted preferences within treatments between the pre-test trials (2 and 3) and the post-test trials (5 and
6), and if this varied across treatments. In both experiments, we addressed preference shifts both in terms of changes to relative
preference and changes to absolute preference, as two different measures of economic rationality. Relative preference is defined as
the proportion of choices for one of the main flower types out of the total number of choices for both flower types. Changes in
relative preferences are a violation of the ‘constant-ratio rule’, which requires that the relative preference between pre-existing
options remains stable when an inferior option is added to a choice set. For Experiment 1, this was R/(R + C); for Experiment 2
this was M/(M + H). In contrast, absolute preferences are the proportion of choices for each flower type out of the total number of
choices for all options, including the decoys. Changes in absolute preference are a violation of ‘regularity’ which states that the
proportion of choices for an option should not increase when the choice set is enlarged [44]. Unlike relative preference, absolute
preferences for either flower type could vary independently of one another, so we include this measure for both flower types.
In Experiment 1, we measured the absolute preference for R (R/(R+C+D)) and C (C/(R+C+D)). In Experiment 2, absolute
preference for flower M was: M/(M+H + L), and for flower H was: H/(H+M +L).
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Figure 3. Artificial flowers and rewards used in the two treatments in Experiment 2. (a) Rewards varied along the concentration dimension but were equal in reward
rate (all flowers 75% rewarding). High-reward flowers (H) had 50% sucrose (w/w), medium-reward flowers (M) had 30% sucrose and low-reward flowers (L) had
20% sucrose. (b) Rewards varied along the rate dimension but were equal in concentration (40% sucrose). High-reward flowers (H) were rewarded 100% of the
time, medium-reward flowers (M) were rewarded 50% of the time and low-reward flowers (L) were rewarded 25% of the time. Flower colour (yellow or blue) was
counterbalanced across M and H flowers in both treatments.

(ii) General data analysis

We conducted all analyses in R (v. 4.2.3) [45]. Models were conducted using the glmer() function in the Ime4 package [46]. We
ran models with interaction terms as described below, evaluating fits using the anova() function in the car package [47] and
excluding non-significant interactions in a step-wise manner. For all binomial logistic regressions, we tested for overdispersion
and met model assumptions (ratio of residual deviance to degrees of freedom >1). Where we found interactions, we used the
function and package ‘emmeans’ [48] for post hoc comparisons (Tukey’s honestly significant difference (HSD) tests). Data and
analyses are published in the Dryad Digital Repository [49].

(iii) Experiment 1

To assess whether bees shifted their relative preference from the binary to trinary test phase, and if this effect varied across
treatments, we ran binomial generalized linear mixed effect models (GLMMs). To do this, we included choices for the two main
flower types as a binary response (choice for C = 0; choice for R = 1). We tested for an interaction between ‘treatment’ (binary,
concentration trinary, or rate trinary) and ‘test type’ (binary (pre) or trinary (post) preference tests). We included ‘bee” and
‘colony” as random intercepts.

To assess if bees shifted their absolute preference for the target flower, we ran two separate binomial GLMMs with choices for
the two main flower types (R or C) as the response variable. The focal flower was coded as 1 and all other choices as 0, using the
same explanatory variables and interaction term as for the relative preference analysis.

To determine if the two trinary treatments differed in their experience with the decoy in the fourth trial (decoy training trial),
we ran a linear mixed effect model (LMM) with number of visits to the decoy as the response variable, trinary treatment as the
main effect, and colony included as a random effect. In addition, to determine if experience with the decoy affected preference
shifts, we asked whether the number of visits to the decoy flowers in the fourth trial influenced the magnitude of preference
shift between the pre- and the post-choice tests. To do this, we conducted a GLMM for each trinary treatment group separately.
The relative preference for flower R was the response variable and we tested for an interaction between number of visits to the
decoy in the fourth trial (continuous variable) and test type (pre or post). We included “bee’ as a random intercept but could not
include ‘colony’ due to a singularity issue.

(iv) Experiment 2

We assessed whether bees shifted their relative preference from the binary to trinary test phases along each dimension separately.
We again ran binomial GLMMs (flower H = 0; flower M = 1), including ‘reward dimension’ (concentration or reward rate),
‘treatment’ (binary versus trinary) and ‘test type’ (pre or post) as fixed factors, including all two-way interactions and the
three-way interaction. We included ‘bee” as a random intercept but could not include ‘colony’ due to a singularity issue.

We assessed if bees shifted their absolute preference for flowers M and H by running two binomial GLMMs with choices for
the target flower type (M or H) coded as 1 and all other choices coded as 0, using the same explanatory variables as for the
relative preference analysis.

To determine if the two trinary treatments varied in experience with decoy flowers, we ran a LMM with number of visits to
the decoy as the response variable, trinary treatment as the main effect and colony included as a random effect. We also asked
whether bees differed in their experience with the decoy during the fourth trial, and if so, whether this explained preference
shifts between the pre- and post-tests. We used GLMMs for each of the two trinary groups, including the relative preference for
flower M as the response variable and the number of visits to the decoy in the fourth trial (continuous variable), test type (pre
or post) and their interaction as explanatory variables, with bee ID included as a random factor in the model. Colony was not
included due to singularity issues.
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3. Results
(a) Experiment 1: context-dependent preferences along two reward dimensions

(i) Relative preference

Using the binary treatment and pre-test type as the baseline to compare the experimental treatments to, we found that the
concentration trinary group did not differ in terms of bees’ shifts in relative preferences between the two test types (concentration
trinary x post test type: z=1.634, p =0.102; figure 4). However, bees in the rate trinary treatment increased their relative preference
for flower R between the pre- and post-tests relative to the binary treatment (rate trinary x post test type: z=2.036, p =0.042; figure 4).
Treatments alone did not differ (binary vs concentration trinary: z= -1.339, p=0.181; binary vsrate trinary: z=0.767, p=0.443), nor did
testtype (z=0.489, p=0.625). Posthoc pairwise comparisons of test type within each treatment showed thatbeesin thebinary treatment
did not change preferences between the pre-test and the post-test (p =0.625), indicating that preferences (which were slightly higher
for flower R) were established early on and did not change with additional foraging experience.

(ii) Absolute preference

Comparing the two trinary treatments with the binary, we found a slight decrease in absolute preference for flower R between
test types in the rate trinary group (rate trinary x post test type: z = -1.738, p = 0.082), but not the concentration trinary
group (concentration trinary x post test type: z = -0.227, p = 0.82; electronic supplementary material, figure S2). There were no
differences in absolute preference for flower type R based on treatment alone (concentration trinary: z = -1.337, p = 0.181, rate
trinary: z = 0.717, p = 0.474; electronic supplementary material, figure S2), nor test type (z = 0.49, p = 0.624). Post hoc pairwise
comparisons of test type within each treatment revealed that the absolute preference for flower R did not change between test
type in the binary (p = 0.625) and concentration trinary (p = 0.837) groups but decreased slightly in the rate trinary group (p =
0.044). Absolute preferences for flower C decreased between the two tests in both the rate trinary treatment (rate trinary x post
test type: z = —4.041, p<0.001; electronic supplementary material, figure S2) and concentration trinary treatment (concentration
trinary x post test type: z = 3.048, p = 0.002; electronic supplementary material, figure S2) compared with the binary treatment.
Pairwise comparisons within treatment showed that absolute preference for flower C decreased significantly in both rate trinary
(p<0.001) and concentration trinary (p <0.001) groups, but not within the binary group (p = 0.631).

(iii) Visits to the decoy and effect of this on preference

Bees visited the decoy in the rate trinary treatment (mean + s.d. = 24 + 11.49) slightly more than in the concentration trinary
treatment (mean + s.d. = 19 + 5.62) in the fourth trial (f = 1.887, d.f. = 32, p = 0.068; electronic supplementary material, figure S2).
Bees in the concentration trinary treatment that visited the decoy more frequently in the fourth trial showed stronger preference
shifts towards flower C (decoy visits x test type: z = -4.12, p <0.001; electronic supplementary material, figure S3a), as predicted
by the asymmetrically dominated decoy effect (table 1). There was no effect of experience with the decoy on preference shifts for
the rate trinary treatment (decoy visits x test type: z = 0.524, p = 0.60; electronic supplementary material, figure S3b).

(b) Experiment 2: context-dependent preferences along single reward dimensions

(i) Relative preference

We addressed the effects of a lower quality decoy on the relative preference for medium- and high-quality flowers varying in
concentration. Adding the low-concentration decoy increased the relative preference for the medium-concentration flower in
the trinary treatment relative to bees in the binary treatment (treatment x test type: z = 2.399, p = 0.017, figure 5a). Specifically,
a post hoc test showed the relative preference for the medium-concentration flower decreased between the pre- and post-test
types in the binary group (p <0.001), but not in the trinary group (p = 0.746). There was also a significant colour effect, with bees
preferring blue flowers across both treatments and test types (flower colour: z = =5.212, p <0.001). An increased preference for
the high-concentration flower in the binary group is as expected, as bees are likely still learning in the pre-test (trials 2 and 3).

Bees in both treatments increased their relative preference for the high-rate flower, indicating that bees increasingly
discriminated against the medium-rate flower with experience. While there was no significant interaction between treatment
and test type (treatment x test type: z =-1.800, p = 0.07, figure 5b), post hoc tests revealed that this effect was slightly stronger for
the trinary group (p <0.001) than the binary group (p = 0.063) —in the opposite direction to what was originally predicted. Again,
we found that bees preferred blue over yellow flowers (flower colour: z = 7.024, p <0.001). Additionally, there was a significant
interaction between flower colour and test type (flower colour x test type: z = =3.034, p = 0.002); post hoc comparisons revealed
that preferences only changed across test types for yellow flower visits (p <0.001), while bees’ visits to the more preferred blue,
did not change across test types (p = 0.399).

(ii) Absolute preference

As expected, the absolute preference for flower M along the concentration dimension decreased between choice tests (test type:
z = -3.721, p<0.001), but this effect did not differ between treatments (treatment x test type: z = -0.238, p = 0.812; electronic
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supplementary material, figure S4). Absolute preference for flower M was higher for blue than yellow flowers across both
treatments and test types (flower colour: z = -5.828, p <0.001). Absolute preference for flower H also decreased between choice
tests, but this effect was stronger in the trinary than binary treatment (treatment x test type: z = -3.869, p <0.001; electronic
supplementary material, figure S4). This may be explained by both stable preferences for flower M and a surprisingly high
number of choices for flower L, which may have pulled choices away from flower H. We also found higher absolute preferences
for flower H when it was blue (flower colour: z = 3.766, p<0.001), as well as a three-way interaction between flower colour,
treatment and test type (z = —2.009, p = 0.045; electronic supplementary material, figure S5). Within the binary treatment,
absolute preference for flower H increased more between pre- and post-tests for bees trained that blue flowers were more
rewarding (p<0.001) than yellow flowers (p = 0.064). In the trinary group, absolute preference for flower H increased more
between pre- and post-tests for bees trained that yellow flowers were more rewarding (p <0.001) than blue flowers (p = 0.036).

Absolute preference for flower M along the reward rate dimension decreased between pre- and post-tests, although this
varied by treatment (treatment x test type: z = 0.176, p = 0.004; electronic supplementary material, figure S6). Absolute preference
decreased more between test types in the trinary treatment (p <0.001) than in the binary treatment (p = 0.064). There was also an
interaction between flower colour and test type (flower colour x test type: z =-2.683, p = 0.007). Across both treatments, absolute
preference for flower M decreased more for bees trained that yellow flowers were more rewarding (p <0.001) than blue flowers
(p = 0.066). There were no effects of treatment or test type alone on absolute preference for flower H (treatment: z = -0.064,
p = 0.945; test type: z = 0.006, p = 0.995); however, we did find an effect of flower colour, with bees showing higher absolute
preferences for blue flowers (flower colour: z = —4.727, p <0.001). There was also a three-way interaction between flower colour,
treatment and test type (flower colour x treatment x test type: z = 2.185; p = 0.029, electronic supplementary material, figure S7).
Within the binary treatment, absolute preference for flower H increased more between pre- and post-tests for bees trained that
yellow flowers were more rewarding (p <0.008) than blue flowers (p = 0.995). In the trinary group, absolute preference for flower
H increased between pre- and post-tests for bees trained to both flower colours, but this effect was stronger for bees trained that
yellow flowers were more rewarding (p <0.001) than those trained to blue flowers (p = 0.002).
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Bees in the two trinary treatments did not differ in their number of visits to the decoy option in the fourth trial (concentration
treatment mean =+ s.d. = 32 + 14.25; reward rate treatment mean + s.d. = 35 + 11.81; t = -0.452, d.f. = 22, p = 0.655). There was also
no effect of the number of visits to the decoy option on relative preference shifts for either the concentration dimension (decoy
visits x test type: z =1.229, p = 0.219; electronic supplementary material, figure S8a) or rate dimension (decoy visits x test type: z =
0.403, p = 0.687; electronic supplementary material, figure S8b).

While decoy effects and other forms of irrational decisions appear common across a wide array of taxa, they are not ubiquitous,
and it is unclear when animals are expected to make context-dependent decisions. Here we investigated how bumblebees make
decisions between flowers that vary in their nectar concentration and reward rate. We found that the introduction of a rate
decoy led to context-dependent preferences, but the introduction of a concentration decoy did not. In a second experiment, we
found evidence that bees may only use relative evaluation for concentration, and not reward rate, through testing each of these
variables separately. Thus, preference shifts observed here in one direction may be explained by relative evaluation along only
one of these two reward dimensions.

In our first experiment, bees shifted preferences towards a high-rate, medium-concentration flower when presented with
a decoy that was lower in rate and concentration. However, bees did not shift preferences towards a high-concentration,
medium-rate flower when presented with a decoy lower along these two dimensions. Preferences in the concentration trinary
group actually slightly increased for the high-rate flower, in the opposite direction than predicted by the decoy effect. Even with
this slight increase, however, this treatment group did not differ from the binary treatment. Interestingly, in the concentration
trinary treatment, we found bees that visited the decoy flowers more showed stronger preference shifts in the predicted
direction (towards flower C). This indicates that, if individuals had more experience with the decoy option, more of them
may have shifted preferences in the predicted direction. In our second experiment, we presented bees with binary and trinary
choices between flowers that varied along a single reward dimension. When flowers varied in concentration, the addition of a
low-concentration option caused bees to choose a medium-concentration flower more frequently than before. In contrast, when
flowers varied in reward rate, the addition of a low-rate option did not affect bees” preferences for the high-rate option. Results
from both experiments indicate that while bumblebees readily attend to both reward axes, both separately and together, they
may only use comparative evaluation mechanisms for evaluating concentration, but not reward rate. We also found a slight
colour preference for blue over yellow flowers in Experiment 2. Because flower C was always blue in Experiment 1, and bees
shifted preferences away from this flower type in the rate trinary condition, we may have observed even stronger preference
shifts in the absence of this colour preference. Additionally, bees may have had a slight preference for the white colour used for
decoys, as bees in both trinary conditions visited decoy flowers.

What might explain the difference between bees” assessment of these two reward axes? Animals are expected to make
efficient decisions [20,21], which may mean using the most easily perceived shared dimension to make comparisons between
options [50]. Foraging bees can detect the sugar concentration of nectar within milliseconds of sampling it [51], whereas reward
rate requires sequential sampling of multiple flowers [52]. This explanation is supported by work in other systems: Temnothorax
ants make irrational choices when choosing between nest sites that vary in cavity size and light levels, both of which can be
visually assessed immediately [53]. Similarly, hummingbirds (Selasphorus rufus) use comparative evaluation for concentration
and volume dimensions, but not corolla length, which may take longer to assess [27,28]. Finally, starlings (Sturnus vulgaris) do
not show context-dependent decisions when assessing the probability of a food reward [54], which requires repeated sampling
to assess. Even in humans, individuals are typically given complete information about different options when decisions are
being made (e.g. [10,55]), potentially facilitating comparative evaluation strategies.

While decoy effects and other forms of irrational behaviour have been demonstrated in many species and contexts (reviewed
in [25]), the focus has largely been on behavioural outcomes, with less consideration given to underlying psychological
mechanisms. We believe that our results can be explained in terms of incentive contrast effects, where the value of an option
shifts relative to recently encountered options. For instance, an individual may overvalue a medium-quality reward after
recently encountering a lower-quality reward (positive incentive contrast) and undervalue that same medium-quality option
directly following a higher quality one (negative incentive contrast). Bees show robust contrast effects in relation to sucrose
concentration [15,42,56-59]. This can be a purely sensory response [56], or be mediated through associated floral stimuli [42].
While contrast effects are nearly always addressed with two options, they are just as likely to be at play with more than two.
For example, in Experiment 2, bees first encountered medium- versus high-quality flowers, where the medium-quality option
would seem relatively worse. However, once a third, low-quality option was added, the medium option would be perceived
as relatively better, and thus be more likely to be chosen. This is indeed what we found for sucrose concentration, in line
with previous work on contrast effects [15,56,58]. However, we did not find this response for reward rate, and it may be that
contrast effects are less likely when options are difficult to quickly compare. Even though flowers in Experiment 1 varied in
two dimensions, our findings from Experiment 2 demonstrate that the addition of a 20% concentration flower increases the
preference for a 30% flower relative to a 50% flower, and thus, this effect may also have been at play in Experiment 1. Specifi-
cally, if the low-concentration DR was driving incentive contrast (i.e. increasing a preference for the medium-concentration ‘R’
option) to a greater degree than the low-rate D¢ was driving a preference towards the ‘C’ option, this could explain the results
we found.
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Another possible reason for the asymmetric effects we found in Experiment 1 is that variation in the concentration dimension [ 10 |

is perceived as greater than the variation in reward rate dimension. If so, differences in concentration may overshadow
differences in reward rate in Experiment 1, when both were simultaneously manipulated. This has been proposed to account for
irrational behaviour in hummingbirds choosing between flowers that vary in concentration and volume [28]. We consider this
unlikely in this case, however, as bees’ relative preferences in the two binary conditions of Experiment 2 were similar, indicating
that variation along each reward axis was valued similarly in both experiments.

One common explanation for decoy effects and other irrational behaviours in animals is that a decision-maker’s motivational
or physiological state changes across the decision-making period [60,61]. While properties of options can be communicated to
humans, non-human animals must first be trained to the contingencies of different options, and this repeated exposure can
affect an animal’s state in ways that may influence later decisions [61]. Social bees like bumblebees are particularly useful
in avoiding this limitation, since foragers collect food for their colony rather than themselves, regurgitating nectar between
foraging bouts and returning to forage fully motivated. In this system, foraging motivation and related decision-making may be
more affected by the state of the colony rather than the individual [62]. However, given the short timescale in which bees were
tested in the current experiment (typically less than 1 h per bee), it is unlikely that the colony state changed during the testing
period. More generally, future studies could explore whether colony-level preferences are sensitive to the choice context, and if
so, whether these biases vary according to the state of the colony.

Previous work with honeybees found evidence for context-dependent decisions across multiple dimensions: bees were
subject to decoy effects when evaluating flower types varying in depth and volume [32] and concentration and temperature
[31]. Differences between those studies and the present one may be due to species differences, or differences in attributes
being evaluated. Variation in decision-making strategies have previously been reported in closely related species, such as
Neotropical bats [25,26]. In that case, differences in ecology or diet best explain the use of heuristics [25,26]. Although honeybees
and bumblebees are close relatives [63] and both generalist nectar foragers, there may be other, more subtle differences in
diet and social structure that could lead to differences in decision-making strategies [64]. First, bumblebee colonies are much
smaller than those of honeybees, meaning that the consequences of individual foraging decisions may have a greater impact
on colony-level fitness. As such, we might expect individual bumblebees to make more ‘optimal” foraging decisions [64].
This appears to be the case in the context of other foraging decisions: honeybees persist longer at feeders when the quality
is reduced, whereas bumblebees shift sooner to a different feeder [65]. Second, bumblebees lack the sophisticated ‘dance’
signalling system found in honeybees [66], and as such may rely more on personally acquired information [64,65]. Future
studies could compare decision-making strategies between these two species in relation to specific nectar attributes.

One limitation of our study is that the costs of poor decisions may not accurately reflect decision errors for bees foraging
on wildflowers spaced further apart and experienced over longer periods of time. In more naturalistic scenarios, comparative
evaluation may be more pronounced to allow bees to efficiently exploit nectar resources. On the other hand, with an increase
in time between sampling flowers, it may be more difficult for bees to make direct comparisons. Future studies examining
context-dependent decisions at different spatial and temporal scales would help shed light on how decision costs influence
decision strategies.

Our results imply that in natural systems, co-flowering species may facilitate or compete with one another in attracting
pollinators in previously unconsidered ways. For instance, if bumblebees are more sensitive to relative differences in reward
attributes that are quickly assessed, this may create more direct competition between plants along those reward axes. Facilita-
tion typically occurs between flowers with similar floral traits [67], but dissimilar flowers with relatively inferior rewards also
appear to facilitate visitation to focal species (e.g. [68-70]), perhaps by providing a direct comparison while still receiving visits.
If co-flowering species with lower quality rewards receive more visits than they would on their own, this may be advantageous
for both flower types.

Understanding the underlying mechanisms and strategies employed by animals when making decisions is essential for
gaining insights into their behaviour, cognitive abilities and evolutionary dynamics. In the wild, decision-making is more
complex, since bees also process additional aspects of nectar rewards (e.g. secondary chemicals), multiple types of floral
rewards (e.g. nectar and pollen) [33], and complex floral signals [13]. Going forward, capturing more of this complexity
experimentally will help us better understand the cognitive mechanisms that lead bees and other pollinators to choose certain
flowers over others.
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