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Abstract

Floral displays often signal the presence of nectar, but nectar may not always be present due to previous visits by nectarivores
or temporal changes in nectar availability. But how does the presence of empty flowers impact the preferences of foraging
honey bees for the available flowers? We aimed to test if previously rewarding flowers changed the preference relationship
between neighboring flowers, and if empty flowers impacted overall visitation, in the honey bee Apis mellifera. Using artificial
flowers, we showed that although empty flowers did not influence foraging choices in A. mellifera workers, empty flowers
did increase movement between flowers in the patch. The presence of empty flowers also resulted in increased rates of patch
abandonment. Our results suggest that while empty flowers may not directly impact foraging preferences in bees, they can
have an impact on visitation within patches and in the surrounding area, with possible knock-on effects for the pollination

of both the emptied flower and neighboring plants.
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Introduction

When foraging, bees choose flowers in a landscape based
on attributes associated with both the patch and individual
flowers. For example, floral attributes, such as nectar qual-
ity (Roubik and Buchmann 1984), ease of access to nectar
(Zung et al. 2015), and landscape attributes such as the spa-
tial arrangement of flowering plants (Bruninga-Socolar et al.
2022) may all influence the choices of foraging bees. Many
individual bees also have innate preferences for floral attrib-
utes including floral color (Giurfa et al. 1995), shape (Lehrer
et al. 1995), and symmetry (Rodriguez et al. 2004). Finally,
flower choice can be influenced by neighboring plants in
an environment, such that preferences depend not only on
the traits of each flower in isolation but their spatial context
within a patch.

One way in which flower visitation may be influenced
by other plants in the area is if some plants in a patch are
significantly more attractive to bees than others. Such highly
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rewarding ‘magnet’ plants can encourage bee visitation to
the broader patch and can lead to spillover effects where
other plants in the vicinity of magnet plants gain pollination
benefits (Johnson et al. 2003; Peter and Johnson 2008). As
bees can learn to associate the color of highly rewarding
plants with nectar (Johnson et al. 2003), magnet plants may
particularly increase visitation to other plants that have visu-
ally similar flowers (Gigord et al. 2002; Johnson et al. 2003;
Peter and Johnson 2008).

Flowers do not always contain nectar, however, and the
presence of ‘empty flowers’ can also impact bee foraging
behavior. Flowers can be empty of nectar due to nectar
removal by other insects, temporal or physiological changes,
or due to environmental conditions. Some ‘deceptive’ flow-
ers contain minimal nectar or are always empty and never
offer nectar as a reward (Gaskett 2011). Empty flowers often
occur in reasonably high ratios on plants, as an energy-sav-
ing strategy, as the plant can maintain a large visual display
while investing less in nectar production (Smithson and
Gigord, 2003). Flowers also generally produce less nectar
with age (Gilbert et al. 1991).

The impacts of empty flowers on bee foraging choice
may vary depending on how often nectar is unavailable,
and how many flowers in an inflorescence are empty.
Increased frequencies of permanently empty flowers can
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result in floral visitors foraging on flowers that are mor-
phologically dissimilar to the empty flowers (Smithson and
Gigord 2003). Smithson and Macnair (1997) found that
bumble bees, Bombus terrestris, that had encountered an
unrewarding flower (which was never previously reward-
ing) were more likely to visit flowers that were dissimilar
in color to the unrewarding flower. In this case, contact
with the unrewarding flower may have driven learned
avoidance of that flower type. In contrast, when a pre-
viously rewarding flower is no longer available, B. fer-
restris were more likely to seek out similar colored flowers
(Gigord et al. 2002). Similarly, encounters with recently
empty flowers can result in bees preferentially visiting
flowers with more similar attributes to the unavailable
flower (Tan et al. 2015).

The presence of empty flowers can influence whether
or not bees will return to flowers. For example, plants can
contain multiple inflorescences, and bumble bees will aban-
don an inflorescence if they visit too many empty flowers
(Smithson and Gigord 2003). Unrewarding flowers can
also cause foragers to abandon patches altogether if they
occur at high enough frequencies (Biernaskie et al. 2002;
Smithson and Gigord 2003). Patch abandonment can have
knock-on effects on neighboring flowers in the patch, which
may no longer receive insect visits and may therefore incur
decreased pollination.

Empty flowers could also influence their neighbor’s pol-
lination success by altering preference relationships between
other flowers in the patch. Although poorly studied in bees,
the preferences of humans and some non-human animals can
be influenced by unavailable options in choice sets, referred
to as ‘phantom decoys’ (Scarpi 2011; Tan et al. 2015). When
an individual’s preference among two options changes with
the addition of a third, unavailable, option, they are said to
have been susceptible to the ‘phantom decoy effect’ (True-
blood and Pettibone 2017). For example, Apis cerana were
tested for their preference between flowers that differed in
sugar concentration and sugar temperature. Bees gener-
ally preferred higher concentrations of sugar in nectar and
warmer nectar, so bees were presented with two flowers of
‘equal value’, one with high nectar concentration but lower
nectar temperature, and another with lower nectar concentra-
tion, but at a higher temperature. If bees were also presented
with a phantom decoy flower (a flower they had previously
experienced as having high-quality, warm nectar but that
was now empty) alongside the other two nectar-filled flow-
ers, they preferred flowers that were more similar to the
phantom decoy flower. For example, the flower more simi-
lar in temperature to the phantom decoy was preferred (Tan
et al. 2015). If bees make consistent choices in the presence
of a phantom decoy, it is possible that empty flowers could
have an impact on pollination of nearby flowers in predict-
able ways that could be utilized in pollination systems.

@ Springer

Phantom decoys can cause a decision-maker to shift pref-
erences based on multiple attributes that are being consid-
ered. They can act in two ways: the presence of a phantom
decoy can result in the decision-maker picking options more
similar to the decoy (similarity effect), or less similar to the
decoy (dissimilarity effect). In tests of decoy effects, there
will typically be two attributes under control, and the two
available options will be of equal value in preference space.
Attractive phantom decoys will be better than both options
in the choice set but will be more similar in attribute space
to one of the available options (typically the ‘target’ option).
It is usually predicted that individuals will select the avail-
able option which is most similar in attribute space to the
unavailable option (Highhouse 1996; Tan et al. 2015; Park
and Jang 2018).

Here, we investigated how empty flowers impacted floral
preference, movement between flowers, and abandonment of
patches, in the honey bee A. mellifera. We hypothesized that:

(1) The preference relationships between two flowers
would change in the presence of an empty, previously
rewarding flower,

(2) The presence of an empty flower would increase move-
ment between flowers, and

(3) The presence of empty flowers would result in faster
abandonment of the patch.

Methods
Honey bees

We used the Western honey bee, A. mellifera, as a model
pollinator for our floral choice experiment. Western honey
bees are native to Africa, Europe, and the Middle East (Han
et al. 2012), and were introduced to Australia in 1822. They
are widespread across Australia and are used as crop pol-
linators due to their generalist foraging diet. Our bees came
from six established Langstroth hives, containing between
2 and 3 boxes. Colonies were kept at the University of Syd-
ney Camperdown campus, in New South Wales, Australia.
Experiments were conducted between April and June 2021.

General methods

To investigate the impact of empty flowers on bee behavior,
we compared bee visitation rates on the two focal options
(herein, flowers A and B) in a binary test where only the
two options were available, and in an ‘empty flower’ treat-
ment, where a third, unavailable option was added to the
choice set.

We used artificial flowers in all treatments. Artificial
flowers consisted of a 50 mm diameter matte-laminated
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paper shaped like a daisy. The flowers had a central Eppen-
dorf tube containing sugar solution, with the tube length
of the Eppendorf extended using a plastic tube. The flow-
ers were colored blue, white, and yellow. To ensure the
colors were suitably distinct, we quantified the reflectance
of blue, white, and yellow papers using an Oceanlnsight
JAZ reflectance spectrometer with pulsed PX-2 Xenon light,
calibrated against a 99% diffuse white and 0% dark standard
(Labsphere, New Hampshire). We then modeled the loca-
tion of each sample in the hexagon color space using the
visual phenotype of the honey bee, A. mellifera and selected
shades that were separated by a Euclidean distance of at
least 0.11; the absolute discrimination threshold for honey
bees (Chittka 1992; Maia et al. 2019; Supplementary Fig. 1).
Flowers were held by a 3D-printed triangular base that held
the flowers 10 cm apart from each other. Each flower con-
tained 5 ml of sucrose solution.

Artificial flowers differed in two attributes that we pre-
dicted would influence bee choice (sugar concentration and
accessibility) and one neutral attribute (color) that ensured
bees could learn which flower they preferred. We used attrib-
utes that have previously been used in decoy experiments
testing A. mellifera by Shafir et al. (2002). We used nectar
concentration as one attribute because honey bees can dis-
criminate between different nectar concentrations, and tend
to pick higher concentrations over lower concentrations (up
to a threshold of 50% after which preference declines; Waller
1972). The second flower attribute was the accessibility of
the reward as determined by tube length, where bees needed
to crawl down a short tube (45 mm) or a long tube (100 mm)
to access the nectar. Previous research suggests that honey
bees prefer short tubes over longer tubes (Shafir et al. 2002).

We developed two flowers that were similarly preferred
by bees (flowers A and B) and one flower that was the most
preferred (Flower C). Flower A had a long (less preferred)
tube containing the more preferred 50% sucrose (v/v) and
flower B had a short tube (most preferred) containing 15%
sucrose solution (less preferred). Our highly preferred option
(flower C) contained 50% sucrose solution with a short tube
(45 mm) (Fig. 1).

Pre-training to artificial flowers and training bees
to forage inside an experimental arena

Honey bees did not automatically recognize our artificial
flowers as food sources. We therefore used a pre-training
step designed to train groups of bees to forage on artificial
flowers placed inside our experimental arena. To attract
the interest of honey bees, they were trained en masse to
gravity feeders containing 7% sugar water that was placed
directly at the hive entrance. Gravity feeders consisted of
a plastic plate covered in a paper towel. An inverted cup
containing sugar water was set on top of the plastic plate,

A B Cc

I

Fig. 1 Flowers in the choice set. Flower A consists of a 50% (v/v)
sucrose solution (indicated by dark blue) and a 100 mm tube, Flower
B consists of a 15% (v/v) sucrose solution (indicated by light blue)
and a 45 mm tube length. Flower C consists of a 50% (v/v) sucrose
and a 45 mm tube length. Image not to scale

allowing the sucrose solution to progressively leak out
onto the paper towel. Individual bees were marked using
paint when they arrived at the feeder.

Individuals that made at least five visits to the feeder
were then trained to visit artificial flowers. To avoid creat-
ing potential experience biases, each artificial flower was
colored 1/3 blue, 1/3 white, and 1/3 yellow. This color
patterning was not used during the main training stage. We
trained bees to visit artificial flowers by moving individu-
als from the feeder to the artificial flower using a cotton
bud. At this stage, artificial flowers were located a short
distance of approximately 5 cm from the feeder. Bees were
moved while they were feeding, allowing honey bees to be
moved with minimal stress.

Once individual bees were consistently visiting
the artificial flowers (after approximately five return-
ing visits) the flowers were moved incrementally into a
wooden box (240 mm X 400 mm X 400 mm) with a door
(140 mm X 130 mm) that could be closed upon entering.
The box was clear from the top, as the box lid was covered
in fly screen to allow for visibility by human observers and
light to enter the box for the bees to identify flower colors
once inside the box. Bees could only enter the box by fly-
ing through the door. Once bees finished foraging, the lid
was lifted from the top of the box to allow bees to leave
the box from the top.

Once honey bees were trained to enter the box, they
were next trained to associate specific rewards with each
of the three flower colors. Individual bees that entered the
box were presented with one of the three flower types in a
randomized order. Once the bee had fed on all three flow-
ers five times, it was considered ‘trained’.

@ Springer
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Training bees to associate floral colors with floral
attributes

The main training step was designed to train honey bees to
associate specific colors with each flower type (A, B, and
C). Once honey bees were trained to enter the box, they
were shown each flower type in a randomized order by plac-
ing a single flower type in the box (three of these flowers
were placed in the box at a time). When a marked individual
entered the box, fed, left the box, and returned to the colony,
it counted as a visit. To be considered ‘fully trained’, the
honey bee had to feed on all three flower types during this
training session at least five times. Some honey bees did not
visit all three flower types during the training session; these
bees were classified as ‘untrained’. Trained or untrained was
considered a binary variable in the models during analyses.

Testing

Flowers were randomly assigned a solid color each time the
experiment ran. We chose blue, white, and yellow as colors
for the flowers as bees have previously been tested on these,
and blue, white, and yellow can be discriminated by bees
(Giurfa 1991; Giurfa et al. 1997; Sanderson et al. 2006).
Colors were used as associative cues and were randomized
between experiments to minimize any influence of innate
color preferences (Fig. 2).

We tested bees’ preferences by letting a single individual
honey bee enter a box that contained either the binary or the
empty flower test. Bees were randomly assigned a treatment
and only tested on one treatment. We recorded the identity
of every flower the honey bees fed on, including the empty
flower. We classified a feeding event as when a bee’s mouth-
parts made contact with the nectar solution for at least 1 s.
Bees were allowed to re-enter the box, and we tested their
preferences until the honey bee made 20 visits to the box.
Each honey bee was only used once for experiments and was
frozen at the end of the day to prevent her from returning to
the colony. Some honey bees did not return to the flowers
before all twenty trials were completed. Honey bees that
took more than an hour to return were considered to have
‘given up’. They were removed from the colony when they
returned to the feeder the next morning to prevent re-entry
to the box.

Statistical analysis

We tested the hypothesis that the presence of an empty
flower would change preference relationships between the
two neighboring flowers by comparing relative flower pref-
erences when the empty flower was present, to the binary
trial when the empty flower was absent. We constructed a
generalized linear mixed model (GLMM) using the lme4
package (Bates et al. 2015) with the first flower that each
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Fig.2 Pre-training, training flowers, and treatments for experiments.
Training flowers consist of three flowers: a high-quality, difficult-to-
access flower (yellow), a low-quality easy-to-access flower (blue), as
well as a high-quality, easy-to-access flower (white). The color in the
center of the flower represents the concentration of sugar water, with
darker blue being a higher concentration. The binary test consists of
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two flowers, one containing a high-quality, difficult-to-access flower,
and a low-quality easy-to-access flower. The empty flower test con-
sists of a high-quality, difficult-to-access flower, a low-quality easy-
to-access flower, and a high-quality, easy-to-access flower with the
nectar removed. Note, for experiments, colors associated with flowers
were randomized each time an experiment was run
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bee fed on (either A or B, not including the empty flower
C) during each visit to the box as a binary response vari-
able, and treatment (‘binary’ or ‘empty flower’) and training
status (‘trained’ or ‘untrained’) as fixed effects. Honey bee
identity was included as a random effect. The GLMM used
a binomial distribution with a logit link function. Model
assumptions were checked using the check_model function
in the Performance package (Lidecke et al. 2021).

We tested the impact of empty flowers on movement
between flowers in individual honey bees using a GLMM
with a binomial distribution and a link logit function, with
the number of flower visits per bout as the response vari-
able, and treatment (binary or empty flower test) as the
predictor variable. Honey bee identity was included as a
random effect. Model assumptions were checked using the
check_model function in the Performance package (Liidecke
et al. 2021).

Lastly, we determined if the presence of an empty flower
increased the rate of abandonment of the floral patch. We
compared the number of completed trials in the empty
flower and binary tests using a Kruskal-Wallis test (func-
tion: ruskal.test()), with the number of trials completed as
the dependent variable, and the treatment as the independ-
ent variable. Kruskal-Wallis test was used due to a lack of
normality in data, which can increase the chances of Type
I errors when using single-factor ANOVA tests (McKight
and Najab 2010).

All analyses were conducted using R version 4.1.2 (R
Core Team 2021).

Results

Twenty individual honey bees experienced the binary test,
and 25 experienced the empty flower test.

There was no evidence of a difference preferences
between the two available flowers in the presence or the
absence of an empty flower compared to those foraging in

the absence of an empty flower (p =0.234, Table 1). In the
binary trials, individual bees visited the long high-quality
flower (flower A) in 41% of the visits, compared to 35%
of visits during empty flower trials. The level of training
(trained or untrained) also had no impact on honey bee
neighboring flower preferences (p =0.750, Table 1) (Fig. 3).

Individual honey bees moved back and forth between
available flowers more frequently if the empty flower was
present (p =0.036, significance level of 0.05; Table 2) (a
mean of 0.8 (+ 0.05) flower visits per bout in the binary
treatment, and a mean 1.21 (+ 0.06) flower visits per bout
in the empty flower treatment; Fig. 4A). However, most
between-flower movements were between the empty flower
and one of the other two options (when empty flower visits
are removed from the GLMM the moves between flowers
is no longer significant, p=0.444, Table 3, as opposed to
0.036 (where significance occurs when p < 0.05), Table 2;
There was a mean of 0.8 (x 0.05) visits per bout in the
binary treatment and a mean 0.72 (£0.04) visits per bout in
the empty flower treatment; Fig. 4B).

Honey bees were less likely to finish all 20 foraging
visits if they were in the empty flower test: y*(1)=6.767,
p=0.009. On average, honey bees completed 17.9 (+4.12)
visits to the arena in the binary test and 13.88 (+5.67) in the
presence of the empty flower.

Discussion

We tested if foragers of the honey bee A. mellifera shifted
their floral preferences between flower types in the pres-
ence of an empty flower. Overall, we saw no change in
floral preferences in the presence of an empty flower. We
did, however, see an increase in movement between flowers
within the patch in the presence of an empty flower, and
increased abandonment of the patch in the presence of an
empty flower.

Table 1 GLMM outputs for
preferences by individual honey

First Floral Choice

bees Predictors Odds ratios CI )4
(Intercept) 1.40 0.87-2.25 0.166
Treatment [Empty flower] 1.32 0.84-2.08 0.234
Trained 1.08 0.67-1.75 0.750
Random effects
o’ 3.29

T00 bee identity 0.28
ICC 0.08
N bee identity 45
Observations 705
Marginal R*Conditional R? 0.005/0.083
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Fig.3 Proportion of visits by A
individual honey bees to each

flower type In the binary test

(A) and the empty flower test

(B) (n=45)

1.00 1

(=1
~
o

1.001

0.754

050

Proportion of flowers visited

Proportion of flowers visited
n

0.25 0.25
0.001 0.001
B B
Flower types Flower types
Table 2 GLMM outputs for the First floral choice
impact of the phantom decoy
treatment on the number of Predictors Odds ratios CI P
floral visits per foraging bout
(Intercept) 0.80 0.56-1.16 0.238
Treatment [Empty flower] 1.45 1.03-2.04 0.036
Trained 0.86 0.60-1.24 0.430
Random effects
o’ 0.75
T00 bee identity 0.26
ICcC 0.26
N bee identity 45
Observations 705
Marginal R%conditional R 0.041/0.288

Bold represent significance at @ <0.05

This study showed that there was not a clear change in
preference for flowers in the presence of a previously highly
rewarding, now empty flower. Asian honey bees Apis cerana
show preference shifts when presented with empty flowers
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(Tan et al. 2015). Tetragonula carbonaria, in contrast, do
not show similarity effects when an empty flower is present
(Forster et al. 2023). It is likely that the effects of empty
flowers on foraging preferences depend on floral traits being
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Fig.4 A Median number of floral visits by individual honey bees in
the presence and absence of an empty flower; B Median number of
floral visits by individual honey bees in the presence and absence of

binary phantom

Treatment

an empty flower, when visits to the empty flower were removed from
the dataset. Note, that the first landing was not counted as a move-
ment from a flower

Table 3 GLMM outputs for
the impact of the empty flower

First floral choice

treatment on the number of Predictors Odds Ratios CI p
floral visits per foraging bout,
when the empty flower was (Intercept) 0.77 0.54-1.09 0.137
removed from the dataset Treatment [Empty flower] 0.88 0.63-1.23 0.444
Trained 0.92 0.65-1.31 0.649
Random effects
& 0.91
T00 bee identity 0.21
ICC 0.19
N bee identity 45
Observations 705
Marginal R¥conditional R 0.004/0.194

considered by bees choosing alternative flowers. Tan et al.
(2015) for example considered nectar quality and tempera-
ture, but only color was considered for 7. carbonaria (For-
ster et al. 2023).

Honey bees were less likely to return to the floral patch
in our experiments if the patch contained an empty flower.
The abandonment of patches containing empty flowers
may occur because bees attempt to mitigate the risk of
frequently visiting unprofitable patches. Previous stud-
ies have also reported that encounters with empty flowers
increase the probability that a bee will abandon a patch
(Hodges 1985; Cresswell 1990; Kadmon and Shmida

1992; Smithson and Gigord 2003). While honey bees (A.
mellifera) often return to unrewarding food sites if they
have previously proven to be rewarding (Al Toufailia
2013), they may also display risk-averse behavior, and be
less likely to visit patches that contain a high number of
empty flowers (Cartar and Dill 1990; Shafir et al. 1999;
Biernaskie et al. 2002; Nakamura and Kudo 2016). In the
context of foraging, empty flowers may play an important
role in determining when a bee leaves a patch. We only
tested the effects of empty flowers on a small patch of
three flowers. However, it would be beneficial to under-
stand if larger patches of multiple species of plants get

@ Springer



C.Y. Forster et al.

abandoned in the presence of a previously rewarding,
higher-quality flower.

Empty flowers could act as magnet plants. Magnet plants
are highly attractive plants that benefit neighboring flow-
ers by attracting floral visitors to the area (Thomson 1978).
Over time, visitors like bees generalize floral cues associated
with the magnet plant, which could include color, scent, or
even the location of the magnet plant. Other plants in the
area with similar traits then become attractive to these floral
visitors (Johnson et al. 2003; Peter and Johnson 2008). In
our study, in both treatments, bees continued foraging on
the two lower-quality flowers even after the nectar from the
high-quality flower was removed, albeit for a shorter time in
the empty flower test. While magnet effects do not require
a flower to be empty, our results suggest that the impact of
magnet plants on their neighbors can continue even if the
magnet does become unrewarding (Gilpin et al. 2019). It
would be beneficial to study how long magnet effects persist
when magnet plants experience a decrease in nectar quality.

We found that movement between flowers occurred more
frequently in the presence of an empty flower. Movement
usually involved movement between the empty high-quality
flower and the lower-quality flowers, potentially suggest-
ing bees were waiting for nectar replenishment. In previous
experiments, movement between flowers in B. terrestris, B.
flavifrons, and Selasphorus rufus decreased with increased
rates of empty flowers (Biernaskie et al. 2002; Smithson
and Gigord 2003). Movement between empty flowers also
increases the distance bees travel for flowers, with unreward-
ing flowers resulting in increased flight distance to flowers
by Bombus terrestris (Keasar et al. 1996). The impact of
empty flowers on between-flower movements might depend
on the probability that a flower will be empty, and also the
quality of the nectar in the empty flower. Keasar (2000)
found that if there is a 50% chance that visited flowers will
be empty the next time a bee (B. ferrestris) visits, bees will
move between flowers more than if flowers consistently had
nectar.

This increased movement between flowers can have
impacts on the pollination of neighboring plants. In our
experiment, flowers in close vicinity to the high-quality
flower, albeit empty, meant visitation of lower-quality sur-
rounding flowers was increased, which may increase visi-
tation. However, a previous study using artificial flowers
suggested that high-quality magnet plants may also result
in more heterogeneous pollen movement (Thomson et al.
2019). The implications of hetero-specific pollen movement
on pollination have mixed effects on the overall reproduc-
tive success of plants, so understanding specific-specific
responses to magnet plants may be necessary, given the
higher likelihood of interspecific pollen transfer when high-
quality flowers become empty (Thomson et al. 2019; Lopes
et al. 2022; Morales and Travaset 2008).

@ Springer

Our study involved empty flowers of a higher quality,
which may have meant bees were more invested in returning
to empty flowers to receive nectar rewards in comparison to
situations where flowers were of equal value. Previously,
experiments testing how often flowers were replenished
involved testing flowers of the same reward quality (Keasar
et al. 1996; Keasar 2000; Smithson and Gigord 2001, 2003;
Biernaskie et al. 2002). Given we tested the effects of una-
vailable, but also previously highly rewarding flowers,
returning bees may have been anticipating the replenish-
ment of a high-quality flower. It would be beneficial to test
the impact of reward schedules of high-quality flowers on
neighboring flowers.

The increased movement we observed could be due to the
presence of a third flower, rather than due to the presence
of an empty flower. We did not incorporate a treatment that
involved all three flowers (including a rewarding flower C) as
we were principally interested in the effects of empty flowers
on foraging behavior. Nevertheless, our results show that
the presence of a previously rewarding flower can increase
flower movements and patch abandonment rates compared to
treatments where the empty flower is absent. Moreover, we
have shown that an empty flower can impact movement rates
even though it provides no reward. Future research could
include a treatment where all three flowers are present. This
would allow direct comparisons between a single pair of
flowers, an empty flower test, and a trinary treatment where
the high-quality flower is still available.

In previous unrewarding decoy experiments, social
behavior has been shown to be an important factor in their
effectiveness. Tests on individual eusocial bees have shown
that foraging is impacted by decoys (Shafir et al. 2002; Tan
et al. 2015). A previous experiment on Tetragonula carbon-
aria bees in groups showed that the removal of nectar from
a high-quality flower did not impact floral choice on other
available flowers (Forster et al. 2023).

Asymmetrically dominated decoys have also been
tested in ants, showing similar results. while searching for
new nests, individual Temnothorax ants were susceptible
in the sense they picked nests similar to less rewarding
decoy nest options presented to them (Edwards and Pratt
2009). However, if choosing nests on a group level, decoy
nests did not impact nest choice. In a real-world foraging
context, it is likely, however, that individual bees will for-
age based on social information from nest-mates and other
foraging bees. Our study focused on the impact of empty
flowers on Apis mellifera in a controlled environment that
reduced some impacts of social choice in the experiment.
Given the variable impacts of different decoy types on
eusocial insects, it would be beneficial to test eusocial
bees at both individual and group levels to really grasp
how impactful empty flowers may be in a natural foraging
context. As there are currently no studies on the impacts
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of empty flowers on solitary bee species, future research
could also investigate similar questions for the foraging
ecology of solitary bees.

The current study focused on impact of empty flowers
on the foraging choices of honey bees in isolation, within a
close foraging distance to the hive. Because we did not know
the colony to which foragers belonged, we were unable to
detect behavioral impacts caused by within colony social
interactions. However, honeybees can communicate the
desirability of a resource using dance behavior (Frisch 1967;
Seeley et al. 1991; Jack-McCollough and Nieh 2015). It is
possible that testing the impacts of empty flowers could have
knock-on effects on neighboring flowers, as dance behavior
may encourage bees to forage elsewhere, and reduce overall
visitation on a patch of differing flowers.

In summary, our study aimed to test the effects of empty
flowers on foraging choices in honey bees. We found no
evidence that empty flowers influenced the preference rela-
tionships between neighboring flowers. Instead, empty
flowers appeared to increase between-flower movements
and increased patch abandonment. Empty flowers have the
potential to impact the reproductive success of neighbor-
ing flowers, by impacting both movement and abandonment
rates of floral visitors. High-quality nectar-containing flow-
ers can also gain pollination benefits when empty, as indi-
viduals may visit conspecific flowers after the empty high-
quality flower is visited. Overall, our results suggest that
the presence of empty flowers may not influence preference
relationships between neighboring plants. However, more
research is necessary to determine if different attribute com-
binations or degrees of similarity can influence the impact
of empty flowers on neighboring flowers.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00040-023-00934-3.

Acknowledgements The bee image in Fig. 1 was created by Kamil S.
Jaron, licensed under CC.

Author contributions CF: conceptualization, methodology, investiga-
tion, data curation, writing. EIM: investigation, editing. TEW: editing,
supervision. DFH: editing, supervision. RG: editing, supervision. TL:
conceptualization, methodology, investigation, data curation, writing.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions. This project was funded by a student grant
from The Australasian Society for the Study of Animal Behaviour to
CYF. This research was funded by a Discovery grant from the Austral-
ian Research Council (DP190101996) to TL. RG is supported by the
Australian Research Council (DE220100466).

Data availability The data that supports the findings of this study are
available from the corresponding author upon reasonable request.

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval No approval of research ethics committees was
required to accomplish the goals of this study because experimental
work was conducted with an unregulated invertebrate species.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Al Toufailia H (2013) Persistence to unrewarding feeding locations
by honey bee foragers (Apis mellifera): the effects of experience,
resource profitability and season. Ethology 119(12):1096-1106.
https://doi.org/10.1111/eth.12170

Bates D, Michler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using Ime4. J Stat Softw 67(1):1-48

Biernaskie JM, Cartar RV, Hurly TA (2002) Risk-averse inflorescence
departure in hummingbirds and bumble bees: Could plants benefit
from variable nectar volumes? Oikos 98(1):98-104

Bruninga-Socolar B, Winfree R, Crone EE (2022) The contribution of
plant spatial arrangement to bumble bee flower constancy. Oecolo-
gia 198(2):471-481. https://doi.org/10.1007/s00442-022-05114-x

Cartar RV, Dill LM (1990) Why are bumble bees risk-sensitive for-
agers? Behav Ecol Sociobiol 26(2):121-127. https://doi.org/10.
1007/BF00171581

Chittka L (1992) The colour hexagon: a chromaticity diagram based
on photoreceptor excitations as a generalized representation of
colour opponency. J Comp Physiol A 170:533-543. https://doi.
org/10.1007/BF00199331

Cresswell JE (1990) How and why do nectar-foraging bumble bees
initiate movements between inflorescences of wild bergamot
Monarda fistulosa (Lamiaceae)? Oecologia 82(4):450-460.
https://doi.org/10.1007/BF00319785

Edwards SC, Pratt SC (2009) Rationality in collective decision-making
by ant colonies. Proc R Soc B 276(1673):3655-3661. https://doi.
0rg/10.1098/rspb.2009.0981.

Forster CY, Mourmourakis F, Hochuli DF, White TE, Latty T, Gloag
R (2023) Flower choice by the stingless bee Tetragonula car-
bonaria is not influenced by colour-similarity to a higher-reward
flower in the same patch. Apidologie 54:16. https://doi.org/10.
1007/s13592-023-00997-y

Frisch KV (1967) The dance language and orientation of Bees. Cam-
bridge, MA and London, England: Harvard University Press,
1993. https://doi.org/10.4159/harvard.9780674418776

Gaskett AC (2011) Orchid pollination by sexual deception: pollina-
tor perspectives. Biol Rev 86(1):33-75. https://doi.org/10.1111/j.
1469-185X.2010.00134.x

Gigord LDB, Macnair MR, Stritesky M, Smithson A (2002) The
potential for floral mimicry in rewardless orchids: an experimen-
tal study. Proc R Soc Lond Ser B 269(1498):1389-1395. https://
doi.org/10.1098/rspb.2002.2018

Gilbert FS, Haines N, Dickson K (1991) Empty flowers. Functional
Ecology 5(1):29-39. https://doi.org/10.2307/2389553

Gilpin A-M, Denham AJ, Ayre DJ (2019) Are there magnet plants in
Australian ecosystems: pollinator visits to neighbouring plants are

@ Springer


https://doi.org/10.1007/s00040-023-00934-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/eth.12170
https://doi.org/10.1007/s00442-022-05114-x
https://doi.org/10.1007/BF00171581
https://doi.org/10.1007/BF00171581
https://doi.org/10.1007/BF00199331
https://doi.org/10.1007/BF00199331
https://doi.org/10.1007/BF00319785
https://doi.org/10.1098/rspb.2009.0981
https://doi.org/10.1098/rspb.2009.0981
https://doi.org/10.1007/s13592-023-00997-y
https://doi.org/10.1007/s13592-023-00997-y
https://doi.org/10.4159/harvard.9780674418776
https://doi.org/10.1111/j.1469-185X.2010.00134.x
https://doi.org/10.1111/j.1469-185X.2010.00134.x
https://doi.org/10.1098/rspb.2002.2018
https://doi.org/10.1098/rspb.2002.2018
https://doi.org/10.2307/2389553

C.Y. Forster et al.

not affected by proximity to mass flowering plants. Basic Appl
Ecol 35:34-44. https://doi.org/10.1016/j.baae.2018.12.003

Giurfa M (1991) Colour generalization and choice behaviour of the
honey bee Apis mellifera ligustica. J Insect Physiol 37(1):41-44.
https://doi.org/10.1016/0022-1910(91)90017-T

Giurfa M et al (1995) Colour preferences of flower-naive honey bees. J
Comp Physiol A 177(3):247-259. https://doi.org/10.1007/BF001
92415

Giurfa M et al (1997) Discrimination of coloured stimuli by honey
bees: alternative use of achromatic and chromatic signals. ] Comp
Physiol A 180(3):235-243. https://doi.org/10.1007/s003590050
044

Han F, Wallberg A, Webster MT (2012) From where did the Western
honey bee (Apis mellifera) originate? Ecol Evol 2(8):1949-1957.
https://doi.org/10.1002/ece3.312

Highhouse S (1996) Context-dependent selection: the effects of decoy
and phantom job candidates. Organ Behav Hum Decis Process
65(1):68-76. https://doi.org/10.1006/0bhd.1996.0006

Hodges CM (1985) Bumble bee foraging: the threshold departure rule.
Ecology 66(1):179-187. https://doi.org/10.2307/1941318

Jack-McCollough RT, Nieh JC (2015) Honeybees tune excitatory and
inhibitory recruitment signalling to resource value and predation
risk. Anim Behav 110:9-17. https://doi.org/10.1016/j.anbehav.
2015.09.003

Johnson SD, Peter CI, Nilsson LA, Agren J (2003) Pollination suc-
cess in a deceptive orchid is enhanced by co-occurring rewarding
magnet plants. Ecology 84(11):2919-2927. https://doi.org/10.
1890/02-0471

Kadmon R, Shmida A (1992) Departure rules used by bees foraging
for nectar: a field test. Evol Ecol 6(2):142—-151. https://doi.org/
10.1007/BF02270708

Keasar T (2000) The spatial distribution of nonrewarding artificial
flowers affects pollinator attraction. Anim Behav 60(5):639-646.
https://doi.org/10.1006/anbe.2000.1484

Keasar T, Shmida A, Motro U (1996) Innate movement rules in for-
aging bees: flight distances are affected by recent rewards and
are correlated with choice of flower type. Behav Ecol Sociobiol
39:381-388. https://doi.org/10.1007/s002650050304

Lehrer M, Horridge GA, Zhang SW, Gadagkar R (1995) Shape vision
in bees: innate preference for flower-like patterns. Philos Trans
R Soc Lond Ser B 347(1320):123-137. https://doi.org/10.1098/
rstb.1995.0017

Lopes SA, Bergamo PJ, Najara Pinho Queiroz S, Ollerton J, Santos
T, Rech AR (2022) Heterospecific pollen deposition is positively
associated with reproductive success in a diverse hummingbird-
pollinated plant community. Oikos. https://doi.org/10.1111/oik.
08714

Liidecke D, Ben-Shachar MS, Patil I, Waggoner P, Makowski D (2021)
Performance: an R package for assessment, comparison and test-
ing of statistical models. J Open Source Softw 6(60):3139. https://
doi.org/10.21105/joss.03139

Maia R, Gruson H, Endler JA, White TE (2019) pavo 2: New tools for
the spectral and spatial analysis of colour in r. Methods Ecol Evol
2019(10):1097-1107. https://doi.org/10.1111/2041-210X.13174

McKight PE and Najab J (2010) Kruskal-Wallis test. In: Weiner IB and
Craighead WE (eds) The Corsini Encyclopedia of Psychology.
https://doi.org/10.1002/9780470479216.corpsy0491

Morales CL, Traveset A (2008) Interspecific pollen transfer: magni-
tude, prevalence and consequences for plant fitness. Crit Rev Plant
Sci 27(4):221-238. https://doi.org/10.1080/07352680802205631

Nakamura S, Kudo G (2016) Foraging responses of bumble bees to
rewardless floral patches: importance of within-plant variance
in nectar presentation. AoB Plants 8:plw037. https://doi.org/10.
1093/aobpla/plw037

Park J-Y, Jang S (2018) The impact of sold-out information on tourist
choice decisions. J Travel Tour Mark 35(5):622-632. https://doi.
org/10.1080/10548408.2017.1401030

@ Springer

Peter CI, Johnson SD (2008) Mimics and magnets: the importance
of color and ecological facilitation in floral deception. Ecology
89(6):1583-1595. https://doi.org/10.1890/07-1098.1

R Core Team (2021) R: A language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Comput-
ing. Available at: https://www.R-project.org/

Rodriguez I, Gumbert A, Hempel de Ibarra N, Kunze J, Giurfa M
(2004) Symmetry is in the eye of the “beeholder”: innate pref-
erence for bilateral symmetry in flower-naive bumble bees.
Naturwissenschaften 91(8):374-377. https://doi.org/10.1007/
s00114-004-0537-5

Roubik DW, Buchmann SL (1984) Nectar selection by Melipona and
Apis mellifera (Hymenoptera: Apidae) and the ecology of nectar
intake by bee colonies in a tropical forest. Oecologia 61(1):1-10.
https://doi.org/10.1007/BF00379082

Sanderson CE, Orozco BS, Hill PSM, Wells H (2006) Honey bee
(Apis mellifera ligustica) response to differences in handling time,
rewards and flower colours. Ethology 112(10):937-946. https://
doi.org/10.1111/j.1439-0310.2006.01245.x

Scarpi D (2011) The impact of phantom decoys on choices in
cats. Anim Cogn 14(1):127-136. https://doi.org/10.1007/
s10071-010-0350-9

Seeley TD, Camazine S, Sneyd J (1991) Collective decision-making
in honey bees: how colonies choose among nectar sources. Behav
Ecol Sociobiol 28(4). https://doi.org/10.1007/BF00175101

Shafir S, Waite TA, Smith BA (1999) Risk-sensitive foraging: choice
behaviour of honey bees in response to variability in volume of
reward. Anim Behav 57(5):1055-1061. https://doi.org/10.1006/
anbe.1998.1078

Shafir S, Waite TA, Smith BH (2002) Context-dependent violations
of rational choice in honey bees (Apis mellifera) and gray jays
(Perisoreus canadensis). Behav Ecol Sociobiol 51(2):180-187.
https://doi.org/10.1007/s00265-001-0420-8

Smithson A, Gigord LDB (2001) Are there fitness advantages in being
a rewardless orchid? Reward supplementation experiments with
Barlia robertiana. Proc R Soc Lond B 268:1435-1441

Smithson A, Gigord LDB (2003) The evolution of empty flowers revis-
ited. Am Nat 161(4):537-552. https://doi.org/10.1086/368347

Smithson A, MacNair MR (1997) Negative frequency-dependent selec-
tion by pollinators on artificial flowers without rewards. Evolution
51(3):715-723. https://doi.org/10.2307/2411148

Tan K, Dong S, Liu X, Chen W, Wang Y, Oldroyd BP, Latty T (2015)
Phantom alternatives influence food preferences in the eastern
honey bee Apis cerana. J Anim Ecol 84(2):509-517. https://doi.
org/10.1111/1365-2656.12288

Thomson JD (1978) Effects of stand composition on insect visitation
in two-species mixtures of hieracium. Am Midl NatJ 100(2):431-
440. https://doi.org/10.2307/2424843

Thomson JD, Fung HF, Ogilvie JE (2019) Effects of spatial patterning
of co-flowering plant species on pollination quantity and purity.
Ann Bot 123(2):303-310. https://doi.org/10.1093/aob/mcy 120

Trueblood JS, Pettibone JC (2017) The phantom decoy effect in percep-
tual decision making. J Behav Decis Mak 30(2):157-167. https://
doi.org/10.1002/bdm.1930

Waller GD (1972) Evaluating responses of honey bees to sugar solu-
tions using an artificial-flower feeder. Ann Entomol Soc Am
65(4):857-862. https://doi.org/10.1093/aesa/65.4.857

Zung JL, Forrest JRK, Castellanos MC, Thomson JD (2015) Bee- to
bird-pollination shifts in Penstemon: effects of floral-lip removal
and corolla constriction on the preferences of free-foraging
bumble bees. Evol Ecol 29:341-354. https://doi.org/10.1007/
$10682-014-9716-9


https://doi.org/10.1016/j.baae.2018.12.003
https://doi.org/10.1016/0022-1910(91)90017-T
https://doi.org/10.1007/BF00192415
https://doi.org/10.1007/BF00192415
https://doi.org/10.1007/s003590050044
https://doi.org/10.1007/s003590050044
https://doi.org/10.1002/ece3.312
https://doi.org/10.1006/obhd.1996.0006
https://doi.org/10.2307/1941318
https://doi.org/10.1016/j.anbehav.2015.09.003
https://doi.org/10.1016/j.anbehav.2015.09.003
https://doi.org/10.1890/02-0471
https://doi.org/10.1890/02-0471
https://doi.org/10.1007/BF02270708
https://doi.org/10.1007/BF02270708
https://doi.org/10.1006/anbe.2000.1484
https://doi.org/10.1007/s002650050304
https://doi.org/10.1098/rstb.1995.0017
https://doi.org/10.1098/rstb.1995.0017
https://doi.org/10.1111/oik.08714
https://doi.org/10.1111/oik.08714
https://doi.org/10.21105/joss.03139
https://doi.org/10.21105/joss.03139
https://doi.org/10.1111/2041-210X.13174
https://doi.org/10.1002/9780470479216.corpsy0491
https://doi.org/10.1080/07352680802205631
https://doi.org/10.1093/aobpla/plw037
https://doi.org/10.1093/aobpla/plw037
https://doi.org/10.1080/10548408.2017.1401030
https://doi.org/10.1080/10548408.2017.1401030
https://doi.org/10.1890/07-1098.1
https://www.R-project.org/
https://doi.org/10.1007/s00114-004-0537-5
https://doi.org/10.1007/s00114-004-0537-5
https://doi.org/10.1007/BF00379082
https://doi.org/10.1111/j.1439-0310.2006.01245.x
https://doi.org/10.1111/j.1439-0310.2006.01245.x
https://doi.org/10.1007/s10071-010-0350-9
https://doi.org/10.1007/s10071-010-0350-9
https://doi.org/10.1007/BF00175101
https://doi.org/10.1006/anbe.1998.1078
https://doi.org/10.1006/anbe.1998.1078
https://doi.org/10.1007/s00265-001-0420-8
https://doi.org/10.1086/368347
https://doi.org/10.2307/2411148
https://doi.org/10.1111/1365-2656.12288
https://doi.org/10.1111/1365-2656.12288
https://doi.org/10.2307/2424843
https://doi.org/10.1093/aob/mcy120
https://doi.org/10.1002/bdm.1930
https://doi.org/10.1002/bdm.1930
https://doi.org/10.1093/aesa/65.4.857
https://doi.org/10.1007/s10682-014-9716-9
https://doi.org/10.1007/s10682-014-9716-9

	Impact of empty flowers on foraging choice and movement within floral patches by the honey bee, Apis mellifera
	Abstract
	Introduction
	Methods
	Honey bees
	General methods
	Pre-training to artificial flowers and training bees to forage inside an experimental arena
	Training bees to associate floral colors with floral attributes
	Testing
	Statistical analysis

	Results
	Discussion
	Anchor 13
	Acknowledgements 
	References


