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Abstract
Animals develop food preferences based on taste, nutritional quality and to avoid environmental toxins. Yet, measuring 
preferences in an experimental setting can be challenging since ecologically realistic assays can be time consuming, while 
simplified assays may not capture natural sampling behavior. Field realism is a particular challenge when studying behavioral 
responses to environmental toxins in lab-based assays, given that toxins can themselves impact sampling behavior, masking 
our ability to detect preferences. We address these challenges by comparing different experimental methods for measuring 
sucrose concentration preference in bumble bees (Bombus impatiens), evaluating the utility of two preference chamber-based 
methods (ad libitum versus a novel restricted-sampling assay) in replicating bees’ preferences when they fly freely between 
artificial flowers in a foraging arena. We find that the restricted-sampling method matched a free-flying scenario more closely 
than the ad libitum protocol, and we advocate for expanded use of this approach, given its ease of implementation. We then 
performed a second experiment using the new protocol to ask whether consuming the neonicotinoid pesticide imidacloprid, 
known to suppress feeding motivation, interfered with the expression of sucrose preferences. After consuming imidacloprid, 
bees were less likely to choose the higher-quality sucrose even as they gained experience with both options. Thus, we provide 
evidence that pesticides interfere with bees’ ability to discriminate between floral rewards that differ in value. This work 
highlights a simple protocol for assessing realistic foraging preferences in bees and provides an efficient way for researchers 
to measure the impacts of anthropogenic factors on preference expression.
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Introduction

Animal fitness hinges upon an individual’s ability to exploit 
resources through foraging. Understanding the role of die-
tary preferences in foraging decisions has therefore become 
a fixture in the field of ecology (Chesson 1983; Perry and 
Pianka 1997; Simpson et al. 2004). Bumble bees are a trac-
table system long used as a model to understand the relation-
ship between foraging preference and energetic gain (e.g., 

Heinrich 1976; Real and Caraco 1986; Chittka et al. 1997), 
because the decisions they make about flowers are critical 
for their metabolic demands (Zimmerman 1981; Pyke 1984; 
Pleasants 1989). This work shows that bumble bees gener-
ally show preferences for flowers providing nectar rewards 
that are rich in carbohydrates (Cnaani et al. 2006 and refer-
ences therein). However, physiological state also affects the 
expression of their dietary preferences. For example, bumble 
bee workers (Bombus impatiens and B. vagans) infected with 
the gut parasite Crithidia bombii preferentially foraged on 
Chelone glabra flowers with artificially increased levels of 
nectar iridoid glycosides, which reduce C. bombii infections 
(Richardson et al. 2015, 2016). Behavioral experiments to 
measure pollinators’ floral preferences are thus critical for 
disentangling state-dependent and environmental factors 
driving observed preferences. Given that nectar availabil-
ity can limit colony growth in bumble bees (Rotheray et al. 
2017), better understanding of their nectar assessment can 
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help inform conservation (Woodard and Jha 2017), includ-
ing research into the effects of pesticides on bees’ ability 
to obtain high-quality resources from flowers (Mogren and 
Lundgren 2016).

To that end, researchers have developed several meth-
ods for assessing nectar preferences and their mediating 
factors in bumble bees, summarized in Table 1. One popu-
lar approach is to use high-throughput assays that involve 
observing individual bees foraging inside small, clear tubes 
for artificial nectar (as used in Muth et  al. 2018). This 
approach offers several advantages compared to free-flying 
experiments in lab or field settings, including the ease of 
manipulating test subjects and increased sample size per unit 
of experimenter effort. Researchers often have limited time 
and resources available to conduct field-realistic preference 
assays and would therefore benefit from simple methods 
that can adequately capture the dynamics of a more com-
plex system. Yet, the extent to which different assays (e.g. 
restricted feeding vs. ad libitum, free-flying vs. preference 
tube-based) return similar results has never, to our knowl-
edge, been explored. Although these lab-based methods aim 
to reveal what ecologists may interpret as inherent forag-
ing preferences in bees, it would be worth knowing whether 
differences in experimental protocol drive differences in 
observed choices that could lead to incongruent conclusions 
about preference.

Here, we address these issues by asking (1) whether bum-
ble bees’ foraging preferences for sucrose solutions of dif-
ferent concentrations are replicable under different protocols 
and (2) whether experimental approaches can be adapted to 
be more efficient without sacrificing the reliability of the 

results. We investigated these two questions by compar-
ing different laboratory protocols used to quantify nectar 
sugar concentration preferences in the bumble bee Bombus 
impatiens: one assay using free-flying bees inside a forag-
ing arena and two assays using preference tubes as in Muth 
et al. (2018). This allowed us to ask: how accurately do 
the results of preference tube assays reproduce the results 
of free-flying assays in the lab? Given the broad appeal of 
testing bumble bees’ dietary preferences in a wide range of 
ecological contexts (Table 1), and given that the technique 
of free-flying assays can be difficult and time consuming to 
develop, our aim was to identify experimental approaches 
that yield similar results.

After identifying a new high-throughput approach 
[restricted volume preference assay (RVPA)] that best 
approximated a free-flying scenario, we used this method 
to ask whether consumption of a neonicotinoid insecticide 
known to impair foraging motivation (Lämsä et al. 2018), 
impacted the expression of bumble bees’ nectar prefer-
ences. This application of our method was inspired by the 
recent interest in the effects of neonicotinoid pesticides on 
bees’ behavior and cognition (reviewed in Blacquière et al. 
2012). Neonicotinoids have strong negative effects on mul-
tiple aspects of bee performance and play a role in pollinator 
declines. Therefore, understanding the sublethal effects of 
these pesticides on bee foraging and nutrition is widely rec-
ognized as a critical research effort (Goulson 2013). In these 
studies, researchers seek methods that balance ecological 
realism vs. throughput sufficient to enable large sample sizes 
and to expand the taxonomic breadth of test subjects (Lundin 
et al. 2015). Our work here presents a new method which 

Table 1   Summary of the scope of approaches to studying food preferences in bumblebees, including studies that examine how preference 
changes with mediating factors

The studies listed here are not meant to be exhaustive, but are rather meant to represent a diversity of experimental designs for measuring prefer-
ence

Bee condition Flowers and setting Type of preference tested Bumble bee species References

Free flying Real flowers, natural setting Male vs. female flowers B. vagans Bell et al. (1984)
Artificial flowers, flight cage Flowers with and without nectar 

yeasts
B. impatiens Schaeffer et al. (2016)

Artificial flowers, lab Sucrose concentration + flower 
color, with and without pesticide 
exposure

B. impatiens Phelps et al. (2018)

Ad libitum feeders, lab Sucrose with and without neoni-
cotinoids

B. terrestris Arce et al. (2018)

Preference chambers Choice between two feeders 
ad libitum,lab

Sucrose with and without neoni-
cotinoids

B. terrestris Kessler et al. (2015)

Choice between two feeder tubes, 
lab

Sucrose with and without phyto-
chemical

B. impatiens Palmer-Young et al. (2018)

Harnessed bees Proboscis extension response, lab Sucrose concentration, sucrose 
type

B. terrestris Mommaerts et al. (2013)

Walking Maze-based protocol, lab Contaminated vs. uncontaminated 
chambers

B. impatiens Sprayberry et al. (2013)
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offers a combination of such features that may be useful in 
these and other contexts.

Materials and methods

Colony maintenance and general methods

Bumblebee colonies (Bombus impatiens, 50–70 individuals/
colony with natal queen) were purchased from Koppert Bio-
logical Systems (MI, USA) and connected to foraging are-
nas. For the free-flying experiment (Experiment 1, Protocol 
A), colonies were connected to a 0.60 × 1.23 × 0.60 m (h, w, 
d) foraging arena (True-Lite: F32T8-TL, Interlectric Corp., 
Warren, PA, USA) by a gated passageway. In all other experi-
ments, colonies were connected to a smaller arena (0.5 m2) 
containing a feeder, which bees were collected from before 
being tested for preferences in tubes. Bees in all experiments 
were provided with 15% (w/w) sucrose solution ad libitum 
via a white-wicked feeder in each arena, and colonies were 
given ~ 0.5 g/day of honeybee-collected pollen (Koppert Bio-
logical Systems). We used workers from two colonies for each 
experiment, aiming for 20 bees/treatment represented equally 
across both colonies; see exact sample sizes below. In all pro-
tocols, subjects were offered a choice between 15% and either 
30% or 45% sucrose in order to determine whether different 
protocols could capture different levels of discrimination. To 
assess whether there were differences in experimenter effort 
across protocols, we calculated the amount of time required 
to complete each experiment (see Table S1).

In Experiment 1, Protocol A (free-flying), naïve subjects 
gained experience foraging from artificial flowers during a pre-
test “shaping” period. In Experiment 1, Protocols B (RVPA) 
and C (ad libitum) and Experiment 2, bees were collected from 
sucrose feeders upon landing using an insect aspirator (Bioquip 
Products, CA, USA). Bees were then cold anesthetized and 
transferred to a preference tube. In all experiments, we used 
spatial location (e.g. left vs. right) to indicate sucrose concen-
tration (reward quality); artificial flowers (or preference tubes) 
offering different solutions were visually identical. We switched 
the position (right or left) of the sucrose solutions between sub-
jects. In all experiments, preferences were assessed individually 
to reduce social influences, such as copying other individu-
als’ choices (Leadbeater and Chittka 2007; Worden and Papaj 
2005). In all cases, preference tubes and artificial flowers were 
wiped down with 70% ethanol between subjects.

Experiment 1, Protocol A: Sucrose preferences 
in a free‑flying context in a foraging arena

To establish free-flying bumblebee sucrose preferences, we 
observed individuals foraging on artificial flowers in an arena 
over the course of a single foraging trip. The ceiling and three 

walls of the arena were made from metal mesh; the floor 
and the wall farthest from the colony connector tube were 
green-painted wood (“Ivy Topiary”, Behr Ultra, Santa Ana 
CA). Artificial flowers consisted of a 25 mm diameter circle 
made of gray craft foam (Creatology, Irving, TX, USA) with 
a 1.5 mL Eppendorf tube at the center. We drilled two holes 
in the Eppendorf tube, one at the tip and one in the center 
(Fig. 1b). Before experimental trials, shaping took place as 
follows: we inserted three artificial flowers horizontally, in the 
center of the wooden wall, with the Eppendorf center hole fac-
ing upward. We filled the tip of each Eppendorf tube with 40 
μL of 15% sucrose and allowed bees free access to the flow-
ers. After a bee consumed sucrose from the flower, we refilled 
it using a repeater pipette (Eppendorf M4, Hauppauge, NY, 
USA). When an individual bee successfully collected sucrose 
from 10 flowers, we marked its thorax with a paint pen (Posca, 
Tokyo, Japan) by inserting the tip of the pen into the Eppen-
dorf center hole while the bee was feeding. After this shaping 
period, we let all bees return to the nest box and set up the 
arena for the experimental trials.

During an experimental trial, a marked bee was allowed 
to freely forage on an array with five artificial flowers each 
on the left and right side of the back wall in visually identical 
groupings (Fig. 1a). Flowers on one side were each filled with 
4 μL of 15% sucrose and the other side each with 4 μL of either 
30% or 45% sucrose (n = 21 and 20 bees for the 15% vs 30% 
and 45% treatments, respectively). For each visit, we recorded 
the sucrose concentration of the flower, as well as whether a 
bee consumed the sucrose solution (a ‘drinking visit’), probed 
the solution with its proboscis without collecting it, or landed 
on the flower without probing. After a bee collected all the 
sucrose from a flower, which could be visually confirmed by 
an observer, the observer refilled it once the bee flew away. 
The design of the arena ensured that this hidden observer 
did not disturb the forager. Bees were allowed to forage until 
they attempted to return to the colony by entering the con-
nector tube. If 20 min had elapsed since the last floral visit, 
and the minimum-visit threshold (10) was not met, the bee 
was removed from the experiment. In our analysis, we only 
included bees that made at least ten visits total after consum-
ing both sucrose types. All bouts were recorded using a digital 
video camera (Canon QuickShot, 32 FPS). After completion 
of a bout (at least 10 visits, with no more than 20 min between 
visits), bees were removed from the arena using an insect aspi-
rator and euthanized by freezing.

Experiment 1, Protocol B: Sucrose preferences 
under sequential offerings in a preference tube 
assay—“restricted volume preference assay (RVPA)” 
protocol

To test whether bees confined to individual preference 
tubes exhibited sucrose concentration preferences similar 
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to those expressed in a free-flying scenario, we offered 
bees the same choices as in Protocol A (15% vs. 30% or 
15% vs. 45%). Subjects were contained in transparent plas-
tic cylindrical preference tubes with ventilation holes (TAP 
plastics, USA; L x D 13 × 2.5 cm, wall thickness: 1.6 mm, 
Fig. 1c). Each preference tube was sealed at both ends with 
rubber caps fitted with modified 1.5 mL Eppendorf tubes. 
We drilled a hole in the tip of each Eppendorf tube and 
removed its cap, then fitted it inside of the rubber cap so 
that the tip faced into the preference tube (Fig. 1c). Bees 
were removed from the white-wicked feeders in the arena 
and briefly cold anesthetized (10 min at 4 °C) before being 
placed individually into preference tubes. Bees were given 
90 min to acclimatize to the preference tube environment 

before a trial. When a trial began, we filled the tip of one 
Eppendorf feeder with 4 μL of 15% sucrose and filled the 
other feeder tip with 4 μL of either 30% or 45% sucrose 
using a repeater pipette (n = 20 and 19 bees for the 15% vs 
30% and 45% treatments, respectively). We switched the 
position of the high and low sucrose treatments (right or 
left side) on each observation day. We observed bees for 
30 min, recording each time a bee consumed sucrose from 
a feeder tip. After consumption, we immediately refilled 
the Eppendorf feeder. Analogously to Protocol A, in order 
for a trial to be included in analysis, the bee was required 
to consume sucrose from each feeder tip at least once, 
followed by at least ten additional consumption events at 
either tip within the 30 min observation period. Bees were 

Fig. 1   Diagrams of experimen-
tal protocols. a Foraging arena 
equipped with two groups of 
five artificial flowers. Flower 
groups contained either the 
high-quality (30% or 45% 
(w/w)) or low-quality (15% 
w/w) sucrose type. A connector 
tube connected the colony box 
to the foraging arena, allowing 
individual bees to make forag-
ing trips. b Artificial flowers 
used for shaping in testing 
in Experiment 1, Protocol A 
(free-flying assay). Arrows 
point to holes drilled in the 
Eppendorf tube where sucrose 
is injected into the artificial 
flower (horizontal arrow) and 
where bees are paint-marked 
on their thorax (vertical arrow). 
c Preference tubes used in the 
sequential reward offering 
assays (Experiments 1, Protocol 
B [restricted volume preference 
assay (RVPA)] and Experiment 
2). Four μL of sucrose solution 
is injected into each Eppendorf 
tube, and replaced after a bee 
consumes all of the sucrose. 
d Preference tubes used in the 
ad libitum assay (Experiment 
1, Protocol C) Two capillary 
tubes of either the high- or 
low-quality sucrose solution 
were inserted into the end of the 
preference tube. Illustrations by 
Ann Sanderson
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videotaped during the trial and euthanized following it as 
in free-flying protocol.

Experiment 1, Protocol C: Sucrose preferences 
under ad libitum feeding in a preference tube assay

To test whether sucrose preferences among bees in pref-
erence chambers offered unrestricted volumes of solution 
align with free-flying and RVPA methods, we assayed bees’ 
(n = 19 bees/treatment) responses to the same sucrose con-
centration differentials as in Protocols A and B. Bees were 
tested in the transparent plastic cylindrical preference tubes 
used in Protocol B. Each preference tube was sealed at one 
end with a rubber cap and fitted with two feeding tubes at 
the other end (capillary tubes ID × L: 3.4 × 150 mm, World 
Precision Instruments, USA, Fig. 1d). One feeding tube was 
filled with 400 µL of 15% sucrose and the other was filled 
with 400 µL of either 30% or 45% sucrose. We removed 
bees from the white-wicked feeders and cold anesthetized 
them (10 min at 4 °C), before placing them into the prefer-
ence tubes. After 90 min of acclimatization to the prefer-
ence tubes, we provided bees with the feeding tubes and 
allowed them to feed ad libitum for 180 min. At the begin-
ning of a trial, we used permanent marker to indicate the 
position of the meniscus of the sucrose in the feeding tubes, 
then recorded consumption at standardized time intervals 
by measuring the distance from the mark to the sucrose 
meniscus. We took measurements at 15, 30, 60, 90, 120, 
and 180 min. We ran separate evaporative controls (n = 20/
treatment) following the same protocol, without a bee inside 
the preference tube. The data revealed no significant differ-
ence in evaporation rate among the different sucrose types 
(ANOVA F2,57 = 0.617, p = 0.54). All trials were recorded 
using a digital video camera as in Protocols A and B. After 
trials were completed, we analyzed behavior by watching the 
videos at 4 × speed (Figure S1). We calculated the number 
of times feeding on each sucrose type occurred, which we 
used to perform analyses analogous to Protocols A and B 
(see “Statistical Methods”).

Experiment 2: Using the RVPA protocol to assess 
sucrose preferences following an acute dose 
of imidacloprid

After establishing that the RVPA protocol was a reliable 
proxy for a free-flying assay (Table 2), we used this approach 
to ask whether an acute dose of the neonicotinoid imidaclo-
prid altered bees’ preferences for 15% versus 30% sucrose. 
We dissolved 93.00 mg of analytical standard PEDESTAL® 
imidacloprid powder in 93 ml of acetone, resulting in a 1:1 
stock solution. An aliquot of 20 µL of this solution was then 
added to 1 L of 15% sucrose solution. For the control solu-
tion containing no pesticide, the same volume of acetone 

was added to 1 L of the same concentration of sucrose. 
Solutions were stored in amber bottles in a refrigerator (at 
4 ° C) and were always fed to bees immediately after being 
poured from these bottles (solutions were then immediately 
returned to the refrigerator). After 45 min, we used a pipette 
to dispense a 20 μL droplet of either the imidacloprid (n = 22 
bees) or the control solution (n = 18 bees) and observed bees 
drink the entire droplet. Bees that did not drink the entire 
droplet were removed from the experiment. We allowed 
another 45 min to elapse (to maximize pesticide absorbance 
(Samuelson et al. 2016)) before commencing behavioral tri-
als using the RVPA described in Experiment 1.

Statistical methods

All analyses were performed using R version 3.5.0 (R Core 
Team 2018). We evaluated sucrose preferences using three 
different measures, since even within a particular type of 
protocol, preference is often statistically analyzed in a vari-
ety of ways. The use of diverse approaches also allows for 
evaluation of different aspects of bee performance. For 
example, measuring the relative consumption of high- and 
low-quality sucrose solutions provides information on over-
all energy intake, while measuring sucrose choice over time 
provides information on how experience shapes preference. 
We performed identical analyses for Experiment 1, Protocols 
A, B, and C. Doing so allowed us to qualitatively compare 
the results of each protocol and assess the extent to which 
each of the tube-based protocols could replicate results of 
the free-flying protocol. If results are largely replicable, 
researchers may feel more confident in designing preference 
tube experiments without worrying about sacrificing eco-
logical realism. We performed similar analyses for Experi-
ment 2; however, we used a different explanatory variable, 
which we note below.

First, we made a general assessment of preference by ask-
ing whether bees made more drinking visits overall to the 
high-quality versus low-quality sucrose using separate paired 
t tests for the 15% versus 30% treatment and the 15% versus 
45% treatment. In the Experiment 2 analysis, we tested imida-
cloprid-exposed versus non-exposed bees. Second, we asked 
whether a greater difference in sucrose concentration caused 
bees to make relatively more visits to the high-quality reward 
(15% versus 30% or 45%). For this test, we performed a gener-
alized linear mixed model (binomial error distribution) using 
the proportion of drinking visits to the high-quality sucrose as 
the response variable and sucrose treatment (15% versus 30% 
or 45%) as the explanatory variable (lme4 package; Bates et al. 
2015). In the Experiment 2 analysis, imidacloprid exposure 
(exposed/not exposed) was used as the explanatory variable. 
Because the range of visits made before bees consumed both 
sucrose types ranged from 2 to > 15, the number of drink-
ing visits a bee made until it consumed both sucrose types 
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was included as a covariate. Bee identity was included as an 
observation-level random effect to account for overdispersion. 
We originally included colony as a separate random effect; 
however, colony-level variance was estimated at zero, so it was 
removed from the final model. Finally, we asked whether bees 
were more likely to choose the higher-quality sucrose over 
time, i.e., as they gained experience during a single foraging 
bout. This was determined using a generalized linear mixed 
model (binomial error distribution) with a choice of the high-
quality sucrose as the response variable (0/1), and visit number 
and treatment as crossed explanatory variables, spatial location 
of the high-quality sucrose as a fixed factor, and bee ID as a 
random effect (lme4 package; Bates et al. 2015). In the Experi-
ment 2 analysis, imidacloprid exposure replaced treatment as 
an explanatory variable. We originally included colony as a 
separate random effect; however, colony-level variance was 
estimated at zero, so it was removed from the final model. 
We tested for overall treatment effects of categorical vari-
ables using likelihood ratio tests. We also assessed sampling 
behavior; methods and results for these analyses are reported 
in Online Supplement 1.

We performed separate analyses for Experiment 1, Protocol 
C in addition to those described above. Measuring consump-
tion volume over time is a popular method for determining 
sucrose preferences in bees (Nicolson et al. 2013; Kessler 
et al. 2015). While not all researchers record ad libitum pref-
erence trials (some simply measure consumption at a given 
timepoint), we opted to also videotape these trials to better 
understand behavioral differences that might manifest across 
protocols. For example, the order in which bees encountered 
different sucrose solutions or how much experience they had 
with one solution before sampling another could shape their 
preferences. For the consumption analyses, we calculated a 
preference index as (volume high-quality sucrose consumed—
volume low-quality sucrose consumed)/(volume high-quality 
sucrose consumed + volume low-quality sucrose consumed) 
(Nicolson et al. 2013; Kessler et al. 2015). Positive values indi-
cate a preference for the high-quality sucrose type and negative 
values indicate a preference for the low-quality sucrose type 
(Asparch et al. 2016). We separately assessed cumulative and 
non-cumulative differences in consumption volume over time. 
In each analysis, we performed a linear model with the dif-
ference in consumption volume as the response variable and 
sucrose treatment (15% versus 30% or 15% versus 45%) and 
the measurement time as categorical explanatory variables. 
We included bee ID as a random effect to account for repeated 
measures.

Results

Experiment 1, Protocol A: Sucrose preferences 
in a free‑flying context in a foraging arena

As expected, our free-flying protocol captured a prefer-
ence for higher concentration sucrose in both choice con-
texts (Table 3). This effect was stronger when there was 
a greater difference between the sucrose concentrations. 
Bees in the 15% versus 45% sucrose treatment were more 
likely to drink the more rewarding sucrose type than bees 
in the 15% versus 30% sucrose treatment (model esti-
mate ± SE = 1.367 ± 0.384, z = 3.563, p < 0.001, Fig. 2a). 
Bees’ preferences were not biased by their initial choices, 
since their probability of drinking the high-quality sucrose 
was not explained by the number of visits until both 
sucrose types were sampled, nor by whether the bee sam-
pled the high-quality sucrose first. Bees were not more 
likely to choose the high-quality sucrose over time on a 
per-visit basis when considering both treatments together 
(visit number; model estimate ± SE = 0.011 ± 0.018, 
z = 0.600, p = 0.55; Fig. 2d); however, the significant inter-
action between visit number and treatment ( �2

2
 = 34.943, 

p < 0.001) indicates that bees in the 15% versus 45% treat-
ment were faster to consistently choose the high-quality 
sucrose. Bees in the 15% versus 45% treatment were also 
more likely to choose the high-quality sucrose overall 
( �2

2
 = 4.007, p = 0.04).

Experiment 1, Protocol B: Sucrose preferences 
in a restricted volume preference assay (RVPA)

Bees in the RVPA protocol generally exhibited the same 
behavioral patterns and preferences as bees in the free-
flying assay. In both the small-difference and large-differ-
ence treatment groups, bees collected more high-quality 
sucrose (Table 3), but the magnitude of this preference 
was dependent on treatment. Bees in the 15% versus 45% 
sucrose treatment were more likely to consume the higher 
concentration sucrose solution than bees in the 15% ver-
sus 30% sucrose treatment (all visit types: model esti-
mate ± SE = 0.911 ± 0.262, z = 3.480, p < 0.001; drinking 
visits only: model estimate ± SE = 1.499 ± 0.403, z = 3.719, 
p < 0.001; Fig. 2b). Again, these preferences were not 
influenced by the first choices bees made: the proportion of 
visits to the high-quality sucrose was not explained by the 
number of visits until both sucrose types were sampled, 
nor by whether the bee sampled the high-quality sucrose 
first. While bees followed the same behavioral trend as 
free-flying bees on a per-visit basis, there were some 
quantitative differences between free-flying and RVPA 



	 Oecologia

1 3

protocols (Fig. 2e). In the RVPA, bees were more likely 
to choose the high-quality sucrose over time (model esti-
mate ± SE = 0.127 ± 0.017, z = 7.337, p < 0.001; Fig. 2e), 
and this effect was stronger in the 15% versus 45% treat-
ment group (interaction between visit number and treat-
ment: �2

2
 = 7.519, p < 0.001). Additionally, while there was 

evidence for bees in the 15% versus 45% treatment being 
more likely to choose the high-quality sucrose overall 
(model estimate ± SE = 0.816 ± 0.48), the difference was 
not statistically significant ( �2

2
 = 2.850, p = 0.09).

Experiment 1, Protocol C: Sucrose preferences 
under ad libitum feeding in a preference tube assay

In contrast to the RVPA protocols, preferences measured 
in the ad libitum protocol did not always represent those 
of free-flying bees. While bees in each treatment group 
made significantly more visits to the high-quality reward 
(similar to free-flying and RVPA; Table 3), the proportion 
of drinking visits to the high-quality sucrose type did not 
significantly differ between sucrose treatments (Fig. 2c). 
Also in contrast to free-flying and RVPA protocols (where 
the ordering of encounters with different solution types did 
not matter), bees that encountered the high-quality sucrose 
type first made fewer subsequent visits to it (model covari-
ate, model estimate ± SE = − 1.816 ± 0.606, z = − 2.995, 
p = 0.003). When we examined bee sucrose concentration 
preferences over the course of the observation period, we 
again found marked differences between the results of the 
ad libitum protocol and those of the free-flying and RVPA 

methods: there was no significant difference between the 
proportion of visits to the low- versus high-quality sucrose 
(model estimate ± SE = − 0.01 ± 0.02, z = − 1.322, p = 0.19, 
Fig. 2c), nor was there a between-treatment significant dif-
ference in whether bees were more likely overall to choose 
the high-quality sucrose ( �2

2
 = 0.018, p = 0.89, Fig. 2f). There 

was, however, a significant interaction between visit number 
and treatment ( �2

2
 = 6.731, p = 0.009) that was qualitatively 

reversed from the patterns observed in the free-flying and 
RVPA methods. Bees in the 15% versus 30% treatment took 
fewer visits to begin consistently drinking the high-quality 
sucrose than bees in the 15% versus 45% treatment. Using 
consumption data (preference index), we were generally 
unable to determine a preference for high-quality sucrose 
(cumulative difference: �2

1
 = 1.98, p = 0.16; non-cumulative: 

difference: �2

2
 = 2.35, p = 0.13; Fig. 3).

Experiment 2: Sucrose preferences 
following an acute dose of imidacloprid 
in a restricted volume preference assay

Bees that consumed imidacloprid prior to being tested 
were slower to develop a preference for the high-quality 
sucrose than control bees; when we examined whether 
bees were more likely to choose the high-quality sucrose 
on a per-visit basis, we found that control bees were more 
likely to do so ( �2

2
 = 3.973, p = 0.04, Fig.  4b). While 

both treatment and control bees developed a preference 
for the higher-quality sucrose over trials (model esti-
mate ± SE = 0.222 ± 0.027, z = 8.099, p < 0.001, Fig. 4b), 

Table 3   Results of paired t tests 
for all experiments, asking if 
bees preferred the high-quality 
sucrose over the low-quality 
sucrose, based upon behavior 
displayed during laboratory 
assays

In Experiment 1, the high-quality sucrose is indicated by “treatment group”, with the percentages indi-
cating sucrose concentration. A higher concentration is considered higher quality. In Experiment 2, the 
high- and low-quality sucrose concentrations are always 30% and 15%, respectively. Mean and SD values 
represent the number of times a bee chose a given sucrose concentration

Experiment Treatment group Treatment level Mean ± SD t value df p value

1 (Free flying) 15% vs 30% High quality 9.55 ± 3.24 2.81 19 0.01
Low quality 6.45 ± 3.25

1 (Free flying) 15% vs 45% High quality 12.76 ± 4.04 7.41 20  < 0.001
Low quality 2.90 ± 2.76

1 (RVPA) 15% vs 30% High quality 14.10 ± 5.99 3.92 19  < 0.001
Low quality 5.25 ± 6.23

1 (RVPA) 15% vs 45% High quality 17.21 ± 5.94 11.22 18  < 0.001
Low quality 1.58 ± 1.07

1 (ad libitum) 15% vs 30% High quality 112.47 ± 41.93 5.38 18  < 0.001
Low quality 98.95 ± 35.72

1 (ad libitum) 15% vs 45% High quality 121.47 ± 52.58 6.65 18  < 0.001
Low quality 102.84 ± 48.16

2 Imidacloprid High quality 10.50 ± 5.91 3.65 21 0.002
Low quality 4.45 ± 3.83

2 Control High quality 12.83 ± 5.14 6.35 17  < 0.001
Low quality 3.06 ± 2.90
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neonicotinoid-exposed bees were slower to develop this 
preference (significant visit number × treatment interac-
tion: �2

2
 = 12.370, p < 0.001), suggesting that bees given 

an acute dose of imidacloprid discriminate less strongly 
against the lower-quality sucrose. When considering 
preference independent of time, bees in the two treat-
ments did not statistically significantly differ in their 
proportion of visits to the high-quality sucrose, although 
the model estimate and standard error indicate a trend 
toward lower preference in IMD-dosed bees (model 
estimate ± SE = − 0.808 ± 0.477, z = − 1.696 p = 0.07; 
Fig. 4a). We found no effects of the other variables we 
addressed on preference, including the number of visits 
until both sucrose types were sampled and whether the bee 
sampled the high-quality sucrose first.

Discussion

Accurately measuring bee foraging preferences is critical 
in the face of global declines, where nutritional factors 
are increasingly recognized as prime drivers of perfor-
mance in the face of land use-associated changes in floral 
resources and exposure to systemic pesticides (Goulson 
et al. 2015). Yet, studies attempting to quantify bee nectar 
preferences use a variety of different methods that vary in 
their practical difficulty, throughput, and ecological real-
ism. Here we compared two broad categories of popular 
approaches (free-flying on artificial flowers vs. confined 
to preference tubes) and found that they returned impor-
tant differences in the foraging choices made by individual 
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Fig. 2   Results of Experiment 1. a–c Proportion of visits made to 
different sucrose types. Boxplot represents median and interquartile 
range, and each dot represents a single data point (bee). Boxplot on 
the right shows data for the 15% vs. 30% treatment; boxplot on the 
left shows data for the 15% vs 45% treatment. Each panel represents 
a different protocol used in Experiment 1: a free flying, b restricted 
volume preference assay, c ad libitum. d–f Probability that a bee con-
sumed the high-quality sucrose for each drinking visit. Blue points 

represent a smaller difference in sucrose concentrations (15% vs. 
30%) and yellow points represent a larger difference in sucrose con-
centrations (15% vs. 45%). Each point represents a visit; curves are fit 
using Loess smoothing and shaded region represents SE. Each panel 
represents a different protocol used in experiment 1: d free flying, e 
restricted volume preference assay, f ad  libitum. Note differences in 
x-axis scale
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bumble bee workers. We developed a novel methodology 
(RVPA) which we argue may serve as a better proxy to 
a free-flying scenario than the ad libitum feeding assays 
in common use. Further, RVPA is time-efficient, yield-
ing replicable data of free-flying assays, but following a 
simpler and more executable protocol. We demonstrated 
the utility of the RVPA approach for research into the sub-
lethal effects of pesticides on bee foraging behavior by 
characterizing the sugar concentration preferences of bees 
exposed to an acute dose of imidacloprid. We found that 
bees exposed to this common neonicotinoid are less likely 
to choose high-quality rewards over time. RVPA offers a 
high-throughput approach that can easily be adopted in the 
laboratory to address questions about foraging behavior 
in a number of ecological contexts including understand-
ing how pesticides or other nectar constituents might alter 
foraging decision-making in bees.

Sucrose preferences in a free‑flying context

In Experiment 1, Protocol A (free-flying scenario), bees 
clearly preferred 30% and 45% sucrose over 15% sucrose 
(Table 3). These results are broadly consistent with previous 

work reporting bumble bee preferences for higher sugar 
concentrations in nectar (Cnaani et al. 2006). Furthermore, 
they were more likely to prefer the high-quality sucrose 
when the difference in concentration between the low- and 
high-quality options was greater (Fig. 2a). When the con-
centration in the high-quality option was twice that of the 

(a)

(b)

Fig. 3   Preference index data from Experiment 1, Protocol C (ad 
libitum) based on cumulative consumption differences (a) and non-
cumulative consumption differences (b). Box-and-whisker plots rep-
resent bee preference for the high-quality sucrose in the 15% vs. 30% 
(w/w) treatment (blue bars) and the 15% vs. 45% (w/w) treatment 
(yellow bars) at each timepoint. Positive values indicate a preference 
for the high-quality sucrose type; negative values indicate a prefer-
ence for the low-quality sucrose type

(a)

0.00

0.25

0.50

0.75

1.00

Control Imidacloprid
Treatment

P
ro

po
rt

io
n 

vi
si

ts
 to

 h
ig

h
qu

al
ity

 s
uc

ro
se

treatment
c
t

0.0

0.5

1.0

0 10 20 30 40
Visit

D
ra

nk
 h

ig
h

qu
al

ity
 s

uc
ro

se

Treatment
Control
Imidacloprid

(b)

Fig. 4   Results of Experiment 2, which tests the effect of acute imida-
cloprid exposure on bees’ ability to discriminate between high- and 
low-quality sucrose. a Proportion of visits made to different sucrose 
types (15%. vs 30%). Boxplots represent proportion of visits made 
to the high-quality sucrose type by bees that did not ingest imidaclo-
prid (left side) and those that did (right side). Each point represents 
an individual bee. b Probability that a bee consumed the high-quality 
sucrose for each drinking visit. Blue points represent control bees (no 
ingestion of imidacloprid) and yellow points represent bees that did 
ingest imidacloprid. Each point represents a visit; curves are fit using 
Loess smoothing and shaded region represents SE
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low-quality option, bees tended to sample both options more 
frequently, switching back and forth between the two types 
(Online Supplement 1). These results suggest a threshold 
level of difference between sugar concentrations of different 
flowers, above which bees will abandon one option in favor 
of another. This finding is consistent with studies reporting 
nonlinear increases in visits to high-concentration sucrose 
relative to the difference in concentrations (e.g., distance 
effect; Waddington 2001; Nachev et al. 2013). In nature, 
nectar sugar concentration can vary within and between 
plant species (Lanza et al. 1995; Herrera et al. 2006). To 
cope with the variability of nectar reward quality, bees may 
continue to sample different flower types so long as the 
difference in quality between them is negligible. A recent 
laboratory study testing B. impatiens workers’ ability to 
track high-sucrose rewards when reward quality was highly 
variable suggests bees made more discrimination errors 
(and therefore sampled more widely) when the difference 
in concentration was low (Dunlap et al. 2017). When the 
difference in quality between flower types becomes great 
enough, bees may make the decision to stay constant to the 
high-quality option. For example, Bombus fervidus workers 
presented with artificial flowers containing either 10%, 20%, 
or 30% sucrose solution did not display preferences for any 
one type; conversely, B. impatiens workers presented with 
artificial flowers containing either 13% or 40% sucrose solu-
tion highly preferred the high-concentration sucrose (Wad-
dington 1995; Cnaani et al. 2006).

Sucrose preferences using preference tube assays

One of the goals of this study was to evaluate experimental 
approaches that use preference tubes in terms of their utility 
as an analog to free-flying laboratory assays. A major benefit 
of preference tube approaches is the ability to collect data 
in a relatively short amount of time (see Table S1 for our 
estimates of experimenter effort/data point). In free-flying 
methodologies, bees generally need to be trained to visit 
artificial flowers before undergoing lengthy testing proto-
cols. In tube-based methodologies, the training and testing 
process is greatly simplified. Furthermore, because prefer-
ence tubes are small and contained compared to large flight 
arenas, researchers are able to collect data from multiple 
subjects simultaneously. Despite the clear benefits of tube-
based approaches, the extent to which they replicate a free-
flying scenario has been an open question.

We found that the structure of reward presentation plays 
a large role in whether bees behave similarly in preference 
tubes and in flight arenas. Specifically, offering sequential 
rewards (small amounts given out over a period of time 
following the RVPA protocol) yielded results that were 
almost completely replicable to a free-flying scenario, i.e. 
bees expressed the same sucrose preferences as in Protocol 

A (Table 3, Fig. 2a–b, d–e). When rewards were provided 
in large quantities for bees to feed ad  libitum (Protocol 
C), we were less able to discern the same sucrose prefer-
ences as bees in the free-flying assay (Figs. 2a, c, d, f, 3). 
Additionally, bees feeding ad libitum that encountered the 
high-quality sucrose type first made fewer subsequent visits 
to it. This behavior may be attributed to the fact that bees 
become satiated by consuming a large amount of sucrose in 
a single visit. If so, following an ad libitum protocol may 
not adequately capture natural sampling behavior, espe-
cially considering that most flowers visited by bumble bees 
naturally produce relatively small nectar volumes (Willmer 
2011). In contrast, our results clearly show that preference 
tube assays providing sequential rewards are a highly effec-
tive method for conducting experiments that yield similar 
results to a free-flying scenario. By offering bees small 
amounts of sucrose sequentially, we were able to simulate 
natural flower sampling, e.g. forcing bees to continue seek-
ing out floral rewards. This approach ensures that bees are 
not able to satiate themselves on one single food source and 
therefore should allow experimenters to more easily discern 
preference based on observed foraging choices. Therefore, 
the RVPA approach may work better than an ad libitum 
approach in keeping bees motivated to sample. It is not 
known whether restricting bees to a tube, where they must 
crawl rather than fly, affects foraging motivation generally.

It is important to note that experimenter effort required 
may also be highly variable, especially in a free-flying sce-
nario. Individual colonies may produce workers that vary 
in their foraging motivation, which can lead to differences 
in the length of time it takes to collect data. The amount of 
experimenter effort required for ad libitum protocols also 
depends on whether or not experimenters videotape subjects, 
which is not always necessary to answer questions about 
consumption volume; however, it is worth noting that the 
behavioral data we gleaned from videos of the ad libitum 
trials returned results matching those of free-flying proto-
col much better than consumption alone (Figure S1). Use 
of tracking software may allow researchers to reduce video 
analysis time and therefore make longer-term assays such 
as the ad libitum protocol more feasible. However, given 
the reduced accuracy of the ad libitum protocol in captur-
ing behaviors seen in the free-flying assay and potential for 
satiation that affects sampling, we advocate for the RVPA 
protocol in experiments meant to capture ecologically realis-
tic scenarios on the timescale of bee foraging bouts. Because 
we ran the ad libitum protocol for a maximum of 180 min, 
the extent to which this protocol might better match bee 
free-flying foraging preferences over longer timescales (e.g. 
24 h or across multiple days) remains an open question. To 
our knowledge, the RVPA protocol is a novel approach, or at 
least widely under-used given its utility. Given the complex-
ity of animal behavior, particularly when conducting studies 
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incorporating multiple behavioral drivers (for example, in 
this study, pesticide exposure and differences in nectar sugar 
concentration), researchers seek methods that best capture 
the dynamics of a natural setting, and the RVPA holds this 
potential.

Sucrose preferences following imidacloprid 
exposure

When we tested for preference on a per-visit basis, we 
found strong evidence that ingestion of imidacloprid 
reduces the probability that bees choose the high-quality 
sucrose option (Fig. 4b). As noted above and shown in 
Experiment 1 free-flying and RVPA assays, bees gener-
ally display a keen ability to discriminate between sucrose 
concentrations. However, we found that consuming an 
acute dose of a neonicotinoid appears to interfere with that 
process, slowing down the development of a preference 
for high-quality sucrose. To our knowledge, this result is 
novel among studies examining the effects of neonicoti-
noids on bees’ preference expression. A suppressed ability 
to distinguish high-concentration from low-concentration 
floral nectar may have negative repercussions for individ-
ual Bombus workers and for entire colonies. These effects 
may be sensory as well as metabolic. For instance, reduced 
functioning of the gustatory system, driven by neonicoti-
noid exposure, may impair workers’ ability to discriminate 
between food sources in honey- and bumble bees (Lambin 
et al. 2001; Alkassab and Kirchner 2017). Reduced sensory 
function may go on to impair metabolic performance, as 
workers rely on floral nectar to meet their caloric and car-
bohydrate needs (Plowright and Silverman 2000). The ina-
bility to preferentially forage on nectar high in sugar may 
lead to inefficient metabolism, which can decrease worker 
longevity and decrease their ability to regulate processes 
within the colony (Bowers 1986; Plowright and Silverman 
2000). However, bees may be able to make up for the loss 
in sugar intake. In honey bees (Apis mellifera), exposure to 
the neonicotinoid thiamethoxam caused a reduced sensitiv-
ity (proboscis-extension response) to rising sucrose levels, 
albeit on a longer timescale (14 days) than was measured 
in this study (Démares et al. 2016). If bees were given the 
option to balance their diet with adequate protein, how-
ever, survival did not suffer (Démares et al. 2016). It is 
possible that bees are less discriminating between high 
and low sucrose concentration following exposure to imi-
dacloprid because their metabolism is already suppressed 
and they do not require as much sugar as they would with-
out having been exposed. Previous work has shown that 
neonicotinoids greatly reduce feeding motivation in bees 
(Lämsä et al. 2018), and it may be that individual workers 
can afford to be less discriminating of floral rewards. It is 
important to note that reduced feeding motivation can also 

cause workers to neglect colony provisioning and nursing 
behavior (Crall et al. 2018), which can have negative fitness 
consequences at the colony level.

While we did find some evidence that consumption of 
imidacloprid reduced the proportion of visits to the high-
quality sucrose type (by evaluating the effect size and its 
standard error), the result was not statistically significant. 
One reason we did not see a stronger effect of imidaclo-
prid on bee behavior could be due to the concentration of 
imidacloprid used in the sucrose solution. We chose a con-
centration of 20 ppb, based upon previous studies report-
ing concentrations of neonicotinoids found in natural floral 
nectar (Goulson 2013). However, in studies that report dose-
dependent effects of neonicotinoids on bumble bee foraging 
or sucrose sampling behavior, generally bees perform worse 
under exposure to higher pesticide concentrations (Stanley 
et al. 2016; Phelps et al. 2018). Considering a range of imi-
dacloprid concentrations may yield further insight into the 
effect of neonicotinoid exposure on bees’ ability to discrimi-
nate between different floral rewards.

Conclusions

Bumble bees develop preferences for floral rewards based 
on energetic needs, nutritional context, and physiological 
state. Quantifying bumble bee preferences is critical for 
understanding how these preferences may be shaped by eco-
logical factors, as well as how preferences scale up to affect 
plant-pollinator interactions. We provide researchers with an 
easy-to-implement laboratory preference assay (RVPA) that 
can be used as an analog for more complicated free-flying 
approaches. We advocate for expanded use of this protocol 
to ask more nuanced questions; for example, how drivers of 
global change such as exposure to pesticides affect prefer-
ence expression. We provide an example of how the protocol 
could be used to test whether exposure to neonicotinoids 
affects the expression of sucrose concentration preference 
and find that the pesticide imidacloprid may inhibit bees’ 
ability to distinguish between low- and highly rewarding 
sucrose types. Altogether, the results will be useful for future 
studies that aim to understand how foraging preferences con-
tribute to pollinator fitness.
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