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In Brief

False memories, in which people
remember experiences that have never
occurred, have rarely been explored in
animal memory. Hunt and Chittka find
that bumblebees, when sequentially
trained to remember a b/w pattern and a
unicolor stimulus, subsequently prefer a
merged, but previously unseen, stimulus
that combines features from both trained
stimuli.
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Summary

Research on comparative cognition has largely focused on
successes and failures of animals to solve certain cognitive
tasks, but in humans, memory errors can be more complex
than simple failures to retrieve information [1, 2]. The exis-
tence of various types of “false memories,” in which indi-
viduals remember events that they have never actually
encountered, are now well established in humans [3, 4].
We hypothesize that such systematic memory errors may
be widespread in animals whose natural lifestyle involves
the processing and recollection of memories for multiple
stimuli [5]. We predict that memory traces for various stim-
uli may “merge,” such that features acquired in distinct
bouts of training are combined in an animal’s mind, so
that stimuli that have never been viewed before, but are a
combination of the features presented in training, may be
chosen during recall. We tested this using bumblebees,
Bombus terrestris. When individuals were first trained to a
solid single-colored stimulus followed by a black and white
(b/w)-patterned stimulus, a subsequent preference for the
last entrained stimulus was found in both short-term- and
long-term-memory tests. However, when bees were first
trained to b/w-patterned stimuli followed by solid single-
colored stimuli and were tested in long-term-memory tests
1 or 3 days later, they only initially preferred the most
recently rewarded stimulus, and then switched their prefer-
ence to stimuli that combined features from the previous
color and pattern stimuli. The observed merging of long-
term memories is thus similar to the memory conjunction
error found in humans [6].

Results

Bees were sequentially rewarded on two types of artificial
flowers, one being homogenously yellow and the other con-
sisting of black and white (b/w) concentric circles (henceforth
“black rings”). One group of bees was rewarded on “yellow”
first and later on “black rings,” whereas the other group was
given training in the opposite sequence (Figure 1; for more in-
formation, see the Supplemental Experimental Procedures).
During subsequent tests, bees were given a choice between
three types of flowers, two of which were the same as the pre-
viously entrained stimuli. The third type presented combined
features of both these stimuli, i.e., yellow concentric circles
(henceforth “hybrid: yellow rings”). Bees were tested immedi-
ately after training, 1 day after training, or 3 days after training.
Memory for the last rewarded flower type was high for both
training groups when tested in the short-term memory (STM)
test (Figure 2A, “yellow” then “black rings”: 79.5% total group
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choices were for the last entrained type, where chance expec-
tation is 33.3%; Chi-square test for independence, Xz = 86.6,
df = 2, p < 0.0001; Figure 2B, “black rings” then “yellow”:
77% for the last entrained flower type, Xz = 815, df = 2,
p < 0.0001). In this test, which occurred within minutes after
training, performance was governed by STM for the last
rewarding stimulus, and the dominance of this memory re-
mained high throughout the test (a Friedman test performed
for individual preference revealed no significant change of
choice values for the last rewarded stimulus over the four
choice bins from the first five to the last five choices; “yellow”
then “black rings”: Fr = 6.167, p = 0.1; “black rings” then
“yellow”: Fr =1.8, p = 0.615).

A different picture emerged when bees were tested 1 or
3 days later. In this case, bees had to interrogate their long-
term memory (LTM) for stimuli that had been rewarding in
the past. LTM relies on different mechanisms and resides in
different brain areas, and it is larger in capacity than STM [7].
We thus expected bees, in some way, to respond to both of
the stimuli that had been previously associated with reward.
For the group trained to the “black rings” first, 24 hr after
training the mean percentage choice for the last rewarded
flower type, “yellow,” was initially above chance (78%) for
the first five choices of the test (Figure 2D) but was below
chance (average 23%) during the remainder of the test (Fr =
19.6, p = 0.0002; Figure 2D). Conversely, the mean percentage
choice for the “hybrid: yellow rings” flower type was initially
below chance level (16%) during the first five choices of
the test but was above chance (average 47%) for the last
15 choices (Fr = 11.7, p = 0.0085; Figure 2D). Three days after
training, the same effect was seen: mean choices for “yellow”
(last rewarded stimulus) were initially high at 60% but then
fell to around 30% in the last ten trials (Fr = 15.1, p = 0.0017;
Figure 2F). Over the same test, the preference for “hybrid:
yellow rings”: increased from 34 % in the first ten trials to about
50% in the last ten trials (Fr =10.9, p = 0.012; Figure 2F). Thus,
over the course of the LTM tests, bees switched their pre-
ference from the most recently rewarded pattern to a hybrid
visual display that they had never seen before and that
merged features of both previously rewarding flowers.

For the group trained to “yellow” first, the last rewarded
flower type (“black rings”) remained the most preferred one
throughout the tests both 1 and 3 days after training (Figures
2D and 2E). At both intervals, the moderate change observed
over time for the last rewarded flower type was not significant
(1 day: Fr=5.17, p = 0.16; 3 days: Fr = 2.03, p = 0.56). At 1 day
after training, there was a significant change in the preference
for the “hybrid: yellow rings” flower type over the course of
the test (Fr = 8.15, p = 0.043), but the choices for this pattern
never exceeded those for the last visited rewarded type (“black
rings”; Figure 2C). No change was seen in the preference
for the “hybrid: yellow rings” type at 3 days after training
(Fr = 2.96, p = 0.4). Thus, memory merging only occurred
when bees were entrained to a b/w pattern followed by a
single-colored stimulus. When this order was reversed, bees’
performance in an LTM test can be explained by recency/
retroactive interference [8]. Here, newly learned information
impedes the recall of prior learned information [9, 10]. Such
retroactive interference, and suppression of information
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Figure 1. Basic Types of Artificial Flowers, and
Training Schedule

(A) Example artificial flower (& = 7 cm), showing
the central hole (@ = 0.5 cm) enabling the experi-
menter to insert a reward droplet from outside the
arena by means of an electronic pipette. Beneath
the hole in front of the artificial flower target,
a Perspex landing platform (1.5cm x 1.5cm x
1cm) is attached with Velcro, allowing rapid
detachment and re-attachment after cleaning.
All flower types had this basic design.

(B-E) Single-colored flowers were circular and
yellow (experiment 1; B) or blue (experiment 2;
not shown). Ringed flower types had a colored
black (C), yellow (D), or blue (not shown) ring

Hybrid: Yellow Rings
D ©-

Test (1 bout, 20 choices)

around the central hole (width of 4.5 mm) and
two white and two colored rings toward the pe-
riphery, each with a stripe width of 7 mm. “Black
grid” flowers (E) and “blue grid” flowers (not

shown) had 7 mm stripes on a white background,
as shown.

(100 choices)

Differential conditioning

(F) Example training schedule, shown here for
bees first trained to “black rings” then “yellow”
flowers. +, reward (sucrose solution); —, no
reward. Other groups of bees were trained with

+ ®-

(3 bouts)

Absolute conditioning
+

thereversed order, with “blue” instead of “yellow,”
or with “black grids” instead of “black rings.”
See also Figure S1.

Black Grid
(100 choices) @ +

Differential conditioning

IAbsolute conditioning
(3 bouts) e+

the test (Fr = 9.6, p = 0.022; Figure 3A).
However, no preference for the “yellow
rings” flower type over the previously

Pretraining

O+

acquired earlier in reversal learning tasks, has been shown in
various species of bees [11-13].

Control: Memory Merging or Generalization

The “hybrid: yellow rings” flower shares the yellowness with
the previously rewarded “yellow” flowers. It is thus possible
that preference for the hybrid flowers was in part a result of
generalization for the feature of yellowness, without an effect
of the training to the “black rings” flower type. In theory, an
additional preference for pattern dissectedness [14, 15] might
have driven bees to prefer the “yellow rings” flowers of the
previously rewarded “yellow” flowers.

To exclude this possibility, we modified the experimental
procedure to include a control group using a b/w flower
pattern not contained in the “yellow rings” pattern. In this
case, a group of bees was first trained to a pattern displaying
vertical and horizontal black lines (henceforth “black grid”)
and subsequently to “yellow” flowers. During tests 24 hr later,
bees were shown the flower types “yellow” and “black grid” in
addition to the “yellow rings” type used in the memory merg-
ing test above.

In this control experiment, bees simply preferred the
stimulus on which they were last rewarded, i.e., “yellow,”
throughout the entire 20 choices, though there was a signifi-
cant decrease in preference for this target over the course of

rewarded flower types was observed in
any phase of the test, and the moderate
increase in preference for this flower
type was not significant (Fr = 7.8, p =
0.051). Comparing the control with the
memory merging result (in which bees
had first been rewarded on “black rings”
and subsequently “yellow”), there was
a significant difference of the choice values in the second
half of the test (last ten choices: %2 = 23.8, df = 2, p = 0.001).
This lack of a switch of preference to the “yellow rings” flower
in this test, in contrast to the experiment above, also shows
that there is no inherent attractiveness of this flower type
(e.g., by way of its contour length or dissectedness). These
results support the occurrence of memory merging from
features of both patterns rewarded during training when LTM
is utilized, rather than a generalization from just one of the
rewarded patterns.

Experiment 2: Memory Merging for Different

Stimulus Combinations

To further explore the generality of our finding that memory
merging occurs when bees are entrained first to b/w patterns
and then to single-colored stimuli, we tested bees on two more
combinations of colors and patterns. One group of bees was
trained on “black rings” first (Figure 3B), and another on “black
grid” flowers (Figure 3C). Both groups were subsequently
rewarded on homogeneously blue-colored targets, following
the same reversal learning schedule as above. In tests 1 day
later, bees were given a choice between four target types:
both of the flower types that had been rewarded earlier, as
well as blue concentric rings and blue grids. Our evaluation
of the experiment above revealed that if preferences changed
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Figure 2. Choice Values in Tests for Two Types of
Entrained Flower Types, as well as a Pattern that
Merges Features from Both Flower Types

(A, C, and E) Training to “yellow” then “black
rings.” At all time intervals (STM test within
minutes, A; LTM tests at 1 day and 3 days, C
and E), bees consistently preferred the most
recently rewarding color.

(B, D, and F) Training to “black rings” then
“yellow.” In the STM test (B), bees again pre-
ferred the recently rewarded stimulus (“yellow”);
in LTM tests (D and F), this was also initially the
case, but bees then shifted their preference to
hybrid: “yellow rings”—the stimulus that con-

@—.—

6-10 11-15 16-20

Number of sequential visits

]

tained features from both previously encoun-
tered flower types.

Each panel contains data from ten bees, and each
data point consists of 50 choices. Asterisks indi-
cate significant changes over the course of the
test in the preference for both the last rewarding
flower types and the hybrid flower type (Friedman
test). In none of the six groups were there signifi-
* cant changes for the stimulus that had been re-
warded first, before the reversal learning phase
(Friedman test, p > 0.05 in all cases).

T T 1

stimulus “blue grid” over all other types
(x2 = 29.64, df = 3, p < 0.0001) in the

6-10 11-15 16-20

Number of sequential visits
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second half of the test (Figure 3C).
Discussion

Bees trained on two visually distinct arti-
ficial flower types show high levels of
memory retention for the most recently
rewarded stimulus initially, but 1 and
3 days after learning, aninitial preference
for the last entrained stimulus is quickly
succeeded by a preference for a hybrid
flower that combines the two learned
visual features, color and pattern. The
observed changes of preference over
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the course of testing cannot be ex-
plained by absence of reward in the
tests. This might result in gradual weak-
ening of the preference for the previous

in the course of the experiment at all, they did so roughly
halfway through the test (or, indeed, earlier). We therefore
simplified the analysis to compare preferences solely in the
first half and the second half of the test.

In the first half of the test (first ten choices), bees sequentially
trained on “black rings” then “blue” preferred the most recently
rewarding stimulus (“blue”) as well as the merged stimulus
(“blue rings”) over the other types (“black grid,” “blue grid”;
Chi-square test for independence, Xz =19.76, df = 3, p =
0.0002; Figure 3B). However, they preferred the merged stim-
ulus “blue rings” in the second ten choices of the test over
the stimuli previously rewarding. The distribution of choices
was significantly different from chance (32 = 22.41, df = 3, p <
0.0001). Bees trained first on “black grid” then “blue” initially
preferred “blue” over the other types (x? = 23.68, df = 3,
p < 0.0001), but they switched their preference to the merged

stimulus in conjunction with generaliza-
tion to similar stimuli or simple explora-
tion of alternative stimuli. Conversely,
in all cases in which bees were trained to a b/w pattern and
then a single-colored stimulus, the change in preference ob-
served over the course of the test was specific and reproducible
and resulted in a preference for the merged stimulus only.
Bumblebee memory therefore seems to be susceptible to an
error specific to the integration of multiple memories in a
similar way as human memory does in certain experimental
settings. The “memory conjunction error” in which partial
information from multiple memories is combined to create a
“hybrid memory” containing elements of multiple memories
is known to effect human memory for pictures of faces,
nonsense words, and simple sentences [6, 16]. Here we have
shown that, when presented with an artificial flower displaying
a combination of features previously learned, bees mistakenly
select this merged stimulus in later test phases, rather than
their memory simply degrading over time.
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Figure 3. Memory Merging versus Generalization

Choice percentages = SE 24 hr after training for bees trained to “black grid”
then “yellow” flowers (in sequential bins of five choices; A), “black rings”
then “blue” (B), and “black grids” then “blue” (in bins of the first ten and sec-
ond ten choices; C). N = 10 individuals in all groups. (A) shows that bees do
not simply prefer the “yellow rings” stimulus as a result of stimulus general-
ization from the previous “yellow” stimulus (cf. results in Figure 2D): if bees
had earlier been rewarded on a pattern (“black grid”) whose features were
not contained in the “yellow rings” pattern, this latter pattern was not
preferred. (B) shows bees’ preference for a merged stimulus after training
to “black rings” then “blue” in the second (not the first) ten choices of the

This depended on the sequence of training of the two stim-
uli, however. Memory merging only occurred when the colored
(yellow or blue) stimulus followed the b/w pattern. Conversely,
when the b/w pattern followed the color training, bees simply
preferred the last entrained stimulus at all testing intervals.
This highlights the potential importance of the order of artificial
flower presentation in a reversal learning paradigm for both
experimental design and data interpretation. A possible expla-
nation might be differences in the strengths of memory traces
for different artificial flower types: colors versus patterns. It
may be that the memory traces for the b/w-patterned flower
type were stronger than for the unicolor flower type and as
such were more resistant to both memory decay and manipu-
lation. In humans, it is known that stronger memory traces are
less prone to the effects of suggestibility [17]. However, if there
was such a difference, it was not apparent in the training
phase, in which bees performed equally well when trained to
“yellow” or “black rings” first and were equally good at reverse
learning both respective associations. Hence, the reason that
memory merging occurs only for one of the two training se-
quences is not clear.

One potential explanation for the formation of such a mem-
ory conjunction error is that the failure occurs at retrieval [18]
and involves “processing fluency” [19]. In this argument,
during recall or recognition, source monitoring, which is the
set of processes that make attributions about memory origins
[20, 21], is low and as a result a misattribution occurs due to
“remembering” on the basis of the feeling of familiarity [18].
These “memories” are therefore not based on the recollec-
tions of the specific details of items to be recalled/recog-
nized, but rather on a more general feature that applies not
only to the items to be recalled, but also to other items, which
results in their erroneous retrieval. It is known that human
memory utilizes the cognitive processes of categorization
and generalization, in which a large number or items can be
stored and recalled based on just a few exemplars, in order
to economize and gain efficiency [22, 23]. It has been pro-
posed that memory errors caused by misattribution (one of
which is the memory conjunction error) may therefore simply
be inevitable byproducts of the adaptive cognitive ability to
form general concepts [3, 5, 24]. Many non-human animal
species, including bees, can categorize visual patterns by
shared properties, and indeed, bees appear to have the abil-
ity to form simple spatial concepts [25-29]. These abilities
might come with undesirable side effects, such as misattribu-
tion errors.

Supplemental Information

Supplemental Information includes Supplemental Experimental Procedures
and one figure and can be found with this article online at http://dx.doi.org/
10.1016/j.cub.2015.01.023.
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test; again, only the stimulus combining both pattern and color (“blue rings”)
was preferred, not the “blue grid” pattern. (C) shows that the reverse
choice pattern was observed when bees were first rewarded on the
“black grid” and later on the “blue” flowers, where, in the second half
of the test, bees again preferred the merged (and previously unfamiliar)
stimulus “blue grid” over all the other types.
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Figure S1 related to Figure 1. Testing Setup and Performance during Training. A) — D) Artificial
flower presentation of stimuli during training and testing. Possible flower positions shown by black
dots. Example flower randomisations showing A) pre-training flowers (same in all experiments), B)
absolute conditioning (shown here for training group “yellow”), C) differential conditioning, showing
“yellow” flowers as well as “black rings” flowers and D) testing (displaying the previously entrained
“yellow” and “black rings” flowers, and the previously un-encountered “hybrid: yellow rings” flower
type. (In further experiments, the “yellow” flowers were replaced with “blue” flowers, and the “black
rings” flowers with “black grid” flowers respectively (see main document and below). Reversal
learning also began with an absolute conditioning phase (B), followed by a differential conditioning
phase (C). E) Group learning curves for bees first trained to “yellow” flowers (blue curve) and then to
“black rings” (red curve), as well as bees trained to “black rings” first (green curve) and afterwards to
“yellow” (purple curve). Individual-based statistics did not reveal significant differences between
groups in the initial learning nor the reversal learning phase (see below).



Supplementary Experimental Procedures

Subjects

Bees were from seven commercially obtained colonies of Bombus terrestris (Syngenta
Bioline Bees, Weert, The Netherlands), and were housed in bipartite wooden nest boxes
(28cm x 16cm x 11cm). Bees were individually marked on the thorax with coloured,
numbered markers (Opalith tags, Christian Graze KG, Germany) to allow identification. Prior
to experimentation bees were kept naive with no exposure to coloured or patterned artificial
flowers given in association with food [S1]. Colonies were provided ad libitum with pollen

directly into the nest daily on weekdays.

Set-up

Experiments were undertaken in a wooden flight arena (I100cm x 71cm x 71cm), with a
transparent UV-transmitting Plexiglas™ lid, into which access was provided by means of a
transparent Plexiglas™ tube [S2]. Shutters along the length of the tube enabled the traffic of
bees into and out of the arena to be controlled. During experimentation artificial flowers were
presented vertically on the far wall of the flight arena (Figure S1).

Artificial flowers were circular (@=7cm) with transparent Perspex™ landing
platforms (1.5cm x 1.5 cm x 1lcm) attached below the centre of the circular target (Figure
1A). Each platform had a central well (@=0.6cm, depth=0.2cm), into which droplets of
sucrose solution or water could be placed. Each artificial flower contained a central hole
(@=0.5cm) positioned directly above the landing platform, which enabled the experimenter to

replenish rewards by means of a pipette from outside of the arena.

Training procedure

Pre-training

Eight white-coloured, circular artificial flowers were randomly assigned to positions on the
presentation wall and each contained a 20ul droplet of 50% sucrose solution (v/v) (Figure
1A, Figure S1A). Bees were allowed to forage freely on the flowers. Rewards were
replenished once they had been consumed and bees had departed from that flower. This
allowed bees to become used to the flight arena and artificial flowers and enable the
determination of individuals that would successfully forage for a minimum of three

consecutive foraging bouts who were therefore suitable for further testing. A reversal



learning paradigm was then administered to create conflict between two visually distinct

flower types in the bees’ memories.

Experiment 1

Training Phase 1: Absolute Conditioning

Either eight yellow coloured artificial flowers (“yellow”) (Figure 1B, S1B), or eight black
and white artificial flowers patterned with concentric circles (“black rings”) (Figure 1C) were
randomly assigned to positions on the presentation wall and each contained a 20ul reward
droplet of 50% sucrose solution (v/v). Bees were randomly assigned to one of two training
groups (N=30 per group), either trained to “yellow” or “black ring” flower types first. Three
foraging bouts were completed by subjects and each individual bee’s satiation volume was
determined from this training phase, to enable suitable reward volumes to be administered
during later training. Reward volumes were adjusted so that bees had to visit all eight
rewarding flowers to fill up their crop. Bees were allowed to return to the nest box and empty
their crops between foraging bouts, during which time the randomly allocated positions of the
flowers were changed to prevent positional learning. Additionally all landing platforms were
cleaned with 70% ethanol to remove any scent marks left by the bees. Bees were trained and

tested individually.

Training Phase 2: Differential Conditioning

Sixteen artificial flowers were again randomly assigned to positions on the presentation wall
(Figure 1F, Figure S1C). For those bees being trained first to “yellow”, eight of the flowers
were homogeneously yellow-coloured and contained a droplet of 50% sucrose (v/v) (volumes
adjusted for each bee, using the satiation volumes determined in the absolute conditioning
phase) and eight of the flowers were “black rings”, which were unrewarding (empty). For
those bees being trained to “black rings” first, eight of the flowers were black and white
patterned with concentric circles which were rewarded with a droplet of 50% sucrose (v/v)
(again, volumes adjusted for each bee, using the satiation volumes determined during the
absolute conditioning phase) and eight of the flowers were “yellow” (unrewarding). This
means that the number of rewarding flowers (eight) was the same as in the absolute
conditioning phase (Figure 1F, Figure S1C). Each bee was allowed to forage until 100
choices (landings on platforms) had been made.

Training Phase 3: Reversal Learning



In this testing phase both absolute and differential conditioning [S3] were repeated
(Figure 1F), but with the rewarded and unrewarded flower types reversed, such that those
bees initially rewarded upon the “yellow” flowers were then trained to the black and white
flowers patterned with concentric circles (“black rings™) and vice versa. The entire training
procedure lasted between 1:26 and 3:15 hours per individual bee (mean 2:12 +/- SD 0:39 h;
N foraging bouts 17 +/- SD 2.6). To ensure that subsequent test results are comparable
between groups, it is important to ensure that bees of both groups could learn the tasks
equally well, no matter if they started with “yellow” or “black rings”. In the initial differential
conditioning phase, both groups’ average performance remained consistently under 10%
errors through the entire 100 visits (Figure S1E), which is unsurprising since the same stimuli
had been rewarding in the previous absolute conditioning phase. The individual error scores
did not differ significantly between members of the two groups in this phase (One way
ANOVA: F=2.115, df=1, p=0.151).

In the reversal learning phase, bees learning to associate “black rings” with reward
had, on average, slightly higher error rates during the initial 10 trials (~43%) than bees
learning to associate “yellow” with reward in this phase (~29%; see Figure S1E), though both
groups ended the 100 trial long phase with close to 0% errors. In order to test whether there
was a statistically significant difference in the reversal learning performance of the two
groups, we fitted first-order exponential decay functions to each individual’s error rates
during the reversal learning phase as a function of experience (percent errors in each
sequential bin of 10 trials), so modelling the learning curves [S4]. This was done using the
non-linear curve fitting procedure provided by OriginPro 2015 (Version b 9.3.214, Origin
Lab Corporation). Such functions can be described by:

—x/t

y=Yo+Ae

where Yy is the Y offset, the asymptotic value on the Y scale (saturation level discrimination
performance) for large X values; t is the decay constant and thus a measure of learning speed.
A is the amplitude; it specifies the initial height of the curve above yo. OriginPro successfully
fitted exponential decay functions to 50 out of 60 bees’ learning performance in this
experiment; in a further 10, a successful curve fit was not achieved, presumably because of
outliers in individual performance over time. For the remaining 50 individuals, we compared

the parameters of the individual learning curves A, y, and t of both groups of bees by



means of a MANOVA. We found that there was no difference in reversal learning
performance between the two groups that were either learning to associate “yellow” or
“black rings” with rewards, and learning that the respective other type was non-rewarding
(Wilks lambda 0.935, F(3, 46)=1.07, p=0.371) (Figure S1E).

Testing

Each bee was randomly assigned to one of three testing time intervals: immediately after
training (i.e. next foraging bout; N=20), one day post training (N=20) or three days post
training (N=20), such that each bee was only tested at one of the three possible time intervals.
These testing time intervals allowed both STM and LTM to be studied. STM tests were
performed within minutes after training, depending on when the bee was ready to return to
the apparatus and also limited by the time it took to ready the display board for testing
(interval between training and test: range 4:10 to 8:00min; average 5:54min; SE 30s). LTM
tests were performed as close to 24h and 72h after the end of training as possible, though this
depended on the bees’ readiness to leave the nest, and so tests were conducted up to 1h later
than this.

The same eight “yellow” flowers and eight “black ring” flowers used in differential
conditioning training were again randomly assigned to positions on the presentation wall as
well as eight hybrid displays (Figure 1D). The hybrid flowers comprised a combination of the
features from the two different flower types presented during training: “yellow” and “black
rings”, such that both the colour (yellow) and the pattern (concentric circles) were presented
in it. During tests, all flowers were unrewarding and contained a 20ul droplet of water. The
first twenty choices were recorded, and all choices were completed in a single foraging bout.
The duration of the complete 20 choice-test depended on the bees’ behaviour and thus varied
between individual bees (range from 3:33 min to 6:51 min, average 5:35 sec, SE 24 sec,

during which choices were made continuously.

Control: Memory Merging or Generalisation?
Pre-training was undertaken in an identical fashion to that described above. Again, a reversal
learning paradigm was administered to create a conflict between two visually distinct flower
types in the bees” memories.

The procedure for absolute conditioning described above was repeated with the

following modifications of the artificial flower displays. Eight black and white artificial



flowers patterned with horizontal and vertical lines in a grid structure (“black grid”) (Figure
3E), each with a reward as explained above, were presented to bees (N=10). The procedure
for differential conditioning described above was then repeated with the alteration that bees
were now rewarded on eight “black grid” flowers, while not being rewarded on eight
“yellow” flowers.

Again, both absolute and differential conditioning were then repeated, but with the
rewarding and unrewarding flower types reversed, such that those bees initially trained to and
rewarded upon “black grid” flowers were then trained to and rewarded upon “yellow”
flowers. Bees were tested twenty-four hours after training. Twenty-four artificial flowers
were presented, i.e. the same eight “yellow” flowers and “black grid” flowers (the previously
rewarded types), as well as eight of the “yellow rings” which constituted the hybrid in the
memory merging experiment. In this scenario the “yellow rings” flower type was not
comprised of a combination of the two features of the training flower types, but had only one
of these features: yellow colour. This experiment served to control for the possibility that
bees might not have merged the memory of the b/w pattern with that of the yellow colour, by
exploring whether bees might simply have generalised from the last rewarding stimulus

(“yellow”) to any pattern that contained the colour yellow.

Experiment 11: Generality of memory merging for different stimulus combinations

We tested workers from two bumblebee colonies on two more combinations of colours and
patterns. One group of bees (n=10) was trained on “black rings” first, and another on “black
grid” flowers (n=10). Both groups were subsequently rewarded on homogeneously blue-
coloured patterns targets (“blue”), following the same reversal learning schedule as above. In
tests 24h later, bees were given a choice between four target types: both the flower types that
had been rewarded earlier, as well as blue concentric rings and blue grids. Six flowers of each
type were presented in these tests. Training and testing was otherwise performed identically
to the procedures described above (Figure 1F). Since this experiment combined elements of
the main experiment as well as the control, this test also allowed us to explore the possibility
that bees might not have merged the memory of the b/w pattern with that of the single-
coloured stimulus (here “blue”), by exploring whether bees might simply have generalised

from the last rewarding stimulus (“blue”) to any pattern that contained the colour blue.
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