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ABSTRACT

The ability of invertebrates to perform complex eibige tasks is widely
debated. Bees utilize the number of landmarksoeterto their destination as cues
for navigation, but their use of numerical informatin other contexts has not been
studied. Numerical regularity in the spatial distition of food occurs naturally in
some flowers, which contain a fixed number of neeta Bees that collect nectar
from such flowers are expected to increase theagiog efficiency by avoiding
return visits to empty nectaries. This can be addaf bees base their flower-
departure decisions on the number of nectariestibdyalready visited, or on other
sources of information that co-vary with this numbe

We tested, through field observations and laboyataperiments, whether
bees adapt their departure behavior to the nunfleradlable food resources. Video-
recorded observations of bumblebees that vigiteeh setosa flowers with five
nectaries revealed that the conditional probabdftffower departure after five
probings was 93%. Visit duration, the spatial btttes of the flowers and scent marks
could be excluded as flower-leaving cues, whilewbleme of nectar collected may
have guided part of the departure decisions. Inaberatory the bees foraged on two
patches, each with three computer-controlled fegdrt could receive only up to two
sucrose-solution rewards in each patch visit. Dnaders gradually increased their
tendency to leave the patches after the seconddewaile the frequency of patch
departure after the first reward remained constaich-visit duration, nectar volume,
scent marks and recurring visit sequences in pagce ruled out as possible
sources of patch-leaving information.

We conclude that bumblebees distinguish among wtkerdentical stimuli
by their serial position in a sequence, and usedipability to increase foraging
efficiency. Our findings support an adaptive rale & complicated cognitive skill in a

seemingly small and simple invertebrate.



INTRODUCTION

The prevalence of complex cognitive processesimas is under ongoing
debate. One of these capabilities, numerical coemget involves the ability to
enumerate objects to determine their quantity (@el& Gallistel, 1978, Davis,
1993). Some researchers maintain that animals tloseonumerical skills under
natural conditions, even though they can do so usai®me extreme experimental
schedules (Davis & Pérusse, 1988). Other workershe other hand, stress the
potential evolutionary benefits of numerical a@ltin animals when performing
actions such as foraging, evading nest parasitrsseeking mates (Seibt, 1988,
Capaldi, 1993, Gallistel, 1989).

Honeybees are popular models for studying inforomapirocessing and
decision-making in invertebrates (Menzel et alQ20Chittka & Niven 2009).
Several experiments addressed the ability of hoeweyko complete navigation tasks
based on numerical information. Chittka & Geige993) trained bees to navigate to a
feeder placed along a row of four landmarks, betvtbe 3* and 4" ones. When more
landmarks were added to the row in front of thelégesome of the bees shortened
their flight distance when searching for it. Corsedy, reducing the number of
landmarks preceding the feeder led to increasghtftlistances. These results
suggested that the number of landmarks servedasigation cue. In a later
navigation study in a flight tunnel, the numbetafdmarks preceding the feeders, the
distances between them, and their areas were matgduThe bees learned to search
for a feeder after flying by 1, 2, 3 or 4 landmauising this setup (Dacke &
Srinivasan, 2008). An additional set of experimemi®lved training honeybees to
navigate mazes that required a fixed sequencglaff and left turns. The bees
performed the task successfully even in the absehagularity in the turn sequences
(Zhang et al., 1996, 2000), or when the walls efrtitazes were removed (Collett et
al., 1993). These findings demonstrate the alilitgoneybees to take action
sequences of a fixed length when navigating to ®maces. A common cognitive
basis to this ability and to long-term spatial meyneas proposed by Cooper (1984)
as part of a discussion of early number development

Here we ask whether bees use numerical informatiforaging situations as
well. Bees forage for nectar and pollen in flowensd typically visit hundreds of
flowers within each foraging bout. The probabilityat a forager would revisit a

previously emptied flower within a bout is potefitidigh, since the presence of
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nectar in the flowers cannot usually be assessed & distance. Several foraging
strategies used by bees reduce the frequency isfteeand thereby increase foraging
efficiency. These include bottom-to-top movemennglvertical inflorescences
(Pyke, 1979, Waddington & Heinrich, 1979), foragaigng a fixed route (traplining)
(Ohashi & Thomson, 2009) and scent-marking of @kilowers (Giurfa & Nunez,
1992, Giurfa, 1993, Goulson et al., 2001). We higpsized that the number of
nectaries visited per flower is also used as arinétion source for avoiding revisits,
when the number of nectaries is constant. A fixeehloer of nectaries occurs in
flowers of several species of families such asMlaévaceae, Brassicaceae,
Ranunculaceae, Oxalidaceae, Asclepiadaceae, aaddak, and can be profitably
exploited by bees if they use numerical informatife tested whether bumblebees
foraging onAlcea setosa (Malvaceae) flowers with five nectaries tend tavie a

flower after probing it five times. After confirmgnthis foraging pattern, we combined
field observations and laboratory experiments @weate possible mechanisms that

underlie it.

METHODS

Field observations

Study site and species

A wild population ofAlcea setosa (Boiss.) was observed in the Judaean hills
of Israel (altitude 500 m) during six days in Ma308. 70-100 flowers were in bloom
during the days of observatiof. setosa is an herbaceous perennial that grows mainly
in mountain areas of the Mediterranean region doons during April and May. The
flowers measure 8-13 cm in diameter, are situagetically on tall stalks of 1-2 m,
and produce large amounts of nectar and pollenn€b&r is secreted from five
nectaries located behind the petals, and is atdeshbugh five slits situated between
the petals (Endress, 1994).

The flowers were visited by workers and young qsesrbumblebees

(Bombusterrestris L.), honeybee workers, and females of solitaryskie®ainly



Eucera spp.). We report here on the bumblebees, which werednenant foragers at

the study site.

Data recording

Most of the bees' visits were recorded with a hield-video camera. Each
individual was traced since it was first observadadlower and until it disappeared
from view. We recorded the following variables &ach flower visit when analyzing
the video sequences: (a) the date and hour of(laisthe number of nectaries probed
(c) the location of the first and last nectariesited, relative to the horizontal plane
(d) the direction of movement within the flowerdck- or counter-clockwise) (e) the
time spent in each nectary and the duration oithele flower visit (f) whether the
bee turned towards a nectary, but did not vistiefpre leaving the flower. Such turns
may be interpreted as rejection following inspetcfior odor marks. A similar
criterion for flower rejection (hovering within Ircof a flower without subsequent
landing) was proposed by Corbet et al. (1984).

Nectar standing crops (the amounts of nectar dJaiia flowers exposed to
visitors) were sampled at 0530,006 0930 and 1300 h on one observation day. The
0530 sample was taken before the onset of beatgctnd the 0600 sample was
taken shortly after the bees started foraging. Eachple was based on two flowers
from each of 5-7 plants. Nectar was collected sgphrfrom each nectary, using 5-ul
micropipettes. Sucrose concentration was determimedmples with sufficient

volume with a Bellingham & Stanley hand-held refcaeter.

Analysisof thefield data

One-way ANOVA followed by Tukey post-hoc tests waed for testing the
effects of sampling hour ol setosa's nectar standing crops. We combined
observations of foraging sequences conducted bylalaes between 0545-0900,
0900-1200, 1200-1500 and 1500-1900 on all obsenvatays. We then tested for the
effect of foraging hour on the time spent per flowtene spent per nectary and the
number of nectaries visited per flower using ong-WhaIOVAs followed by Tukey
post-hoc tests. We used t-tests to compare theiolsaof visits that preceded flower
departure vs. visits that did not.

To characterize the bees' movement patterns withwers, we assigned

numbers from 1 to 5 to the nectaries within eaotvdlr. The first nectary moving
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from the 12 o'clock position in a clockwise directiwas designated #1, and the
subsequent nectaries received consecutive nunibectaries #1 and #5 were thus
always located at the top half of the flowers, velasr#3 (and usually also #4)
occupied the bottom half. Each foraging path withitower, in visits that involved
2-6 probings, was characterized by a three-charatiiag. The first two characters
(which ranged 1-5) designated the first and lastarees probed within the flower,
respectively. The third character was defined dt+-" for clockwise or counter-
clockwise movement, respectively. Visits of 7 prajs were very rare and hence
omitted from this analysis. We calculated the fieagy of occurrence of each of the
possible 50 paths (5 starting positionsx5 end posik2 movement directions) in the
data set. Using a chi-square test, we assessetearvlteé bees' choices of the first
nectary probed conformed to a uniform distributidfe tested whether the
frequencies of "+" and "-" paths deviated from ad@m 1:1 distribution using the
binomial test.

Binomial tests were also used to check whethewriddals were more likely
to retain their starting position and movementdtiom, in two consecutive flower
visits, than expected at random. The random exgemtabability for probing two

consecutive flowers at the same starting positias @stimated as

5
Y (pn)?

where p is the observed frequency of tHB mectary being used as the starting
position within a flower. Based on the data sdbuhblebee observations, the random
expected probability for retaining the startingipos in two consecutive flowers is
0.24. The random expected probability for keephrgggame movement direction in
two consecutive flowers was calculated as ${p{+-)°. p(+) and p(-) are the observed
frequencies for clockwise and counterclockwise nmoset, estimated from the data.
Based on these estimates, the expected probahaitya bee would take the same
direction of movement in two consecutive flowensgder a random null model, is

0.54.

We calculated the expected probabilities for prgldin/ nectaries per flower
under a logarithmic null model. The frequency @vieg (p) a flower after probing
one nectary was estimated from the data. The geetiprobability of leaving after
probing two nectaries is(ft- p), the leaving probability after three nectariep(%-

p)(1- p) etc. We compared the observed and expectedadistms of visits of 1-7
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and>8 nectaries per flower using a chi-square test Wi, since the parameter of

the expected distribution was estimated from treeoked data.

Laboratory experiments:
Thelab setup:

The experiments were conducted in<& 3n flight room on the Hebrew
University campus in 2007-2009. The temperatuthéroom ranged 26-29° C, and
the relative humidity was 35-65%. The room was tamt$y illuminated with 12 200-
Hz fluorescent bulbs. Yourt terrestris colonies, comprising a queen and 2-10
workers, were obtained from Polyam Inc., KibbutadYaordechai, Israel. They were
used for experiments for chweeks, and typically grew to about 100 workersrdyr
this time. The bees were first allowed to foragtsimie their nest box after they
arrived at the lab. Pollen was supplied withoutrretson, directly into the colony.
Newly-arrived colonies were supplied with 75% wise solution inside the nest
box. The bees were then gradually pre-traineded & a 35% solution supplied in
the flight room (see below). This solution was pded ad-lib in Petri-dish feeders
between experiments, and was used as reward &lebionic feeders during
experiments.

The electronic feeders are described in detahdiere (Keasar, 2000).
Briefly, each feeder consisted of a cylindrical containat lield the sucrose solution
and was topped by a horizontal landing surface aamihiature cup that was refilled
when programmed to dip into the sucrose-solutiortaioer. Cups of either Oy or
1.5ul were used, according to the experimental schedsldetailed below. Only
foragers that landed on the top part of the floveerd probed them were able to
access this cup and feed. Each feeder was equipiffed photodetector that was
activated when the foraging bee inserted its proso3he photodetector signals were
computer-recorded, allowing tracking of feedertaison sequences for each forager.
The feeders were placed on a green wooden tablen 2way from the bee colony, in
two patches. Each patch consisted of three fed¢datsvere covered between

experiments, invisible and inaccessible to the bees

Pre-training
At the start of pre-training, the within-colony tk® was replaced with a

transparent Petri-dish feeder with 35% sucrosetisoloutside the colony. This Petri
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dish was gradually moved away from the colony uhtilas placed on the table,
between the two patches of electronic feeders. Wferthat fed on the dish were
marked with numbered tags at this stage.

Petri-dishes with sucrose solution were next plametbp of each of the six
electronic feeders. After the group of bees leatnedsit the Petri dishes regularly,
the dishes were removed and the bees were allanactess the electronic feeders.
The feeders were first programmed to provide acsgcreward each time they were
visited. As soon as at least one bee probed tliefseepeatedly, the number of
rewards per patch was gradually reduced to enceyratgh shifts. The first worker
that shifted between the patches was used in tkteemperiment, and the remaining
foragers were caged outside the colony. Thus egalltate of the experiments

involved only one individual.

Experiment 1

The electronic feeders within each patch were gadrin a triangle with sides
of 10 cm. The distance between the patches wasm7The landing surfaces of all
feeders were marked with a yellow round plastic @35 mm diameter. Spectral
reflectance data for the landing disc are providddeasar et al. (1997). Each of eight
focal bees was allowed to visit all six feedersjohtprovided a 0.7l reward
according to the following rules:

(@  All feeders were filled before the start of the estment, and were refilled
each time the forager returned to the colony toamhthe nectar it had collected.

(b) Only two rewards are provided in a sequence ofs/githin one patch. In
other words, while the forager conducted its secositl within a patch, the rewards
in the other two feeders were made inaccessible.

(c) All feeders within a patch were refilled immedigtefter the forager shifted to
the second patch.

According to this schedule, bees received a sueesard on their two first
visits to each patch. After patch shifts, the congmof visits was reset. Each forager
was allowed 1600 feeder choices, or 500 patchsshithichever came later. To
exclude possible scent-marking of flowers as alplgaving cue, we also noted
feeder rejections. These were cases where beesoileavds feeders or landed on
them, but eventually left without feeding. Wherergjon of the same feeder occurred

on three consecutive patch visits, all three feedethis patch were replaced. This
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was done to rule out the possibility that the ba® éstablished positive scent marks

associations with feeders that it had not rejected.

Experiment 2

This experiment included two phases, and aimeddbthe possibilities that
either the volume of nectar collected at a patchhe time spent in it are used as a
departure cue. The first phase was identical teeERpent 1 in feeder arrangement
and reward schedule, but the number of visits tetpshifts allowed per bee during
this phase was not fixed in advance. After a fbea reliably learned to visit two
feeders per patch (i.e., when two-feeder visitsgagch became more common than
one- or three-feeder visits), the second phasesetasgp. This typically occurred after
1000-1500 visits to the feeders. While the foragas in the colony after completion
of a foraging bout, we replaced the cups in thedez of one of the patches with 1.5-
ul cups. We also replaced the cups of the secoruth péth a new set of 0.7d cups.
We allowed the forager 100 additional visits to fiseders. We compared the number
of visits per patch, and the time spent in a pdteltween the low- and high-volume
patch during phase 2. We also calculated the tivaeliees spent visiting two feeders
per patch during the 100 last visits of phase 1.t&8ted whether two-feeder visit
sequences that were followed by patch shifts ditfen duration from sequences that
were followed by an additional visit to the samé&cpa

Analysis of thelaboratory data

The optimal foraging pattern (which maximized tlee$ energy intake rate)
under our experimental conditions would be to s feeders out of three in each
patch, and then switch to the other patch. We scanésit as optimal only if it
conformed to this pattern. We also scored each agseither rewarded or
unrewarded, depending on whether the forager adaarnsucrose reward (which
could be obtained even when switching patches afsengle visit). Repeated-
measures ANOVAs were used to test for changesibdles’ performance along
experiment 1 (the use of the repeated-measuresduoe follows Stach et al., 2004).
The arcsine-transformed proportions of optimal sewdarded probings were
calculated for each bee in 8 blocks of 200 consezuisits, as the dependent
variables. The number of the visit block (1-8) wiaated as the repeated measure,

and bee identity was the between-subject factoru¥éel additional repeated-
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measures ANOVAS to test for the effect of expereeand bee identity on the
frequencies of leaving a patch after one rewardst two rewarded visits, one non-
rewarded visit or two unrewarded visits.

In experiment 2, we employed two-way ANOVAs to tiestthe effects of
nectar volume and bee on the frequencies of paphrture. We also used ANOVA
to test for differences in patch times prior to aejng the patch or staying in it during
the last 100 visits of the experiment's first phddes calculation was not performed
for experiment 1, since three bees in this expertrd&l not attain the learning
criterion, namely two-feeder visits per patch asrtimost frequent sequence. The first
phase of experiment 2, on the other hand, wasraoedi until all foragers achieved
the learning criterion. These individuals were #fere more suitable for analysis of
patch-leaving strategy after completion of thenésy task.

RESULTS

Field observations

We observed 516 visits # setosa flowers by bumblebees. Probing of five
nectaries per flower was by far the most commome{8% of all cases). Revisits to
emptied nectaries (i.e., a sixth or seventh probiragflower) occurred in only 1.1%
of all nectary visits. We calculated the conditiom@bability of departing a flower
aftern nectary probings by dividing the number of flowdepartures after thah
nectary by the number of probings of this nectatys analysis shows that the
frequency of flower departure after feeding on foactaries is rather low (25%), and
that it increases sharply (to 92%) after five pngjsi (Fig. 1).
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Fig. 1: The relative frequency of probing 1-7 neesinA. setosa flowers by
bumblebees (bars), and the conditional probaliitydeparting the flowers after
varying numbers of probings (line). Conditional Ipabilities were calculated as the
ratio of the number of flower departures afterntienectary and the number of
probings of this nectary.

A
5 1 B
2 c
o =

4.00 6.00 8.00 10.00 12.00 14.00

Hour

Fig. 2: MeanzSD nectar standing cropgiirsetosa flowers at different hours.

Different letters indicate significantly differemteans in post-hoc tests.
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We considered non-numerical signals that may bd bgehe bees as flower-
departure cues, and thus could allow them to redamsits to depleted nectaries. We
first asked whether the volume of nectar ingestethb bees could provide a flower-
leaving signal. Nectar standing crops were highmeite early morning, decreased
rapidly from the onset of the bees' foraging attiuntil 9 am, and remained low
afterwards (Fig. 2). The mean+SD sucrose concemtrat the nectar was 19+5% at
0530 and 0600. During later hours nectar voluma® wesufficient for measurement
of concentrations. Analyses of Variance revealgdiBcant effects of observation
hour on the bees' visit time per nectary£4=22.144, p<0.001) and per flower
(F3,415=6.804, p<0.001), as well as on the number ofared visited per flower
(Fs,4273.401, p=0.018). These effects were due to lodgeations spent per flower
and per nectary, and fewer nectaries visited jpsvdt, during 5-9 am than later in the
day (Fig. 3). One possible interpretation of thelsservations is that the bees
responded to the high nectar standing crops availakearly morning by leaving the
flowers sooner. Alternatively, the cue for perfongifewer probings in early morning
could have been the longer handling time of thevdls, rather than their higher
nectar volumes. We investigated the first intemgdien in the laboratory experiments,
by testing whether doubling the nectar volume ctdlé in a food patch accelerates
patch departure (see below). To examine the seotegretation, we first excluded
visits recorded before 9 am from the data setitieate possible confounding effects
of the nectar standing crops on foraging pattevest we tested whether a time-based
departure rule (i.e. that the tendency to leaveegmes with time on the flower) is
compatible with the bees' behavior. To this enccaleulated the durations of visits
that involved flower departure after 1, 2, 3, b6@robings, compared to cases where
a forager visited the same number of nectariestaed on the flower. Contrary to
the prediction of time-based departure rules, floadurations on the flowers prior to
departure were not significantly shorter than ptaostaying for any number of
probings (Fig. 4).
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Fig. 4: MeanzSD time spent by bumblebeesfosetosa flowers while probing 1-5
nectaries, prior to staying on a flower (light Dassdeparting it (dark bars). Flower
visits that involved probing of more than one nectaontribute more than one data
point to this figure. For example, probing of fimectaries in a flower generated time
records regarding staying decisions after nectdri@s 3 and 4, and a departure
decision after nectary 5. One-tailed t-tests fanparison of mean probing time prior
to staying or departing the flower yielded theduling statistics: 1-nectary visits -
t35=1.24, p=0.11; 2-nectary visits 5:£1.00, p=0.16; 3-nectary visits gz10.29,
p=0.39; 4-nectary visits -14=0.18, p=0.38; 5-nectary visits 14t1.09, p=0.15.

An additional feasible departure cue could invdlve spatial attributes of the
flowers (Dyer, 1994). Bees may tend to land ancaddpom the flowers at constant
locations, and to move along fixed routes or dicexst within a flower or
inflorescence (Kells and Goulson 2001). This caridble foragers to avoid revisits
even if they do not use numerical information whdeaging. Indeed, most of the
bees' paths within flowers started at nectary 844 ®f 404 paths) or #5 (25% of the
paths). Thus the distribution of the path starpogts significantly differed from
uniform (%=58.2, p<0.001). In addition, most (64%) of thehsawere directed
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clockwise, revealing a non-random choice of moverderctions (binomial test,

p<0.001). Landing on one of the two nectaries enleft side (#4 or #5), followed by

clockwise movement, occurred in 50.7% of the flowieits. This proportion is

remarkably high, since eight additional combinagioflanding position and

movement direction were available to the bees.

Whether or not the bees followed one of their gmefd paths, they usually

departed the flowers after probing five nectariehle 1 shows that the five-nectary

path was the most frequent in 9 out of the 10 jpdssiombinations of starting

position and movement direction. Thus, probingieé hectaries was not limited to

the cases where bees followed a fixed trajectotlyivvithe flowers.

Start point: 1 2 3 4 5 total
nectaries Relative Relative Relative Relative Relative
o path path path path path frequency
visited frequency frequency frequency frequency frequency
2 |{12}| 3 |0.7% [ {23} O | 0.0% | {34} | 2 | 05% | {45} | 9 [22% |{51}| 9 |22% | 20 [5.7%
© | 3 {13} 3 |07% |{24}| O | 0.0% | {35} | 3 |0.7% | {41} | 14 |35% | {52} | 12 | 3.0% | 32 |7.9%
o
§ 4 {14} 7 | 2.7% | {25} | O | 0.0% | {31} | 7 | 1.7% | {42} | 18 |4.5% | {53} | 25| 6.2% | 53 [14.1%
g' 5 {511 ] 27% | {213 | 1 | 0.2% | {32} | 15 | 3.7% | {43} | 69 |17.1%] {54} | 37 | 9.2% | 133 [32.9%
6 |{113| O | 00% |{22}| O | 0.0% | {33} O | 0.0% | {44} | 10 |25% | {55} | 2 | 05% | 23 | 3.0%
""" "2 |t1sy| 4 | 1ow |21 5 | 1.2% |(32}] 3 | 0.7% |{43}] O |0.0% |{54}| 6 | 1.5% | 18 |45%
o o 3 |{14| 6 | 15% |{25}| 7 | 1.7% [{-31}| 6 | 1.5% |{-42}| 1 |0.2% |{-53}| 2 | 0.5% | 22 |5.4%
9 o
% S| 4 [{13}| 3 [0.7% [{24}| 9 | 2.2% |{-35}| 7 | 1.7% |{-41}| O [0.0% |{-52}| 1 |0.2% | 20 |5.0%
@ 5 |1127] 12 | 3.0% [{-23)] 21 | 5.29% [{-34)] 40 | 9.9% |45} 4 [ 1.0% |¢513] 3 |07% | 80 [10.8%
6 {11} 1 |02% [{22}| O | 0.0% |{33}| 5 | 1.2% |{44}| O |0.0% |{55}| 1 [02% | 7 |1.7%
total 50 |12.4% 43 (10.6% 88 |21.8% 125|30.9% 98 |24.3%] 404 |100%

Table 1: The frequency distribution of the possiblaging paths that involved

probing of 2-6 nectaries . setosa. Each path is characterized by its starting point

(nectary #1-5, top row), direction of movementt{fedst column) and number of

nectaries visited (second column). The most fregpath length, for each of the 10

possible combinations of starting points and dioectis highlighted. Frequencies are

reported as numbers of observations, and as #iative proportions out of all

observed paths.
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A possibility that should be considered at thipas that individual foragers
used different paths within flowers, and that thiayied in their use of spatial
attributes as landing and departure cues. Accorinigis hypothesis, the observed
variety of five-nectary paths results from varigpibmong individual bees, but each
bee has established its own regular visiting pthevaluate this hypothesis, we
analyzed 326 observations of two consecutive flovigts by the same individual.
We first calculated how often a bee used the sdaanerg point and movement
direction in both flower visits. Next we asked wheat using the same path in both
flowers increased the frequency of 5-nectary visibsnpared to cases where different
paths were taken in each flower.

The bees were significantly more likely to keegitlstarting position and
movement direction between consecutive visits thgected at random (binomial
tests, p<0.001 for both). However, retaining orngiag the starting position did not
significantly affect the frequency of 5-nectaryitgasn the second flower (52% when
the starting point was retained, 55% when it wamnged, test for independence:
v*1=0.15, p=0.70). Similarly, keeping or changing dlirection of movement did not
influence the proportion of 5-nectary visits (56%em the direction was retained,
49% when it was changegf;=0.51, p=0.48). Thus, individuals did tend to Liseilar
paths in consecutive visits, but this tendencyrmdiiaccount for the observed
prevalence of five-nectary visits.

Finally we investigated whether scent-marking i@vously visited nectaries
may have helped the bees avoid revisits. Beesguhatd towards a nectary, but
subsequently left the flower rather than actuatlyoing it, were scored as potentially
inspecting repellent scent marks. The frequendyrofs increased with the number of
nectaries probed (Fig. 5). Out of the 294 visitd thid not include a turn towards a
nectary (and hence no inspection of odor marks),(43.9%) involved five probings.
Visits with five probings were significantly moreefjuent than expected under a
logarithmic null model, both in the complete daga (%*s=1082.09, p<0.001) and in
the subset of visits that did not involve inspettiorns §%=538.38, p<0.001). We
conclude that five-nectary visits are common evethme absence of any evidence for
possible inspection of scent-marks.
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Fig. 5: The number of probings of 1A setosa nectaries that were followed (striped
bars) or not followed (light bars) by turns towaeasadditional nectary. Such turns
possibly indicate inspection of scent marks, aams of detecting previously visited
nectaries. The line shows the proportion of tuawgards an additional nectary after

varying numbers of nectary probings.

Laboratory experiments
Experiment 1

The proportion of optimal patch visits (i.e., tweetlers probed per patch)
significantly increased during the experiment (edpd-measures ANOVA:7F
49=19.84, p<0.001 for visit number; =3788.895, p<0.001 for differences among
bees, Fig. 6). The proportion of rewarded visits@ased as well (F5~18.38,
p<0.001 for visit number,#55=3267.85, p<0.001 for differences among bees). This
improvement was mediated by a decrease in the nuohleésits per patch as the
experiment progressed«{k+=18.34, p<0.001 for visit number; E=2.24, p=0.047
for differences among bees). As a conservative unteas/e also compared the
proportions of optimal and rewarded patch visitardythe first and last 200 visits by
each bee using paired t-tests. These tests confitinae frequency of rewarded and
optimal visits significantly increased as the beesame more experienceg-.17,
p<0.001 for both tests). Fig. 7 summarizes theueagies of 1-4 feeder visits per

patch along the experiment. It shows an increasieeifirequency of two-feeder visits,
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and a decrease in the frequency of four or motigs\per patch. Paired t-tests for
comparisons between th& and %' block of patch visits indicate that these trends
were statistically significant (t7=5.42, p<0.00@® fwo-visit frequencies, t7=7.26,

p<0.0001 for four-visit frequencies.)

0.7

0.6

0.5

Proportion of visits

0.4-

0.3 ‘ ,
1 2 3 4 5 6 7 8

Block of 200 trials
Fig. 6 top: MeanzSD proportions of rewarded feedsits (solid line) and optimal
visits (dashed line) along laboratory experimerBylrewarded visits, we mean that
the bees (n=8) obtained a sucrose reward fromewgrding feeder they visited. By
optimal visits, we mean that the bees obtained a reward theclosest rewarding

feeder.
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Fig. 6 bottom: MeanzSD of feeders visited per paticmg the experiment. The
horizontal line depicts the optimal number of \agper patch.
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Fig. 7: Relative frequencies of visits to 1 (tkontinuous line), 2 (thick continuous
line), 3 (thin dashed line) and! (thick dashed line) feeders per patch along

laboratory experiment 1.
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We explored the bees' patch departure rules dtlmgourse of the
experiment by calculating the frequencies of p&elving after they visited (a) a
single rewarding feeder (b) two rewarding feedersuccession (c) a single non-
rewarding flowers and (d) two non-rewarding feedersuccession. This calculation
was performed separately for each forager, foreauisve blocks of 200 feeder visits
(Fig. 8). The frequency of patch-leaving after oewarded visit was low and rather
constant along the experiment (&=1.57, p=0.17 for visit numbery B=2.34,
p=0.04 for differences among bees). The frequerdfipatch leaving after two
rewarded visits, one unrewarded visit and two uareed visits increased
significantly during the experiment{fk3>4.7, p<0.001 for visit number in all three
ANOVAS). These frequencies were also significaaffected by differences among
bees (F 654.92, p<0.001 for departure after two rewardss¥F2.38, p=0.04 for

departure after one non-reward, J=2.81, p=0.02 for departure after two non-

rewards).
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Block of 200 trials
Fig. 8: MeanzSD frequencies of patch departudaloratory experiment 1,
following one rewarded feeder visit (thin contingdine), two rewarded visits (thick
continuous line), one unrewarded visit (thin daslves) or two or more unrewarded
visits (thick dashed line).
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The increase in the frequency of two feeder viziispatch can potentially be
attributed to the formation of specific preferentmscertain feeders, or certain visit
sequences in each patch. A forager might, for exarppeferentially visit feeders A
and B within a patch that contains A, B and C. Suslts could occur without any
particular order (A-to-B and B-to-A being equalteduent), or mostly according to a
particular sequence (such as B-to-A). Either wagmmrizing two specific feeders
per patch, and consistently ignoring the third, mppeyide bees with an optimal
patch-leaving mechanism that does not require nicalerompetence. We tested for
this possibility by finding the preferred two-feed®mbination and visit sequence for
each of the foragers, in each of the patches, duhi@ last 150 visits of the
experiment. The frequency of visits to the favoféeders was 0.64+0.13, while the
expected frequency for randomly visiting two spedéeders out of three is 1/3.
Similarly, the frequency of visits along the bdasorite two-feeder sequences was
0.55+0.16, while the expected random frequencyifyr of the six possible sequences
is 1/6. These results indicate that the foragetdatim preferences to specific feeders
and visit sequences during the experiment. Howgagch departure after a two-
feeder visit was as frequent in cases where tharitavfeeders were visited
(0.35£0.25) as in cases where they were not (0.260Likewise, departures
following the bees' preferred two-feeder visit sEmee were similar in frequency
(0.34+0.26) to departures following non-preferr@d4visit sequences (0.37+0.18).

Experiment 2

Doubling the nectar volume provided by the feedeime of the patches
significantly increased the bees' residence timtberpatch (3.24+0.62 s in the low-
volume patch, 5.17+1.78 s in the high-volume papelired t-test:£4.04, p=0.002).
However, the proportions of patch departures after or two-feeder visits were not
affected by the feeders' nectar volume (one-feedés: /. 15=0.002, p=0.97 for
nectar volume, 5=0.779, p=0.625 for differences among bees; twddegisits:
F1,15=0.069, p=0.80 for nectar volume; =1.941, p=0.201 for differences among
bees). Moreover, the durations of two-visit seqesrn the patches, during the 100
visits prior to the change in nectar volume, wenalar whether or not they were
followed by a patch shift ¢F15=1.23, p=0.16 for patch leaving/staying, E13.58,
p<0.001 for differences among bees). These findimgge with the field
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observations, suggests that time in the patch waased as a departure cue by the

foragers.

DISCUSSION

Our results show that bees adapt their foragitgier to numerical
regularity in the spatial distribution of their fdgources in ways that enhance their
feeding efficiency. Bumblebees that collected neittan A. setosa foraged
efficiently by avoiding revisits to nectaries tlilagy had previously depleted. In the
lab, the bees learned to anticipate two rewardpath visit, and avoided
unrewarded visits even though these did not invodterns to a just-depleted feeder.
We were able to exclude time at the nectar sotineeyolume of nectar collected,
spatial characteristics of the nectar source apeéllent scent-marking as possible
signals for patch-switching in the lab. Most ofsbeues could be ruled out as
guiding flower departure in the field as well. Wietefore suggest that reliance on the
number of nectar rewards received (i.e. numerigaigetence) provides the most
likely explanation for the bees' behavior.

The foragers in the laboratory experiment requare@xceptionally high
number of trials to learn to visit only two feederseach patch. Associative learning
of other reward-related cues, such as odor, coldd@cation usually occurs much
faster in bees (e.g. Menzel & Muller, 1996, Keastaal., 2002, Burns & Thomson,
2006). This may hint that the learning process Ivea in processing of numbers is
more complex than the associative learning of sensphsory cues. Numerical
processing by bees could possibly resemble leawfiagsequence of motor actions,
such as probe-stay-probe-leave-the-patch in thexpbriment. The ability of bees to
memorize and repeat a fixed activity sequence, evére absence of external stimuli
at each decision point, has been described in glewavigation studies (Collett et al.,
1993, Zhang et al., 1999, 2000, Menzel, 2009). Aé¢wes in the present study treated
the first four nectaries dk. setosa differently from the fifth one in the field, antésa
foraged differently on the first vs. the seconddfseper patch in the lab. Thus, similar
events (probing) within the action sequence weregmeed as different by the bees,
according to their position in the sequence. Suffardntial perception incorporates

the principles of ordination (tagging items byxefi order) and cardination (using the
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last tag to determine the number of items), whictieulie numerical ability (Gelman
& Gallistel, 1978).

A complementary interpretation of the possible pssing of numerical
information by bees involves an accumulator molfdgk & Church, 1983).
According to this model, nervous signals are gaedrapon each encounter with a
food source (nectary or feeder). The signals ae ftummed and compared to a
threshold value. The bee leaves the food source Wieeaccumulated signal exceeds
the threshold. According to this interpretatiore tharning phase in the laboratory
experiment may have involved gradual reductiorhefthreshold value, which led to
an increase in the frequency of patch departues afto visits.

Our results suggest that bees can learn to lebmaging patch after
collecting a fixed number of food items. Such a&ti number rule" has previously
been proposed, in theoretical models, as a pogsédtd departure cue for foragers
(Green, 1980, lwasa et al., 1981, Pyke, 1984).aAa$ we know, the present study
provides the first empirical support for this ridlem a natural foraging situation. On
the other hand, our observations are incompatiltte ather rules-of-thumb for patch
departure that were suggested in the literaturst,Feliance on numerical
information in foraging tasks caused bees in tlesgmt study to depart a food source
after a sequence of rewarded visits, rather thim ahrewarded ones (win-stay-lose-
shift). Win-stay-lose-shift behavior was shown &amn Evolutionarily Stable foraging
Strategy (Motro & Shmida, 1995). It has been repdigitdescribed in foraging bees
under laboratory and field conditions that patcpattures usually follow unrewarded
visits (Pyke, 1978, Giurfa & Nunez 1992a, Kadmoi®sBmida 1992, Dukas & Real
1993a, Keasar et al., 1996, Chittka et al., 1994).experiments, however,
demonstrate the bees' ability to learn a patchrtiegapattern that contradicts their
widely used lose-shift rule. In addition, severadretical models use time at the
patch, or rates of prey capture, to predict pagghadure behavior of foragers
(Gallistel & Gibbon, 2000, Bateson, 2003). Otherdels combine an increased
tendency to leave a patch as search time increasés reduction in this tendency
each time a food item is discovered (Waage 1978sdvet al., 1981). The bees'
behavior in our study does not conform to theseetwoelither, since the frequency of
departure increased sharply after a fixed numbeeofaries/feeders probed,

regardless of the time at the flower/patch.
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We conclude that bumblebees enhance their foragjitgency by taking
advantage of numerical regularities in the distidouof their food sources. This
improved foraging may provide the selective drieethe evolution of a complex
cognitive capability in the bees. This may, in {wsealect for the evolution of floral
reward schedules that attract numerically compeielinators, which possibly
provide high-quality pollination services. Testitings possibility requires comparison
of pollinator species that differ in numerical chjiies. These tests are currently

underway.
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