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Efficient foragers avoid returning to food sources that they had previously depleted. Bombus terrestris
bumblebees use a counting-like strategy to leave Alcea setosa flowers just after visiting all of their five
nectaries. We tested whether a similar strategy is employed by solitary Eucera sp. bees that also forage on
A. setosa. Analyses of 261 videorecorded flower visits showed that the bees probed five nectaries in 26%
of visits, which was the most common case. However, this proportion did not differ significantly from
that of six-nectary visits. Probe durations that preceded flower departures were generally shorter than
those followed by an additional nectary visit in the same flower. Assuming that probe durations correlate
with nectar volumes, this suggests that flower departure frequencies increased after probing of low-
rewarding nectaries. The flowers’ spatial attributes were not used as departure cues, but the bees may
have left flowers in response to scent marks on previously visited nectaries in a small fraction (<14%) of
visits. These findings suggest that a combination of a reward-based patch-leaving rule and scent marking
contribute to Eucera’s efficient foraging. While a counting-like strategy cannot be completely ruled out
for Eucera, it seems less exact than in Bombus, and may be mediated by different cognitive processes.
Thus, Eucera resemble bumblebees in avoiding most revisits to already visited nectaries, but probably use
different foraging strategies to do so. This difference may reflect lower learning capabilities of solitary
bee species compared to social ones.
� 2011 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
To forage efficiently, animals should exploit all the available
profitable food sources, andavoid returning to food sources that they
had previously depleted. Behavioural mechanisms that involve
systematic movement, and reduce the likelihood of revisits to
exploited foodpatches, are therefore expected to be selected. Several
such mechanisms have been described in bees, which are popular
models for foraging studies. They include bottom-to-topmovement
along vertical inflorescences (Pyke 1979; Waddington & Heinrich
1979), foraging along a fixed route (trap lining; Ohashi & Thomson
2009; Lihoreau et al. 2010) and scent marking of visited flowers
(Giurfa & Núñez 1992; Giurfa 1993; Goulson et al. 2001).

Recently, we explored whether bees exploit regularities in the
number of food sources in a patch as an additional source of
information to increase foraging efficiency (Bar-Shai et al. 2011).
Flowers with a fixed number of nectaries occur in several plant
families, including the Malvaceae, Brassicaceae, Ranunculaceae,
Oxalidaceae, Asclepiadaceae and Liliaceae. Bees that forage on such
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flowers can benefit from visiting all nectaries in a flower once, and
then departing the flower. They may implement this foraging
pattern if they are able to count the nectaries, or estimate other
variables that covary with nectary number, that is, time spent in the
flower and the volume of nectar collected. Bombus terrestris
bumblebee workers indeed usually visit all of Alcea setosa’s (Mal-
vaceae) five nectaries before leaving for another flower. Two lines
of evidence suggest that the bumblebees have numerical capabil-
ities that account for this foraging pattern. First, analyses of the
bees’ behaviour demonstrated that the bees visit five nectaries per
flower evenwhen they do not use the following alternative flower-
leaving strategies: spending a constant time on each flower,
following a fixed route along nectaries and scent marking of visited
nectaries. Second, bumblebees can be trained to depart three-
feeder patches after visiting two rewarding feeders under labora-
tory conditions, that is, to use the number of recent rewards as
a patch departure cue. Patch visit duration, nectar volume, scent
marks and recurring visit sequences in a patch were ruled out as
possible sources of patch-leaving information in this experiment
(Bar-Shai et al. 2011). This evidence for counting-like abilities in
foraging complements previous reports on the use of numerical
information by honeybees, Apis mellifera, in navigation tasks
(Chittka & Geiger 1995; Dacke & Srinivasan 2008). Additionally,
by Elsevier Ltd. All rights reserved.
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honeybees succeeded in a discrimination task based on the number
of simultaneously displayed items (Gross et al. 2009).

The counting-like foraging strategy used by B. terrestris is not
necessarily shared by other bee species. Social bees, such as
bumblebees, live in a much more complex social environment than
solitary species. This was hypothesized to promote improved
learning and memory skills in social bees, which possibly include
numerical capabilities (Dukas & Real 1991; Willmer & Stone 2004).
A correlation between social structure and learning abilities is
supported by two experiments that subjected social and solitary
bees to identical tasks. In one study, social bumblebees, Bombus
bimaculatus, learned a colour discrimination taskmore quickly than
the solitary carpenter bee, Xylocopa virginica (Dukas & Real 1991).
In the second, honeybees outperformed the solitary leafcutter bee,
Megachile rotundata, in a shape discrimination task (Campan &
Lehrer 2002).

In the present study we investigated how females of the solitary
genus Eucera (Anthophoridae) forage for nectar on A. setosa’s five-
nectary flowers. These large (11e18 mm) ground-nesting bees,
which are active between February and May, are important
pollinators in the Mediterranean and desert habitats of Israel
(Michener 2000). Having confirmed that the bees forage efficiently
by frequently visiting five nectaries per flower, we examined
whether this foraging pattern is based on the use of numerical
information as in bumblebees or whether it could result from other
behavioural strategies. We also considered the possibility that bees
of both species use numerical information while foraging, but with
different degrees of precision.

METHODS

Study Site and Species

Awild populationofA. setosawasobserved in the JudaeanHills of
Israel (altitude 500 m) during 6 days in May 2009. Seventy to 100
flowerswere in bloomduring the days of observation. Alcea setosa is
an herbaceous perennial that growsmainly inmountain areas of the
Mediterranean region and blooms during April and May. The
flowers are shaped as wide funnels, 8e13 cm in diameter, are situ-
ated vertically on tall (1e2 m) stalks, and produce large amounts of
nectar and pollen. The nectar is secreted from five nectaries located
behind the petals and is accessible through five slits situated
between the petals (Endress 1994). The flowers’ size and shape do
not allow insects to see the entire flower while visiting it, nor the
surrounding area. The most common visitors to the flowers were
workers and young queens of B. terrestris, followed by females of
solitary bees (Eucera of unidentified species) andhoneybeeworkers.

Data Recording

The bees’ visits were recorded with a hand-held video camera.
Each individual was followed from the time it was first observed on
a flower until it disappeared from view. We took note of the
following variables for each flower visit when analysing the video
sequences: (1) the date and hour of visit, (2) the number of
nectaries probed, (3) the location of the first and last nectaries
visited, relative to the horizontal plane, (4) the direction of move-
ment within the flower (clockwise or anticlockwise), (5) the time
spent in each nectary and the duration of the whole flower visit
(previously shown to correlate with nectar reward; Zimmerman
1988; Milet-Pinheiro & Schlindwein 2009), and (6) whether the
bee turned towards a nectary without visiting it before leaving the
flower, which may indicate rejection because of scent marks.
Corbet et al. (1984) interpreted approaches to a distance of <1 cm
of food sources that are not followed by landing and feeding as
inspection for scent marks. This approach was adopted by several
later studies (Schmitt & Bertsch 1990; Goulson et al. 2001; Yokoi &
Fujisaki 2009), as well as in the present project.

We sampled nectar standing crops (the amounts of nectar
available in flowers exposed to visitors) at 0530, 0630, 0930 and
1300 hours on one observation day. The 0530 hours sample was
taken before the onset of bee activity, and the 0630 hours sample
was taken shortly after the bees started foraging. Each sample was
based on two flowers from each of five to seven plants. Nectar was
collected separately from each nectary, using 5 ml micropipettes.
Sucrose concentration was determined in samples with sufficient
volume (<0.33 ml) with a Bellingham and Stanley hand-held
refractometer, modified for nectar.

Data Analysis

One-way analysis of variance (ANOVA) followed by post hoc
tests was used for testing the effects of sampling hour on A. setosa’s
nectar standing crops. We combined observations of foraging
sequences conducted by Eucera between 0700e0900, 0900e1200
and 1200e1600 hours on all observation days. We then tested for
the effect of foraging hour on the time spent per flower, time spent
per nectary and the number of nectaries visited per flower, using
one-way ANOVAs followed by Tukey’s post hoc tests.We compared,
with t tests, the durations of probing N nectaries (N ¼ 1e6) and
then departing the flower, and the durations of probing the same
number of nectaries but not departing the flower thereafter.

To characterize the bees’movement patterns within flowers, we
assigned numbers from 1 to 5 to the nectaries within each flower.
The topmost nectary relative to the horizontal planewas designated
as no. 1 and the remaining nectaries received consecutive numbers,
clockwise, starting at no. 1. Nectaries 1 and 5 were thus always
located at the top half of the flowers, whereas 3 (and usually also 4)
occupied the bottom half. Each foraging path within a flower, in
visits that involved two or more probes, was characterized by
a three-character string. The first two characters (range 1e5)
designated the first and last nectaries probed within the flower,
respectively. The third character was defined as ‘þ’ or ‘�’ for clock-
wise or anticlockwise movement, respectively. Using a chi-square
test, we assessed whether the bees’ choices of the first nectary
probed conformed to a uniform distribution. Similarly, we tested
whether the bees had any preference for certain nectaries as a point
to end thevisit in aflower.Weused the binomial test tofindwhether
the frequencies of ‘þ’ and ‘�’ path directions deviated from
a random 1:1 distribution. Binomial tests were also used to check
whether individual bees were more likely to retain their starting
position and movement direction, in two consecutive flower visits,
than expected at random.

The random expected probability for probing two consecutive
flowers at the same starting position was estimated as:

X5

N¼1

ðpNÞ2

where pN is the observed frequency of the Nth nectary being used
as the starting position within a flower. Based on the data set of
Eucera observations, the random expected probability for retaining
the starting position in two consecutive flowers was 0.40. The
random expected probability for keeping the same movement
direction in two consecutive flowers was calculated as
p(þ)2þp(�)2. p(þ) and p(�) are the frequencies for clockwise and
anticlockwise movement, estimated from the data. Based on these
estimates, the expected probability that a bee would take the same
direction of movement in two consecutive flowers, under a random
null model, was 0.50.
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Figure 1. The relative frequency of probing one to eight nectaries in A. setosa flowers
by Eucera females (bars), and the conditional probability for departing the flowers after
varying numbers of probes (line). Conditional probabilities were calculated as the ratio
of the number of flower departures after the Nth nectary and the number of probes of
this nectary. Sample size was 261 flower visits, which included 1111 nectary visits.
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We calculated the expected probabilities for probing one to
eight nectaries per flower under a logarithmic null model. The
frequency of leaving (pl) a flower after probing one nectary was
estimated from the data. The predicted probability of leaving after
probing two nectaries is pl(1�pl), the leaving probability after three
nectaries is pl(1�pl)(1�pl), etc. We compared the observed and
expected distributions of visits of one to eight and more than eight
nectaries per flower using a chi-square test with 7 degrees of
freedom, because the parameter of the expected distribution was
estimated from the observed data.

RESULTS

Number of Nectaries Visited per Flower

The bees most frequently (in 25.6% of the cases) visited five
nectaries per flower. Five-nectary visits were significantly more
common than four-nectary visits (binomial test: P < 0.01), but did
not differ significantly in frequency from six-nectary visits
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Figure 2. Frequencies of flower departures as a function of the duration of visit to the
flower. Sample sizes are indicated at the top of each bar.
(P ¼ 0.11). Flower visits that involved probing an already visited
nectary (when six, seven or eight nectaries were visited) occurred
in 26.4% of the cases. This corresponds to 7.8% of the nectary probes
involving a revisit by the same forager. The conditional probability
of departing a flower after N nectary probes was calculated by
dividing the number of flower departures after the Nth nectary by
the number of probes of this nectary. This calculation shows that
the frequency of flower departure increased monotonically with
increasing number of nectaries probed, with the general shape of
a sigmoid function (Fig. 1). The frequency of flower departure also
increased monotonically with time at the flower (Fig. 2).

The bees foraged differently in early morning compared with
later hours. During early hours (0700e0900 hours) they visited
fewer nectaries per flower, but spent a longer time per nectary and
per flower than later on (Fig. 3). The longer visit times could be due
to the flowers’ higher nectar standing crops in early morning
(Fig. 4), because the nectar was more viscous and took longer to
imbibe during the cool morning hours, and/or because the bees
moved more slowly at low temperatures (Bar-Shai et al. 2011). To
avoid possible confounding effects of these variables, we excluded
observations recorded before 0900 hours from further analyses of
visit durations. Within the remaining data set (N ¼ 200 visits), we
tested for possible foraging patterns that could account for the high
frequency of five- and six-nectary visits.
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Figure 3. Means þ SD of (a) the number of nectaries visited per flower, (b) the
duration of a nectary visit and (c) the duration of a flower visit at different times of day.
Different letters indicate significant differences in Tukey’s post hoc tests. Sample size
was 261 flower visits.
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Figure 4. Mean � SD nectar volumes in A. setosa flowers at different hours (N ¼ 10e14
flowers per sample, totalling 50 flowers). Different letters indicate significantly
different means in Tukey’s post hoc tests. The figure is reproduced from Bar-Shai et al.
(2011) with permission from Oxford University Press and the International Society for
Behavioral Ecology.
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Figure 5. Mean þ SD time spent by Eucera females on A. setosa flowers while probing
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Do Eucera Bees Use a Time-based Flower Departure Rule?

The use of a time-based departure rule would motivate bees to
leave a flower after probing it for more than some threshold
duration. If bees use this rule, they are expected to depart flowers at
higher frequencies after long visits than after short ones, because
long visits are more likely to surpass the threshold. We tested this
prediction by comparing the durations of probing N nectaries
(N ¼ 1e6) and then departing the flower, and the durations of
probing the same number of nectaries but not departing thereafter.
Contrary to the predicted trend, probes that preceded flower
departures were shorter than probes that were not followed by
departures (Fig. 5). This difference was significant for five-nectary
visits (t111 ¼1.99, P ¼ 0.024) and marginally significant for one-
nectary (t17 ¼ 1.65, P ¼ 0.06) and three-nectary visits (t35 ¼ 1.59,
P ¼ 0.06). In other words, after spending a longer time in a flower’s
first N nectaries, the bees were more likely to visit nectary N þ 1 as
well. We conclude that flower departures were not driven by
a simple time-based rule that restricts flower foraging durations.

Do Bees Leave after Completing a Fixed Foraging Path?

We tested whether bees tend to use the flowers’ spatial charac-
teristics to follow fixed foraging paths of five or six nectaries. The
distribution of the starting points of flower visits deviated signifi-
cantly from uniform (c2

4 ¼ 278, P < 0.001): 56% of the visits started
in nectary 1, 29% in nectary 5 and only 15% in one of the three other
nectaries. Thus the bees strongly tended to land on the top part of
A. setosa’s flowers. They were equally likely to move clockwise (52%
of visits) and anticlockwise (48% of visits) on the flowers (P ¼ 0.26).
Landing position and movement direction were independent of
eachother (c2

4 ¼ 4.14, P ¼ 0.39). Thedistribution offlowerdeparture
positions did not differ significantly from uniform (c2

4 ¼ 2.58,
P ¼ 0.63).

We next tested the possibility that, although no particular
foraging path could be identified at the population level, individual
bees may have their own favourite foraging paths. By consistently
following their preferred paths, foragersmay leave the flowers after
five or six nectaries. To evaluate this hypothesis, we first checked
whether individuals tended to keep their landing positions and
movement directions in consecutive flower visits. Landing position
was retained in 45 of 79 observed pairs of consecutive visits,
significantly more often than expected at random (binomial test:
P ¼ 0.028), and movement direction was retained in 51 of 87 cases
(binomial test: P ¼ 0.051). Thus, individual bees indeed tended to
forage repeatedly along the same path. Next we examined whether
five-nectary flower visits were more likely when the bees retained
the movement path of the previous flower visit than when they
changed their route. Five-nectary visits occurred in 0.23 of cases
when the previous visit’s landing point was retained (N ¼ 81), and
in 0.28 of cases when it was changed (N ¼ 75). The frequency of
five-nectary visits was 0.22 when the movement direction was
retained between consecutive visits (N ¼ 96), and 0.32 when it was
changed (N ¼ 60). Overall, the frequency of five-nectary visits did
not depend on whether or not a forager kept the same path in
consecutive visits (c2

1 ¼ 0.32, P ¼ 0.57 for landing position;
c2
1 ¼ 1.36, P ¼ 0.24 for movement direction). This suggests that the

bees did not rely on spatial attributes in the flowers to follow five-
nectary movement trajectories.

Are Self-scent Marks Used as Departure Cues?

Bees turned towards a nectary (without probing it), before
leaving a flower, in 32 of 225 cases. Such turnsmayallow the bees to
inspect nectaries for scent marks, thereby identifying nectaries that
they had already visited. While the turns could serve other func-
tions, flower departures that were not preceded by turns were
surely not performed in response to self-scent marks. We therefore
compared the number of nectaries probed in visits that involved
turns versus visits that did not. The proportion of turns was highest
at the end of five-nectary visits (Fig. 6). This proportion was signif-
icantly higher (binomial test: P ¼ 0.028) than the overall frequency
of turns in the data set (32/225 ¼ 0.142). When visits that did not
involve turns were considered separately, six-nectary sequences
became the most common. As in the entire data set, the differences
between the frequencies of four-, five- and six-nectary visits were
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proportions are indicated on the right-hand Y-axis.
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not statistically significant (binomial tests). These results are
compatible with the possibility that ‘footprint’ scent marks allowed
the bees to detect nectaries that they had already visited, and to
avoid revisiting them.

DISCUSSION

Claims for complex cognitive abilities in animals are widely
debated (Davis & Pérusse 1988; Seibt 1988; Gallistel 1989; Capaldi
1993), and very little is known about such capabilities in insects.
We asked whether bees employ one such skill, numerical ability, to
forage efficiently in thefield.Eucerabeesmost commonly foragedon
all of A. setosa’s five nectaries, and avoided returns to nectaries they
had previously probed. The conditional probability of flower
departure increased with the number of visited nectaries. These
features also characterizeB. terrestris’ foragingonA. setosa. However,
the two bee species apparently differ in the flower departure rules
that underlie their foraging choices. Bombus terrestrisworkers seem
to use the number of visited nectaries as their flower-leaving signal.
They do not baseflower departure decisions on the time spent in the
flower and the volume of reward obtained. Moreover, they very
rarely revisit depleted nectaries evenwhen cues such as the flowers’
spatial characteristics or pheromonal scent marks are not available
to them (Bar-Shai et al. 2011). The flower-leaving behaviour of
Eucera, on the other hand, may involve time-, reward- and odour-
based mechanisms that do not require numerical abilities:

The frequency of flower departures by Eucera foragers increased
with time in the flowers (Fig. 2), suggesting that flower probing
time could provide the bees with a leaving cue. On the other hand,
flower departures generally followed shorter probe durations per
nectary (presumably because the bees imbibed smaller nectar
volumes, Hodges 1985; Zimmerman 1988; Manetas & Petropoulou
2000) than nondepartures (Fig. 5). Thus, the bees’ patch-leaving
patterns may also respond to the food reward obtained.

Waage (1979), who studied the patch departure choices of the
parasitoid Nemeritis canescens searching for larval hosts, suggested
that foragers enter food patches with an initial level of motivation
(or ‘responsiveness’) that reflects their expectation of patch
profitability. The motivation to remain in the patch decreases with
time, but increases when a prey item is discovered. The foragers
leave the patch when their motivation drops below some
threshold. This mechanism predicts longer searching times of rich
patches compared to poor ones, and leaving of depleted patches
after their prey densities have been reduced. Waage’s (1979) model
successfully explained patch departure behaviour in additional
parasitoid wasps (reviewed by van Alphen et al. 2003), and in two
Bombus species foraging for patchily distributed nectar (Lefebvre
et al. 2007; Biernaskie et al. 2009).

Nectar foraging by Eucera in the present study resembled host
searching in parasitoids in two important respects. First, Eucera
may form prior expectations about reward levels in its foraging
patches (flowers) based on previous visits to A. setosa. Similarly, the
levels of host kairomones enable parasitoids to estimate patch
profitability before they start foraging. Second, both nectar avail-
ability (for bees) and host suitability (for parasitoids) cannot be
assessed from a distance, so that foragers need to check each
potential food item. Indeed, Eucera’s foraging behaviour in the
present study is compatible with Waage’s mechanism in that the
frequency of departure increased with time at the flower, and
decreased with long per nectary foraging durations. However, the
frequencies of flower departures by Eucerawere a sigmoid function
of the visit duration (Fig. 1), while Waage’s model assumes a linear
relationship. Additional source of patch-leaving information could
contribute to this nonlinear function.

Eucera foragers may also rely on ‘footprint’ scent traces that they
had deposited on previously visited nectaries, and which may be
detected during inspection turns, to avoid revisits. This possibility is
supported by the observation that the proportion of flower
departures following inspection turns was highest after five-
nectary visits (i.e. when a previously visited nectary was inspec-
ted). Moreover, when only visits that did not involve inspection
turns were considered, six-nectary visits were more common than
five-nectary visits; thus the frequency of nectary revisits increased.
Once a forager visited the fifth nectary, the probability of departure
without turning to the next nectary was only 0.37 (Fig. 6, sum of the
three rightmost data points). This suggests that, when scent marks
were not in use, being the fifth visit in a sequence of nectary visits
was not a significant cue for leaving the flower. Eucera foragers
performed turns rather infrequently (in 14.2% of visits, compared
with 25.2% of visits in B. terrestris). However, if we also consider
visits that included six nectaries and more, where scent marks
could be detected while standing at the nectary, the percentage
increases to a significant 40.9% of all visits (Fig. 1, sum of the four
rightmost bars). This suggests that scent marks may have played
a major role in guiding Eucera’s flower-leaving decisions.

A few other potential sources of information did not affect
Eucera’s flower-leaving decisions. The bees did not depart flowers
after a fixed foraging time. The large variation in nectar standing
crop among flowers and sampling hours suggests that they did not
leave flowers after imbibing a fixed nectar volume either. Although
bees usually started foraging at the top of the flowers, they did not
have a preferred movement direction or departure point. In addi-
tion, five-nectary visits were equally frequent, whether foragers
used the same movement path in the flower in two consecutive
visits or not. These observations suggest that the flowers’ spatial
characteristics did not guide the bees’ departure decisions.

The use of non-numerical patch-leaving cues provides a more
parsimonious explanation for Eucera’s flower departure behaviour
than counting-like ability. This interpretation is supported by
Eucera’s relatively weak preference for five-nectary visits: the
difference in frequency between five- and six-nectary visits was not
significant; the increase in departure probability from the fourth to
the fifth nectary (0.25) was lower than the increase from the fifth to
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the sixth (0.28; Fig. 1); and five-nectary visits were not the most
common case, when only visits not followed by a turn were
considered. However, the use of numerical information (i.e. the
ordinal position of a nectary in a sequence of nectary visits in
aflower) byEucera is not categorically ruled out byour observations.
This possibility is supported by previous reports of numerical
competence in honeybees (Chittka & Geiger 1995; Dacke &
Srinivasan 2008) and bumblebees (Bar-Shai et al. 2011). In partic-
ular, it is not certain that Waage’s patch departure rule, combined
with reliance on scent marking, is sufficient to explain the observed
high frequency of five-nectary visits. When considering possible
numerical competence in Eucera, it is interesting to speculate how it
relates to numerical abilities in other species. Studies on untrained
rhesus macaques,Macaca mulatta, and human infants demonstrate
the use of two ‘core systems’ for representing numbers: a precise
representation of a small number of individual objects and an
approximate representation of larger quantities (Hauser et al. 2000;
Feigensonet al. 2004). The inexact core system is assumed to involve
one cumulative representation of all encountered items, which is
prone to measurement error. When applied to foraging bees, this
‘accumulator model’ predicts that nerve signals are generated upon
each encounter with a nectary. The signals are summed and
compared to a threshold value, and the forager leaves the flower
when the accumulated signal exceeds the threshold (Meck&Church
1983). Such an inexact system is compatible with the rather high
proportion of four- and six-nectary visits observed in Eucera. In
bumblebees, on the other hand, the frequency of five-nectary visits
is significantly higher than visits of any other number of nectaries
(Bar-Shai et al. 2011). This could hint that, if Eucera bees do process
numerical information while foraging, they may use a less exact
representation of number than Bombus.

Manipulative experiments under precisely controlled laboratory
conditions would have allowed more detailed testing of the bees’
numerical skills, as previously donewith bumblebees (Bar-Shai et al.
2011). However, such experiments require bees of known and
controlled foraging experience (ideally, laboratory-reared naïve
foragers) that successfully feed from artificial feeders. Eucera bees
are not reared in captivity, and their abilities for navigating and
foraging indoors have not yet been characterized. These constraints
limit their use in laboratory experiments and hence our conclusions
as to their numerical competence and its cognitive basis.

Eucera bees were less efficient than bumblebees in exploiting
A. setosa’s nectar. Bumblebees probed exactly five nectaries in 48%
of all flower visits, and only 1.1% of all visits to nectaries were
returns to nectaries that the same individual had just probed
(Bar-Shai et al. 2011). In Eucera, on the other hand, the frequency of
five-nectary visits was only 25.6%, and 7.8% of the nectary probes
were revisits. Thus the use of numerical information in foraging, as
in B. terrestris, is probably selectively beneficial. Our observations,
which suggest reduced or no reliance on numerical information by
foraging Eucera, may reflect limitations on these bees’ learning
abilities. The need to deal with a complex social environment has
been proposed to favour the evolution of complex cognitive skills in
social bees more than in solitary ones (Dukas & Real 1991; Campan
& Lehrer 2002). Additional ecological differences between species,
such as in body size, flight range or longevity, may further account
for differences in learning capabilities.
Acknowledgments

We are grateful to Guy Bloch and Michael Ben-Or for helpful
discussions. This work was supported by the Center for Rationality
and Interactive Decisions at the Hebrew University.
References

van Alphen, J. J. M., Bernstein, C. & Driessen, G. 2003. Information acquisition and
time allocation in insect parasitoids. Trends in Ecology & Evolution, 18, 81e87.

Bar-Shai, N., Keasar, T. & Shmida, A. 2011. The use of numerical information by
bees in foraging tasks. Behavioral Ecology, 22, 317e325.

Biernaskie, J. M., Walker, S. C. & Gegear, R. J. 2009. Bumblebees learn to forage like
Bayesians. American Naturalist, 174, 413e423.

Campan, R. & Lehrer, M. 2002. Discrimination of closed shapes by two species of
bee, Apis mellifera and Megachile rotundata. Journal of Experimental Biology, 205,
559e572.

Capaldi, E. J. 1993. Animal number abilities: implications from an hierarchical
approach to instrumental learning. In: TheDevelopment of Numerical Competence:
Animal and Human Models (Ed. by S. T. Boysen & E. J. Capaldi), pp. 191e210.
Hillsdale, New Jersey L: Erlbaum.

Chittka, L. & Geiger, K. 1995. Can honey-bees count landmarks? Animal Behaviour,
49, 159e164.

Corbet, S. A., Kerslake, C. J. C., Brown, D. & Morland, N. E. 1984. Can bees select
nectar-rich flowers in a patch? Journal of Apicultural Research, 23, 234e242.

Dacke, M. & Srinivasan, M. V. 2008. Evidence for counting in insects. Animal
Cognition, 11, 683e689.

Davis, H. & Pérusse, R. 1988. Numerical competence in animals: definitional issues,
current evidence and a new research agenda. Brain and Behavioral Sciences, 11,
561e579.

Dukas, R. & Real, L. A.1991. Learning foraging tasks by bees: a comparison between
social and solitary species. Animal Behaviour, 42, 269e276.

Endress, P. K. 1994. Diversity and Evolutionary Biology of Tropical Flowers.
Cambridge: Cambridge University Press.

Feigenson, L., Dehaene, S. & Spelke, S. 2004. Core systems of number. Trends in
Cognitive Science, 8, 307e314.

Gallistel, C. R. 1989. Animal cognition: the representation of space, time and
number. Annual Review of Psychology, 40, 155e189.

Giurfa, M. 1993. The repellent scent-mark of the honeybee Apis-mellifera-ligustica
and its role as communication cue during foraging. Insectes Sociaux, 40, 59e67.

Giurfa, M. & Núñez, J. A. 1992. Honeybees mark with scent and reject recently
visited flowers. Oecologia, 89, 113e117.

Goulson, D., Chapman, J. W. & Hughes, W. O. H. 2001. Discrimination of unre-
warding flowers by bees; direct detection of rewards and use of repellent scent
marks. Journal of Insect Behavior, 14, 669e678.

Gross, H. J., Pahl, M., Si, A., Zhu, H., Tautz, J. & Zhang, S. 2009. Number-based
visual generalisation in the honeybee. PLoS ONE, 4, e4263.

Hauser, M. D., Carey, S. & Hauser, L. B. 2000. Spontaneous number representation in
semi-free-rangingrhesusmonkeys.Proceedingsof theRoyal SocietyB,267, 829e833.

Hodges, C. M. 1985. Bumble bee foraging: the threshold departure rule. Ecology, 66,
179e187.

Lefebvre, D., Pierre, J., Outreman, Y. & Pierre, J. S. 2007. Patch departure rules in
bumblebees: evidence of a decremental motivational mechanism. Behavioral
Ecology and Sociobiology, 61, 1707e1715.

Lihoreau, M., Chittka, L. & Raine, N. E. 2010. Travel optimization by foraging
bumblebees through readjustments of traplines after discovery of new feeding
locations. American Naturalist, 176, 744e757.

Manetas, Y. & Petropoulou, Y. 2000. Nectar amount, pollinator visit duration and
pollination success in the Mediterranean shrub Cistus creticus. Annals of Botany,
86, 815e820.

Meck, W. H. & Church, R. M. 1983. A mode control model of counting and timing
processes. Journal of Experimental PsychologyeAnimal Behavior Processes, 9, 320e334.

Michener, C. D. 2000. The Bees of the World. Baltimore: Johns Hopkins University
Press.

Milet-Pinheiro, P. & Schlindwein, C. 2009. Pollination in Jacaranda rugosa
(Bignoniaceae): euglossine pollinators, nectar robbers and low fruit set. Plant
Biology, 11, 131e141.

Ohashi, K. & Thomson, J. D. 2009. Trapline foraging by pollinators: its ontogeny,
economics and possible consequences for plants. Annals of Botany, 103,
1365e1378.

Pyke, G. H. 1979. Optimal foraging in bumblebees: rule of movement between
flowers within inflorescences. Animal Behaviour, 27, 1167e1181.

Schmitt, U. & Bertsch, A. 1990. Do foraging bumblebees scent mark food sources
and does it matter? Oecologia, 82, 137e144.

Seibt, U. 1988. Are animals naturally attuned to number? Behavioral and Brain
Sciences, 11, 597e598.

Waage, J. K. 1979. Foraging for patchily-distributed hosts by the parasitoid,
Nemeritis-canescens. Journal of Animal Ecology, 48, 353e371.

Waddington, K. D. & Heinrich, B. 1979. Foraging movements of bumblebees on
vertical inflorescences: experimental-analysis. Journal of Comparative Physi-
ology, 134, 113e117.

Willmer, P. G. & Stone, G. N. 2004. Behavioral, ecological, and physiological
determinants of the activity patterns of bees. Advances in the Study of Behavior,
34, 347e466.

Yokoi, T. & Fujisaki, K. 2009. Recognition of scent marks in solitary bees to avoid
previously visited flowers. Ecological Research, 24, 803e809.

Zimmerman, M. 1988. Nectar production, flowering phenology, and strategies
for pollination. In: Plant Reproductive Ecology (Ed. by L. Lovett-Doust &
J. Lovett-Doust), pp. 157e178. New York: Oxford University Press.


	 How do solitary bees forage in patches with a fixed number of food items?
	 Methods
	 Study Site and Species
	 Data Recording
	 Data Analysis

	 Results
	 Number of Nectaries Visited per Flower
	 Do Eucera Bees Use a Time-based Flower Departure Rule?
	 Do Bees Leave after Completing a Fixed Foraging Path?
	 Are Self-scent Marks Used as Departure Cues?

	 Discussion
	 Acknowledgments
	 References


