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Abstract Knowing how floral visitors forage efficiently
among flowers is important to understanding plant-
pollinator interactions. When bees search for rewarding
flowers, they use several visual cues to detect the avail-
able floral resources. In addition to these cues, bees can
recognize scent marks, which are olfactory cues left on
flowers foraged by previous visitors. This behavior is
well known in social bees, such as honeybees and
bumblebees. Although solitary bees do not need to give
information about which flowers were foraged to con-
specifics, several pieces of evidence have indicated the
use of scent marks. However, it is unknown whether the
behavior is widely used in many different bee species. We
investigated whether four different solitary bees, Colletes
patellatus (Colletidae), Andrena prostomias (Andreni-
dae), Osmia orientalis (Megachilidae), and Tetralonia
mitsukurii (Apidae), can recognize flowers that have
been foraged previously by visitors within 3 min. All
four bees showed rejection responses to flowers foraged
by conspecifics. However, our results showed that re-
sponses to foraged flowers varied among bee species.
The tendency of A. prostomias and T. mitsukurii to reject
the foraged flowers was pronounced, while in C. patell-
atus and O. orientalis it was weak. In both A. prostomias
and T. mitsukurii, the rejection rate of flowers foraged by
conspecifics decreased as the time lag after the last visit
increased. Both bees visited the flowers from which
pollen or nectar had been artificially removed. We sug-
gest that A. prostomias and T. mitsukurii would recog-
nize scent marks left by previous visitors, while the other
two bees would not recognize them so strongly. It is
likely that the decision to use scent marks is dependent
either on the richness of resources or on the complexity
of floral structure.

Keywords Floral resources Æ Foraging strategies Æ
Scent marks Æ Solitary bees Æ Rejection responses

Introduction

Many flowering plants receive visits from a wide range of
pollinator species (e.g., Waser et al. 1996). The associa-
tion of bees and flowers is unusually close because bees
collect floral resources for adults and larvae (Minckley
and Roulston 2006). Understanding the strategies bees
use to efficiently exploit floral resources is beneficial to
understanding complex pollination systems. If many bees
share the same floral resources, depletion of flowers must
occur, rendering efficient foraging more difficult. Thus,
the ability to detect rewarding flowers is likely to be
important for visitors. Despite difficulty in predicting the
renewal and depletion of floral resources such as nectar
and pollen, bees can discriminate between rewarding and
non-rewarding flowers in floral patches (Marden 1984;
Wetherwax 1986). They detect and use several cues to
assess the depletion of floral resources, for example, vi-
sual and olfactory signals directly from pollen and nectar
(Thorpe et al. 1975; Heinrich 1979; Galen and Kevan
1983; Dobson and Bergström 2000) and perceive changes
in floral color (Kadmon et al. 1991; Weiss 1991; Nuttman
et al. 2006). In addition to these cues, bees recognize scent
marks left on flowers by previous visitors (Corbet et al.
1984; Kato 1988; Goulson et al. 1998). It is thought that
the scent marks can function as both attractants and
repellents. Many studies have shown that scent marks
attract social bees to artificial resources (e.g., Free and
Williams 1979, 1983; Williams and Poppy 1997; Cam-
eron 1981; Schmitt and Bertsch 1990; Goulson et al.
2000; Aguilar and Sommeijer 2001; Schmidt et al. 2005).
The repellent role of scent marks on natural floral
resources has been verified in honeybees (Giurfa 1993;
Giurfa and Núñez 1992, 1993a, b; Giurfa et al. 1994),
bumblebees (e.g., Goulson et al. 1998; Stout et al. 1998;
Stout and Goulson 2001, 2002), and sweat bees (Yokoi
and Fujisaki 2007; Yokoi et al. 2007).
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Inmore recent analysis,Wilms and Eltz (2007) showed
that the repellent scentmarks of bumblebees are footprint
cues. Regarding the role of scent marks in bumblebees,
the same chemical cues function as both attractive and
repellent signals depending on resource volume and the
context in which they are presented (Saleh and Chittka
2006; Witjes and Eltz 2007). The rate of rejection
responses to scent marks decreases over time and corre-
sponds to the rate of nectar replenishment (Stout et al.
1998; Stout and Goulson 2002). Several bee species rec-
ognize the scent marks left by visitors of different bee
families or hoverflies (Stout and Goulson 2001; Gawleta
et al. 2005; Reader et al. 2005; Yokoi et al. 2007; but see
Williams 1998). This type of behavior improves foraging
efficiency when collecting resources by reducing the time
spent visiting non-rewarding flowers (Williams 1998).

Contrary to the traditional prediction that scent
marking may be restricted to social Apidae (Stout et al.
1998), some evidence suggests the use of scent marks in
other bee taxa: Anthidium manicatum (Gawleta et al.
2005) and Halictus aerarius (Yokoi et al. 2007; Yokoi
and Fujisaki 2007). Bees are classified into seven families
(Michener 2000), with evidence of scent marks both in
social bees and in solitary bees found within three fami-
lies, Apidae, Halictidae, and Megachilidae. Scent mark-
ing has been considered as a trait of social bees because
the cue enhances the colony foraging efficiency by com-
municate information of floral resources to nestmates
and by reducing the time searching by native foragers
(Cameron 1981). Recent reports are supporting the
hypothesis that scent marks are widely used in many bee
species. However, the information about solitary bee
species that have the ability to recognize scent marks is
very scarce. To test the hypothesis that uses of scent
marks are generally common in many bee species, we
focused on four solitary bees from different bee families,
Colletidae, Andrenidae, Megachilidae, and Apidae. The
former two families have not been investigated before
with evidence for foraging scent recognition. Both Col-
letidae and Andrenidae are among the most primitive bee
families, exhibiting little or no sociality (Michener 2000).

In this study, we investigated behaviors on a flower
previously visited by conspecifics in four solitary bee
species by comparing (1) their ability to recognize
flowers that were foraged by previous visitors, (2) the
duration over which marks left by bees were functional,
and (3) the responses of bees to flowers with their floral
resources artificially removed. Here, we report the re-
sults for each bee species and discuss the use of scent
marks by solitary bees.

Methods

Bee species and flowers

The study was conducted in a field at the Nara campus of
Kinki University, Nakamachi, Nara, Japan (34�40¢N,
135�43¢E). For all bee species, individuals visiting flowers

naturally in the field were used. Four bee–flower systems
were examined. Females of each solitary bee species
primarily visited its specific plant species at the field site
during the study. All investigations were conducted on
clear and sunny days fromMay to October in 2003–2005.

I. Andrena prostomias Pérez (Andrenidae)
Andrena prostomias visited Deutzia crenata Sieb. et

Zucc. (Saxifragaceae) flowers that were open from May
to June. All female individuals foraged for nectar and
pollen while males foraged only for nectar. The D. cre-
nata inflorescence is a panicle, and each flower has white
petals and yellow anthers.

II. Colletes patellatus Pérez (Colletidae)
Colletes patellatus visited Aster ageratoides Turcz.

subsp. ovbatus (Franch. et Savat.) Kitam (Compositae)
that was open from August to October. Although most
bees foraged for nectar and pollen, some collected only
nectar. The inflorescence of A. ageratoides is a capitulum
with numerous individual florets. Handling time re-
quired to forage the flower is very short.

III. Tetralonia mitsukurii Cockerell (Apidae)
Tetralonia mitsukurii visited bush clover Lespedeza

bicolor (Fabaceae) flowers that were open from August
to September. The observed bees foraged for nectar that
was concealed in the corolla. The Lespedeza flower had
papilionaceous corolla, and its petals return to their
original position after a visitor leaves and appear no
different from unvisited flowers to the human eye.

IV. Osmia orientalis Benoist (Megachilidae)
Osmia orientalis visited wild strawberry Rubus hirsu-

tus (Rosaceae) flowers that were open from March to
May. The flower had rosaceous corolla, and it is easy to
detect pollen on the corolla. Flowers visited by bees that
collected both pollen and nectar were used for the
experiment.

Species systems I–IV were used to investigate bee
responses to flowers that had been foraged by previous
visitors. Species systems I and III were used for two
experiments: the duration of scent mark efficacy and the
response of bees to non-rewarding flowers. Systems II
and IV were not used in these experiments because the
system II plant was removed by mowing and not enough
sample could be prepared of the system IV plant.

Responses to previously foraged flowers

The experiments were conducted in 2003. Our experi-
mental design followed that of Goulson et al. (1998,
2001). The foraged single flower or inflorescences (in
Compositae flowers) were removed with scissors after we
confirmed the foraging behavior of bees, and were of-
fered to either the same individual or conspecifics within
3 min using forceps. Three minutes was chosen as the
maximum time between visits because it is sufficient to
detect the next visitors and offer the flowers, but is much
less than the time taken for floral resources to replenish
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in most systems. We classified the responses of sub-
sequent visitors into three patterns following Corbet
et al. (1984) and Schmitt and Bertsch (1990): hovering,
the bee came within 1 cm of the flower, but did not
forage on it; landing, the bee landed on the flower, but
did not forage; probing, the bee landed on the flower
and foraged for floral resources. Both hovering and
landing were defined as rejection responses because bees
did not collect floral resources. Each flower was used
within 1 or 2 days after it opened. We did not know the
visitation history of the flower except the last visit.
However, we defined it as rewarding flowers because the
last visitor collecting both nectar and pollen was con-
firmed. As a control (unvisited flowers), we prepared
flower or inflorescences that had been covered with ny-
lon mesh until flowering. Flowers were used only once
and were discarded at the end of each test to prevent
reuse.

Responses of bees to non-rewarding flowers

To test the responses of bees to flowers with artificially
removed floral resources, we prepared two treatment
flowers: ‘‘no nectar,’’ the nectar was removed with mi-
cro-capillary tubes; ‘‘no pollen,’’ pollen was removed
using cotton paper. As a control (original), we prepared
inflorescences that had been covered with nylon mesh
until flowering. The treatment flowers were removed
from plants with scissors, and using forceps, we offered
to conspecifics within 3 min. We used the same behavior
classification as described above. The treatment flowers
were covered with a net until flowering and were dis-
carded after use. This experiment was conducted in
2005.

Effective duration of scent marks

To investigate the duration of scent mark efficacy,
flowers were netted after they had been foraged by a
visitor. Netted flowers were then offered to conspecifics
after a specific interval had passed (3, 10, 20, 40, 60, 120,
or 180 min, or 24 h). In the species system I, data for
120, 180 min and 24 h were not collected. We compared
the same behavior classification as described above.
Flowers were discarded after use. We recorded data on
rejection responses to previously foraged flowers within
a specific time interval in 2004. We compared the results
of effective duration with that of unvisited control
flowers in 2003 because the sample size in 2004 was
insufficient for comparison.

Statistical analysis

JMP (third edition; SAS Institute Inc., Cary, NC) was
used for statistical analyses. A Fisher’s exact probability
test was used for a comparison between unvisited flowers

(control) and flowers visited by conspecifics or by the
same individuals after we used the chi-square test for
pre-planned comparison in each species system. All
statistical tests were conducted at the 0.05 level of sig-
nificance. Relationships between the time from initial to
subsequent visitor foraging and the rejection rate were
compared using logistic regression.

Results

Responses to previously foraged flowers

I. A. prostomias
The refection rate of flowers visited by conspecific fe-

males (n = 34) and males (n = 9) was significantly
higher (Fisher’s exact probability test, P < 0.001,
Fig. 1a) than that of unvisited flowers (n = 20), although
that of flowers visited by the same female (n = 29) was
low (Fisher’s exact probability test, P = 0.064).

II. C. patellatus
There was no detectable difference in the rejection

rate between unvisited control flowers (n = 27) and
flowers visited by the same female (n = 47; Fisher’s
exact probability test, P = 0.2902, Fig. 1b). There was a
significant difference in the rejection rate of unvisited
flowers with that of flowers foraged by female conspe-
cifics (n = 44; Fisher’s exact probability test,
P = 0.0109), although the rejection rate itself was as
low as 25%.

III. T. mitsukurii
There was a significant difference in the rejection rate

between control flowers (n = 11) and flowers foraged by
female conspecifics (n = 38; Fisher’s exact probability
test, P < 0.0001, Fig. 1c) by the same female (n = 29;
Fisher’s exact probability test, P = 0.0074) and by males
(n = 16; Fisher’s exact probability test, P = 0.0002).

IV. O. orientalis
There was no detectable difference in the rejection

rate between unvisited control flowers (n = 50) and
flowers visited by the same female (n = 6; Fisher’s exact
probability test, P = 1.0000, Fig. 1d). The rejection of
O. orientalis to control flowers was significantly different
from rejection of flowers foraged by female conspecifics
(n = 51; Fisher’s exact probability test, P = 0.0058).
However, the rejection rate of flowers foraged by female
conspecifics was very low (15.7%).

Responses of bees to non-rewarding flowers

I. A. prostomias
Female rejection of the original control flower

(n = 23) was not significantly different from responses
to treated flowers (Fig. 2a) for either ‘‘no pollen’’ flowers
(n = 25; Fisher’s exact probability test P = 0.1454) or
‘‘no nectar’’ flowers (n = 26; Fisher’s exact probability
test, P = 1.0000).
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III. T. mitsukurii
Female rejection of unvisited control flowers

(n = 23) was not significantly different from responses
to treated flowers (Fig. 2b) for either ‘‘no pollen’’ flow-
ers (n = 25; Fisher’s exact probability test P = 0.6681)
or ‘‘no nectar’’ flowers (n = 22; Fisher’s exact proba-
bility test, P = 1.0000).

Effective duration of scent marks

I. A. prostomias
The rejection rate of flowers foraged by female con-

specifics decreased after 60 min (Fig. 3a). The time since
the last individual visited the flower was inversely related
to the proportion of flowers rejected by female conspe-
cifics (likelihood ratio v1

2 = 14.8460, P < 0.0001).
There was a significant difference between control
flowers and flowers revisited within 20–60 min (Table 1).

III. T. mitsukurii
The rejection rate of flowers foraged by female con-

specifics decreased after 24 h (Fig. 3b). The time since the
last individual visited the flower was inversely related to
the proportion of flowers rejected by female conspecifics

(likelihood ratio v1
2 = 6.4054, P = 0.0114). There was a

significant difference between control flowers and flowers
revisited within 180 min to 24 h (Table 1).

Discussion

Evidence suggesting the use of scent marks has been
reported for only three species of solitary bees (Frankie
and Vinson 1977; Gilbert et al. 2001; Gawleta et al.
2005). Our results showed the ability to recognize the
foraged flowers by previous conspecifics or by same
individuals in four additional solitary bee species
from four different families, A. prostomias, C. patellatus,
O. orientalis, and T. mitsukurii. In our results, the
rejection of previously foraged flowers differed among
solitary bee species. The tendency of A. prostomias and
T. mitsukurii to reject the foraged flowers was pro-
nounced, while in C. patellatus and O. orientalis it was
weak. A. prostomias and T. mitsukurii showed strong
rejection responses to the flowers that had been foraged
by previous visitors (Fig. 1). The removal of floral re-
sources did not influence the rejection rate (Fig. 2).
Moreover, the rejection rate of previously foraged
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Fig. 1 Proportion of rejection
responses of each bee female to
foraged flowers within 3 min in
each plant species. All bee
species visited the plant species
as a specialist forager. Andrena
prostomias visited Deutzia
crenata (a), Colletes patellatus
visited Aster ageratoides (b),
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flowers decreased over time (Table 1). Although only
two of the four systems were confirmed by resource re-
moval and change of rejection rate over time, clearly
they indicate that the recognition of the visited flowers
might be based on olfactory cues deposited by previous
visitors. The rejection rate of C. patellatus and O. ori-
entalis against the flowers previously foraged by con-
specifics was significantly higher than that against the
control treatment, but it was considerably lower com-
pared to the other two species. We suggest that these
bees would not discriminate so strongly between the
previously foraged and non-foraged flowers.

Why do these two types of responses to foraged
flowers among bee species exist? There are two possible
explanations for the low rejection rate. One explanation
is that the flower species chosen in the present study
always have enough resources when bees revisit. Stout
et al. (1998) provide data suggesting that bees foraging
for pollen rely less on scent marks. Thus, the benefits of
discrimination would be lowered. It is likely that A.
ageratoides foraged by C. patellatus still yield resources
even after several visits, because of the numerous flower
inflorescences. R. hirsutus foraged by O. orientalis may
have a similar effect. We suggest that C. patellatus and
O. orientalis would not need to use scent marks to
discriminate between rewarding and non-rewarding
flowers. Another possible explanation is that the floral
morphology would influence bee’s decision of whether
to use scent marks while foraging. Visits to flowers such
as A. ageratoides and R. hirsutus would have very low
cost because of easy access to floral resources. On the
other hand, if bees visit plants with concealed floral
resources, it probably takes longer to assess floral re-
sources (Goulson et al. 2001). It is likely that the visits
to flowers such as L. bicolor and D. crenata are aided by
the use of scent marks. Bumblebees take more time
probing morphologically complex flowers than probing
simple flowers (Harder 1983; Laverty 1994). So, bum-
blebees rely less on scent marks when visiting simple
flowers with a low handling time compared to complex
flowers with a high handling time (Saleh et al. 2006).
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Table 1 The effective duration of scent mark left by conspecifics
compared with control flowers in systems I and III

Time since previous
bee visited

Bee species

A. prostmias T. mitsukurii

P Padj n P Padj n

3 min 0.0006 * 29 0.0005 * 14
10 min 0.0026 * 26 <0.0001 * 26
20 min 0.0471 NS 22 <0.0001 * 21
40 min 1.0000 NS 14 0.0003 * 17
60 min 0.5946 NS 18 0.0005 * 22
120 min – – <0.0001 * 23
180 min – – 0.0833 NS 5
24 h – – 0.0737 NS 9

Padj = adjusted probabilities following Bonferroni correction with
a significance level of P = 0.0; * P < 0.05
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We suggest that these floral features have an effect on
the decision of foraging solitary bees whether to use
scent marks or not.

Scent marks of male and female conspecifics can have
repellent effects for female conspecifics in A. prostomias
andT. mitsukurii. This is the first report of females able to
detect flowers that were visited by males. In solitary bees,
females often meet males on flowers while they are for-
aging. Rejection of flowers visited by males would reduce
the time spent visiting less rewarding flowers. Interest-
ingly, the rejection rate of female A. prostomias for
flowers foraged by males was higher than that for flowers
foraged by females, while female T. mitsukurii showed a
high rejection rate for flowers foraged by either males or
females. We suggest that female A. prostomias would
react sensitively to the existence of males to avoid the
mating approach on food sources, because of only one
copulating (Maeta 2000). However, a high proportion of
landing response of females to the foraged flower by
males would imply the difficulty of recognition by hov-
ering, suggesting that the scent of males was less depos-
ited because male body size was smaller than female. So,
it is likely that females have to land on the flowers foraged
by males, although they want to avoid males.

Our results, combined with those of previous studies,
suggest that the use of scent marks is not restricted to
particular bee taxa and is certainly not restricted to the
social bees. Solitary bees would not need to inform the
resource assessment for conspecifics because of the ab-
sence of social cooperation (Michener 2000). In solitary
bees, the chemical compounds left by previous visitors
might not be deposited deliberately.

If solitary bees use cuticular hydrocarbons as a cue,
very little is known about the origin of the chemical
compounds and composition, while many studies dem-
onstrate the use scent marks (Barth et al. 2008). Several
studies suggest that the substance using scent marks of
foraging social bees would originate from a particular
gland [tarsal grand (Stout et al. 1998; Goulson et al.
2000) or claw retractor tendon grand (Jarau et al. 2004)].
In recent chemical analysis, the effects of cuticular
hydrocarbons were also pointed out (Eltz 2006). Social
bees recognize the scent marks left by previous solitary
bees (Gawleta et al. 2005; Yokoi et al. 2007). Chemical
compounds of scent marks of solitary bees may be
similar to that of social bees. We suggest that solitary
bees recognize the cuticular hydrocarbons, which are
passively deposited on the flower, as scent marks. It is
worth investigating the use of scent marks in solitary
bees (Goulson et al. 2000) to elucidate the origin of using
scent marks. Our study adds clear evidence for the
generality of repellent scent-marking behavior in bee
groups. It is necessary to investigate the discrimination
ability of more solitary bee species and compare this
ability among different bee groups.
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