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Abstract – Heriades truncorum (Megachilidae) is a specialist bee that forages onAsteraceae and collects pollen by
tapping its abdomen on pollen-presenting florets which places the grains directly in the ventral scopa. We tracked
pollen transfer by female H . truncorum between conspecific inflorescences of Inula ensifolia and Pulicaria
dysenterica by labelling pollen with quantum dots. On average, bees transferred 31.14 (I . ensifolia ) and 9.96 (P.
dysenterica ) pollen grains from the last visited inflorescence, 39% and 45% of which were placed on receptive
styles. Pollen germination ratio is significantly lower for inflorescences of P. dysenterica visited by one H .
truncorum (0.13%) compared with open control inflorescences (0.51%), which suggests that the bees mainly
transfer self-pollen of these self-incompatible plants. Thus, a single visit by H . truncorum does not grant the plant
high reproductive success, but the bees’ abundance and flower constancy might reduce this disadvantage.

Asteraceae / oligolecty / plant–pollinator interaction / pollen germination rate / single-visit deposition

1. INTRODUCTION

Many mechanisms have evolved in angio-
sperms to secure reproductive success (reviewed
in Pacini and Hesse 2004; Pacini and Dolferus
2016). Entomophilous plants face the dilemma
that bees and other flower-visiting insects not only
act as pollinators but also as pollen thieves, eating
pollen or collecting it to feed their offspring
(Thorp 1979). One strategy to enhance the chance
of pollination is secondary pollen presentation,
where pollen is placed on and presented by floral
structures other than the anthers (Howell et al.

1993). In the plant family Asteraceae, the unre-
ceptive style brushes or pumps pollen out of the
florets through elongation (Erbar and Leins 1995,
2015). As the circularly arranged disc florets open
successively, pollen is available continually and
cannot be collected entirely in one flower visit.
This pollen portioning strategy leads to more
flower visitors collecting and possibly transferring
pollen from one inflorescence. The adhesion of
pollen grains to a flower visitor’s body is mainly
attributable to pollenkitt—a lipid-based substance
covering pollen of most angiosperms—which al-
so grants protection from adverse biotic and abi-
otic influences (reviewed in Pacini and Hesse
2005; Hesse 2010). Besides pollenkitt volume,
pollen grain size and shape also affect the adhe-
sion of entomophilous pollen grains (Lin et al.
2013).

Oligolectic bees are morphologically and
behaviourally adapted to effectively collect pollen
on their host plants (reviewed in Thorp 2000).
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Their foraging behaviour is fine-tuned to their
host plants, e.g., adapted to continuous or syn-
chronous pollen presentation (Schlindwein
2000), and the degree of specialisation can depend
on the composition of plant species at a given
locality (Schlindwein et al. 2009). In contrast to
corbiculate bees (honey bees, bumble bees, sting-
less bees, and orchid bees) which use regurgitated
nectar to form pollen pellets attached to their hind
legs, non-corbiculate bees transport pollen either
in their crop or in their scopa, a brush-like struc-
ture on their abdominal venter or long hairs on
their hind legs (Michener 2007). Scopal pollen
can be moistened or glazed, but is most often
dry (Portman and Tepedino 2017). Apart from
the fact that corbicular pollen is rather unlikely
to detach from the compressed pellet, these modes
of pollen storage (wet and compacted vs. dry and
loose) affect pollen functionality differently: man-
ual transfer of corbicular pollen of Apis and
Bombus results in significantly lower seed num-
bers than scopal pollen of oligolectic bees, sug-
gesting that enveloping the grains with moisture
might also affect pollen viability (Parker et al.
2015).

Foraging on plants of the family Asteraceae,
some oligolectic bees are known to collect pollen
with an abdominal drumming, tapping, or wiping
technique (Cane 2016). While contacting the
pollen-presenting styles with the abdomen, pollen
grains are directly placed into the scopa
(Figure 1). The large-headed resin bee, Heriades
truncorum (tribe Osmiini, Megachilidae), is a
solitary bee which is endemic to central Europe
and active from summer until early autumn
(Westrich 1989). It forages exclusively on
Asteraceae (Praz et al. 2008a) and collects pollen
via abdominal drumming, a rapid dorso-ventral
movement (Cane 2016; see supplementary
material, Video S1, S2). Considering that this
specialised behaviour is an adaptation for effec-
tive pollen collection from disc florets of
Asteraceae, the effectiveness of pollen transfer to
receptive stigmas is questionable. Although
oligolectic bees may be more efficient pollinators
than honey bees and bumble bees (e.g., Parker
1981), the complete opposite can also be the case.
For instance, pollen-foraging females of the pas-
sion flower bee (Anthemurgus passiflorae ,

Andrenidae) are thought to solely act as pollen
thieves on their only host plant, Passiflora lutea
(Passifloraceae) (Neff and Rozen 1995). Visita-
tion frequency alone is no measure for pollination
effectiveness of a flower visitor, but tracking the
single-visit deposition (SVD) of conspecific pol-
len grains is a suitable means to provide informa-
tion on pollinator effectiveness of any bee species
(King et al. 2013).

As H . truncorum is morphologically and
behaviourally adapted to efficiently collect pollen
from inflorescences of Asteraceae, we expected
the bees to transfer scarcely any pollen to recep-
tive styles. The objective of our study was to test
pollinator effectiveness of female H . truncorum
foraging on inflorescences of Inula ensifolia and
Pulicaria dysenterica (tribe Inuleae, Asteraceae)
by tracking pollen grains labelled with quantum
dots (Minnaar and Anderson 2019). Detecting
marked pollen grains on the bees allowed identi-
fication of body sites that are potentially suitable
for transferring pollen. Likewise, location of pol-
len placement on different floral structures could
be specified after H . truncorum had visited an
inflorescence with marked pollen grains. Viability
of transferred pollen grains was measured by pol-
len tube germination.

2. MATERIALS AND METHODS

All experiments were conducted in the
Botanical Garden of the Heinrich Heine Uni-
versity Düsseldorf from June to July 2018. In
the vicinity of a nesting aid for wild bees
that several females of Heriades truncorum
were using, we placed ten abundantly
flowering plants of each tested species, Inula
ens i fo l ia and Pul i car ia dysen te r i ca
(Asteraceae). The average disc diameter was
9.95 mm (± 2.41 mm SD, n = 10) for I .
ensifolia and 9.69 mm (± 1.25 mm SD, n =
10) for P . dysenterica . Prior to testing, some
inflorescences were covered with mesh fabric
to prevent insect visits. Digital photographs
and videos in the field were taken using a
camera with a close-up lens (PEN E-PL7,
M.Zuiko Digital ED 60 mm 1:2.8 Macro,
Olympus, Japan). Seventeen video recordings
with a frame rate of 30 frames/second were
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slowed down to one-fourth speed to analyse
drumming tempo by counting abdominal pats
per minute.

2.1. Quantum dots

On selected inflorescences, pollen of all
freshly opened florets (i.e., in the male phase
of anthesis) was marked with quantum dots
(Figure 2A,B). To apply quantum dots to
pollen, they were mixed with hexane (5
mg/ml). Two microlitres of this solution were
needed to cover all pollen grains of one
floret in I . ensifolia and 1 μl per floret in
P. dysenterica . Quantum dots (CuInSexS2-x/
ZnS core/shell, UbiQD, Los Alamos, USA)
are semiconductor nanoparticles that emit
light of a specific colour (in this case with
an emission peak at 620 nm, orange) when
exposed to UV light. A zinc–oleate complex
as ligand causes them to bind to pollenkitt,

making them suitable bio-labels without
inf luencing pol len t ranspor t by bees
(Minnaar and Anderson 2019). For visualiza-
tion and quantitative evaluation of transferred
quantum dots, bees or inflorescences were
placed in an excitation box under a dissec-
tion microscope (setup slightly modified after
Minnaar and Anderson 2019). The 3D-
printed box, which was made of polyamide
12 and varnished matte black, contained two
LED lights (STS-DA1-1960B, 365 nm, 780
mW, Nichia, Japan) as UV excitation source.
Pollen grains labelled with quantum dots
fluoresced and were viewed through a UV-
blocking, long-pass filter (blocking wave-
lengths < 400 nm, KV418, 50 × 50 mm,
Schott, Germany). Pictures of specimens un-
der the dissecting microscope were taken
with an ocular camera (DC.5000c, 5.0 MP,
Euromex, Netherlands) in ambient light or
with UV light exposure in the excitation box.

Figure 1. Female Heriades truncorum simultaneously drinking nectar and collecting pollen on inflorescences of
Asteraceae. Pollen of (A ) Pulicaria dysenterica and (B ) Inula ensifolia is actively accumulated in the ventral
scopa, but also clumps on legs and mouthparts while scattered grains can be found all over the bee’s body. (C )
Abdominal drumming of H . truncorum is specifically aimed at the circle of pollen-presenting florets in the male
phase of anthesis (arrow 1), while receptive stigmas of florets in the female phase of anthesis (arrow 2) directly
adjoin outside this circle.
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2.2. Transfer of marked pollen grains

To test pollen transfer by H . truncorum , we
prepared an inflorescence of I . ensifolia or P.
dysenterica with quantum dots and allowed a
female bee to forage on it. The next, untreated
inflorescence the bee foraged on was examined
for marked pollen in the excitation box.We count-
ed fluorescing pollen grains located on receptive
stigmas (disc florets in female phase of anthesis),
on unreceptive, pollen-presenting stigmas (disc
florets in male phase of anthesis), and on other
floral structures (unopened disc florets, ray

florets) (Figure 3A-C). The number of pollen
grains occurring in clumps had to be estimated.
Twenty-one inflorescences of I . ensifolia and 50
of P. dysenterica were analysed. Additionally, in
25 out of the 50 inflorescences of P. dysenterica ,
the landing site of the bee was marked to compare
overall pollen transfer with transfer during land-
ing. The landing site was defined by approxima-
tion as a circular area with a diameter of 7.96 mm
which corresponds to the average length of a bee
(± 0.76 mm SD, n = 18).

For each plant species, one bee was caught and
immediately placed on ice after foraging on a

Figure 2. Tracking pollen grains of Pulicaria dysenterica with quantum dots. (A ) One microlitre quantum dot–
hexane solution was applied to each pollen-presenting floret on an inflorescence before a foraging Heriades
truncorum was allowed to visit it. (B ) Marked florets in male phase of anthesis (after bee visit) fluorescing under
UV light exposure in the excitation box. (C ) Female Heriades truncorum after foraging on an inflorescence
previously marked with quantum dots, viewed in excitation box with ambient light and (D ) with UV light;
individual and aggregated pollen grains are mainly located in the scopa, on the tarsi, and on the mandibles.
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marked inflorescence. Placement of marked pol-
len grains on the bee’s body was examined in
ambient light and under UV light exposure in
the excitation box (Figure 2C,D).

2.3. Viability of transferred pollen grains

Tracking marked pollen grains from the previ-
ously visited inflorescence does not disclose in-
formation on the total amount and viability of
pollen grains deposited by a bee. In an additional
test series with unmarked pollen grains,

inflorescences of P. dysenterica visited by 2–6
female H . truncorum , inflorescences covered
with mesh fabric to prevent any flower visits,
and uncovered inflorescences freely available to
all flower visitors were taken to the lab to exclude
further flower visits. After 3 days allowing for
pollen tube growth, we prepared stigmas from
12–20 florets per inflorescence (for 12 inflores-
cences per test series) with fuchsin gelatine and
counted the number of adhering pollen grains and
germinated pollen tubes (Figure 3D,E). The per-
centage of germinated pollen tubes was calculated

Figure 3. Inflorescences of Pulicaria dysenterica with pollen grains transferred during a single visit of Heriades
truncorum . UV light exposure in the excitation box reveals fluorescing quantum dot–marked pollen grains (arrows)
transferred from the previously visited inflorescence on (A ) disc floret buds, (B ) florets in male phase of anthesis,
and (C ) florets in female phase of anthesis. Note that unmarked pollen grains and anther tubes of disc florets in
female phase of anthesis autofluoresce (pale greenish colour). (D ) Stigma of a disc floret and pollen grains dyedwith
fuchsin gelatine in the pollen viability experiment (pollen grains not marked with quantum dots). Note that only
pollen grains directly adhering to the stigma were counted; yellow, viscid material adhering to some of the grains is
pollenkitt. (E ) Germinating pollen tube (arrow) 3 days after pollen transfer.
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by dividing the number of pollen tubes by the
number of pollen grains multiplied by 100.

2.4. Statistical analysis

All statistical analyses were performed using R
statistical software, version 3.5.1 (R Core Team
2013). After testing normality of the data with
Shapiro–Wilk tests, we applied Wilcoxon rank-
sum test (non-paired data) or Wilcoxon signed-
rank test (paired data) to compare two sets of non-
parametric data. Multiple sets of data were
analysed either with the Friedman test and
Wilcoxon signed-rank test as a post hoc test
(paired, non-parametric data), with Kruskal–
Wallis test and Wilcoxon rank-sum test (non-
paired, non-parametric data), or with ANOVA
and Tukey’s range test (non-paired, parametric
data). Original data and a script of all statistical
analyses are provided as supplementary material.

3. RESULTS

Observations showed that inflorescences of our
test plants were visited by a variety of insects,
from Coleoptera, Hemiptera, Thysanoptera, and
Syrphidae, to various small (< 10 mm) bee spe-
cies. Out of the latter, the most abundant was
Heriades truncorum , with both males and fe-
males frequenting the inflorescences. Analysis of
video recordings revealed that female H .
truncorum collect pollen on inflorescences of
Pulicaria dysenterica with an average drumming
tempo of 534 (± 93 SD, n = 17) abdominal pats
per minute (see supplementary material, Video
S1, S2).

Tracking quantum dot–marked pollen grains
from the previously visited inflorescence showed
that a bee deposited on average 31.14 (± 25.49
SD, n = 21) pollen grains on an inflorescence of
Inula ensifolia . Significantly fewer pollen grains
(Wilcoxon rank-sum test, W = 845, p < 0.001)
were transferred in P. dysenterica (9.96 ± 12.58
SD, n = 50). Regarding the SVD of marked
pollen grains on specific structures of an inflores-
cence, we found no aggregation of pollen grains
on particular florets in P. dysenterica (Friedman
test, χ 2 = 3.02, df = 2, p = 0.221), whereas in I .
ensifolia , more pollen per floret was placed on

florets in the male phase of anthesis than on florets
in the female phase of anthesis, disc floret buds, or
ray florets (Friedman test, χ 2 = 7.72, df = 2, p =
0.021, post hoc Wilcoxon signed-rank test)
(Figure 4A,B). SVD of quantum dot–marked pol-
len grains per square millimetre did not differ in
the approximate landing area and the total inflo-
rescence area of P . dysenterica (Wilcoxon
signed-rank test, V = 74, p = 0.154). On each
receptive stigma of P. dysenterica , a bee depos-
ited on average 0.04 (± 0.07 SD, n = 50) pollen
grains from the last visited inflorescence, which is
only a fraction of the total amount of pollen trans-
ferred per receptive stigma (20.63 ± 24.83 SD, n
= 12) (Wilcoxon rank-sum test, W = 600, p <
0.001). Significantly more pollen grains (37.52 ±
13.26 SD, n = 12) were found on receptive stig-
mas of inflorescences in the open control treat-
ment and again significantly more (226.01 ±
38.54 SD, n = 12) in the covered control
(Kruskal–Wallis test, χ 2 = 28.06, df = 2, p <
0.001, post hoc Wilcoxon rank-sum test), in
which no outcross-pollen could be transferred
but self-pollen remained on each floret
(Figure 4C). In contrast to this, the percentage of
germinated pollen grains was lowest in the cov-
ered control (0.00%), intermediate in inflores-
cences visited by one H . truncorum (0.13%),
and highest in the open control (0.51%), differing
significantly among all test series (ANOVA, F =
20.13, df = 2, p < 0.001, post hoc Tukey’s range
test) (Figure 4D).

4. DISCUSSION

The average amount of 534 abdominal pats per
minute performed by femaleHeriades truncorum
qualifies their pollen collection behaviour as ab-
dominal drumming as it is even faster than the 467
pats/min previously recorded for Osmia spp.
(Cane 2016). This highly specialised behaviour
suggests that the bees effectively deprive the
plants of their pollen. However, high efficiency
of pollen collection is not restricted to specialised
bees. Generalist bumble bees have been described
to behaviourally adapt to a diversity of flowers in
order to effectively collect pollen (Russell et al.
2017). Although H . truncorum females directly
place pollen in their ventral scopa which entails
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Figure 4. Pollen transfer and viability. (A,B ) Mean SVD (single-visit deposition) of quantum dot–marked pollen
grains transferred from the previously visited inflorescence by a foraging female Heriades truncorum for (A ) 21
inflorescences of Inula ensifolia and (B ) 50 inflorescences of Pulicaria dysenterica . Phase of floret anthesis:
female, disc florets with receptive styles; male, disc florets with pollen-presenting, unreceptive styles; other, ray
florets and disc floret buds. (C,D ) Amount and viability of all transferred pollen grains in 3 test series, each with 12
inflorescences of P. dysenterica .Heriades , pollen transferred per individual during foraging (inflorescences visited
by 2–6 female bees); open, inflorescence freely accessible to any insect visitors; covered, inflorescence hooded with
mesh to prevent insect visits. (C ) Mean number of pollen grains per receptive stigma either transferred by flower
visitors (Heriades , open control) or produced by the same floret (covered control); (D ) pollen germination rate (% of
grain number). Different letters represent significant differences (p < 0.05) after (A,B ) Friedman test and Wilcoxon
signed-rank test, (C ) Kruskal–Wallis test andWilcoxon rank-sum test, or (D ) ANOVA and Tukey’s range test. Box–
whisker plots depict data distribution with median (thick line), data of 25th–75th percentile (= interquartile range,
IQR; box), data of lower quartile minus 1.5*IQR and data of upper quartile plus 1.5*IQR (whiskers), and outliers
(open dots).

Pollinator effectiveness of a specialist bee exploiting a generalist plant—tracking pollen transfer 207



direct contact to receptive stigmas, the bees
scarcely transfer outcross-pollen—signifying that
the bees exploit the plants’ pollen resources in
exchange for poor cross-pollination service. In
comparison, other bee species visiting inflores-
cences of Asteraceae are even less likely to trans-
fer pollen from their transport structures as the
grains are either agglutinated in the corbiculae,
collected and transferred to a scopa located on
the hind legs’ femur and tibia without direct floral
contact, or, as in Megachile centuncularis , trans-
ferred to a ventral scopa while lifting the abdomen
to avoid floral contact (see supplementary
material, Figure S1).

While female H . truncorum precisely contact
the pollen-presenting florets with their abdomen
which places most of the pollen grains directly in
their scopa, fresh pollen can also be found on
their legs, mainly the hind legs which pat the
scopa to compact the pollen load (Figure 2C,D).
This makes it impossible to identify whether
pollen grains transferred to receptive stigmas
originate from the scopa or the legs. Considering
that in oligolectic bees, scopal pollen is as viable
as body pollen (Parker et al. 2015), pollen from
both scopa and legs of H . truncorum is suited to
contribute to pollination. It has been reported that
pollen placement on body sites that are accessi-
ble to the bee—as opposed to pollen placement
on safe sites—can be advantageous for both
plant and pollinator and possibly even enhance
their mutualism (Tong and Huang 2018). Most
Asteraceae benefit from openly offering pollen
that is available to a multitude of flower visitors
(and thus, many possible pollinators) which ren-
ders them independent of particular pollinator
species. Many species-rich floral guilds are vis-
ited both by generalists and oligolectic bees
(reviewed in Wcislo and Cane 1996; Minckley
and Roulston 2006). Nevertheless, some species
of Asteraceae and other plant families have been
reported to possess chemically or structurally
protected pollen that impedes digestion by non-
specialised bees (Müller and Kuhlmann 2008;
Praz et al. 2008b).

Only a fraction of the pollen mass produced by
a flower ultimately pollinates a conspecific flow-
er, and the majority of pollen grains is lost in a
variety of ways (reviewed in Minnaar et al. 2018).

One strategy to improve male reproductive suc-
cess for plants is pollen partitioning. This can
result in exclusive bee–plant interactions where
only the specialised pollinator is granted a pollen
reward (Siriani-Oliveira et al. 2018), but obligate
mutual specialisations in plant–pollinator relation-
ships are very rare (Cane 2018). In the generalist
Asteraceae, pollen partitioning through succes-
sively opening florets ensures that not one single
flower visitor likeH . truncorum is able to exploit
the entirety of pollen produced by the
inflorescence.

Differences in pollen transfer from the last
visited inflorescence in Inula ensifolia and
Pulicaria dysenterica might be explained by their
morphological characteristics. Very few pollen
grains are transferred but evenly distributed on
the rather flat discs with slightly protruding
pollen-presenting styles of P. dysenterica . In con-
trast, the uneven disc structure of I . ensifolia
presumably constitutes a larger area of contact
for foraging H . truncorum , resulting in a higher
amount of deposited grains, especially on florets
in the male phase of anthesis. Aside from the
inflorescence structure, population size can be an
important factor influencing the number and pro-
portion of conspecific pollen grains transferred in
a self-incompatible plant species (Waites and
Ågren 2004). The probability of a bee transferring
foreign pollen (instead of self-pollen) is highest
during landing and continually diminishes as the
bee collects pollen from the inflorescence which
covers previously acquired pollen (Muchhala and
Thomson 2012; Minnaar et al. 2018). Contrary to
expectations, the amount of labelled pollen grains
deposited per square millimetre did not differ
between the landing area and total disc area in
P. dysenterica—the chances of cross-pollination
are equal during landing and foraging.

A sufficient amount of conspecific and viable
pollen grains must be deposited on receptive
styles to ensure a high potential of full seed set
and is therefore essential to characterise pollinator
effectiveness (Ne’eman et al. 2010; King et al.
2013; Gorenflo et al. 2017). For instance, in self-
fertile cultivated red raspberries, two prolonged
honey bee visits suffice to ensure pollination
(Andrikopoulos and Cane 2018a), and single-
visit pollination efficacy is similar for honey bees,
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Bombus spp., and Osmia spp. (Andrikopoulos
and Cane 2018b). Although solitary bees can still
transfer fertile body pollen even after depositing
pollen in their nest (Cane and Love 2018), pollen
grains from recently visited flowers are more like-
ly to contribute to pollination. Thus, single-visit
deposition of quantum dot–marked pollen grains
from the last visited inflorescence represents an
approximation of the amount of foreign pollen
transferred by female H . truncorum . This is con-
sistent with the low germination rate of pollen
transferred by H . truncorum compared with pol-
len transferred on open control inflorescences,
which indicates that in contrast to less specialised
flower visitors, H . truncorum mostly transfer
pollen grains from the same inflorescence they
are foraging on. For self-incompatible P .
dysenterica , deposition of self-pollen does not
constitute reproductive success (as indicated by
0% pollen germination in mesh-covered inflores-
cences). While pollinator efficiency of H .
truncorum as regarded per inflorescence visit is
rather poor, this does not take into account vari-
ables such as flower constancy and number of
individuals. Floral host choice by oligolectic bees
is probably strongly evolutionarily constrained
(Sedivy et al. 2008). Within solitary bee species,
females show higher floral constancy than males,
but the males’ longer flights positively affect the
chances of cross-pollination (Ne’eman et al.
2006).

In conclusion, one inflorescence visit of the
specialist bee H . truncorum that is adapted to
effectively deprive Asteraceae flowers of their
pollen scarcely contributes to the reproductive
success of a generalist plant. Overall, the abun-
dance and flower constancy of H . truncorum
may pos i t ive ly affec t the i r po l l ina tor
effectiveness.
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Die Bestäubungseffizienz einer spezialisierten Biene bei
der Nutzung einer generalistischen Pflanze – der
Nachweis von Pollentransfer durch Heriades
truncorum mittels Quantumpartikel.
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