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What’s the ‘buzz’ about? The ecology and evolutionary
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Many plant species have evolved floral characteristics that

restrict pollen access. Some of these species are visited by

insects, principally bees, which make use of vibrations to

extract pollen from anthers. Buzz-pollination, as this

phenomenon is generally known, is a widespread method of

fertilization for thousands of species in both natural and

agricultural systems. Despite its prevalence in pollination

systems, the ecological and evolutionary conditions that favour

the evolution of buzz-pollination are poorly known. We briefly

summarize the biology of buzz-pollination and review recent

studies on plant and pollinator characteristics that affect pollen

removal. We suggest that buzz-pollination evolves as the result

of an escalation in the competition between plants and pollen-

consuming floral visitors (including pollen thieves and true

pollinators) to control the rate of pollen removal from flowers.
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Introduction
Approximately 15,000–20,000 species of plants possess

flowers that release pollen only through small openings

(pores or slits) in the anther’s tips [1]. Insect visitors to

these species resort to using vibrations — called sonica-

tions or ‘buzzes’ because of their audible component —

to extract pollen from the anthers [1,2]. This association

between restricted pollen release and the use of

vibrations to remove pollen from anthers has classically

been referred to as the buzz-pollination syndrome [2].

Buzz-pollinated flowers have evolved independently

many times [3�], occurring in species from 65 families,

including some of the world’s most important agricultural

crops such as tomatoes and potatoes [1,3�,4]. Among

insects, the ability to sonicate is found among many
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species of bees (Hymenoptera: Apoidea) from seven

families and more than 50 genera (but notably not hon-

ey-bees, Apis mellifera), and in one species of hover fly

(Diptera: Syrphidae) [1,5]. Despite its widespread taxo-

nomic distribution in plants and importance to natural

and agricultural systems, buzz-pollination has received

limited attention, with the last comprehensive review

published exactly 30 years ago [1]. Previous work in buzz-

pollination has largely focused on quantifying the bio-

physical properties of buzz-pollination [e.g. 2,6–8] or

describing the reproductive ecology of buzz-pollinated

plants [e.g. 3,9–11]. Here we provide a brief overview of

the biology of buzz-pollination, discussing recent work

on how plant and insect characteristics affect pollen

removal, and emphasizing the ecological and evolution-

ary consequences of buzz-pollination for both plants and

pollinators.

Morphology of buzz-pollinated flowers
Bees use vibrations to aid in pollen collection from a wide

range of plant species with varied morphologies, for

example, Cistus, Papaver, Pedicularis, Myrtaceae, and

Solanum [3�,4,12], revealing that the vibratile release of

pollen is not associated with a single type of floral

morphology. However, some floral morphologies appear

to have evolved specifically in response to the collection

of pollen by sonicating bees [1]. The clearest example is

perhaps the Solanum-type flower (or solanoid flower), a

floral morphology that has evolved across disparate plant

families, and which represents a remarkable example of

convergent evolution [12–15] (Figures 1 and 2).

Solanum-type flowers illustrate many of the features

characteristic of other buzz-pollinated species including

releasing pollen via small apical pores or slits (i.e. por-

icidal anthers) [1], and often lacking nectar or other

rewards to attract pollinators [12,15]. The anthers of

Solanum-type flowers have short filaments, and are

arranged centrally in a more or less closed cone [15].

The petals or sepals are free or partially united, but rarely

fused in a tube, and are sometimes reflected away from

the anther cone exposing the conspicuous stamens

[12,15]. The pollen is concealed inside the anther which

appears full even when empty. Pollen is dry, usually in

single grains with smooth walls [1,12,15]. As in other

species with poricidal anthers, Solanum-type flowers

usually produce large numbers of pollen grains, and

individual plants are characterised by high pollen:ovule

ratios [1]. Although plants with poricidal anthers are

visited by numerous insects, including beetles, flies,
cology and evolutionary significance of buzz-pollination, Curr Opin Plant Biol (2013), http://
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Figure 1
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(a) Example of a buzz-pollinated flower, Solanum dulcamara (Solanaceae), showing the solanoid morphology of poricidal anthers arranged in a cone at

the center of the flower. (b) Bombus terrestris during a typical buzz-pollinating visit to S. dulcamara.
and bees, which may collect pollen by chewing or ‘milk-

ing’ the anthers [1,16–19], most visits are from sonicating

bees [17,20].

How does buzz-pollination work?
In bees, sonication behaviours have only been reported in

females, which use the collected pollen to feed develop-

ing larvae [1], and whether male bees also perform buzz-

pollination is currently unknown. The behaviours exhib-

ited by sonicating bees are fairly stereotyped [1,20].

During a typical visit, a bee lands on the flower and curls

the ventral side of her body around the anthers, while

grabbing their base with her mandibles (Figure 1). The

bee then decouples the indirect flight mechanism to

prevent wing beating and rapidly contracts its thoracic

muscles. The resulting vibrations are transmitted to the

anthers through the head, mandibles and ventral side of

the abdomen [7,8]. The vibrations resonate in the

anthers, causing pollen grains to gain energy and be

expelled through the apical pores. The expelled pollen

lands on the pollinator’s body, perhaps being attracted by

electrostatic forces [2], where it can then be groomed and

collected for transport back to the hive, or carried to the

stigma of another flower to complete fertilization.

The competing interests of plants and pollinators regarding

pollen fate offer several interesting avenues for investi-

gating relations between buzz-pollination vibrations and

pollen release. On the one hand, the kinds of vibrations

bees produce to extract pollen from anthers are expected to

be shaped by morphological and behavioural aspects of

individual bees. However, structural properties of stamens

are also likely to influence the vibration transmission

environment, but whether such plant characteristics

enhance or restrict the amount of pollen released through

vibration has not been thoroughly evaluated, and therefore

remains a topic of some debate [6,21,22].
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Properties of bee buzzes and pollen removal
The vibrations produced by sonicating bees can be

characterised by three main properties: duration, fre-

quency, and amplitude (Figure 3). Some studies suggest

that pollination buzzes are identical to buzzes given in

other behavioural contexts (e.g. defense or escape)

[8,23�], but in fact some specific properties, such as

duration and amplitude, can differ considerably (Val-

lejo-Marı́n and Cox, unpublished data; also see Supple-

mentary Material). Vibrational properties of buzzes have

been measured in only a few bee species, mainly within

the genera Bombus and Xylocopa (Table 1).

Buzzes vary widely in duration both within and among

species, and typically last 0.1 to a few seconds [6,7,22,24��].
Within a single buzzing sequence (Figure 3a) the number

of individual pulses also varies, ranging from 1 to 17 in some

Bombus species [7,22,24��]. When multiple pulses are

produced the first two usually remove the majority of

available pollen (up to 60%), with successive pulses each

removing less than 10% [22]. Variability in pulse number

suggests that bees adjust their behaviour to maximize

pollen collection per flower while minimising buzzing

effort [25]. For example, when visiting virgin flowers a

bee will typically produce more buzzes per flower visit and

visit longer than when visiting experimental flowers that

had their pollen emptied before the bee’s visit [26,27].

Furthermore, bees decrease the duration of individual

pulses with successive visits to the same flower, suggesting

a dynamic adjustment of behaviour in response to remain-

ing pollen availability [28�].

The frequencies generated during buzzing vary much

less than duration, principally because frequency

depends on the physical and physiological properties of

the vibration producing and transmitting mechanism, that

is, the indirect flight muscles and exoskeleton [7,29],
cology and evolutionary significance of buzz-pollination, Curr Opin Plant Biol (2013), http://
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Figure 2

K
ram

eriaceae

E
aeocarpaceae

S
alicaceae

O
chnaceae

M
alpighiaceae

E
uphorbiaceae

M
alvaceae

Bixaceae

Cochlosperm
aceae

Dipterocarpaceae

SarcolaenaceaeCistaceaeRutaceaeResedaceaeMelastomataceae
Myrtaceae

Lythraceae

Solanaceae

Boraginaceae

Byblidaceae

Acanthaceae

Scrophulariaceae

Gesneriaceae

Loganiaceae

Gentia
nace

ae

Rubiace
ae

Pitto
sp

or
ac

ea
e

Act
in

id
ia

ce
ae

R
or

id
ul

ac
ea

e
S

ar
ra

ce
ni

ac
ea

e
E

ric
ac

ea
e

C
yr

ill
ac

ea
e

C
le

nt
hr

ac
ea

e

P
en

ta
ph

yl
ac

ac
ea

e

S
la

de
ni

ac
ea

e

T
heaceae

E
benaceae

Lecythidaceae
M

yrsinaceae
P

rim
ulaceae

A
extoxicaceae

O
laceceae

Santalaceae

Loranthaceae

Dilleniaceae

Berberidaceae

Lauraceae

Monimiaceae

Hernandiaceae

Gomortegaceae

Atherospermataceae

Canellaceae

Luzuriagaceae

Liliaceae

Amaryllidaceae
Iridaceae

Tecophilaeaceae
Hypoxidaceae

Mayacaceae
Rapateace

ae

Poo
ted

er
iac

ea
e

Com
m

el
in

ac
ea

e

H
ae

m
od

or
ac

ea
e

D
as

yp
og

on
ac

ea
e

V
el

lo
zi

ac
ea

e

A
ra

ce
ae

B
eg

on
ia

ce
ae

F
ab

ac
ea

e

P
ol

yg
al

ac
ea

e

Solanum sp.
Dichorisandra sp.

Dodecatheon sp.Ramonda sp.

Current Opinion in Plant Biology

Solanum-type (solanoid) flowers have been reported in species from 21 plant families (filled symbols) across angiosperms [12,15]. For simplicity, the

phylogeny shown here illustrates only those families containing at least one species with poricidal anthers (open circles), poricidal anthers and solanoid

flowers (closed circles), or non-poricidal anthers and solanoid flowers (black squares). Phylogeny from Davies et al. [43]; data on poricidal anthers from

Vallejo-Marı́n et al. [3�]. The anthers in the flower diagrams are shown in grey. Diagrams not to scale.
rather than being under behavioural control. The funda-

mental or peak frequency typically has the greatest

energy, ranges from 100 to 400 Hz depending on the

bee species (Table 1, Figure 3b), and is determined by

the contraction rate of the thoracic flight muscles [29].

Harmonic frequencies (i.e. integer multiples of the fun-

damental frequency value caused by resonance of the

vibrating exoskeleton), are usually also present and can
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extend up to 2000 Hz, but they contain significantly less

energy than the peak frequency [7,22,24��] (Figure 3c).

Because insect flight muscle has a maximum contraction

rate of about 500 s�1 [30], bees cannot produce buzzes

with higher fundamental frequencies.

The energy, or force, transmitted to a flower’s anthers

during a sonication bout is an integral component of
cology and evolutionary significance of buzz-pollination, Curr Opin Plant Biol (2013), http://
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Figure 3
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Buzz-pollination vibrations from a Bombus terrestris worker foraging on

Solanum rostratum, recorded with a laser vibrometer. (a) Waveform of

four pulses. (b) Expanded view of second pulse showing sinusoidal

wave pattern. (c) Power spectrum of second buzz. The fundamental or

peak frequency is approximately 330 Hz, and five harmonic frequencies

are also present. Note log scale used for both axes.
buzzing. In this review we use peak amplitude to refer to

the energy contained within a buzzing vibration, and for

uniformity among studies we express peak amplitude in

acceleration units (m/s2). Bees produce sufficiently high

accelerations at peak frequencies to adequately expel

pollen, although there is large variability among individ-

ual bees and among species [7,24��]. Because harmonics

contain significantly less energy than peak frequencies

they are thought to contribute little, if any, to pollen

ejection [22]. However, Arceo-Gómez and colleagues

[23�] recently suggested that once pollen is expelled from

anthers, harmonic frequencies above 1000 Hz may aid in

pollen capture and deposition on stigmas. This finding
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offers an interesting additional function for buzzing

vibrations that directly affects the fertilization success

of the plant.

Few studies have quantified the effects of frequency or

amplitude on the amount of pollen discharged from

anthers. In Actinidia deliciosa, frequencies from 100 to

500 Hz are equally effective at releasing pollen [31],

whereas in Dodecatheon conjugens more pollen is ejected

at frequencies from 450 to 1000 Hz than in the 100–
400 Hz range [6]. More recently, De Luca and colleagues

[24��] measured natural variability in duration, frequency

and amplitude of buzzes from a colony of Bombus terrestris,
and then constructed artificial buzz stimuli varying in

these parameters to explore the effect on pollen removal

in Solanum rostratum. Pollen released from anthers

increased with longer duration and greater amplitude

buzzes. However, variation in frequency had a negligible

effect on the amount of pollen removed.

As amplitude reflects the energy input into a buzz, it is

likely to vary with the physical condition (e.g. mass,

energy reserves, fatigue) of bees [7], and the ecological

environment experienced during a foraging bout [32,33].

Consequently, amplitude represents an interesting

parameter for further study, not only for its variability

within and among species, but also because of its import-

ant role in affecting pollen ejection loads, and hence the

foraging success of individual bees. For instance, in the

study by De Luca and colleagues [24��] amplitude cor-

related positively with bee mass and greater amplitude

buzzes ejected significantly more pollen in their exper-

iment. Accordingly, larger bees foraging on buzz-polli-

nated flowers may enjoy the benefit of collecting more

pollen per flower visited. In social species, this could

have important consequences for the success of a colony

since the amount of pollen returned to a nest is directly

linked to the production of new workers [34].

Plant characteristics and pollen removal
Compared to studies examining buzzing vibrations pro-

duced by bees, less is known regarding the role of plant

traits, in mediating vibrational properties of buzzes and

pollen release. Available studies indicate that floral struc-

tures such as anther filaments can enhance or dampen the

amplitude of vibrations produced by bees and potentially

affect pollen ejection [2,6,21]. In particular, strong damping

will absorb vibration energy, reducing the anther (and

pollen) resonation at certain frequencies. For example,

the anthers of Solanum laciniatum have low damping coeffi-

cients that likely assist the transmission of vibrations, and

are also lower than for Rhododendron sp. anthers, which are

not buzz-pollinated [21,22]. A species-specific relation

between pollen removal by vibrations and stamen charac-

teristics is suggested by comparison of several Solanum
species, which showed that the number of artificial

vibrations applied to anthers to empty them of pollen varies
cology and evolutionary significance of buzz-pollination, Curr Opin Plant Biol (2013), http://
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Table 1

Bee and flower species for which pollination buzzes have been measured. Body length ranges were obtained from measurements

provided in the literature or from online sources. Peak frequency refers to the frequency with the greatest relative energy within a buzzing

vibration (‘–’ value not reported, ‘n/a’ not applicable).

Bee species Body length

range (mm)

Peak frequency

range (Hz)

Peak amplitude

range (m/s2)

Plant species used to

record buzzes from

Source

Bombus terrestris L. 11–17 300–385 142–212 Actinidia deliciosa, Borago officinale,

Solanum laciniatum, S. rostratum,

Symphytum officinalis

[31,7,22,8,24��]

B. pratorum L. 10–14 225–280 – B. officinale, S. officinalis [31]

B. pascuorum Scopoli 10–15 280 – B. officinale, S. officinalis [31]

B. hortorum L. 11–16 323–385 199 S. officinalis [31,7]

B. bifarus Cresson 16 315–327 – Dodecatheon conjugens [6]

B. melanopygus Nylander 16 315–327 – D. conjugens [6]

B. occidentalis Greene 9–14 253–371 64 D. conjugens [6,29,8]

Xylocopa californica Cresson 25–28 197–297 – n/a [29]

X. c. arizonensis Cresson 25–28 174–346 105–109 n/a [8]

X. varipuncta Patton 25 117–288 61 n/a [29,8]
significantly among species with different anther structural

properties (i.e. more pollen is released from multi-layered

and rigid anthers vs. single-layered and flexible anthers)

[35]. The size of the anther pore relative to pollen diameter

may also regulate pollen release in response to vibrations

[20]. An interesting avenue for further research concerns

whether anthers are frequency-tuned, that is, dispense

more pollen at certain frequencies than others, which some

researchers argue functions as a dispensing mechanism by

plants to restrict exploitation of pollen resources by soni-

cating bees [(6, but see 22)]. Unfortunately, we currently

lack sufficient empirical data regarding inter-species varia-

bility in frequency response characteristics of anthers, and

such information is vital to evaluate potential co-evolution-

ary dynamics (e.g. cooperation vs. conflict) that might exist

between buzz-pollinated plants and pollinators that use

vibrations to extract pollen. Further experimental and

comparative studies of functional relations between stamen

traits, buzzing vibrations and pollen release are therefore

needed.

Evolutionary significance of buzz-pollination
The evolution of buzz-pollination was likely triggered

by the necessity of nectarless plants to restrict pollen

access, reducing gamete loss to inefficient pollinators

and pollen thieves, that is, visitors that remove pollen

with little or no contribution to deposition on stigmas

[36��], and maximizing pollen dispersal to conspecific

plants [6,37]. Nectarless flowers are prone to particularly

high rates of pollen loss as they are visited by bees,

which are effective in removing large amounts of pollen

[1,12]. Poricidal anthers may exclude some visitors

(pollen eating beetles, flies, and non-buzzing bees),

and could also act as a pollen-dispensing mechanism

to maximize pollen export by legitimate buzz-pollina-

tors [6,22,38,39] (Figure S1a). In animal-pollinated

plants, pollen removal during a single visit usually has

decelerating effects on the probability of successfully
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fertilizing ovules [39]. Poricidal anthers may also help to

increase the efficiency of pollen transfer by ejecting

pollen onto specific areas of the pollinator’s body where

it is less likely to be groomed, that is, in ‘safe sites’ [40],

or more likely to contact the stigma of other flowers

[6,10].

The evolution of poricidally dehiscent anthers probably

had a significant impact on the ability of different types of

pollinators to remove pollen (Figure S1b). Non-buzzing

visitors, such as flies and some bees, are limited to extract-

ing small amounts of pollen from such anthers by gleaning it

from the anther pores or by inserting their mouthparts into

them [36��]. Furthermore, some beetles and bees (Trigona
spp.) that chew their way into the anther sacs probably

expend considerable time before reaching the pollen

inside. By contrast, buzzing bees can quickly extract a large

proportion of pollen from poricidal anthers [18,40]. These

differences in pollen removal efficiency are probably the

reason why buzz-pollinated plants are mainly visited by

sonicating bees, that is, they are ‘functionally specialised’

[17,20].

Given that bees produce buzzes in many contexts (e.g.

defense, compacting sand, and to warm a nest) [1], it is

surprising that some pollen-collecting bees such as Apis
mellifera (honey-bees) and Trigona spp., visiting buzz-

pollinated flowers seem incapable of sonication [1,8,25].

Buzz-pollination is probably an innate behaviour in

some species, as naive Bombus terrestris bumblebees

foraging on buzz-pollinated flowers will exhibit buzzing

on their first foraging trips [7]. However, a learned

component almost certainly exists as well, as B. terrestris
workers improve their buzz-pollination technique

during several days of repeated foraging [41]. Establish-

ing the factors that allowed the evolutionary incorpora-

tion of vibrations into pollen collection in some bee

species, but not others, will certainly require
cology and evolutionary significance of buzz-pollination, Curr Opin Plant Biol (2013), http://
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comparative analyses of physiological, behavioural and

ecological characteristics.

The close interaction between buzz-pollinated plants and

their pollinators has given rise to remarkable examples of

convergent evolution and co-adaptations. In some cases,

plants from unrelated families have evolved typified floral

morphologies as a response to selection from their buzz-

pollinators [1,12,14] (Figure 2). In others, different floral

structures have been recruited to restrict pollen access

(e.g. poricidal anthers in most buzz-pollinated plants vs.

closed staminate flowers in Dalechampia sp. blossoms

[42��]). The close physical contact required between

pollinator and flower may also have facilitated the evol-

ution of complex adaptations, an example of which is the

functional specialisation of stamens of some buzz-polli-

nated species into feeding and pollinating functions, that

is, heteranthery [3�,9,10].

Conclusions and future prospects
Buzz-pollination is a phenomenon where many basic

questions remain unanswered. On the bee side, we need

more data on additional species describing variability in

buzzing vibrations (see Supplementary Material for

recommendations on recording procedures). On the

plant side, we need more information from more species

about floral characteristics most important for mediating

the effect of vibrations on pollen removal. Clearly, dis-

tinguishing the innate and learned components of buzz-

pollination and the extent to which individual bees can

adjust their vibrations to specific plant species could have

important practical implications for pollination services

in both natural and agricultural systems. A difficult but

fundamental challenge will be to evaluate the fitness

consequences of different patterns of pollen removal and

collection for both plants and pollinators. Understanding

these fitness consequences will allow refining and testing

evolutionary hypotheses, clarifying the role of pollen loss

as an important selective pressure favouring the evol-

ution of buzz-pollination. Buzz-pollination studies would

particularly benefit from collaborative work between

plant and insect biologists, and from explicitly combining

knowledge of biophysics, physiology, genetics, beha-

viour, ecology, and evolution. Integration among these

subjects will be crucial to develop a thorough under-

standing of the factors that have shaped and continue to

influence this fascinating biotic interaction.
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