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Abstract Buzz-pollination is a plant strategy that pro-

motes gamete transfer by requiring a pollinator, typically

bees (Hymenoptera: Apoidea), to vibrate a flower’s anthers

in order to extract pollen. Although buzz-pollination is

widespread in angiosperms with over 20,000 species using

it, little is known about the functional connection between

natural variation in buzzing vibrations and the amount of

pollen that can be extracted from anthers. We characterized

variability in the vibrations produced by Bombus terrestris

bumblebees while collecting pollen from Solanum rostra-

tum (Solanaceae), a buzz-pollinated plant. We found sub-

stantial variation in several buzzing properties both within

and among workers from a single colony. As expected,

some of this variation was predicted by the physical attri-

butes of individual bumblebees: heavier workers produced

buzzes of greater amplitude. We then constructed artificial

‘‘pollination buzzes’’ that varied in three parameters (peak

frequency, peak amplitude, and duration), and stimulated S.

rostratum flowers with these synthetic buzzes to quantify

the relationship between buzz properties and pollen

removal. We found that greater amplitude and longer

duration buzzes ejected substantially more pollen, while

frequency had no directional effect and only a weak qua-

dratic effect on the amount of pollen removed. These

findings suggest that foraging bumblebees may improve

pollen collection by increasing the duration or amplitude of

their buzzes. Moreover, given that amplitude is positively

correlated with mass, preferential foraging by heavier

workers is likely to result in the largest pollen yields per

bee, and this could have significant consequences for the

success of a colony foraging on buzz-pollinated flowers.

Keywords Bombus terrestris � Solanum rostratum �
Pollinator mass � Poricidal anthers � Buzz-pollination

Introduction

In many flowering plants, pollen serves a dual function as

both the carrier of male gametes and as a reward to attract

pollinators. Because pollen consumed by pollinators is not

available for reproduction, plants have evolved multiple

strategies for regulating pollen release to ensure that a

sufficient quantity is available for reproduction. Approxi-

mately 20,000 species of plants release their pollen

exclusively via small pores in the anther tip (Buchmann

1983). In species with this type of poricidal anther, poll-

inators—typically bees (Hymenoptera: Apoidea)—gener-

ate vibrations with their indirect flight muscles to remove

pollen from the anther (Macior 1964; Buchmann 1983;

Endress 1994). The vibrations transmitted from the polli-

nator’s body to the flower shake the pollen grains inside the

anthers, causing them to be forcefully ejected through the

terminal pores and onto the body of the bee (Buchmann
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and Hurley 1978). This behavior is known as buzz-polli-

nation due to the characteristic sound produced as the bee

vibrates its body (Macior 1974; Buchmann 1983). Buzz-

pollination has been reported in 65 plant families and

nearly 400 genera (Buchmann and Hurley 1978; Buchmann

1983).

The ability to extract pollen from plants using vibrations

is almost entirely restricted to bees—besides bees, only one

species of hover fly (Diptera: Syrphidae) is known to

vibrate poricidal anthers to extract pollen (Buchmann

1983). Within the Apoidea, the ability to buzz-pollinate is

widespread and likely exhibited by thousands of species

(Buchmann and Hurley 1978; Thorp 2000). The family

Apidae includes many species of buzz-pollinators, most

notably bumblebees, Bombus spp. The behaviors exhibited

by buzz-pollinating bumblebees are complex. During a

typical visit to a buzz-pollinated plant, the bee curls the

ventral side of its body around the anthers, while grabbing

their bases with its mandibles (Buchmann and Hurley

1978). The bee then folds its wings and disables the indi-

rect flight mechanism to prevent wing beating, and pro-

duces one or more series of vibrations (also called

sonications or buzzes) by rapidly contracting the flight

muscles (King et al. 1996). These buzzes are often alter-

nated with pauses of varying duration in which the bee can

collect pollen from its body via grooming (Macior 1964;

Cane and Buchmann 1989). A typical pollination buzz lasts

0.1–8 or more seconds, and may be comprised of a series of

pulses of varying duration (Buchmann 1983; King 1993).

In Bombus spp. buzzes are produced at a peak frequency of

about 300 Hz, although inter-species variation ranges from

about 270–330 Hz (Corbet et al. 1988; King 1993; Harder

and Barclay 1994). A key component of the vibrations is

the energy transmitted to the flower’s anthers, which

affects the force with which pollen is ejected from the

terminal pores (Buchmann and Hurley 1978), and pre-

sumably the amount of pollen that can be discharged.

Buchmann and Hurley (1978) modeled the process of

pollen ejection during buzz-pollination in terms of the

force of impact between pollen grains and anther walls.

They suggested that variation in buzzing parameters such

as duration, amplitude, and frequency may lead to signifi-

cant differences in the magnitude of pollen ejection, but

such variation has not previously been studied systemati-

cally. In addition, buzzing properties may be influenced by

physical characteristics of the pollinator (King 1993; King

and Buchmann 2003). For example, in many species of

insects that use vibrations to communicate, there is often a

positive relationship between mass and amplitude (Cocroft

et al. 2000; Cocroft and De Luca 2006), but whether hea-

vier bumblebees generate buzz-pollination vibrations of

greater amplitude by virtue of having more mass is cur-

rently unknown.

Pollen removal from anthers is a key aspect of both

plant reproduction and bee foraging ecology (Buchmann

1983; Goulson 2010). Because bees use pollen as the only

source of protein for their young, workers are expected to

maximize pollen collection for their developing larvae and

thus ensure the success of the colony. Accordingly,

empirical data suggest that pollen-collecting bumblebees

behave in a way that maximizes collection efficiency

(protein collected/energy costs) (Rasheed and Harder

1997a, b). Optimal removal of pollen from each flower

should thus be a key component of collection efficiency, as

flying between flowers is very energy consuming (Rasheed

and Harder 1997a) and may increase mortality risks. In

addition to the fitness consequences for bees, pollen

removal rates may also mediate patterns of reproductive

success in plants. It is often the case in animal-pollinated

plants that pollen removal per visit is negatively correlated

with the probability of dispersal per pollen grain (Larson

and Barrett 1999). This diminishing return arises for a

variety of reasons, including a positive relationship

between pollen removal and pollinator grooming, layering

of pollen on the pollinator’s body, and the pollinator’s

limited ability to carry pollen (Harder and Barclay 1994).

As a consequence, plants may increase the probability of

dispersal per pollen grain by restricting the amount of

pollen removed during a single visit (i.e. dispensing

mechanisms; Harder and Thomson 1989). For example, in

buzz-pollinated Dodecatheon (Primulaceae), the amount of

pollen ejected from anthers was found to be greatest at

vibration frequencies above the natural range produced by

foraging bumblebees (Harder and Barclay 1994). Although

this is consistent with the hypothesis that the anthers of

Dodecatheon function as dispensing mechanisms, the

artificial buzzes that were used to vibrate the anthers in that

study were applied with amplitudes that greatly exceeded

those which bumblebees are naturally capable of produc-

ing. Consequently, more data are needed—especially

within the natural range of variation exhibited by bum-

blebees—to clarify the effects of different buzz properties

on pollen ejection dynamics.

In this study, we characterized natural variation in three

vibrational buzzing properties (amplitude, duration, and

frequency) of buff-tailed bumblebees (Bombus terrestris)

when visiting flowers of the buzz-pollinated plant Solanum

rostratum (Solanaceae) using laser vibrometry. We then

used these data to build synthetic pollination buzzes to

quantify the effect of natural variation in these parameters

on pollen removal from intact anthers of S. rostratum. We

predicted that: (1) heavier bees will generate buzz vibra-

tions with greater amplitude as a consequence of having

more body mass, (2) the amount of pollen released will

increase with greater amplitude and longer duration buzzes

as a result of anthers being stimulated with more force, or
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for a longer period of time, respectively, and (3) if anthers

function as dispensing mechanisms as suggested by Harder

and Barclay (1994), then buzz properties such as frequency

should have a limited effect on the magnitude of pollen

removal. Our experimental methodology allowed us to

independently manipulate separate buzz characteristics,

thus controlling for natural correlations between these

characters and allowing a powerful assessment of the rel-

ative importance of each parameter on pollen extraction.

We then used response-surface analysis (Draper and John

1988) to visualize how different buzz parameter combi-

nations interacted and affected the magnitude of pollen

removal.

Materials and methods

Study system

One of the best-known plant groups requiring buzz-polli-

nation is the genus Solanum (Solanaceae), which contains

approximately 1,500 species with a worldwide distribution,

as well as several species with agricultural importance such

as tomatoes (Solanum lycopersicon), potatoes (S. tubero-

sum), and aubergines (S. melongena) (Bohs and Olmstead

1999; Knapp et al. 2004). As is common in other buzz-

pollinated groups (Vogel 1978), Solanum lacks floral

nectaries and offers pollen as the only reward to attract

pollinators (Anderson and Symon 1988; Connolly and

Anderson 2003). The flowers of Solanum have five anthers

that produce numerous small pollen grains (usually

between 10 and 30 lm in diameter; Knapp et al. 1998;

Lester et al. 1999), which are rich in protein (Buchmann

1986; Roulston et al. 2000), dry and with a smooth, gran-

ulate wall (Anderson and Symon 1988). The styles of

Solanum flowers are slender and have capitate stigmas that

can be exceedingly small (Whalen 1979). This Solanum

flower morphology has arisen independently in many dif-

ferent families of plants and represents a striking example

of evolutionary convergence (Vogel 1978; Dukas and

Dafni 1990; Endress 1994).

We used flowers of Solanum rostratum (Solanaceae) to

characterize bee vibrations and to investigate the effect of

buzz-pollination on pollen ejection (Fig. 1a). Solanum ro-

stratum is an annual, self-compatible herb with yellow,

buzz-pollinated flowers that is widespread in North

America and probably originated in Central Mexico

(Whalen 1979). This species also occurs outside its native

range in the United Kingdom (UK), Europe, and China,

where it may become an invasive weed. Each flower pro-

duces copious amounts of small pollen grains (*1.3 9 106

grains, 19 lm in diameter; Vallejo-Marin et al. 2009),

which are released from two very small pores located at the

tip of each of its five anthers (Fig. 2). Flowers of this

species are heterantherous, i.e. each flower produces two

sets of anthers that specialize for either feeding or fertil-

ization functions (Vallejo-Marin et al. 2010). One set

consists of four bright yellow anthers that are centrally

located within the flowers. Pollinators visiting these flow-

ers focus their attention on this set of anthers, which are

thus known as feeding anthers. The second set consists of a

single yellow to brown-colored anther that is larger in size

than the feeding anthers and deflected to either the right or

left side of the flower, opposite to the location to the style.

This larger anther contributes disproportionally to fertil-

ization (Vallejo-Marin et al. 2009) and is therefore known

as the pollinating anther. Each plant produces right- and

left-handed—enantiostylous—flowers in equal proportions

(Jesson et al. 2003). There is no apparent difference in the

fertility of pollen produced by the two types of anthers or

the two types of flowers in S. rostratum (Bowers 1975).

We characterized pollination buzzes during visits to

S. rostratum using a commercial colony of buff-tailed

bumblebees, Bombus terrestris (Fig. 1b). This species is

common and widespread in Europe and has been intro-

duced to New Zealand, Tasmania, Chile, and Japan

(Goulson 2010). Relative to other bumblebee species, it is a

generalist forager visiting a broad variety of flower types,

and it readily incorporates novel plant species into its diet

(Goulson et al. 2002b, 2005; Lye et al. 2010). Individuals

of B. terrestris visit other naturally occurring Solanum in

the UK, including S. dulcamara (D. Souto-Vilaros and M.

Vallejo-Marı́n, unpublished data). Although B. terrestris

does not naturally occur in the native range of S. rostratum,

this bumblebee species provides an excellent candidate to

investigate buzz-pollination in a controlled experimental

setting. In Europe, it is reared commercially to provide

pollination services for a wide variety of crops and vege-

tables including tomatoes (Goulson 2010). During numer-

ous field observations and previous experiments using

captive colonies of B. terrestris foraging on S. rostratum,

we have not observed any obvious behavioral differences

during visitations to S. rostratum flowers compared to other

medium-sized bees normally seen in its natural habitat

(Vallejo-Marin et al. 2009; S. Anderson and M. Vallejo-

Marin, unpublished data).

Bumblebee maintenance and training

We conducted the experiment from July to August 2010.

We obtained a colony of B. terrestris from a commercial

provider (Koppert Biological Systems, Suffolk, UK). The

colony was composed of a single queen, approximately 60

adult workers, and an unknown number of developing

larvae. It was housed in a cardboard box

(40 9 40 9 30 cm) provisioned with nesting material and
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ad libitum nectar. Worker bees in commercially-grown

colonies are not given an opportunity to forage for pollen

prior to delivery; therefore, we provided them time to

develop foraging behavior before beginning the experiment

(King 1993). We placed the colony in a screened enclosure

(4 9 3 9 2 m) located under a shaded tent

(12 9 4 9 3 m) at the greenhouse facilities of the Uni-

versity of Stirling. We placed 2 potted S. rostratum plants

(each about 1 m tall) approximately 1 m from the nest box.

Each plant was in bloom and contained 15–20 open flowers

at any given time. After positioning the plants, we opened

the entrance to the nest to allow worker bees to forage.

Workers from the experimental colony readily began to

buzz-pollinate after discovering the flowers. We left the

door to the nest open during the day (0900–1800 hours)

and let bees forage for 1 week before starting recordings.

Recording buzz-pollination vibrations

We made recordings during the day, when temperatures

inside the enclosure ranged from 10 to 18 �C. We recorded

the buzz-pollination vibrations using a Polytec PDV100

(Tustin, CA, USA) portable laser Doppler vibrometer

(LDV). The amplitude of a vibration may be measured by

displacement, velocity, or acceleration; a vibrating object

must accelerate and decelerate as it moves back and forth

through each cycle of vibration and there will be con-

comitant oscillation of all three parameters (Hill 2008).

The LDV is a non-contact method for recording surface

vibrations by detection of a laser beam reflected from the

surface. Vibration of the surface causes a Doppler shift in

the reflected beam that is proportional to the surface

velocity (Aicher et al. 1983). The LDV thus provides a

real-time signal of surface velocity, and we present mea-

surements of the peak amplitude of buzz signals in velocity

units. LDV sensitivity was set to 500 mm s-1 V-1, and

signals were low-pass filtered at 5 kHz with the laser

control module prior to being input into the digital port of a

Sound Devices 722 (Reedsburg, WI, USA) digital audio

recorder. During recording, we removed the S. rostratum

plants from the enclosure and placed a platform (50 cm

tall) in their place that contained a Styrofoam top. We

inserted three bamboo sticks (30 cm long 9 0.2 cm

diameter) set 10 cm apart into the Styrofoam in a triangular

pattern, upon which we positioned freshly cut S. rostratum

flowers. We selected flowers whose petals had opened the

morning of the day recordings were made, and attached

one each by its pedicel to a bamboo stick with Blu-Tack

adhesive gum (Bostik, Statffordshire, UK). We used an

individual flower for about 1 h (during which several bee

visits could occur) before replacing it with a freshly cut

one. To increase reflectance of the laser beam we attached

a small piece (1 mm2) of reflective tape to the petal of one

flower, positioning it 5 mm from the base of the anthers.

The other two flowers on the platform were used to help

stimulate visits to the focal flower. We positioned the laser

23 cm from the focal flower and ensured that the reflective

tape and laser lens were in the same horizontal plane. We

monitored laser output visually with a Telequipment S61

Fig. 1 a Flowers of Solanum rostratum (Solanaceae). The top arrow
indicates the four feeding anthers that the bee grasps during buzz-

pollination. The bottom arrow indicates the single pollinating anther

that deposits pollen on the bee’s abdomen. b Worker of Bombus

terrestris (Apidae) buzz-pollinating S. rostratum inside a flight cage.

The large mass visible on the bee’s leg is made of S. rostratum pollen

that the bee will transport back to the hive

Fig. 2 Scanning electron photograph showing the terminal pores of

the pollinating anther of Solanum rostratum (Zeiss, EVOMA15;

15 kV, WD = 6.0 mm, 39 Pa)
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oscilloscope (Telequipment, London, UK) to ensure

recordings were not clipped and saved them as wave files

(48 kHz sampling rate, 16 bit depth). We allowed 5–10

worker bees to forage freely in the enclosure at any one

time, regulating bee number by closing the nest box as

required to prevent too many bees from overwhelming the

flowers when making recordings. We defined a single

buzz-pollination event as the time from a bee’s landing on

the focal flower to the time at which it flew away from the

platform. If the bee performed buzzing, we captured it in a

vial when it left the flower and placed the vial in a cooler

with ice. When recordings were completed for that day, we

killed the collected bees by placing them in a freezer. The

following day, we weighed them individually on an elec-

tronic balance (Denver Instrument PI 225D; Bohemia, NY,

USA) to the nearest 0.1 mg.

Measuring variability in buzz parameters

We analyzed temporal and spectral features of buzz

vibrations using Audacity v.1.3.11 (http://audacity.source-

forge.net/). We made peak frequency measurements using

the Spectrum function (Hamming window, FFT

size = 8,192 Hz). To measure the peak amplitude of

buzzes, we used a custom program written in Matlab v.6.5

(The MathWorks, Natik, MA, USA), which is available

upon request. For each buzz, we measured the duration

(expressed as seconds, s), peak frequency (expressed as

Hertz, Hz), and peak amplitude (expressed as velocity,

mm s-1) (Fig. 3). Some bees would buzz a flower several

times during a single visit, in which case we measured each

individual buzz and used the mean values for that bee in

subsequent analyses. To compare both within- and among-

worker variation in buzz features, we calculated coeffi-

cients of variation [CV = (mean/SD) 9 100] for each

parameter. For within-worker variability, we first measured

each individual’s CVs for each parameter and then calcu-

lated a grand average across workers. We examined the

relationship between mass and buzz features with standard

least-squares regression in JMP v.7.0 (SAS Institute 2007).

We log-transformed mass, duration, peak amplitude, and

peak frequency, and square-root-transformed the number

of buzzes per visit (Zar 1984), prior to conducting analyses.

Unless otherwise indicated, descriptive statistics are

reported as the mean ± 1SE.

Playback experiment and analysis of pollen counts

To examine the influence of natural variation in buzz

parameters on pollen ejection, we constructed synthetic

stimuli for use in a playback experiment. We focused on

three parameters in our stimulus design: duration, peak

amplitude, and peak frequency. We varied these parame-

ters independently and systematically at seven levels (mean

log-transformed parameter value ± 1, 2, 3 standard devi-

ations, SDs), therefore encompassing 99 % of the naturally

observed variation in parameter space (note that for peak

amplitude we did not use the value corresponding to -3SD

as that amplitude level (0.375 mm s-1) was too low for

accurate calibration with the playback transducer). Because

we allowed the parameters to vary independently, we

sample a greater multivariate parameter space than is

actually observed in nature, but which allows us to statis-

tically disentangle the influence of parameters that natu-

rally covary (Brooks et al. 2005). We used Adobe Audition

v.3.0 (Adobe Systems, 2007) to construct 294 stimuli

(7 9 7 9 6 parameter value combinations). We shaped

each stimulus with an amplitude envelope that replicated

that of natural buzzes using the ‘Envelope process’ feature

in Audition, and saved them as wave files (48 kHz sam-

pling rate, 16 bit depth).

We conducted playbacks in August 2010 in an ambient

temperature laboratory at the University of Stirling.

Stimuli were broadcast from the earphone jack of a PC

laptop computer and transduced with a B&K (Brüel &

Kjaer, Naerum, Denmark) 2706 Power Amplifier con-

nected to a B&K 4810 mini-shaker. We affixed a pair of

BioQuip (Rancho Dominguez, CA, USA) no.4748 feath-

erweight forceps to a metal rod (10 cm tall 9 0.2 cm

diameter) that was screwed into the base of the mini-

shaker. We used the forceps to hold a S. rostratum flower

by its anthers (the flower was detached from the plant at

the pedicel). We found that in pilot tests this best mim-

icked the manner in which a bumblebee grips a flower’s

Fig. 3 A typical buzz-pollination vibration by a Bombus terrestris
worker. a Amplitude waveform. b Spectrogram. The white arrow in

the spectrogram denotes the peak frequency band, which in this

example occurred at approximately 300 Hz
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anthers with its mandibles when buzzing. Suspending the

flower in this manner did not impede the ejection of

pollen nor interfere with the transmission of vibrations

from the forceps (Buchmann and Hurley 1978; Corbet

et al. 1988). We adjusted the peak amplitudes of the

stimuli at the point the forceps contacted the anthers. We

calibrated stimulus amplitudes visually by monitoring

signals on an oscilloscope (Telequipment S61) that was

connected to the laser output, and adjusted the gain on the

B&K amplifier accordingly to achieve each of the six

amplitude values. Each amplitude 9 frequency combina-

tion required a unique gain setting on the amplifier, thus

we calibrated all stimuli at the outset so that during trials

we could quickly switch between different peak amplitude

values by adjusting the amplifier gain to the desired

position as required. We re-checked the accuracy of the

amplitudes every 4 days, but adjustments were never

necessary.

We used S. rostratum flowers collected from three

different plants that were housed in the greenhouse at the

University of Stirling. Each plant had several branches

(each 1–2 m in length) and contained several hundred

flower buds. On the day prior to conducting a playback

we enclosed 40–60 buds across the three plants in indi-

vidual screen bags. This ensured that every flower used in

our experiment had never been visited by an insect,

therefore standardizing the pollen load across flowers. On

the day we conducted a playback, we collected 15–20

freshly opened flowers in the morning (0900 hours) and

placed them in a plastic container lined with moistened

paper towels. We immediately transported the flowers

back to the laboratory and began playbacks. After play-

backs on those flowers were completed, we collected

another batch of flowers and repeated the process. Con-

sequently, no flower had been removed from a plant for

longer than 170 min before it was used in a playback

(n = 23 playback periods). We randomized the order of

the stimuli during playback and followed this procedure

until all 294 stimuli had been tested, using one flower per

stimulus. To collect pollen we held a 1.5-ml micro-cen-

trifuge tube that had been rinsed in 70 % ethanol so that

the tips of all five anthers were slightly inserted into the

tube. For each flower, we played the stimulus once, and

then added 200 ll of ethanol to the tube to suspend the

pollen.

We estimated the amount of pollen ejected from a

flower’s anthers by counting the number of pollen grains

suspended in a sub-sample of liquid extracted from the

micro-centrifuge tube for each stimulus. Prior to extrac-

tion, we agitated the tube’s contents using a vortexer to

uniformly distribute pollen grains in the ethanol. We

extracted a small amount of liquid from the tube and

placed it in the well (volume = 0.9 ll) of a

haemocytometer slide positioned under a dissecting

microscope at 9500 magnification. We counted the

number of grains visible in the grid of the well using a

hand-counter. We used the formula: [(total number of

grains counted 9 200 ll)/0.9 ll] to estimate the total

amount of pollen grains present in the tube, and rounded

up or down to the nearest whole number when necessary.

We repeated this process twice for each tube and used the

mean value in our analyses.

We estimated the relative influence of buzz parameters

on the amount of pollen ejected using standardized

regression approaches similar to those used in selection

analyses (Lande and Arnold 1983). Because independent

variables are standardized (i.e. values are expressed in

standard deviation units, SDs, with respect to the original

mean across natural observations) before inclusion in the

regression model, the partial regression coefficients asso-

ciated with each independent variable can be easily com-

pared regardless of differences in measurement units across

traits. Prior to conducting statistical analyses we trans-

formed pollen count values using the natural logarithm (ln)

transformation.

We first removed from the dataset a small number

(n = 31) of zero-pollen counts (see ‘‘Results’’). Exclud-

ing these data had no qualitative influence on the model

parameters or the overall conclusions (confirmed by

examining nonparametric thin-plate splines built with and

without these observations), and dramatically improved

model fit as verified using visual examinations of

residual distributions. Our model simultaneously esti-

mated linear and curvilinear effects by incorporating all

standardized predictors along with their squares and

cross-products. This regression produces a vector of

linear coefficients (one for each linear predictor) as well

as a matrix of curvilinear coefficients that summarizes

quadratic and correlational effects of the variables. We

illustrated the partial effects of amplitude, duration, and

frequency on pollen ejection by plotting the fitted effects

(and 95 % confidence intervals) after fixing the other

covariates to their mean values. We superimposed on the

graphs the data for all playback trials, even though this

includes observations where the other covariates were

not at the mean value. These plots incorporate the linear

and quadratic effects of each parameter, but do not

illustrate any correlational (interaction) effects. Accord-

ingly, we visualized the response surfaces for pairwise

combinations of parameters using nonparametric thin-

plate splines constructed using the Fields package (Furrer

et al. 2010) of R software v.2.11.1 (R Core Development

Team 2010). We selected smoothing parameters

(lambda) for these surfaces that minimized the general-

ized cross-validation (GCV) scores (Schluter and Nychka

1994).
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Results

Variability in buzz parameters

We recorded a total of 215 buzzes from 54 bees. Average

buzz duration was 1.08 ± 0.07 s (range 0.21–3.26 s)

and had a peak frequency of 324 ± 3.67 Hz (range

264–386 Hz). Average peak amplitude was 19.13 ±

1.5 mm s-1 (range 1.29–84.08 mm s-1). There were 3.85 ±

0.39 buzzes per flower for each floral visit (range 1–11). Mean

(±SE) within-worker variability (CV) in buzz features was

largest for duration (34.41 ± 2.49 %), followed by peak

amplitude (30.16 ± 3.64 %), and then peak frequency

(2.66 ± 0.25 %). Among-worker CV’s followed a similar

pattern, although the number of buzzes per visit was largest

(74.87 %), followed by peak amplitude (57.66 %), duration

(50.51 %), and peak frequency (8.28 %). Heavier bees pro-

duced buzzes of significantly greater peak amplitude than

lighter bees (r2 = 0.15, P = 0.01, n = 40; Fig. 4). There was

no relationship between mass and buzz duration (r2 = 0.04,

P = 0.2, n = 40), peak frequency (r2 = 0.002, P = 0.8,

n = 40), or the number of buzzes per visit (r2 = 0.02,

P = 0.4, n = 40).

Effect of variability in buzz features on pollen ejection

Of the 31 zero-pollen counts, 14 were distributed among

stimuli with the lowest peak amplitude, 14 among stimuli

with the second-lowest peak amplitude, and 3 among

stimuli having the mean peak amplitude. Pollen collection

per stimulus averaged 49,000 grains (range 0–800,000

grains, n = 294 stimuli). Pollen removal increased signif-

icantly with peak amplitude and duration, with amplitude

having almost four times the influence of duration over the

natural range of variation in these traits (Table 1; Fig. 5).

Frequency, by contrast, had no discernible directional

influence on pollen ejection (Table 1; Fig. 5). There were

several statistically significant but much weaker curvilinear

effects (indicated by the smaller magnitude of the coeffi-

cients for quadratic and cross-product terms): the signifi-

cant negative coefficients for amplitude and duration show

that the response surfaces are convex with respect to var-

iation in these buzzing traits, i.e. that there are diminishing

marginal gains for progressively higher-amplitude and

longer-duration buzzes. The significant positive quadratic

coefficient for frequency conversely indicates that the

surface with respect to frequency is slightly concave.

Finally, the significant coefficients for the cross-product of

amplitude and duration indicates that these buzz properties

interact in a non-additive way to determine pollen ejection.

In order to help visualize the non-additive effects of

duration and amplitude on pollen removal, we built a non-

parametric thin-plate spline (Fig. 6). The stronger effect of

amplitude is evident in its steeper slope relative to that of

duration. The interaction between these variables (as

indicated by the significant cross-product term for this in

Table 1), is apparent in the curvature of the contour lines.

For example, the effect of duration is much stronger at

higher intensities (along the top of the figure) than at lower

ones (along the bottom of the figure). To illustrate the

correspondence between naturally observed variation in

amplitude and duration and pollen removal, we superim-

posed the individual buzzes recorded in the first part of our

study on the pollen removal surface. Note that, since we

sampled several buzzes from some bees, some individuals

are represented more than once on the surface. Most of the

naturally occurring buzzes are clustered in the lower left

hand corner of the surface, where relatively fewer pollen

grains per buzz are ejected. Many buzzes are distributed

Fig. 4 Relationship between body mass and the peak amplitude of

buzz vibrations, n = 40. Note log scale used on y-axis

Table 1 Parameter estimates for the model relating natural variation

in standardized buzzing characters to natural log-transformed pollen

ejection

Source Estimate SE t P

Intercept 8.21 0.19 42.98 \0.001

Amplitude 1.2 0.07 18.28 \0.001

Duration 0.31 0.05 6.7 \0.001

Frequency -0.07 0.05 -1.39 0.16

Amplitude2 -0.1 0.03 -2.88 0.004

Duration2 -0.05 0.03 -1.93 0.06

Frequency2 0.07 0.03 2.78 0.006

Amplitude 9 duration 0.09 0.03 3.35 \0.001

Amplitude 9 frequency 0.04 0.03 1.61 0.11

Duration 9 frequency -0.004 0.02 -0.19 0.85

Model R2(adjusted) = 0.68, F9,253 = 62.83, P \ 0.001
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along either the duration or amplitude axis, revealing that

buzzes can be long or intense, but are rarely both.

Accordingly, few buzzes are located in the top right corner

of the surface, where the most pollen grains are ejected.

Discussion

Our data reveal that natural variation in two buzzing fea-

tures, i.e. peak amplitude and duration, greatly influences

the magnitude of pollen release in S. rostratum flowers.

Pollen ejection is determined principally by peak amplitude

and to a lesser extent by the duration of buzz-pollination

vibrations. Furthermore, pollen ejection is also moderately

affected by an interaction between peak amplitude and

duration such that the effect of each parameter depends to

some degree on the other. The negative quadratic coeffi-

cients for peak amplitude and duration suggest a convex

relationship between these buzz features and pollen

removal such that higher-amplitude and longer-duration

buzzes provide diminishing returns. However, given that

the coefficients for these curvilinear terms are over an order

of magnitude smaller than their corresponding linear

effects, their contribution in shaping pollen ejection

dynamics is relatively weak.

Within the natural range of buzzing frequencies used by

B. terrestris no single value was associated with a maxi-

mum level of pollen release. In fact, plants may have no

need to discriminate among individual buzz-pollinators,

but would likely benefit from an optimal distribution of

pollen spread among different pollinators whose buzzing

vibrations naturally span a range of frequencies. The lack

of a strong effect of frequency is notable though because

over this frequency range (250–400 Hz) plant structures act

as frequency filters, transmitting some of these frequencies

exceptionally well while attenuating others (Michelsen

et al. 1982; Cökl et al. 2004; Henry and Martinez-Wells

2004; McNett et al. 2006; Casas et al. 2007). This has had

significant consequences for the evolution of animal

vibrational communication on different types of host

plants, as those frequencies that transmit well are likely to

Fig. 5 Univariate plots illustrating the fitted partial effects of

standardized (a) buzz duration, (b) peak amplitude, and (c) peak

frequency on pollen ejection (solid line), after fixing the other

covariates to the mean. Dashed lines indicate the 95 % confidence

regions for these fitted effects. Open circles represent all the stimuli

used in the playback experiment, including those in which covariates

had other than mean values. The data are plotted on the true

y-coordinates, but the x-values have been jittered (randomly changed

by a small positive or negative deviation) to separate overlapping

observations. Note log scale used on y-axis

Fig. 6 The combined effects of variation in peak amplitude and

duration on the amount of pollen ejected. More darkly shaded regions

of the surface (top right) highlight combinations of peak amplitude

and duration that result in higher levels of pollen ejection. The

contour labels indicate the number of pollen grains (in thousands)

represented along that contour line. Superimposed on the figure are

the data points of all the natural buzzes recorded from bumblebees.

Note how the majority of buzzes are clustered in a space (bottom left)
that is below the combinations of peak amplitude and duration that

promote the greatest pollen release
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be used exclusively in signals (Bell 1980; Morris 1980;

Cocroft and Rodrı̀guez 2005; McNett and Cocroft 2008).

Although bumblebees are not using buzz vibrations to

communicate, the mechanical response properties of

anthers are likely to vary with frequency in a comparable

manner to plant structures (e.g., stems, petioles, and leaves)

used to transmit vibrations for communication. Conse-

quently, some buzzing frequencies might be expected to

propagate through anthers more efficiently than others, and

thus cause pollen to be ejected from terminal pores with

greater effectiveness (Harder and Barclay 1994; King and

Buchmann 1996). However, at least in the range of fre-

quencies used by B. terrestris, frequency had a weak

influence on pollen release. This suggests an adaptation to

facilitate a broad (i.e. indiscriminate) frequency filtering

response in buzz-pollinated flowers, although more

research is needed to test this possibility. In buzz-pollinated

Dodecatheon flowers, the frequencies that resulted in

maximal pollen removal were between 700 and 1,000 Hz,

well above the frequencies that can naturally be produced

by bumblebees when sonicating flowers (Harder and Bar-

clay 1994). The authors suggested that this pattern indi-

cates that the anthers of Dodecatheon function as a

dispensing mechanism to restrict over-exploitation of pol-

len resources. Although this is certainly plausible, the

relationship between frequency and pollen ejection among

buzz-pollinated flower species is at present poorly quanti-

fied. Accordingly, whether ‘frequency tuning’ of anthers

represents a general type of dispensing mechanism to

prevent over-exploitation of pollen resources by buzz-

pollinating bees remains to be more thoroughly investi-

gated. However, even if the anthers of buzz-pollinated

flowers are tuned to release more pollen at higher fre-

quencies not used by sonicating bees, foraging workers

might still partially circumvent this by adjusting buzzing

behavior. For example, repeatedly buzzing a plant in a

single visit is likely to remove additional pollen (Buch-

mann and Cane 1989; Harder 1990; Kawai and Kudo

2009), and the fact that workers in our study buzzed a

flower an average of three times (and as many as 11 times)

in a single visit, indicates that repeated buzzing is common

during floral visits. In addition to repeated buzzing,

workers may also increase pollen collection from a single

flower by using longer or more intense vibrations, as these

are also likely to increase the amount of pollen ejected

from anthers.

Our experiment did not assess the influence of multiple

buzzing bouts on the magnitude of pollen removal; how-

ever, some studies have indeed shown that repeated

buzzing of a single flower enables a worker to remove

additional pollen, albeit in a decelerating fashion. Pollen

removal amounts for the first visit can vary from 20 to

70 % of the total available pollen in a flower’s anthers

depending on the species, with further visits removing

gradually less pollen (Harder 1990; King and Buchmann

1996; Kawai and Kudo 2009). Furthermore, bumblebees

will adjust their behavior when visiting previously buzzed

flowers by reducing the amount of time spent buzzing

(Harder 1990; Kawai and Kudo 2009), which suggests

workers are able to assess the pollen load of individual

flowers. Whether they also adjust the amplitude of their

buzzes in response to reduced pollen availability is

unknown, but given the large variability in peak amplitude

both within and among workers observed in our study, it is

certainly a strong possibility. Another factor that may also

influence buzzing behavior is the age of a flower. Older

virgin flowers release proportionally more pollen than

younger ones (Harder and Barclay 1994), and thus a for-

aging bumblebee might be expected to increase the dura-

tion and/or amplitude of its buzzes when visiting an older

flower that had not yet been visited.

Heavier bees generated buzzes with significantly greater

peak amplitudes, as predicted. At the colony level, size

variation among worker bumblebees is usually associated

with alloethism—the division of labor based on body size.

Bumblebee workers exhibit an eight-fold variation in mass

within single colonies, with larger workers assuming most

of the foraging duties while smaller workers tend to remain

inside the nest and care for developing larvae (Heinrich

1979; Goulson et al. 2002a). Furthermore, in some species,

it is the larger foragers that collect most of the pollen, while

smaller foragers primarily collect nectar (Brian 1952; Free

1955; Pouvreau 1989). However, size-dependent differ-

ences in foraging specialization can also be a function of

which flower types are locally available, as individual bees

learn to visit flowers from which their own morphology

allows them to efficiently extract rewards, whether it be

pollen or nectar (Peat et al. 2005). Accordingly, the opti-

mum size of a forager for pollen collection (and hence the

size of forager which tend to specialize in pollen collec-

tion) will vary according to the local abundance and

composition of different flower types. Several non-mutu-

ally exclusive hypotheses have been proposed to explain

why the largest workers in a colony tend to be foragers,

including having greater visual acuity, being able to con-

duct longer foraging trips, being better at avoiding preda-

tors, and having superior thermoregulatory abilities

(Goulson 2010). Our findings offer an additional explana-

tion: foraging by heavier bees is likely to result in larger

pollen collection loads given that higher amplitude buzzes

eject substantially more pollen (while lower amplitude

buzzes associated with lighter bees may sometimes result

in no pollen being ejected). It deserves mention, however,

that since mass explains just 15 % of the variation in peak

amplitude there are likely other factors (e.g., physical

condition, foraging experience, or motivational state) that
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affect the ability of worker bees to generate buzz vibrations

of a given amplitude. Nevertheless, increased worker mass

is expected to be beneficial for pollen foraging given its

relationship to amplitude. Accordingly, preferential pollen

collection by heavier workers should result in increased

pollen yields for a colony foraging on buzz-pollinated plant

species, and one likely consequence of this is improved

colony survival and success as a result of a greater numbers

of new workers being produced through the availability of

more pollen resources (Heinrich 1979).

The distributions in parameter space of the observed

buzzes are clustered in a manner that does not closely

match the values for amplitude and duration that promote

the greatest pollen release (Fig. 6). This could be for sev-

eral reasons: (1) given that foraging is energetically

expensive for bumblebees (Wolf et al. 1999; Peat and

Goulson 2005), workers may be trading off increased

pollen collection against energy expenditure while buzzing

in order to conserve energy reserves needed for other for-

aging activities; (2) workers may be physiologically unable

to sustain the production of buzzes that are simultaneously

long and intense; (3) using forceps to mimic buzz-polli-

nation may not have completely replicated the natural

efficiency with which a foraging worker manipulates

anthers for pollen extraction, and consequently, the corre-

spondence between natural variation in values of duration

and amplitude and higher amounts of pollen ejection may

be closer than what is suggested in Fig. 6; future studies are

planned to assess pollen loads directly from foraging

workers from which buzzing vibrations have also been

recorded; (4) many of the natural buzzes we recorded may

represent ‘‘test-buzzes’’ to assess pollen availability

(Buchmann and Cane 1989; King and Buchmann 1996),

and so are designed to be relatively quick and inexpensive

for the bee to produce; and (5) the extraction of too much

pollen by producing longer or more intense buzzes may

actually not be adaptive for a bee because pollen cannot be

efficiently collected when too much is discharged into the

air at any one time. Many of these alternatives are not

mutually exclusive, and all may contribute to the variation

in buzzing behavior we observed, which suggests some

interesting avenues for future research. Many aspects of the

interaction between bumblebees and buzz-pollinated

flowers also warrant additional investigation. For example,

do flowers with different floral designs have the same

pollen response properties to buzz vibrations as S. rostra-

tum? Do cultivated or self-pollinating species that may

occasionally rely on buzz-pollination dispense pollen in a

dramatically different way given their reduced reliance on

pollinators? Perhaps most intriguing will be to assess the

degree to which buzzing vibrations have shaped the fitness

of both flowers and bumblebee colonies through their

effects on pollen ejection and foraging behavior.
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