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Abstract

Buzz pollination is an important behavior in which bees use vibrations to extract pollen from
poricidal anthers. However, the extent to which vibration frequency influences pollen release
remains unclear. Here, we quantified pollen expulsion from Solanum sisymbriifolium anthers sub-
jected to harmonic excitation over a broad frequency range encompassing the anther’s first natural
frequency. We excited anthers to expel pollen and measured anther kinematics and pollen release
using high-speed videography. Particle tracking enabled continuous estimation of pollen release
throughout each buzzing event, allowing both initial pollen flux and total pollen released to be
quantified. Pollen release depended strongly on excitation frequency. Initial pollen flux, total
pollen release, and anther kinematics peaked when excitation frequency approached the anther’s
natural frequency. Anther tip velocity amplitude exhibited the strongest correlation with total
pollen release (r = 0.755) and initial pollen flux (r = 0.898). Experimental observations were com-
pared with nonlinear and linear statistical models of pollen release. While both models captured
trends in normalized pollen flux, they overpredicted total pollen release, suggesting that adhesive
interactions play important roles during extended buzzing events. These findings demonstrate
that anther structural dynamics influence pollen release and suggest that vibration amplification
may improve the efficiency of buzz pollination.

1 Introduction

Buzz pollination is a plant-pollinator interaction in which bees use mechanically generated vibrations
to release pollen from flowers with poricidal anthers [1–8]. Poricidal anthers are hollow, tube-like
structures that retain pollen internally and permit its dispersal only through small apical openings [9–
11]. Approximately 10% of flowering plant species possess these specialized anthers [12, 13]. During
buzz pollination, a bee grasps the anther and rapidly activates its indirect flight muscles, producing
high-frequency vibrations that are transmitted to the anther [14, 15]. These vibrations mobilize pollen
within the anther and eject it through the flower’s apical pores, where it adheres to the bee and is sub-
sequently transported to other flowers. Buzz pollination is performed by a diverse array of bee species
and is required for the pollination of more than 20,000 flowering plant species worldwide [16]. Many
economically important crops, including tomatoes, blueberries, and kiwifruit, rely on this behavior for
successful pollination [17]. Beyond its agricultural significance, buzz pollination plays an ecological
role by supporting the reproduction of wild plant communities and the pollinators that depend on
them [18].

The effectiveness of buzz pollination depends on the mechanical interaction between the bee and
the poricidal anther [19]. Floral buzzing occurs in repeated bursts as a bee grasps the anther and
rapidly activates its indirect flight muscles [20]. These bouts of buzzing generate large oscillatory forces
that excite the flexible anther and induce the deformations responsible for pollen release. The forces
produced during buzzing may be considerable; for example, forces generated during defensive buzzing,
a non-flight behavior driven by the same flight muscles used in floral buzzing, have been measured at
up to 80 times the body weight of large carpenter bees [21]. Buzzing frequencies vary among pollinator
species but are typically reported in the range of 100–400 Hz [22]. Such vigorous vibration production,
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typified by large forces applied at high frequency, is energetically expensive. Estimates of the mass-
specific energetic cost of floral buzzing in the bumblebee Bombus terrestris approach 300 W/kg [23],
comparable to reported energetic costs of flight. This suggests that buzz pollination may represent
a substantial energetic investment for bees that routinely forage from flowers with poricidal anthers.
However, the effectiveness of this energetic investment ultimately depends on how the applied forces
are transmitted through the flower and converted into anther deformation.

The resulting anther deformation depends not only on the magnitude of the applied forces but
also on the structural dynamics of the anther itself. A key dynamic property is the natural frequency,
defined as the inherent frequency at which the anther tends to vibrate when disturbed [24]. Anther
natural frequencies are governed by their morphology, material properties, and turgor pressure [25,
26]. When the excitation frequency approaches the natural frequency, resonant amplification can
occur, resulting in comparatively large deformations even under relatively small oscillatory forces.
Previous studies have reported natural frequencies of Solanum sisymbriifolium in the range of about
500-750 Hz [26], generally outside the frequencies observed during buzz pollination. However, these
estimates neglect the mass of the pollinating bee. Computational studies suggest that bee mass can
substantially reduce anther natural frequencies, in some cases shifting them into the range of floral
buzzing frequencies [25]. Consequently, the extent to which resonance contributes to buzz pollination,
and whether such excitation enhances pollen release, remains unclear.

Several studies have investigated how vibration influences pollen release from poricidal anthers.
In multiple species within the Solanum genus, pollen dispensing during repeated bouts of artificial
buzzing follows an exponential decay pattern, with progressively smaller quantities of pollen released
during successive vibrations [27]. Similar behavior has been observed under natural pollination condi-
tions; for example, Solanum rostratum flowers visited by the bumblebee Bombus terrestris release only
approximately 2–4% of their pollen during each second of buzzing [28]. Together, these observations
suggest that pollen dispensing is a gradual process that unfolds over multiple buzzing events. Several
factors have been proposed to influence the rate and extent of this dispensing process. Longer buzzing
durations and higher vibration velocity amplitudes generally increase pollen removal [29–31], while
floral morphology also plays an important role. For example, flowers with fused anthers tend to release
more pollen than species with loosely arranged anthers [32], and smaller flowers often exhibit faster
pollen dispensing schedules than larger flowers [27]. In contrast, several studies have reported that
buzzing frequency has little or no direct effect on pollen release [29, 30, 33]. This conclusion is surpris-
ing because vibration frequency is a primary determinant of anther dynamic response and therefore
strongly influences the vibration amplitudes experienced by the flower. If pollen release depends on
anther kinematics, as previous work suggests, then excitation frequency may influence pollen release
indirectly through its effect on anther dynamics. Consequently, the extent to which buzzing frequency
affects pollen release, particularly when excitation approaches the natural frequency of the anther,
remains unresolved.

The goal of this study is to determine whether buzzing frequency influences pollen expulsion from
poricidal anthers. To this end, we developed a novel experiment to simultaneously measure anther
deformation and pollen release in artificially excited Solanum sisymbriifolium anthers. Anthers were
excited using an electrodynamic shaker over a broad frequency range encompassing their first natural
frequency, while high-speed videography was used to quantify both anther kinematics and pollen ex-
pulsion. The use of high-speed videography enables pollen release to be measured nearly continuously
throughout a buzzing event, in contrast to previous studies that quantified expelled pollen only at dis-
crete intervals. Pollen release was characterized using two metrics: (1) the initial pollen flux measured
at the onset of buzzing and (2) the total pollen released during a one-second buzzing event. These
metrics were evaluated as functions of vibration frequency and anther tip displacement, velocity, and
acceleration amplitudes. Experimental observations were compared with a statistical pollen release
model adapted from a previously published biophysical framework. Finally, we interpret our findings
within the broader context of buzz pollination, hypothesizing that anther structural dynamics play a
fundamental role in pollen release and discussing how existing biophysical models may be refined to
better predict pollen ejection.
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Figure 1: Experimental workflow and representative outputs. (A) Experimental setup used to apply
prescribed vibrations to mounted anthers. An accelerometer measured the base acceleration of the
shaker armature. (B) Experimental modal analysis procedure, in which a chirp excitation and laser
vibrometer measurements were used to obtain the frequency response function (FRF) and identify the
natural frequency ωn, damping ratio ζ, and gain constant A. (C) High-amplitude vibration experiments
used to quantify pollen release. Tip displacement and cumulative pollen release were determined during
post-processing using motion-tracking and particle-tracking techniques, respectively.

2 Methods

2.1 Study Species and Preparation

We grew Solanum sisymbriifolium plants in the Plant Growth Center at Montana State University.
Once they began flowering, we cut the fresh blooms at the pedicel and immediately inserted them into
centrifugal tubes filled with water to prevent wilting and maintain turgor. We transported the flowers
to the laboratory and tested them on the same day as harvest. In total, we tested n = 110 anthers.

The mounting and excitation configuration is shown in Fig. 1A. We prepared stamens by excising
them from the flower. We glued the base of each anther to a 3D-printed cube, with the stamen
filament extending into a central hole within the cube. We then mounted the cube in an inverted
orientation within a clamp attached to an optical breadboard. To excite the anther, we used a 31-
N (7-lbf) electrodynamic shaker (K2007, The Modal Shop, Cincinnati, OH, USA) mounted on a
translation stage and powered by an external amplifier (2100E23-100, The Modal Shop, Cincinnati,
OH, USA). We transmitted vibrations to the anther through a fine gage insect pin attached to the
shaker armature. Using the translation stage, we brought the pin into contact with the anther wall,
secured the connection with a small amount of super glue (Gorilla Super Glue, The Gorilla Glue
Company, Cincinnati, OH, USA), and allowed it to cure for five minutes before testing. During
experiments, we enclosed the assembly within a shield featuring two translucent Plexiglas walls to
minimize the influence of room air currents on pollen motion and release.

2.2 Experimental Techniques

2.2.1 Experimental Modal Analysis

We performed low amplitude experimental modal analysis (EMA) to characterize the dynamic prop-
erties of individual anthers prior to pollen expulsion testing (Fig. 1B). Specifically, we measured the
frequency response function (FRF) relating input acceleration at the excitation point to output veloc-
ity at the anther tip and used the resulting FRF to estimate the anther’s first natural frequency and
damping ratio. We restricted vibration amplitudes during EMA to ensure that no pollen was released.
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To measure the FRF, we used a dynamic signal analyzer, DSA, (Abacus 901, Data Physics, River-
side, CA, USA) to excite the shaker and record data. We supplied the shaker with a periodic chirp
spanning a frequency range of 0 to 2000 Hz with a duration of 640 milliseconds. Data were collected
over 10 excitation periods and subsequently averaged. The input acceleration was measured using an
accelerometer (352A21, PCB Piezotronics, Depew, NY, USA) with a sensitivity of 10.2 mV/g. Anther
tip velocity was measured using a laser vibrometer (VibroGo, Polytec, Hudson, MA, USA) with a
sensitivity of 25 mm/s-V. The anther velocity and reference acceleration were converted from the time
domain to the frequency domain via the DSA’s Fast Fourier Transform algorithm, and their ratio
resulted in the anther FRF.

We determined the anther’s natural frequency ωn and damping ratio ζ by modeling the anther and
shaker system as a base excited, single-degree-of-freedom system and curve fitting the magnitude of
the experimentally measured FRF. Parameters of the analytical FRF were estimated using a nonlinear
least squares regression in Matlab’s R2024a curve fitting toolbox. The magnitude of the analytical
frequency response relating input acceleration Aref to anther tip velocity Vtip is given by:∣∣∣∣ Vtip

Aref

∣∣∣∣ = (
ω4
n + (2ζωnω)

2

(ω2
nω − ω3)2 + (−2ζωnω2)2

)1/2

(1)

Knowledge of the anther’s natural frequency ωn enables us to represent output measurements,
including anther kinematics and pollen release metrics, as functions of the ratio of excitation frequency
to natural frequency rather than absolute excitation frequency.

2.2.2 High Amplitude Pollen Expulsion

Following low-amplitude EMA, we performed high-amplitude vibration experiments to excite the an-
ther with sufficient energy to release pollen (Fig. 1C). These tests were designed to determine whether
pollen release depends on excitation frequency and its proximity to the anther’s natural frequency.

We excited each anther harmonically for a 1-s burst at a single excitation frequency. Excitation
frequencies ranged from 300 to 1300 Hz in 100-Hz increments. We tested 10 anthers at each frequency,
yielding a total sample size of n = 110. We controlled the excitation velocity to approximately 40
mm/s (40.02 ± 0.63 mm/s, mean ± SD) using a function generator (SDG1025, Siglent, Shenzhen,
China) and shaker amplifier.

We recorded both pollen release and anther tip kinematics using a high-speed camera (Chronos 2.1,
CR21-HD, Kron Technologies, Burnaby, BC, Canada) and a macro lens (Rokinon 100mm F2.8 Full
Frame Macro Lens, Rokinon, New York, USA). All video recordings were obtained at 5406 frames/s
with a 178 microsecond exposure time, f/18 aperture and a camera resolution of 480 × 800 pixels.
Recorded videos were saved as grayscale 8 bit videos using the H.264 MPEG-4 encoding save format
on the camera. We positioned the camera at a fixed distance from the anther such that the entire
anther, including its glued base, remained within the field of view while providing sufficient space
below the anther tip to capture expelled pollen. We illuminated the specimen using two studio lights
(SL-200W, Godox, Shenzhen, China). We aligned the focal plane with the longitudinal axis of the
anther to maximize image sharpness. We simultaneously recorded the shaker input using the same
accelerometer employed during EMA testing (352A21, PCB Piezotronics, Depew, NY, USA).

2.3 Data Post Processing

2.3.1 Video Pre-Processing

We pre-processed videos from the high-amplitude pollen expulsion experiments by extracting individual
image frames for subsequent kinematic and pollen-tracking analyses. We saved frames in TIFF format
to preserve image quality and avoid compression artifacts. We converted tracking outputs from pixels
to SI units using a calibration factor of 0.0167 mm/pixel determined from a ruler positioned at the
anther location prior to testing, which corresponded to a field of view window of approximately 8 mm
× 13.4 mm over all tests. Because the anther position and pin location did not vary greatly over trials,
the calibration factor was held constant for all tests. The resulting calibrated image sequences served
as the basis for the quantification of both anther tip kinematics and pollen expulsion, as described in
the following sections.
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2.3.2 Anther Tip Kinematics

We quantified anther tip kinematics to (1) determine whether excitation near the natural frequency
elicited larger amplitude responses and (2) identify relationships between anther motion and pollen
expulsion.

We used DeepLabCut, an open-source markerless motion-tracking framework, to track the position
of the anther tip in each video frame [34]. We trained the network using ten videos of anthers excited
over a frequency range of 300–1200 Hz, one at each 100-Hz increment. We manually annotated a
subset of frames from these videos and used them to train the model. The trained network provided
the anther tip position as a function of time for each experiment.

We analyzed the resulting trajectories in MATLAB R2024a using the Curve Fitting Toolbox.
Specifically, we fit the tracked tip motion to a single-term harmonic function and extracted the oscil-
lation frequency and displacement amplitude from the fitted model. Across all excitation frequencies,
the mean coefficient of determination was r2 = 0.929 ± 0.098, suggesting that the harmonic model
accurately described the measured motion. We subsequently computed velocity and acceleration am-
plitudes by multiplying the displacement amplitude by the angular frequency, ω, and angular frequency
squared, ω2, respectively.

2.3.3 Pollen Particle Tracking

Figure 2: Example of processing for tracking particle grains and clumps. Images were inverted and
contrast enhanced to improve visibility in the published figure. The red line in each image represents the
virtual boundary that particles were counted over, located 0.5 mm from the anther tip. (A) represents
the original output frame from the recorded video. (B) threshold detection done to differentiate
particles from background. (C) The trajectories overlaid onto the detected particles. The tails of the
tracks are backward in time and represent the particles centroid position for the last ten frames. (D)
Zoomed region representing the green inset shown in panel C. Shows the trajectories crossing the virtual
boundary. The tails of the particles represent the previous ten frames of the tracked particles. Blue
particles are spots that are before the virtual boundary and red particles have crossed the boundary.

We estimated pollen release as a function of time using particle-tracking methods. A graphical
overview to the approach used to track particles is shown in Fig. 2. From these measurements, we
estimated both the initial pollen flux at the onset of excitation and the total pollen expelled during
the 1-s excitation burst. Because clumping or overlapping pollen grains may be interpreted as a single
particle via tracking methods, we perform area-based calculations and estimate pollen grain count
based on an area projection of a single pollen grain. The projected area of one pollen grain was
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estimated using SEM images and found to be 697.9 µm2 . Although this image-based approach may
introduce greater uncertainty than direct particle-counting methods, such as a particle counter or
hemocytometer, it enabled us to obtain time-resolved estimates of pollen release that were necessary
for quantifying initial pollen flux. Further, because all videos were acquired and analyzed using the
same imaging and tracking parameters, any systematic errors associated with the image-based counting
procedure are expected to be similar across trials. Consequently, this approach remains well suited for
comparing relative differences in pollen release metrics among experimental conditions.

We analyzed video frames in the open-source image-processing software FIJI [35]. We tracked
pollen particles using the native TrackMate plugin and its Linear Assignment Problem (LAP) tracking
algorithm [36, 37]. Prior to tracking, we cropped each video to retain only the region immediately
below the anther tip where pollen release occurred. We detected pollen grains using TrackMate’s
threshold-based detector, which identifies particles based on their grayscale intensity relative to the
background. We set the detection threshold to a pixel intensity of 45 and held this value constant across
all experiments. For each detected particle, the algorithm recorded both its position and projected
area in every frame.

The LAP tracker employs a global optimization approach that minimizes the total linking cost
across detections in successive frames, with spatial distance serving as the primary cost metric. We set
the maximum frame-to-frame linking distance to 5 pixels for all videos. We disabled gap closing, track
splitting, and track merging for all analyses. TrackMate assigned a unique track ID to each detected
particle and linked its trajectory across successive frames. We analyzed the resulting trajectories
in MATLAB to quantify pollen release. Specifically, we counted particles as they crossed a virtual
boundary positioned approximately 0.5 mm below the anther tip. The cumulative number of particles
crossing this boundary was subsequently used to estimate pollen release as a function of time.

The virtual-boundary analysis yielded the cumulative pollen expelled from the anther as a function
of time, P (t). We modeled this quantity using an exponential function. Previous studies have success-
fully used exponential models to describe pollen release from poricidal anthers over discrete buzzing
intervals [27]. Accordingly, we expressed cumulative pollen release as

P (t) = P∞(1− e−bt) (2)

where P∞ is the total amount of pollen expelled at the conclusion of the test and b is a parameter
that characterizes the rate of pollen release. The mean coefficient of determination across all fitted
trajectories was r2 = 0.984 ± 0.013 (mean ± SD), indicating that the exponential model accurately
described the observed release dynamics. To estimate the initial pollen flux for each test, we evaluated
the time derivative of P (t) at t = 0. The resulting initial flux Ṗ0 is

Ṗ0 = P∞b (3)

2.4 Modeling

2.4.1 Nonlinear Model of Pollen Release

We adopted a statistical model of pollen release to quantify the relationship between anther tip kine-
matics and the resulting pollen release metrics. While available higher-fidelity approaches, such as
billiards-based models [38, 39] and discrete element methods [40, 41], can provide detailed predictions
of individual pollen trajectories, they are primarily computational and do not yield closed-form ex-
pressions relating anther motion to pollen release.. In contrast, the statistical framework used here
provides analytical expressions that relate pollen flux to measurable kinematic quantities. This allows
us to compare model predictions directly with experimental observations and evaluate the extent to
which simple kinematic relationships explain pollen release dynamics.

We modified the biophysical model of pollen release initially formulated by Buchmann and Hur-
ley [13]. The model treats pollen grains as an ideal granular gas, neglecting interactions between
individual grains. The pollen chamber is represented as a rectangular prism of volume V containing
an aperture of area A′ that represents the apical pore area through which pollen escapes. The chamber
is subjected to a uniform prescribed translational velocity, V , that represents the vibration generated
during buzz pollination. In its original formulation, the model assumes that the entire pollen chamber
undergoes uniform translational motion. Consequently, it does not account for the spatially varying
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deformations observed in vibrating anthers. To facilitate comparison with our experiments, we pre-
scribed the chamber velocity using the measured anther tip velocity, Vtip. Pollen grains gain energy
through collisions with the vibrating chamber walls, each having surface area AWall. The model char-
acterizes these collisions using a coefficient of restitution, e, defined as the ratio of a particle’s velocity
after collision to its velocity before impact.

Two coupled, nonlinear differential equations describing the mean particle energy density ε and
particle density η are derived using an energy-balance formulation. In non-dimensional forms, the
energy density ε′, particle density η′ and time scale τ are

ε′ =
ε

1
2mV 2

tip

(4)

η′ =
η

η0
(5)

τ =
t

V /AwallVtip
(6)

where m is the mass of a pollen grain and η0 is the initial particle density. The non-dimensional
differential equations governing ε′ and η′ are

dε′

dτ
=

[
(e+ 1)

2
+

1

3
(3e2 + 2e− 1)ε′

]
− 1

3
√
6π

A′

Awall
ε′3/2 (7)

dη′

dτ
= − 1√

6π

A′

Awall
η′
√
ε′ (8)

Above, the first equation represents the non-dimensional change in pollen energy density with respect
to dimensionless time. The second equation represents the change in non-dimensional particle density
with respect to dimensionless time.

2.4.2 Approximate Linear Model of Pollen Release

Here, we derive a closed-form analytical approximation to predict pollen release metrics. Previous
applications of this framework have relied on numerical integration of Eqs. 7-8 owing to their nonlinear
structure. The analytical approximation derived here provides direct insight into how pollen flux
depends on anther geometry and vibration kinematics, while enabling straightforward comparison
with experimental observations. In the Results, we compare predictions of the approximate analytical
model with those of the full nonlinear model to assess the validity of the simplifying assumptions
introduced below.

Consider the non-dimensional change in pollen energy with respect to dimensionless time described
by Eq. 7. The first term is a constant and represents the rate at which energy is injected to the system
due to wall collisions. The second term represents an energy level correction factor that depends on the
current energy per particle ϵ, where ϵ must be positive. This term is negative when e < 1

3 and positive
when e > 1

3 . The third term represents the reduction in particle energy as pollen grains escape from the
anther and is always negative. Prior models show that when e is large, the rates at which pollen leaves
the anther are considerably higher than what is observed in natural systems. Thus, we restrict our
model to low coefficients of restitution between 0 ≤ e ≤ 0.2. For 0 ≤ e ≤ 0.2, the coefficient multiplying
the second term in Eq. 7 remains O(10−1), whereas the prefactor associated with the third term is
proportional to A′/Awall. For biologically realistic anthers, A′/Awall is small, typically ranging from
about 0.5% to 5% in some Solanum species [27]. Consequently, the characteristic timescale governing
the evolution of particle energy is expected to be substantially shorter than that governing particle
loss. We therefore assume that ϵ′ rapidly approaches a steady value while η′ evolves more slowly.
Thus, we assume that the third term of Eq. 7 is negligible and that pollen energy density, ϵ′∞, can be
modeled as a constant satisfying

0 ≈ (e+ 1)
2
+

1

3
(3e2 + 2e− 1)ϵ′∞ (9)

Solving the above for ϵ′∞ yields an estimate for constant pollen energy density ϵ′∞ as
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ϵ′∞ =
−3(e+ 1)

(3e− 1)
(10)

By treating the pollen energy density ϵ′ as a constant such that ϵ′ ≈ ϵ′∞, Eq. 8 becomes linear in η′

and is now represented as

dη′

dτ
=

[
− 1√

6π

A′

Awall

√
ϵ′∞

]
η′ (11)

The solution for this linear ordinary differential equation governing η′ is then readily obtained via
separation of variables as

η′(τ) = e

[
− 1√

6π
A′

Awall

√
ϵ′∞

]
τ

(12)

2.4.3 Implementation of Pollen Release Models

We compare pollen release metrics predicted by the nonlinear and linear models to one another and
to experimental measurements. Unless otherwise noted, both models employ identical parameter
values to ensure a consistent comparison. Following the assumptions introduced in Section 2.4.2, we
consider coefficients of restitution of e = 0 and e = 0.2. We consider an aperture-to-wall area ratio of
A′/Awall = 0.01. The pollen chamber is approximated as a rectangular prism with width w = 1.15 mm
and length L = 8.6 mm based on morphometric measurements of Solanum sisymbriifolium reported
in [26]. This approximation treats the four pollen cavities identified in [26] as a single equivalent
pollen chamber. The resulting chamber volume is V = Lw2 and the wall area is Awall = Lw. Both
models are evaluated over vibration velocity amplitudes of Vtip ∈ [0, 1000] mm/s, consistent with the
experimentally measured anther tip velocities.

For the nonlinear model, Eqs. 7-8 were solved numerically in MATLAB R2024a using the built-in
ODE45 solver. The initial conditions were specified as ε′(0) = 0 and η′(0) = 1, corresponding to
particles initially at rest and a fully populated pollen chamber. Simulations were performed over the
dimensionless time interval τ ∈ [0, 3000] using adaptive time stepping. The resulting solution η′(τ)
was subsequently dimensionalized in time to obtain the particle density as a function of physical time,
η′(t). Differentiation of η′(t) yielded the predicted pollen flux, dη′(t)/dt. Because particles initially
gain energy through collisions with the vibrating chamber walls, the maximum flux does not occur
immediately at t = 0. We therefore identify the maximum value of dη′(t)/dt and report this quantity as
the predicted initial pollen flux. To quantify pollen release over a finite buzzing event, we additionally
evaluate η′(t) at t = 1 s.

For the linear model, we re-dimensionalize Eq. 12 in time to obtain

η′(t) = e

[
− 1√

6π
A′

Awall

Vtip
w

√
ϵ′∞

]
t

(13)

The particle density remaining after a 1-second buzzing event is therefore

η′(1) = e

[
− 1√

6π
A′

Awall

Vtip
w

√
ϵ′∞

]
(14)

Differentiating with respect to time yields the change in particle density with respect time

dη′(t)

dt
=

[
− 1√

6π

A′

Awall

Vtip

w

√
ϵ′∞

]
e

[
− 1√

6π
A′

Awall

Vtip
w

√
ϵ′∞

]
t

(15)

Because the exponential term decreases monotonically with time, the maximum change in particle
density occurs at t = 0. The corresponding maximum rate of change of particle density is therefore

dη′

dt
|max = − 1√

6π

A′

Awall

Vtip

w

√
ϵ′∞ (16)

Thus, both the particle density remaining after a 1-second buzzing event and the maximum rate of
change of particle density with respect to time can be determined directly from the model parameters
without numerical integration.
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Finally, we normalize our experimental results to enable comparison against the models. Recall
that from the videographic methods, we are estimating total pollen particles ejected P (t) rather than
dimensionless particle density η′(t). The relationship between P (t) and η′(t) is

η′(t) = 1− P (t)

P0
(17)

where P0 denotes the initial number of pollen grains contained within the anther prior to buzzing.
Direct estimation of P0 as not possible in the present experiments because it would require quantifying
both the grains ejected during buzzing and those remaining within the anther afterward. To facilitate
comparison among trials and with the model predictions, we therefore normalize pollen counts by
the maximum number of grains expelled in any trial, Pmax = 49,799 grains. Despite its limitations,
this approach provides a common experimental scale for pollen release, with Pmax serving as a proxy
normalization factor rather than a direct estimate of the true initial pollen count.

3 Results

3.1 Optimal frequency for pollen release

Pollen release depended strongly on buzzing frequency and its proximity to the anther natural fre-
quency (Fig. 3 A,B). Across all trials, both the total amount of pollen released and the initial pollen
flux increased with frequency ratio, reached a maximum near the anther natural frequency, and subse-
quently declined at higher frequency ratios. The mean natural frequency of the anthers (n = 110) was
876± 117 Hz, with a mean damping ratio of 0.075± 0.01. The total number of pollen grains released
averaged 17,109 ± 11,409 grains and ranged from 151 to 49,799 grains across all trials. The upper
bound of pollen grains released is similar to the total number of pollen grains in Solanum rostratum
anthers [27]. Initial pollen flux exhibited even stronger frequency dependence, reaching a maximum
of 184,805 grains/s at a frequency ratio of approximately 0.92 and decreasing substantially at both
lower and higher frequency ratios. The tendency for pollen release metrics to peak near the natural
frequency suggests that the underlying mechanical response of the anther plays an important role in
governing pollen ejection.

3.2 Resonant amplification of anther vibration

Anther tip kinematics exhibited pronounced resonant amplification when excited near the natural
frequency (Fig. 3 C-E). Tip displacement, velocity, and acceleration amplitudes all increased with
frequency ratio and reached maxima near f/fn ≈ 0.9. This maxima occurs lower than the expected
frequency ratio of f/fn = 1, likely because the loss of turgor pressure between the EMA and pollen
expulsion trial reduces the natural frequency of the anther. The largest measured tip displacement,
velocity, and acceleration amplitudes were 0.161 mm, 0.84 m/s, and 5,285 m/s2, respectively. The
amplification was particularly evident in the tip velocity response, which increased approximately
five-fold relative to responses observed at low and high frequency ratios. Relative to the constant
shaker input velocity amplitude of 40 mm/s, the maximum measured tip velocity corresponded to an
amplification factor of approximately 21. Together, these results demonstrate that small changes in
buzzing frequency near the natural frequency can substantially alter the kinematic response of the
anther.

3.3 Pollen release characteristics versus anther tip kinematics

Pollen release metrics increased with increasing anther tip kinematics (Fig. 4). Larger tip displacement,
velocity, and acceleration amplitudes generally resulted in greater total pollen release and higher initial
pollen flux. The largest pollen release metrics were consistently associated with the largest vibrational
amplitudes. Variability in pollen release also increased with kinematic amplitude, particularly for
total pollen released. At the highest tip velocities, total pollen release appeared to approach a plateau,
suggesting that pollen availability may have limited further increases in pollen expulsion for some
anthers.
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Figure 3: Pollen release and anther dynamics plotted against the frequency ratio. The frequency
ratio is defined as the applied buzzing frequency divided by the anther’s natural frequency. (A) The
total number of pollen grains expelled over the 1-second buzzing duration vs normalized frequency.
(B) Initial pollen flux vs normalized frequency. (C,D,E) Tip displacement, velocity and acceleration
amplitudes vs normalized frequency.

Figure 4: The total number of pollen grains expelled over the 1-second buzzing duration and pollen
flux vs. anther tip displacement, velocity and acceleration amplitude. Pollen grains released vs anther
tip dynamics (A,B,C). Pollen flux vs anther tip dynamics (D,E,F)

To quantify these relationships, we calculated Pearson correlation coefficients between pollen release
metrics and anther tip kinematics. Total pollen released exhibited positive correlations with tip dis-
placement (r = 0.516), tip velocity (r = 0.755), and tip acceleration (r = 0.702), with all correlations
significant (p < 0.001). Stronger relationships were observed for initial pollen flux, which was corre-
lated with tip displacement (r = 0.621), tip velocity (r = 0.898), and tip acceleration (r = 0.853) (all
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p < 0.001). Among the kinematic measures considered, tip velocity exhibited the strongest correlation
with both total pollen released and initial pollen flux.

3.4 Pollen Ejection Models

Predictions from the linear and nonlinear pollen release models are compared with the normalized
experimental measurements in Fig. 5. For both models, the predicted fraction of pollen released
increases nonlinearly with tip velocity and generally defines an upper bound on the experimentally
observed pollen release. Consequently, the models tend to overpredict the amount of pollen released
for a given tip velocity, particularly at larger velocities. Potential reasons for these overpredictions
are considered in the discussion. In contrast, predictions of normalized pollen flux show substantially
better agreement with the experimental measurements, with much of the predicted range overlapping
the observed data.

The linear and nonlinear models produced similar predictions across the range of tip velocities
considered, with the largest discrepancies occurring for the higher coefficient of restitution (e = 0.2).
This agreement highlights the utility of the analytical approximation, which yields estimates of pollen
release metrics without requiring numerical integration of the governing equations. Furthermore, the
linear model predicts that pollen flux is directly proportional to anther tip velocity (Eq. 16), consistent
with the strong linear relationship observed experimentally.

Despite these successes, both models predict pollen release for any nonzero tip velocity. Experi-
mentally, however, pollen release was not observed below a tip velocity of approximately 100 mm/s,
suggesting the existence of a minimum velocity threshold required to initiate pollen motion. Potential
explanations for this discrepancy are discussed in the discussion.

4 Discussion

This study investigated how excitation frequency influences pollen release from poricidal anthers. Using
high-speed videography and particle-tracking methods, we quantified both initial pollen flux and total
pollen release during controlled buzzing events. Our results demonstrate that pollen release is strongly
influenced by anther structural dynamics, with both pollen release metrics peaking near the anther’s
natural frequency. We further show that simple statistical models capture key trends in pollen release
but have important limitations. The following sections discuss the implications of these findings for
buzz pollination and the utility of statistical models for predicting pollen ejection.

4.1 Pollen expulsion depends on excitation frequency

Pollen expulsion, quantified by both the initial pollen flux and the total pollen released during a finite
buzzing event, depended strongly on excitation frequency. This finding contrasts with previous studies
that concluded there was no optimal buzzing frequency for maximizing pollen release [29, 30, 33].
Here, anther tip displacement, velocity, and acceleration amplitudes were greatest when excitation
frequencies approached the anther’s natural frequency, indicating a near-resonant response. Consistent
with previous experimental work, total pollen release was most strongly correlated with vibration
velocity amplitude rather than displacement or acceleration amplitude [33]. The same trend was
observed for initial pollen flux, a quantity that has not previously been reported. These findings suggest
that excitation frequency influences pollen release through its effect on anther dynamics, where buzzing
near the anther’s natural frequency amplifies vibration velocity and consequently increases both the
rate and total amount of pollen released.

Resonance may improve the mechanical efficiency of buzz pollination, which we define as the amount
of pollen extracted per unit energy expended by the bee. Near resonance, relatively small forcing
amplitudes can generate large structural responses. In the present study, we controlled excitation
velocity rather than force and therefore observed increased pollen release when excitation frequencies
approached the anther’s natural frequency. However, the same principle can be viewed from the
opposite perspective. If anther kinematics were instead held constant across frequencies, the force
required to achieve a given vibration amplitude would decrease near resonance. Consequently, lower
instantaneous power and less total energy would be required to achieve the same pollen release outcome
over a finite buzzing duration. Resonance therefore has the potential to improve pollination efficiency
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Figure 5: Comparison of experimental pollen release measurements with predictions from the linear and
nonlinear statistical pollen release models. Top row: Normalized pollen release as a function of anther
tip velocity. Bottom row: Normalized pollen flux as a function of anther tip velocity. Experimental
measurements are shown as red circles. Model predictions are shown for coefficients of restitution of
e = 0 and e = 0.2 (solid lines), with shaded regions indicating the range of model predictions bounded
by these values. Both models predict increasing pollen release and pollen flux with increasing tip
velocity. The linear model closely reproduces the predictions of the nonlinear model while avoiding
numerical integration of the governing equations.

in two complementary ways: by increasing pollen release for a given energetic investment or by reducing
the energetic cost required to extract a given amount of pollen.

Presently, there is insufficient evidence that bees target resonance or vibration amplification in
natural contexts. The mean natural frequency measured for isolated anthers was approximately 870 Hz,
substantially higher than the 100–400 Hz buzzing frequencies typically reported for buzz-pollinating
insects [22]. If these values were representative of the in vivo bee-flower system, resonance-based
amplification would be unlikely to contribute substantially to pollen release. However, several factors
suggest that the resonant frequencies experienced during natural pollination may differ from those
measured here. First, computational models indicate that pollinator mass can substantially alter
anther dynamics. Because the mass of a bee may exceed that of the anther by several orders of
magnitude, inclusion of bee mass can reduce the natural frequency of the coupled system [25]. Second,
the boundary conditions used in our experiments likely increased structural stiffness. Whereas the
anthers were rigidly mounted at their bases, anthers in nature are supported by a compliant filament
that may behave as an additional spring element and further reduce natural frequency. Consistent
with this interpretation, experimental measurements of entire stamens in other Solanum species have
reported natural frequencies ranging from 45–300 Hz, substantially lower than the isolated-anther
frequencies measured here [42]. Finally, anther turgor pressure also appears to influence natural
frequency and is difficult to control experimentally [43]. Because turgor varies throughout the day in
response to environmental conditions [44, 45], the natural frequency of an anther may be better viewed
as a range of values rather than a fixed quantity.

Taken together, these considerations suggest that vibration amplification remains a plausible mech-
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anism for enhancing pollen extraction during buzz pollination. Importantly, exploiting resonance may
not require bees to precisely match a single resonant frequency. Instead, bees may operate within
a broad frequency band that overlaps the dynamically shifting resonant range of the flower. Such a
strategy would be inherently robust to variation in bee mass, filament compliance, hydration state,
and other sources of biological variability. Under this framework, efficient pollen extraction could be
achieved through approximate rather than exact frequency matching. This hypothesis is consistent
with observations that some buzz-pollinating species adjust their buzzing frequencies in response to
floral traits [46]. Rather than tuning to a fixed resonant frequency, bees may modulate their buzzing
behavior to remain within a frequency range that promotes vibration amplification and efficient pollen
release. Testing this hypothesis will require measurements of the coupled bee-flower system under nat-
ural conditions, where interactions among bee mass, floral morphology, and anther hydration can be
explicitly quantified. Such studies will help determine the extent to which dynamic coupling influences
pollen dispensing and pollination efficiency in vivo.

4.2 Do simple models accurately model pollen expulsion?

Even relatively simple mathematical models provide a useful framework for understanding the physics
governing pollen ejection. Although statistical models lack the fidelity of higher-order approaches
based on billiards theory [38] or the discrete element method [40, 41], they permit rapid estimation
of pollen release metrics and provide direct insight into the governing mechanisms. By applying
simplifying assumptions to the nonlinear statistical model, we derived approximate analytical solutions
that identify the key parameters controlling pollen release, including vibration velocity, the ratio of
aperture area to interior wall area, and characteristic anther length scales. The resulting analytical
model produced predictions that closely matched those of the full nonlinear model while avoiding
numerical integration of the governing equations. However, although both statistical models predicted
normalized pollen flux with reasonable accuracy, their predictions of total pollen release over a finite
buzzing interval were substantially less accurate. These findings suggest that statistical models are
best suited for describing the initial stages of pollen ejection, whereas longer-duration predictions may
require additional physical mechanisms not captured by the present framework.

Statistical models treat pollen grains as a granular gas and therefore neglect particle-particle inter-
actions such as collisions, aggregation, and clumping. We hypothesize that these interactions become
increasingly important as pollen migrates toward the anther aperture during buzzing. Previous discrete
element simulations of buzz pollination suggest that particle-particle interactions occur more frequently
than particle-wall interactions [40], indicating that collective pollen dynamics may strongly influence
pollen transport. In addition, pollen grains are coated with pollenkitt, a viscous substance that may
underpin adhesion and clump formation [47, 48]. Electrostatic interactions may also contribute, al-
though their role in buzz-pollinated species remains poorly understood [49]. Such interactions could
reduce the effective volume available for particle motion or decrease the effective aperture size through
clogging near the anther tip, thereby limiting pollen release. Because statistical models cannot account
for these evolving particle-scale effects, they likely overestimate pollen release over extended buzzing
durations, consistent with the trends observed in the present study.

Adhesive interactions may also explain why pollen release was not observed at low vibration am-
plitudes despite being predicted by the statistical models. In the models, pollen grains are assumed to
become mobile as soon as energy is transferred from the vibrating anther walls. In reality, however,
pollen grains are initially at rest and may adhere to one another or to the interior anther walls through
pollenkitt, electrostatic forces, or other adhesive mechanisms. We therefore hypothesize the existence
of a critical acceleration threshold that must be exceeded before pollen grains or pollen clumps become
mobilized. Physically, this threshold corresponds to the point at which acceleration-induced inertial
forces overcome adhesive forces within the pollen mass. Once mobilized, pollen grains can partici-
pate in the collision processes described by the statistical models. Because such adhesion-mediated
thresholds are not represented in the present framework, the models predict pollen release at arbi-
trarily small vibration amplitudes and fail to capture the experimentally observed velocity threshold.
Higher-fidelity approaches based on the discrete element method are better suited to incorporate these
mechanisms, although additional measurements of pollen adhesion properties are needed before such
models can be parameterized reliably.

Finally, statistical models are sensitive to the parameters used to populate them and to the experi-
mental measurements against which they are compared. Among the model parameters, the coefficient
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of restitution is particularly important because it governs the rate at which pollen grains gain and dis-
sipate energy through collisions. However, the coefficient of restitution of pollen grains remains poorly
characterized and is likely influenced by factors such as pollen morphology, hydration state, and sur-
face chemistry. Similarly, geometric parameters, including the ratio of aperture area to interior wall
area, can vary among species [27]. Additional uncertainty arises from the experimental normalization
procedure. Because the initial pollen content of individual anthers was not measured, pollen release
was normalized using the maximum number of grains expelled in any trial rather than the true pollen
count of each anther. Consequently, the normalized release fractions may not accurately represent
the proportion of pollen removed from individual anthers, potentially contributing to variability in the
experimental data and discrepancies between model predictions and measurements. Our analytical ap-
proximation demonstrates that relatively small changes in these biological and geometric parameters
can substantially alter predicted pollen flux and pollen release. Improving the predictive capability of
statistical models will require more accurate characterization of pollen collision mechanics, adhesion
forces, anther geometry, and initial pollen content.
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