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Abstract: Buzz-pollination is used by some bees to expel pollen through vibrating flowers. Yet, little is known about the
determinants influencing bee preferences among buzz-pollinated flowers. We studied five co-flowering, nectarless species
of Pedicularis (Orobanchaceae) buzz-pollinated by bumblebees in an alpine meadow, to investigate bumblebees’ flower
preferences in response to fluctuations of floral abundance across five years. We also recorded and analyzed the buzzing
frequencies produced by the three dominant bumblebee specie. Our results indicate that Bombus friseanus and B. lepidus
visited different Pedicularis flowers using similar buzz frequencies and displayed an abundance-dependent flower prefer-
ence across years. These two bumblebee species had staggered phenologies with distinct timing of peak abundances across
the five years. In contrast, B. festivus used lower fundamental buzz frequencies, had a constant flower preference across
years, but used different buzz frequencies across Pedicularis species. Although the amount of pollen released after bumble-
bee visitation varied across Pedicularis species, we found that after a single visit all bumblebees deposited similar amounts
of pollen on stigmas. Our study indicates that bumblebees’ flower preferences is sometimes, but not always, modulated by
floral abundance, and that at least one bumblebee species was observed to produce buzzes of different frequencies in dif-
ferent plant species. Competition for floral resources among bumblebees and for pollination services among co-flowering

Pedicularis species may structure plant-pollinator interactions and affect species coexistence.
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1 Introduction

Sympatric species sharing food resources may use those
resources differentially to reduce competition (Graham &
Jones 1996; Temeles et al. 2017). Pollinator species have
distinct flower preferences because of differences in innate
preferences and flower handling capacities (Klumpers et al.
2019; Latty & Trueblood 2020). This includes differences in
preferences for flower color, shape, scent, or reward types,
and differences in the ability to drink nectar efficiently or
release pollen from specific flowers. Different pollinator
functional groups display distinct floral syndrome prefer-
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ences, which may contribute to the partitioning of floral
resource use (Fenster et al. 2004). However, in co-occurring
species from the same functional group (e.g., Bombus spp.),
floral syndromes are usually overall similar, and mecha-
nisms determining partitioning of floral use, are thought to
be typically influenced by factors such as handling skills,
morphological constraints and floral abundance (Balfour
et al. 2021).

Pollen is an essential resource for pollinators that is vital
for bee larval development (Kriesell et al. 2017). Some flow-
ering species can only release pollen grains when floral visi-
tors apply vibrations to the flower (floral vibrations, floral
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buzzes, or sonication) (Vallejo-Marin 2019). Examples of
such buzz-pollinated flowers include some species of the
pollen-only Pedicularis (Orobanchaceae) genus with narrow
corolla beaks that open via terminal pores (poricidal flow-
ers) (Corbet & Huang 2014; Macior 1968). The determinants
influencing flower preference of pollinators when foraging
among buzz-pollinated plants remain unclear.

Floral vibrations produced by bees differ among bee spe-
cies in properties such as frequency, duration, and ampli-
tude, which collectively affect how much pollen could be
released and collected (Corbet & Huang 2014; De Luca et al.
2013; Rosi-Denadai et al. 2020). Among these properties,
buzz frequency is easier to measure in the field compared
to amplitude because it can be accurately recorded using an
acoustic recorder (De Luca et al. 2020; Vallejo-Marin 2022).
Although buzz frequency has a relatively minor effect on
pollen release compared to amplitude (De Luca et al. 2013),
recent work suggests that it could play an important role in
pollen removal when it can be matched to the natural fre-
quencies (i.e., frequencies at which flowers naturally vibrate
when disturbed) of the coupled bee-flower system, inducing
resonance (i.e., an amplification of the vibrations) (Nunes
et al. 2021; Jankauski et al. 2022). Therefore, improve-
ments of pollen extraction efficiency caused by adjustment
of buzz frequency may potentially affect bee and plant fit-
ness, although this has never been demonstrated. Individual
bees vary in the fundamental frequency of their buzzes (e.g.,
Morgan et al. 2016) raising the possibility that they could
alter this vibration property while visiting different flow-
ers (Switzer & Combes 2017); besides, frequency does not
appear to be entirely constrained by body size (Corbet &
Huang 2014; De Luca et al. 2019). To date, little is known
about buzz frequency variation among buzz-pollinating
bee species visiting the same plant species as well as about
intraspecific variation in bee species visiting different plant
species within a community (but see Corbet & Huang 2014;
Rosi-Denadai et al. 2020; Switzer & Combes 2017).

Field studies suggest that the flower preferences of buzz
pollinators depend on context and are affected by flower
abundance across years (Kemp et al. 2022; Switzer &
Combes 2017). In this case, pollinators may improve pollen
collection by visiting more flowers per foraging trip (Balfour
et al. 2021). However, if pollinators have similar flower
preferences which depend on floral abundance, strong inter-
specific competition may occur, especially when the level of
floral resource is low, e.g., at the early flowering stage. Floral
use partitioning may reduce such competition, e.g. through
staggered bee phenologies (Duchenne et al. 2019; Paudel
et al. 2019).

In this study, we aimed to detect variations in flower
preferences among bumblebee species on co-flowering
pollen-rewarding flowering species via buzz pollination,
and whether bumblebees’ flower preferences are associated
with buzz frequencies and fluctuations in floral resources

across time. We monitored five co-flowering nectarless
Pedicularis species (lousewort) in a natural alpine meadow,
and recorded six bumblebee species (of which three were
abundant) visiting flowers of the five Pedicularis species
during the blooming period in five seasons from 2018 to
2022. We hypothesized that bumblebees’ flower preferences
are associated with fluctuations in floral resources across
time. In addition, the amount of pollen removal from flow-
ers and deposition on stigmas per visit should vary among
Pedicularis species when they are visited by different species
of bumblebees. Specifically, we asked the following ques-
tions: (i) Do different species of bumblebees vary in their
buzz frequency, and does the same species produce different
buzz frequencies while visiting different flowering species?
(i1) Are bumblebees’ flower preferences linked to fluctua-
tions in floral resources, and if so, how could bumblebees
achieve partitioning of floral resource use? And (iii) Does
pollen removal and deposition efficiency depend on bumble-
bee species?

2 Materials and methods

2.1 Study site and species

Study system. This study was conducted in a natural alpine
meadow in Shangri-La, northwest of Yunnan Province,
China (27°37'40"N, 99°47'32"E, c. 3,379 m as.l), that
occupied an area of 120,000 square meters. We studied five
perennial, exclusively pollen-rewarding flowering plant
species of Pedicularis L., namely, P. cephalantha Franch
ex Maximowicz, P. rhinanthoides Schrenk ex Fischer &
C. A. Meyer, P. monbeigiana Bonati, P. longiflora Rudolph
and P. siphonantha Don. The flowering periods of these
species overlap and occur from late June to August (due to
altitude etc.). Pedicularis species in the eastern Himalayan
region are exclusively pollinated by bumblebees (Corbet &
Huang 2014). The five nectarless, exclusively pollen-reward-
ing Pedicularis species studied here have a beak-like corolla,
and the four longitudinally dehisced anthers are located in
the twisted corolla beak (Fig. S1). These plants are entirely
reliant on bumblebee pollination for reproduction.

Survey of bumblebees and Pedicularis flowers. We
sampled bumblebees for five consecutive years, from 2018
to 2022. In each survey, we sampled selected walking tran-
sects (50 m in length and 2 m in width) weekly throughout
the flowering season. The transects were set to include a rep-
resentative diversity and abundance of floral resources (see
details in Appendix S1). New walking transects were added
to the field survey as floral resources fluctuated in abundance
and space over the course of the flowering season. In total,
15 to 61 walking transects were established from 2018 to
2022, respectively (Table S1). We recorded all bumblebees
visiting flowers by walking transects at a constant speed for
about 10 minutes, from 9:30am to 4:30pm on warm and dry



days. For each bumblebee species, we estimated its abun-
dance as the average number of individuals across all tran-
sects for each census day. All bumblebee individuals were
caught with a sweep net for later identification (see details
in Appendix S1).

To quantify the flowering resources available for bumble-
bees, we established five 2 X 2 m plots within each walk-
ing transect, homogeneously distributed every ten meters
along the walking transects. The number of flowers of all
five Pedicularis species within each plot was counted after
each transect walk (Appendix S1). For each Pedicularis spe-
cies, the mean number of open flowers per plot was calcu-
lated as a measure of floral abundance on each census day
(Appendix S1).

Bumblebee’s buzz frequency. Bee buzzing behavior in
the field was examined at the flowering peak from July to
August in 2020. Visiting bees were observed approaching
the flowers. When the bees were about 5 cm away, we used a
mobile phone (iPhone 11) to record a video of the bees visit-
ing the flowers (De Luca et al. 2020). Recordings were saved
as wave files (44.1 kHz sampling rate). The phone used a
long stand to reduce noise interference and bee disturbance.
We used Audacity v. 2.4.2 (https://sourceforge.net/projects/
audacity/) to measure the fundamental frequency (hertz, Hz)
of floral sonication, and the duration (seconds) of floral soni-
cation vibrations. We measured peak frequency using the
“Spectrum” function (Hamming window, FFT size = 8,192
Hz) (De Luca et al. 2019, 2013). 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 (De Luca et al. 2013). After
extending the recorded waveform on the time axis, the pitch
of each buzz was estimated by counting the major cycles
in one-tenth of a second (Corbet & Huang 2014; De Luca
et al. 2019). We recorded buzz frequency for the three main
bumblebee species when visiting flower of each of the five
flowering species (number of audio clips recorded: 80 for
B. festivus, 146 for B. friseanus and 29 for B. lepidus).

2.2 Bumblebees’ flower preferences and
fluctuations in floral resources

We investigated the flower preference of each bumblebee
species as a function of the relative floral abundance of the
five Pedicularis species. The flower preference of a bum-
blebee species referred to the relative visiting frequency on
each of the five flowering species across years, estimated
as the total number of visits to each Pedicularis species
in a year divided by the total number of visits to all five
Pedicularis species in a year. The relative floral abundance
for a Pedicularis species in a year referred to the total flower
number of the species out of the total number of flowers from
all five flowering species for all censuses within the year. We
then investigated whether the preference for a Pedicularis
flower for each bumblebee species changed with the fluc-
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tuations in relative floral abundance of the flowering species
across years. By using the recorded bumblebee abundance
across the census days, we estimated the abundance dynamic
curve for each of the bee species in each year from 2019 to
2022, except for 2018 due to the limited census days. We
employed the Schoener index to assess the level of pheno-
logical overlap among pairs of bumblebees; Schoener index
values range between 0 and 1, with higher values indicating
a larger overlap (Schoener 1970).

2.3 Bumblebees’ pollen removal and deposition
efficiency

We assessed the amount of pollen released per visit as an
indicator of the efficiency of pollen removal through buzz
pollination by each bumblebee species. We quantified pollen
deposition efficiency by counting the stigmatic pollen load
of a flower following a single visit by a specific bumblebee
species. For each plant species, fifty individual plants were
bagged with fine-meshed nylon nets before flowering to
exclude visits by bumblebees. The flowers were exposed to
bumblebees on the day they opened. Flowers receiving a sin-
gle visit by a bumblebee were marked and enclosed immedi-
ately; those flowers were fixed in 75% cthanol the next day
for laboratory measurement of pollen removal and deposi-
tion (Appendix S1). For each bumblebee species, more than
30 flowers were harvested to estimate pollen removal and
deposition efficiency (Appendix S1). In 2020, we observed
10 interaction types between the five Pedicularis species and
the three main bumblebee species, data from these interac-
tions (Table S2) were used for further analyses.

2.4 Statistical analysis
To investigate whether bees vary their buzz frequencies
when visiting flowers from different Pedicularis species,
we used separate linear mixed effects models (LMMSs) for
each bee species, in which buzz frequency was the response
variable, plant species the explanatory variable, with bee ID
as a random effect. LMMs were also used to compare the
buzz frequency among different species of bumblebees, in
which buzz frequency was the response variable, bee spe-
cies the explanatory variable, with bee ID as a random effect.
We chose not to use a single model with both bee and plant
species because our dataset contained missing values (some
interactions between bee—plant species pairs were never
observed naturally occurring). We log-transformed buzz fre-
quency to fit the assumptions of linear regression (Ramsey &
Schafer 2002) and used a normal error distribution and veri-
fied that the residuals of the models had an approximately
normal distribution. When the ANOVA (Type III Analysis
with Satterthwaite’s method) of the model was significant,
a posthoc Tukey’s test was used for mean comparisons
between species.

To investigate whether bumblebees’ flower preferences
are influenced by the relative floral abundance of flowering
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species, we used generalized linear models (GLMs) with
a quasi-binomial error distribution and a logit-link func-
tion. Three GLM models were applied for each of the three
main bumblebee species. Flower preference was used as a
response variable, and the relative floral abundance and year
were used as explanatory variables. We then plotted partial
residuals of the GLM models using the visreg R-package
(Breheny & Burchett 2017).

To compare pollen removal across bumblebee species
and among different flowering species, we used GLMs with
a gamma error distribution and an inverse-link function to
accommodate that pollen removal data are continuous. The
plant species was used as the response variable and pollen
removal was used as the explanatory variable. To assess pol-
len removal between different bumblebee species visiting the
same flowering species, we used GLMs with a gamma error
distribution and an inverse-link function. The bumblebee spe-
cies was used as the response variable and pollen removal
was used as the explanatory variable. To investigate how
pollen deposition on stigmas of flowers of a Pedicularis spe-
cies differed among bumblebee species, we used generalised
linear mixed effects models (GLMMSs) with a quasi-Poisson
error distribution and a log-link function. The bee species was
used as the explanatory variable, the pollen depositions was
used as the response variable, and bee ID as a random effect.

All models were analyzed in R v. 3.5.1 (R Core Team
2022) using the packages glmmTMB for GLMMs, MASS for
GLMs, and /me4 and ImerTest for LMMs. Significance of
terms in GLMs and GLMMSs was estimated using the func-
tion “Anova” (Type Il Wald chisquare tests) from the pack-
age car.

3 Results

A total of 1,686 interactions were recorded between the six
bumblebee species and the five Pedicularis species from 37
censuses over the five years (Table S1, S3). Among these
interactions, B. festivus, B. friseanus, B. lepidus, B. securus,
B. impetuosus, and B. longipennis were identified as visitors
to Pedicularis flowers in the meadow. Our investigations indi-
cated that on a given census day, the ratio of overall visits to
the five pollen-rewarding flowers out of total visits of all co-
flowering species by the bumblebees could reach 68% (Table
S1). B. lepidus and B. friseanus were the most abundant bees
in the meadow, followed by B. festivus; they accounted for
40.60%, 37.65% and 21.74% out of all the recorded visits,
respectively. The other three bee species were recorded to
visit the five Pedicularis species at a very low frequency (a
total of 15 times in five years; Table S3; Fig. S2A) and were
thus removed from further analysis. In addition, the relative
floral abundance of the five Pedicularis species fluctuated
substantially across the five years (Fig. S2B; Table S4). For
example, the relative abundance of P. siphonantha was only
5.6% in 2019 but over 50% in the other years.

3.1 Bumblebee’s buzz frequency

Buzz frequency significantly differed among the three bum-
blebee species (Fig. 1A, Table S5). B. friseanus and B. lepi-
dus had the highest buzz frequency while B. festivus had
the lowest frequency (Fig. 1A). Individuals of B. friseanus
and B. lepidus did not alter their buzz frequency when vis-
iting different flowering species (Table S5; Fig. 1C, D). In
contrast, B. festivus used a lower buzz frequency when vis-
iting P. longiflora flowers compared to those of other spe-
cies (mean buzz frequency: 296 Hz for P. rhinanthoides, 286
Hz for P. cephalantha, 266 Hz for P. longiflora; Fig. 1B;
Table S5).

3.2 Bumblebee’s flower preferences and
fluctuations in floral resources

The three main bumblebee species displayed different pat-
terns in flower preferences among the flowering species as
a function of relative floral abundance. Flower preference in
B. friseanus and B. lepidus increased significantly as a func-
tion of floral abundance (y> = 17.44, p < 0.001 for B. frisea-
nus and ¥2 = 23.63, p < 0.001 for B. lepidus; Fig. 2A, B).
However, flower preference in B. festivus did not change
with fluctuations in relative floral abundance (y? = 0.0001,
p = 0.99; Fig. 2C). Results indicated that across the five
years, the foraging preference of B. festivus to flowers of
P cephalantha and P. rhinanthoides (accounting for 90%
of its total visits) was maintained despite the fluctuations in
relative floral abundance of the five pollen-rewarding plants
(Fig. S3; Table S3). However, B. friseanus and B. lepidus
substantially changed their foraging preferences across years
(Fig. S3); both bee species mainly foraged on the most abun-
dant flowers in each year (Fig. S2, S3). Moreover, we did not
find the flower preferences was influenced by year for the
bees (2 =0.001, p =1 for B. festivus, y* = 0.35, p = 0.987 for
B. friseanus and y* = 0.50, p = 0.974 for B. lepidus).

Results revealed that the time of peak abundance of
B. friseanus and B. lepidus was substantially staggered
between the two species in most of the years (Fig. S4), indi-
cating a limited phenological overlap (Table S6). However,
the peak abundance of B. festivus overlapped with either that
of B. friseanus or B. lepidus (Fig. S4), showing a greater
phenological overlap compared to that between B. friseanus
and B. lepidus (Fig. S4; Table S6).

3.3 Bumblebees’ pollen removal and deposition
efficiency

For each of the Pedicularis species, there were no significant
differences in pollen deposition when the flower was buzz-
pollinated by different bumblebee species (32 = 2.42, df =1,
p = 0.120 for P. cephalantha, y* = 0.96, df = 2, p = 0.619
for P. longiflora, > = 1.78, df = 1, p = 0.183 for P. rhinan-
thoides and y*> = 0.13, df = 1, p = 0.719 for P. siphonantha;
Fig. S5). However, our results indicated that for each of the
bumblebee species, pollen removal per visit significantly
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Fig. 1. Buzz frequency of the three main bumblebee species when visiting different Pedicularis species.
(A) Mean buzz frequencies for the three bumblebee species; Buzz frequencies of (B) B. festivus, (C) B. frisea-
nus and (D) B. lepidus while visiting different Pedicularis flowers. Different letters in each panel indicate statisti-
cally significant differences as assessed with a Tukey’s test.

differed when visiting different plants (> = 5283.8, df = 4,
p <0.001 for B. friseanus, y> = 1750.6, df = 1, p < 0.001 for
B. lepidus and ¥> = 1592.1, df = 2, p < 0.001 for B. festivus;
Fig. S6). For the Pedicularis species excluding P. siphonan-
tha, the pollen removal per visit significantly differed when
visited by different bumblebee species (3> = 6.08, df = 1,
p = 0.014 for P. cephalantha, x> =8.689, df = 2, p = 0.013
for P. longiflora, y* = 5.719, df =1, p = 0.017 for P. rhinan-
thoides and y?> = 0.001, df = 1, p = 0.974 for P. siphonantha;
Fig. S6). Regardless of the bumblebee species, the amount
of pollen removal was highest in flowers from P. rhinan-
thoides, followed by P. cephalantha; and the lowest were
from P siphonantha, P. longiflora and P. monbeigiana
(x2=9528.6, df =4, p <0.001; Fig. S7).

4 Discussion

Morphological matching plays important roles in determin-
ing the flower preferences of bees when foraging flower nec-
tar (Klumpers et al. 2019). However, little is known about
factors influencing bees’ flower preferences when collect-
ing pollen through buzz pollination. We have shown here
that in buzz-pollinating different obligate pollen-rewarding
Pedicularis species, B. friseanus and B. lepidus used a simi-
lar buzz frequency and displayed a flower preference that
changed in response to fluctuations in relative floral abun-
dance. Conversely, B. festivus mostly visited P. rhinanthoi-
des and P. cephalantha regardless of their relative abundance
in the community, and using similar buzz frequencies, while
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Fig. 2. Partial residuals plots showing the flower preference of (A) B. festivus, (B) B. friseanus and (C) B. lepidus in response to
relative floral abundance of the Pedicularis species over the five studied years. Plain lines show significant correlations, while the
dashed line shows a non-significant correlation; the shaded areas show: 95% confidence intervals. The different colors refer to differ-
ent Pedicularis species, namely, green dots for P. siphonantha, orange for P. cephalantha, blue for P. rhinanthoides, brown for mon-
beigiana, yellow for P. longiflora, respectively. Y-axes show partial residuals, i.e. deviations of the observed preference values from the
predicted model values in (A) and (B), partial residual values depend on relative floral abundance, where negative partial residuals are
found at low relative floral abundance (indicating that the preference to the corresponding flowering species in that year is lower than
expected), while positive partial residuals are found at high relative floral abundance. The flower preference of a bumblebee species
is determined by dividing the number of visits to each Pedicularis species in a year by the total visits to all five Pedicularis species.
The relative floral abundance of a Pedicularis species within a year is calculated based on the total count of its flowers compared to

the total number of flowers from all five flowering species across all censuses conducted in that year.

using a lower buzz frequency when foraging on P. longi-
flora. The different flower preferences among bumblebees
when buzz-pollinating co-flowering plants are potentially
associated with bees’ vibration properties (or strategies).
Individuals of B. friseanus and B. lepidus used similar buzz
frequencies to release pollen grains from different flowering
species, and they preferred to visit the most abundant floral
resources independently of the species of Pedicularis. Such
an abundance-dependent foraging strategy may enhance the
efficiency of their net energy intake. Bumblebees focusing
on abundant flowers may avoid searching across a wider area
(Pyke 1984), which enables them to minimize energy expen-
diture associated with long flights and extensive searching
(Balfour et al. 2021). However, studies have shown that there
may be a trade-off between the suitability of a resource and
its availability (Balfour et al. 2015), and thus, some pollina-
tors could prefer plants with greater net energetic benefit but
with lower abundance at the cost of increased foraging time
(Balfour et al. 2021). For example, individuals of B. festivus
did not respond positively to floral abundance, which might
hint that they used a strategy to increase net energy intake
per visit instead of foraging from the most-abundant flow-
ers. This argument is supported by the fact that the preferred

flowers of B. festivus (P. rhinanthoides and P. cephalantha)
provided more pollen than flowers of the other three louse-
wort species. Curiously, when visiting the rarer P. longiflora,
which offers fewer rewards, they displayed a different buzz
frequency. Whether this change in buzz frequency in B. fes-
tivus as a function of the plant species visits arises due to
the capacity to adjust buzz frequency by individual bees or
through sorting of different bee individuals on different flow-
ering species remains to be established. It is unclear whether
an optimal buzz frequency is required for a bumblebee to
pollinate a specific flower. Corbet & Huang (2014) reported
that the ratio of buzz-to-wingbeat frequency produced by
bumblebees was changed according to variation in floral
traits (e.g., galea length) among Pedicularis species, sug-
gesting a link between the vibration properties of bees and
the specific flowering species they visited. Yet, change in
buzz frequency alone may not result in increased efficiency
of pollen transfer via floral vibration because bumblebees
may depend on all the vibration properties (e.g., frequency,
duration, and amplitude) to release pollen (De Luca et al.
2013; Papaj et al. 2017; Switzer et al. 2019; Vallejo-Marin
2019). For instance, bees can increase pollen collection
from a flower by using multiple or longer vibrations (Harder



Bees cu]lect pollen from various
flowering species by modulating

/‘“N ’”u !’ E / their buzz frequency

b A
Community pool

(Bees and buzz-pollinated plants) w ;w

R i
s s
Bees collect pollen from various
flowering species using similar
buzz frequencies

Determinants of flower preference in bumblebees 7

qany

Flower preference
Bee abundance

Relative floral abundance Bee phenology

Flower preference
Bee abundance

Relative floral abundance Bee phenology

Fig. 3. A conceptual framework based on results of the present study showing the interactions between bumblebees’ buzz-pollination
strategy and flower preferences on co-flowering buzz-pollinated species in a community leading to partitioning of floral resources
use. Bumblebees may have two patterns of flower preference: (i) They use distinct buzz frequencies to expel pollen from flowers of
different plant species. This could drive a constant flower preference towards the most rewarding flowering species independently
of its relative floral abundance. In addition, the specific flower preference enabled by a specialist buzzing behavior contributes to
partitioning of floral resources use with co-occurring bees with no strong selection for diverging phenologies. (ii) They collect pollen
using similar buzz frequencies among bee species and to expel pollen from different flowering species, and their flower preferences
are driven by the relative floral abundance. In this scenario with a generalist behavior, staggered phenologies among bee species are
expected to be selected to achieve partitioning of floral resource use and reduce competition among bee species.

1990; Kawai & Kudo 2009; De Luca et al. 2013). In our
study, two bumblebee species, B. friseanus and B. lepidus
were found to use similar buzz frequencies to expel pollen
from different flowering species, suggesting that bee modu-
lations of buzz frequency are either not achievable or not
beneficial. Comparatively, variations in buzz frequency for
B. festivus when visiting different flowers suggests that at
the species level, there could be associations between buzz
frequency and the flowering species visited. Investigations
on the determinants and species-level plasticity in vibration
strategies among buzz-pollinating bumblebee species when
visiting flowers with different architectures would be useful
to understand the mechanisms shaping plant-pollinator inter-
actions in buzz-pollinated systems.

Abundance-dependent foraging strategies like those
found in B. friseanus and B. lepidus are important in struc-
turing plant-pollinator interactions in a community, and the-
oretically enhance the pollination success of the abundant
species by transferring higher intraspecific to interspecific
ratio of pollen (Vazquez et al. 2009; Verdu & Valiente-
Banuet 2011). However, individuals of the two bumblebee
species may strongly compete for floral resources due to
their similar flower preferences. In our study meadow, the
staggered phenologies between B. friseanus and B. lepidus
may reduce resource competition and partition the use of
the most abundant floral resources, ultimately contributing

to enhancing the stability of pollinator-plant interactions
(Duchenne et al. 2019; Paudel et al. 2019). We found that
B. festivus has a different fundamental buzz frequency com-
pared to the other two bumblebee species and uses different
buzz frequencies when foraging on distinct plant species. Its
flower preference is different from the other two bumble-
bee species but is constant towards high pollen-rewarding
flowering species across years independently of their floral
abundance. This flower preference contributes in segregating
its ecological niche from that of the other two bumblebee
species despite their overlapping phenologies. This special-
ized interaction of bumblebee and flower may function as an
additional mechanism in partitioning of floral use among the
co-occurring bumblebee species (Pauw 2013).

The five Pedicularis plants co-flowered within a rela-
tively short period (about two months) in this alpine meadow.
As the only few exclusively pollen-rewarding plants, they
may be key for early development of bumblebee colonies
(Kriesell et al. 2017). Our results show that the different
bumblebee species deposited the same amount of pollen
per visit but differed in pollen removal efficiency, which
could affect male fitness in flowering species, selecting
for the Pedicularis species to favor visitation by particular
bumblebee species. Illustrating the link between floral traits
and flower vibration properties, and its influence on pollen
release efficiency through bee’s buzz pollination may be



8 Wen Huang et al.

helpful to understand the mechanism on how such selection
occurs (Corbet & Huang 2014), however, it needs further
investigation.

Our study suggests a potential framework of how dif-
ferent pollen foraging mechanisms (e.g., different buzz fre-
quencies) might shape preferences of buzz-pollinators for
different flowering species (Fig. 3). If the capacity to remove
pollen from different flowering species depends on the type
of buzzes bees can produce, bees might choose flowering
species not only based on their relative abundance but also
on what types of buzzes are most effective at removing pol-
len from each flowering species. If bumblebees can expel
pollen from different flowering species using a similar buzz
frequency, they might display an abundance-dependent
flower preference. Conversely, when bumblebee species pro-
duce different buzz frequencies and these differentially affect
how different flowering species expel pollen grains, bees
might adopt a reward-dependent flower preference trigger-
ing a constant preference to flowering species with high pol-
len reward, even when at low abundance. The cost of strong
interspecific competition for floral resources raised by similar
flower preferences is expected to be reduced by segregated
phenologies among the bees. The processes structuring the
interactions between bumblebees and their buzz-pollinated
flowers may enable the coexistence of diverse bumblebee
species and co-flowering plant species in a community.
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Figure S1. Flowers of the five exclusively pollen-rewarding Pedicularis species and the buzz-
pollinating bumblebees. (A). Bombus friseanus visiting P. siphonantha; (B). B. festivus visiting P.
longiflora; (C). B. friseanus visiting P. monbeigiana; (D). B. festivus visiting P. cephalantha; (E). B.

festivus visiting P. rhinanthoides.
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Figure S2. Bumblebee and flower abundance for each of the study species from 2019 to 2022, except
for 2018 due to the limited census days. (A) The mean bee abundance per transect that visiting the five

exclusively pollen-rewarding Pedicularis species; (B) The mean flower abundance per transect of the

five Pedicularis species.
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Figure S3. The bipartite network between the bumblebee species and the five Pedicularis species from

2018 to 2022.
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Figure S4. Abundance of the three major bumblebee species along censuses in 2019-2022. The
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Figure S5. Pollen deposition per visit of the three main bumblebee species on flowers of different
Pedicularis species, including P. siphonantha, P. rhinanthoides, P. cephalantha and P. longiflora.

Different letters in each panel indicate statistically significant differences as assessed with a Tukey's test.
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Figure S6. Pollen removal per visit of the three main bumblebee species on flowers of different

Pedicularis species, including P. siphonantha, P. rhinanthoides, P. longiflora and P. cephalantha.

Different letters in each panel indicate statistically significant differences as assessed with a Tukey's test.
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Figure S7. Pollen removal per visit of the five Pedicularis species. For each plant species, the pollen
removal per visit is an average of all bumblebee species visiting the plant. Different letters in each panel

indicate statistically significant differences as assessed with a Tukey's test.





Table S1. The proportion of visits on Pedicularis flowers out of total visits on all flowers by
bumblebees within a transect on each census day in 2018 to 2022. The value was averaged to the level

of transect; the number of transects used on each census day was also shown.

Date Proportion of visits on Pedicularis Transects
flowers out of total visits on all flowers

July 2, 2018 0.26 10
July 8, 2018 0.36 13
July 14,2018 0.17 15
July 21, 2018 0.055 21
July 28, 2018 0.14 14
July 4, 2019 0.08 12
July 10, 2019 0.08 14
July 16, 2019 0.034 16
July 22,2019 0.13 18
July 29, 2019 0.11 19
August 11, 2019 0.27 20
August 17,2019 0.39 18
August 23,2019 0.35 14
September 6, 2019 0.02 9
June 23, 2020 0.68 51
July 4, 2020 0.50 59
July 10, 2020 0.54 60
July 18, 2020 0.06 61
July 28, 2020 0.03 59
August 11, 2020 0.02 60
August 21, 2020 0.01 57
August 28, 2020 0 55
July 4, 2021 0.11 35
July 11, 2021 0.14 35
July 17,2021 0.42 35
July 24, 2021 0.47 35
July 30, 2021 0.41 35
August 6, 2021 0.32 38
August 14, 2021 0.19 38
August 30, 2021 0.09 38
July 3, 2022 0.18 56
July 13,2022 0.19 57
July 22, 2022 0.07 57
August 2, 2022 0.03 57
August 11, 2022 0.004 57
August 19, 2022 0.04 57
August 28, 2022 0 57

10





Table S2. The combination and number of interactions in each combination for investigations on pollen
removal and deposition efficiency, which is estimated by a single visit by a bumblebee species to a

Pedicularis flower.

Plant species Bee species Interactions

P. cephalantha  B. festivus 27
P. longiflora B. festivus 7

P. rhinanthoides  B. festivus 17
P. cephalantha  B. friseanus 13
P. longiflora B. friseanus 15
P. monbeigiana  B. friseanus 27
P. rhinanthoides B. friseanus 31
P. siphonantha  B. friseanus 20
P. longiflora B. lepidus 16

P._siphonantha ___ B. lepidus 20
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Table S3. The number of interactions between the six bumblebee species and the five Pedicularis

species over the five studied years, 2018-2022.

. . B. B. B. . B. B.
Year Plant species festivus friseanu lepidus  securus tmpe;uosu longipennis
2018 P. cephalantha 17 9 1 0 0 1
2019 P. cephalantha 29 27 0 0 1 0
2020 P. cephalantha 52 63 3 0 0 0
2021 P. cephalantha 101 41 3 0 1 0
2022 P. cephalantha 75 14 0 0 1 0
2018 P. longiflora 3 1 8 0 0 0
2019 P. longiflora 1 1 1 0 0 0
2020 P. longiflora 5 3 13 0 0 1
2021 P. longiflora 5 10 7 0 0 0
2022 P. longiflora 5 1 7 0 0 0
2018 P. monbeigiana 0 12 3 0 0 0
2020 P. monbeigiana 0 1 0 0 0 0
2021 P. monbeigiana 7 8 5 0 0 0
2022 P. monbeigiana 0 1 0 0 0 0
2018  P. rhinanthoides 26 16 11 0 0 2
2019  P. rhinanthoides 14 5 1 0 0 0
2020  P. rhinanthoides 18 16 2 0 1 2
2021 P. rhinanthoides 30 20 9 1 0 0
2022  P. rhinanthoides 32 1 1 0 1 0
2018 P. siphonantha 1 5 39 0 0 0
2020 P. siphonantha 2 193 385 0 0 0
2021 P. siphonantha 5 85 63 1 0 1
2022 P. siphonantha 7 50 91 1 0 0

12





Table S4. Flowering phenologies of the five Pedicularis species in the studied meadow in the five
years (2018-2022). The flowering phenology for each species in each year was estimated by the
relative flower abundance across the survey days, which was referred to the averaged ratio of flower
numbers for each Pedicularis species, dividing by the total numbers of flowers from all plants recorded

across all censused transects.

Relative flower abundance

Date P. P. P.

P. P. .. . . .

cephalantha  longiflora monbeigian :hlnanthotde thhonanth
July 2, 2018 0.0471 0.1313 0.2121 0.1617 0.2602
July 8, 2018 0.1410 0.2878 0.2486 0.3558 0.3289
July 14,2018 0.2170 0.2157 0.2626 0.1791 0.2302
July 21,2018 0.3039 0.3096 0.2079 0.2087 0.1514
July 28,2018 0.2910 0.0557 0.0688 0.0947 0.0293
July 4, 2019 0 0 0 0.0015 0.0060
July 10, 2019 0.0027 0.0172 0.0244 0.0327 0.0298
July 16, 2019 0.0036 0.0958 0.1707 0.0601 0.0417
July 22,2019 0.0614 0.3927 0.2927 0.3072 0.3571
July 29, 2019 0.1839 0.3103 0.0976 0.1802 0.2202
August 11, 2019 0.2280 0.1456 0.2195 0.2297 0.3095
August 17,2019 0.3099 0.0307 0.0732 0.1574 0.0357
August 23,2019 0.1830 0.0077 0.1220 0.0312 0
September 6,2019  0.0276 0 0 0 0
June 23, 2020 0 0.0007 0 0.0132 0.1525
July 4, 2020 0.0200 0.2171 0.0860 0.1300 0.3691
July 10, 2020 0.1296 0.4014 0.3441 0.3956 0.3493
July 18, 2020 0.2623 0.2232 0.3118 0.2789 0.1051
July 28, 2020 0.2799 0.0874 0.2043 0.1443 0.0195
August 11, 2020 0.2089 0.0082 0.0215 0.0345 0.0036
August 21, 2020 0.0795 0.0620 0.0323 0.0035 0.0008
August 28, 2020 0.0198 0 0 0 0
July 4, 2021 0 0.0192 0.0015 0.0116 0.0227
July 11, 2021 0.0283 0.0892 0.0102 0.0937 0.1076
July 17,2021 0.0133 0.1784 0.0599 0.1977 0.2104
July 24,2021 0.0326 0.2156 0.6599 0.2181 0.2890
July 30, 2021 0.1043 0.1922 0.1080 0.2107 0.2302
August 6, 2021 0.2754 0.1796 0.0029 0.1940 0.1112
August 14,2021 0.4105 0.1006 0.1168 0.0691 0.0215
August 30,2021 0.1356 0.0251 0.0409 0.0051 0.0072
July 3, 2022 0.1119 0.1832 0.2790 0.3060 0.5768
July 13, 2022 0.2945 0.6347 0.3133 0.4677 0.3182
July 22,2022 0.3239 0.1592 0.2446 0.1873 0.0720
August 2, 2022 0.1709 0.0152 0.1245 0.0305 0.0249
August 11, 2022 0.0566 0.0053 0.0343 0.0080 0.0054
August 19, 2022 0.0270 0.0004 0.0043 0.0005 0.0016
August 28, 2022 0.0151 0.0019 0 0 0.0011
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Table SS. Analysis of variance of buzz frequency among different bee species and buzz frequency of

the same bee species when visiting different Pedicularis.

Dependent variable Independent variable d.f. Mean square F P
Buzz frequency Bee species 2 5362.4 37.447 <0.001
B. festivus' buzz frequency Plant species 2 641.6 5.019  0.011
B. friseanus' buzz frequency Plant species 4 286.4 2.337  0.073
B. lepidus' buzz frequency Plant species 2 552.8 1.096  0.349
Bold: P <0.05
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Table S6. Schoener index of phenological overlap among three major bumblebee species across
censuses in 2019-2022. Schoener index gets values between 0 and 1, with higher values indicating

larger overlap.

Year Species Pair Schoener Index
2019 B. friseanus & B. lepidus 0.4864
2019 B. festivus & B. friseanus 0.7412
2019 B. lepidus & B. festivus 0.5001
2020 B. friseanus & B. lepidus 0.2788
2020 B. festivus & B. friseanus 0.7722
2020 B. lepidus & B. festivus 0.3459
2021 B. friseanus & B. lepidus 0.4280
2021 B. festivus & B. friseanus 0.8261
2021 B. lepidus & B. festivus 0.4523
2022 B. friseanus & B. lepidus 0.3011
2022 B. festivus & B. friseanus 0.7604
2022 B. lepidus & B. festivus 0.4427
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Appendix S1. Detailed descriptions of Methods

Methods for survey of bumblebees and Pedicularis flowers

Bumblebees were collected in the site for five consecutive years from 2018 to 2022. Each survey was
conducted by walking transects (50 m in length and 2 m in width) selected for sampling bumblebees
across the flowering season; walking transects were located to include a representative diversity and
abundance of floral resources. New walking transects were added to the field survey as floral resources
changed in the meadow. We performed censuses with intervals of approximately 7 days during the
blooming period of the meadow for each year. In total, 15 to 61 walking transects were established
from 2018 to 2022, respectively. The number of walking transects used in the field survey was different
across years due to changes of floral resources in the meadow. We implemented two different methods
for setting up sampling transects. The first method involved initially establishing transects based on the
flowering conditions observed on the census day. Subsequently, we added new transects when new
flowering plants emerged. This method was employed during the years 2018 and 2019. The second
method, used from 2020 to 2022, entailed setting up an adequate number of transects at the beginning
of the season. This decision was informed by our two years of experimentation, which provided
insights into when and where specific plants were likely to appear in different areas of the meadow.
While a few additional transects were occasionally added due to the appearance of new and unique
flowering plants, the overall sampling plan remained largely fixed. This explains the variability in the
number of transects, particularly in 2018 and 2019. In terms of transect numbers, the sampling intensity
from 2020 to 2022 was higher compared to that of 2018 and 2019.

We used the Chao 2 estimator to evaluate interaction sampling completeness by lumping all
networks per year following Liang et al. (2021) and Chacoff et al. (2012). To determine whether there
is any influence of sampling effort differing across years on interaction sampling completeness, we
used Spearman correlation to test their relationship. Specifically, we used the Bray-Curtis dissimilarity
across years as the response variable and the year as predictor variable. We used the vegdist and
adonis2 functions of the R package vegan (Oksanen et al. 2022) to calculate Bray-Curtis dissimilarity
between years and to perform the PERMANOVA. The results showed that the sampling effort differed
across years, but the interaction sampling completeness (evaluated by the Chao2 estimator) was not

significantly related to sampling effort (Spearman correlation: r = 0.40, n = 5, P = 0.52). In addition, the
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Bray-Curtis dissimilarity between years did not differ significantly across years (pseudo-F = 1.23, P =
0.23), suggesting that the composition of plant-bumblebee species interaction was not significantly
affected by differences across years. Each transect was assigned a unique ID that was used consistently
throughout the entire season for each respective year. Each transect was observed until there were
almost no flowers in it. We set up all the transects with a new ID for each year.

We recorded the plant identity (including the five Pedicularis) for each visit made by a
bumblebee. From 0930 to 1630 H on a warm and dry day, we recorded the number of bumblebees that
were visiting flowers by walking along the transects at constant speed for a period of about 10 minutes.
Bumblebees were captured with sweep nets, and the bees were cooled in an ice chest to slow their
movement for identification with a hand lens if they could not be identified immediately. Each
bumblebee was identified to species and social caste. The bees were released after being identified
except for those that were taken to the laboratory for further studies. For those bees that could not be
identified clearly by morphological identification, DNA was extracted from a middle leg stored in
100% pure ethanol for identification by COI barcoding (Hebert et al., 2003). All specimens were
deposited in the Wuhan Botanical Garden, Chinese Academy of Sciences. We calculated the abundance
of each bumblebee species on each census day, which was calculated and averaged to walking transect
level. We calculated the abundance of each bumblebee species on each census day, which was
calculated and averaged to walking transect level.

To quantify the flowering resources available for bumblebees, we established five 2 x 2 m plots
within each walking transect, homogeneously distributed every ten meters along the walking transects.
The number of flowers of all the five Pedicularis within the plots was counted after bee walks. To
facilitate both rapid and accurate counting, for highly abundant Pedicularis with multiple flowers per
individual, we estimated the average number of flowers per inflorescence from 10 individuals and then
used inflorescences as a counting unit. We then multiplied the inflorescences by the average number of
flowers to obtain the abundance of different Pedicularis (Benadi & Pauw, 2018). For each of the
Pedicularis, we calculated the number of open flowers per plot to represent floral abundance on each

census day.

Methods for pollen removal and deposition
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Pollen removal. The amount of pollen removed was used as a proxy not only for pollen transfer
efficiency, but also for the energy return of bumblebees for these exclusively pollen-rewarding plants.
Pollen removal efficiency of a bumblebee referred to the pollen production of a flower, subtracting the
number of pollen grains remaining in the flowers that received a single visit by the bee. For each plant
species, we used 10 undehisced flowers each from different individuals to obtain the average pollen
production per flower. To count pollen grains, anthers from a flower were crushed and shaken
completely to suspend all the pollen grains in 1 mL of 70% ethanol. Pollen production per flower (or
remaining pollen in a flower after a single visit) was then determined by counting pollen grains in 20 pl
of the pollen solution by using a microscope (Nikon E-600); these counts were extrapolated to ascertain
the total number of grains in 1 mL.

Pollen deposition on stigma. To count the number of pollen grains deposited on stigmas per visit by the
bumblebees, stigmas were carefully dissected out and softened in 8 M NaOH for 24 h (at room
temperature) and then mounted on slides to count the number of pollen grains on the stigma under a light

microscope.

References

Benadi, G., & Pauw, A. (2018). Frequency dependence of pollinator visitation rates suggests that
pollination niches can allow plant species coexistence. Journal of Ecology, 106(5), 1892-1901.
https://doi.org/10.1111/1365-2745.13025

Chacoff, N. P.,, Vazquez, D. P., Lomascolo, S. B., Stevani, E. L., Dorado, J. & Padrén, B. (2012).
Evaluating sampling completeness in a desert plant—pollinator network. Journal of Animal Ecology,
81, 190-200. https://doi.org/10.1111/1.1365-2656.2011.01883.x

Hebert, P. D., Cywinska, A., Ball, S. L., & DeWaard, J. R. (2003). Biological identifications through
DNA barcodes. Proceedings of the Royal Society of London. Series B: Biological Sciences,
270(1512), 313-321. https://doi.org/10.1098/rspb.2002.2218

Liang, H., Zhao, Y. H., Rafferty, N. E., Ren, Z. X., Zhong, L., Li, H. D., Li, D. Z., & Wang, H. (2021).
Evolutionary and ecological factors structure a plant-bumblebee network in a biodiversity hotspot,

the Himalaya—Hengduan Mountains. Functional Ecology, 35(11), 2523-2535.

18



https://doi.org/10.1111/j.1365-2656.2011.01883.x



https://doi.org/10.1111/1365-2435.13886

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P, et al. 2022. vegan:
Community Ecology Package. R package version 2.6-4, https://CRAN.R-
project.org/package=vegan

Peralta, G., Vazquez, D. P., Chacoff, N. P., Lomascolo, S. B., Perry, G. L., & Tylianakis, J. M. (2020).
Trait matching and phenological overlap increase the spatio-temporal stability and functionality of

plant—pollinator interactions. Ecology Letters, 23(7), 1107-1116. https://doi.org/10.1111/ele.13510

19



https://doi.org/10.1111/1365-2435.13886

https://cran.r-project.org/package=vegan

https://cran.r-project.org/package=vegan

https://doi.org/10.1111/ele.13510



