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Abstract

Multiple interacting factors drive recent declines in wild and managed bees, threatening
their pollination services. Widespread and intensive monitoring could lead to more effective
management of wild and managed bees. However, tracking their dynamic populations is
costly. We tested the effectiveness of an inexpensive, noninvasive and passive acoustic
survey technique for monitoring bumble bee behavior and pollination services. First, we
assessed the relationship between the first harmonic of the flight buzz (characteristic fre-
quency) and pollinator functional traits that influence pollination success using flight cage
experiments and a literature search. We analyzed passive acoustic survey data from three
locations on Pennsylvania Mountain, Colorado to estimate bumble bee activity. We devel-
oped an algorithm based on Computational Auditory Scene Analysis that identified and
quantified the number of buzzes recorded in each location. We then compared visual and
acoustic estimates of bumble bee activity. Using pollinator exclusion experiments, we tested
the power of buzz density to predict pollination services at the landscape scale for two bum-
ble bee pollinated alpine forbs ( Trifolium dasyphyllum and T. parryi). We found that the char-
acteristic frequency was correlated with traits known to affect pollination efficacy, explaining
30-52% of variation in body size and tongue length. Buzz density was highly correlated with
visual estimates of bumble bee density (r=0.97), indicating that acoustic signals are predic-
tive of bumble bee activity. Buzz density predicted seed set in two alpine forbs when bumble
bees were permitted access to the flowers, but not when they were excluded from visiting.
Our results indicate that acoustic signatures of flight can be deciphered to monitor bee activ-
ity and pollination services to bumble bee pollinated plants. We propose that applications of
this technique could assist scientists and farmers in rapidly detecting and responding to bee
population declines.
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Introduction

Declines in wild and managed bees threaten pollination services to flowering plants globally,
potentially exacting costs for more than 85% of flowering plants [1], 75% of agricultural crops
[2] and human health [3]. The agricultural losses alone are estimated at over $200 billion per
year globally [4,5], and costs from diminished pollination services in wild ecosystems likely
exceed this. Causes of pollinator declines are complex and include diminishing flower
resources, habitat loss, climate change, increased disease incidence and exposure to pesticides
([3] and references therein). Given the complexity and the limited spatial and temporal scale
of most studies, pinpointing the driving force(s) remains a significant challenge [6-8].

For over 100 years, scientists have used the sonic vibrations made by many organisms
(birds, bats, frogs, insects etc.) to study communication, behavior, evolution, and population
dynamics [9]. Acoustic monitoring techniques are non-invasive, less time-intensive, and can
integrate expert knowledge through sound libraries. While used extensively to monitor bat
and bird populations, acoustic techniques have been rarely used to monitor insects or their
ecosystem services [10]. Foraging bees create vibrations (buzzes; Fig 1) between 120-400 Hz in
first-harmonic frequency by rhythmic oscillation of their thorax in flight [11]. Monitoring
bees in flight captures behaviors associated with pollination events and should correlate with
bee foraging effort. The unique acoustic structure of these buzzes [12] may allow non-lethal
monitoring of bee behaviors associated with pollination success. Here, we test the potential for
remote monitoring programs that capture acoustic signals of bee flight activity to inform polli-
nation services.

For animal-pollinated plants, two main factors influence pollination success: pollinator
abundance and pollination quality. Together, these attributes determine how much pollen is
received and how effective that pollen is for ovule fertilization. Functional traits that influence
bee pollination efficiency may have unique acoustic signatures, providing information on
functional diversity and efficacy of bee assemblages. Tongue length alters the behavior and pol-
lination efficiency of bees on long-tubed flowers [13-15], with short-tongued bees switching
from pollination to robbing of nectar rewards [16]. Similarly, body size influences pollen trans-
fer by changing the bee’s contact zone with the plant’s reproductive organs [17] and/or by
altering flower visitation of other pollinators. For example, pollination efficiency of honey
bees, Apis mellifera, increases in the presence of larger native bees, due to behavioral shifts in
niche partitioning [18]. Because the first harmonic (hereafter, the characteristic frequency) of
larger foragers have lower frequency [19], the size distribution of bee pollinators may correlate
with buzz structure [12,20]. Pollination networks exhibit extensive redundancy and generaliza-
tion [21-23], suggesting that the fates of plant hosts may depend more on guilds of pollinators
than individual species. Indeed, functional diversity, rather than taxonomic diversity, enhances
pollination services to several crop species [24-28]. Even for legumes that depend on bees of
sufficient mass to “trigger” pollen release, pollination and fecundity depend more highly on
activity of forager genera than individual species [29]. Thus, coarse-grained survey data lacking
resolution at the species level may suffice for detecting the pollination deficits that accompany
native bee declines.

Pollination ecologists supplement pollen delivery to flowers experimentally to test for pol-
len limitation and for the efficacy of natural pollinator service ([23,24] and references therein).
Addition experiments are highly informative of the discrepancy between natural and optimal
pollination levels, yet hand-pollination is time consuming, impractical for most woody species,
and can reduce yield for plants with recessed stigmas or complex flowers due to inadvertent
selfing or flower damage [30, 31]. Collecting pistils from senescing flowers for pollen enumera-
tion has been used as an alternative (for example [32-34]) since cumulative pollen counts
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Fig 1. Spectrogram of a typical flight buzz by a Bombus balteatus queen. A spectrogram represents the
energy of the audio signal within time-frequency bins, where the magnitude of each bin corresponds to the
energy within a frequency range during a narrow time frame. The lowest band (approximately 175 Hz in this
example) corresponds to the wing beat frequency. The sound is a harmonic series with energy at integer
multiples of the wing beat frequency (known as the 15' harmonic or fundamental frequency).

https://doi.org/10.1371/journal.pone.0179273.9001
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inform lifetime pollen receipt. This technique, too, is time consuming due to sample prepara-
tion and microscopy.

Here, we explore the potential for real-time, noninvasive acoustic monitoring of bee behav-
iors to simultaneously assess bee pollination services in multiple host populations. First, we
conducted flight cage experiments and a literature review to determine the relationship
between characteristic frequency and functional traits influencing pollination success (i.e.,
body size, tongue length). We then asked whether acoustic data aligned with visitation rates
estimated from visual surveys, and we tested the efficacy of using buzz density (number of
buzzes per hour) to estimate pollination services at the landscape scale for two bumble bee pol-
linated alpine forbs. Finally, we discuss the potential applications of this method for conserva-
tion, agricultural and basic research.

Materials and methods
Study system

Permission to conduct research at Ridge Long Term Ecological Research Site and Pennsylva-
nia Mountain was granted by the Mountain Research Station, University of Colorado, and the
Mountain Area Land Trust, respectively. We established methods for acoustic monitoring of
bee pollination in alpine meadows of the Colorado Rocky Mountains during the 2014 and
2015 flowering seasons (June-August). Recordings of flight buzzes for bees of known species/
caste were made in 2014 at the Niwot Ridge Long Term Ecological Research Site (Boulder
County, Colorado, USA; 40°3.567°N, 105°37.000'W). Field tests of the efficacy of acoustic sur-
vey methods for remote tracking of bee abundance and pollination services were conducted in
2015 at Pennsylvania Mountain (Park County, Colorado, USA; 39°15.803’N, 106°8.564'W). In
these Rocky Mountain field sites, forb reproductive success depends heavily on bumble bee
pollination services [35]. We focused on the two main bumble bee species (Bombus balteatus
and B. sylvicola) that are year-round residents and predominate above the timberline at our
field sites [36-38].
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Characteristic frequency and pollinator functional traits

To determine if the characteristic frequency of a flight buzz varies with pollinator functional
traits, we recorded flight buzzes of Bombus balteatus (N = 15) and B. sylvicola (N = 13) queens
and workers. Individual bees were collected, cooled to torpor, identified to species and caste,
and their wing length measured to estimate body size. Wing length is highly correlated with
body size [39] and unlike mass is not influenced by pollen or nectar load. Each bee warmed-up
for at least 15 minutes (or until torpor subsided) before foraging from a mixed patch of natu-
rally co-occurring bumble bee host plants (e.g., Trifolium dasyphyllum, Castilleja occidentalis,
Polygonum bistorta) in a 1x1x0.5m (WxLxH) flight cage. Using a Tascam US-1800 audio inter-
face and Audacity v.2.0.5 (http://audacity.sourceforge.net/), five equidistant electret micro-
phone capsules (OEM order number MPJA 30067; flat frequency response within + 2 dB from
50 Hz to 10000 Hz) mounted at flower height (10-15 cm) recorded (32 bit/44.1 kHz sampling
rate) flight buzzes for each bee as it foraged freely for up to six minutes. Bees were subsequently
marked to prevent re-capture and released to their collection location.

We extracted buzz frequency measurements using the Spectrum function (Hamming Win-
dow, FFT size 8192) in Audacity v.2.0.5 (http://audacity.sourceforge.net/). Some recordings
required removal of regular, sinusoidal electrical noise. A noise profile was identified for each
track using a one second segment of pure noise and filtered from the track via the Noise removal
function in Audacity. To better resolve the harmonic peaks despite some local variation in
amplitude, we took a sliding average across 3 frequencies for each amplitude. We then deter-
mined the characteristic frequency for each buzz. Tongue length for each species and caste was
measured as the combined length of the prementum and glossa from a published record [36].

We tested for a relationship between characteristic frequency and forager traits (wing
length and tongue length) via mixed-model regression (Ime in the nlme package [40]), with
individual bee treated as a random effect. We report marginal r* values (r.squaredGLMM in
the MuMIn package [41]). The relationship between tongue length and characteristic fre-
quency was also tested with wing length as a covariate via analysis of covariance (Ime in the
nlme package [40]) to determine if the relationship between tongue length and buzz frequency
was an artifact of a correlated trait, body size. Reported results reflect type III sum of squares
(anova.lme in the nlme package [40]).

We compiled characteristic frequency and trait measurements from published records for
queens and workers of an additional 17 bumble bee species (9 species with two casts reported).
We searched Google Scholar in June 2016 for characteristic frequencies of flight buzzes using
the following search parameters: “bombus flight buzz frequency” and “bombus wing beat fre-
quency”. We included only studies that recorded buzzes in free flight and in natural or semi-
natural conditions. We then searched for tongue length measurements for each species using
the following: “[species name] tongue length” and “[species name] proboscis length”. Tongue
length was measured as the combined length of the glossa and the prementum; all other mea-
sures were excluded. If more than one value was found for the tongue length or the frequency
of the flight buzz (S1 Table), we calculated the weighted mean based on the sample size for
each value [42]. We tested for a relationship between buzz frequency and tongue length across
all species and casts (Im in the R Statistical Software stats package [43]). The buzz frequency
distribution was left skewed due to relatively few species with high values, so the data were log
transformed to meet assumptions of normality [35].

Visual vs. acoustic estimates of pollinator abundance

Acoustic surveys and simultaneous visual observations took place during peak flowering (24-
31 July 2015) for two bumble bee pollinated plant species, the alpine clovers Trifolium

PLOS ONE | https://doi.org/10.1371/journal.pone.0179273  June 7, 2017 4/14


http://audacity.sourceforge.net/
http://audacity.sourceforge.net/
https://doi.org/10.1371/journal.pone.0179273

@° PLOS | ONE

Flight of the bumble bee: Buzzes predict pollination services

dasyphyllum and T. parryi [29]. Surveys were conducted in three, circular 0.01 km? area plots
spaced 255-784 m apart along an altitudinal gradient (3659m, 3698m, and 3735m [35]). Trifo-
lium dasyphyllum and T. parryi were dominant floral resources within these plots, accounting
for 39-67% and 21-45% of daily flowering, respectively. Other bumble bee hosts included Pha-
celia sericea (3-6%), and Mertensia lanceolata (1-8%). These plants do not require sonication
(vibration of the anthers to induce pollen release), and no buzz pollinated plants were bloom-
ing during these observations. Therefore, all buzzes were inferred to be flight buzzes. Manual
annotations of the buzzes yielded only one potential pollination buzz out of 11,364 buzzes
recorded. Five electret microphone capsules mounted at plant height were placed evenly apart
in areas of dense flowering for T. dasyphyllum and T. parryi. Acoustic signals were recorded
with the Awesome Voice Recorder (AVR version 3.5; Newkline Co., Ltd) application at a sam-
pling rate of 11,025 kHz/48 kbps (compressed MP3 format) installed on iPad Mini’s © (Apple
Inc., Model MF433LL/A; IOS version 7.1). Recordings were made under clear skies between
0800-1400 (MST) for a total of 18.5 observer h (5.5-7 h per site). Visual surveys were con-
ducted over 15 min intervals during alternating hours concurrent with the acoustic surveys.
Observers walked an even serpentine pattern across the flowering area, counting all bumble
bees within approximately 50 cm. Each bee observed foraging within that 50 cm radius was
counted as one individual, regardless of the number of plants she visited.

To detect buzzes within field recordings, we developed a Computational Auditory Scene
Analysis (hereafter CASA) approach to processing the signals [44]. CASA implements the
principles of auditory scene analysis (ASA) via computer algorithms that can “listen” in a simi-
lar manner as humans [45]. We extended an approach for using spectral clustering [45] by
adding focal templates as a means of specifying our sound source of interest (i.e., buzzing). The
focal templates pass along (bring to the foreground of attention) potential time-frequency ele-
ments that may comprise a buzz (i.e., those in harmonic relation) to a spectral clustering stage.
Time-frequency elements not conforming to the expected pattern, likely not belonging to a
buzz, are pushed to the background and ignored [44]. After the focal template is applied, spec-
tral clustering is performed to partition the focused spectrogram into three clusters (allowing
for more than one buzz to be identified as separate clusters). First, an affinity matrix is con-
structed by determining the similarity between the remaining time-frequency bins. K-means
clustering is applied to the smallest three eigenvectors of the affinity matrix to partition time-
frequency bins into clusters. If the density of time-frequency points in the spectrogram of a
cluster is greater than or equal to 1.0, the segment of time is reported as a prospective buzz.

A cluster not containing a buzz will contain time-frequency bins corresponding to noise. To
mitigate the effect of low signal to noise ratio, the entire cluster of the prospective buzz is then
convolved with a 20-element vector and summed across frequency into a one-dimensional
“smashed cluster” vector in the time domain. If the peak within the resulting “smashed cluster”
reaches 1.0, the cluster is recorded as a buzz.

The automated buzz counts were compared to manual (auditory and visual) inspections of
the spectrograms in twelve randomly selected segments of recordings across the three sites.
We tested for a positive relationship (1-tailed P) via correlation (cor in the stats package [43]).
We then tested the reliability of acoustic estimates relative to traditional visual surveys of bee
abundance via Pearson’s correlation [46].

Quantifying pollination services via acoustic surveys

Pollinator exclusion experiments were conducted concurrently with bumble bee surveys to
assess pollination services for Trifolium dasyphyllum and T. parryi [29]. Plants of both species
are obligately outcrossing and depend on visits from queens of B. sylvicola and B. balteatus for
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Fig 2. Characteristic frequency of flight buzzes for workers and queens of two alpine bumble bee
species. Buzz frequency was negatively related to wing length (indicated by the red line) (y = 259.2—7.57x),
an estimate of body size that is not biased by pollen and nectar loads of the bees.

https://doi.org/10.1371/journal.pone.0179273.9002

seed production. In each plot, twenty-five, randomly selected inflorescences were left open to
bumble bee pollinators, and 25 were caged with hardware cloth cylinders of 0.6 cm mesh size
to exclude queen bumble bees. Following fruit set, infructescences were collected, and seeds
per infructescence counted. We tested whether the difference in seed set with and without
queen bumble bees was greater than zero via one-tailed t-test [46] to determine if bumble bees
contributed to seed set. To test whether acoustic buzz counts explain variation in seed set, we
conducted an analysis of covariance assessing the relationship between buzz density and seed
set, with plant species as a covariate [46]. All analyses were conducted using plot means for
seed production.

Results
Characteristic frequency and pollinator functional traits

Characteristic frequency of workers and queens of Bombus balteatus and B. sylvicola in flight
was correlated with wing length (r*,, = 0.439, F} 16 =24.40, P < 0.0001; Fig 2), an estimate of
body size, and tongue length (r* = 0.523, F ;5 = 39.47, P < 0.0001; Fig 3A). Similarly, tongue
length predicted characteristic frequency in a broader sample of workers and queens of 17
bumble bee taxa reported in the literature (r* = 0.302, F1 26 =11.22, P = 0.0025; Fig 3B). This
relationship holds (r* = 0.525, F) 15 =6.62, P =0.021) for alpine bumble bees when wing length
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is included as a covariate, indicating that body size does not fully explain the relationship
between tongue length and buzz frequency.

Visual vs. acoustic estimates of pollinator abundance

Automated buzz counts were correlated with manual buzz counts (7 , = 0.956, P = 0.095). A
high correlation coefficient supports the use of the automated procedure for quantifying buzz
abundance, despite a marginally significant P-value which is the product of the low sample size
(N = 3 plots). Additionally, acoustic estimates of buzz abundance correlated with traditional
survey counts (r; , = 0.973, P = 0.0011; Fig 4), indicating that less time and labor-intensive
remote monitoring methods using acoustic signals provide robust results. Buzz counts were
higher (417.3 + 16.3 buzzes per hour, mean + SE) than traditional counts (213.5 + 31.1 bees
per hour, mean + SE), presumably because buzz counts, but not visual observations, accumu-
lated with flights of the same forager between sequentially visited host plants and because indi-
vidual observers will miss bees foraging simultaneously near spatially isolated microphones
within a plot.

Quantifying pollination services via acoustic surveys

Acoustic surveys of bee abundance provide an accurate estimate of pollination services to pop-
ulations of two bumble bee pollinated clovers. Bumble bee exclusion indicated that bees con-
tributed to seed of both T. dasyphyllum and T. parryi. When bumble bees were allowed to visit
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flowers, an average of 3.89 more seeds were set per plant than when they were excluded (t5 =
2.33, 1-tailed P < 0.0334). Acoustic estimates of bee abundance predicted seed set (average
number of seeds per plant in each site) when bumble bees were allowed to visit flowers (F; ;3 =
63.56, P = 0.0041; Fig 5A), but not when bumble bees were excluded (F; 3 = 0.64, P = 0.48; Fig
5B). Accrual curves of seed production with buzz density did not differ between species (open
to bumble bee visitors: F; ;3 = 7.02, P = 0.077; bumble bee excluded: F; 3 = 0.05, P = 0.84).

Discussion

In light of the agricultural and ecological importance of bee pollinators, scientists and policy
makers are calling for widespread and intensive population monitoring [48-50]. Tracking
dynamic populations of mobile organisms, however, requires formidable monetary and per-
sonnel resources [7,48,49]. By continuously monitoring the soundscapes of a region, auto-
mated, acoustic surveys could provide farmers and scientists with biologically relevant data at
arapid pace (S1 Fig). Acoustic surveys offer the opportunity for real-time monitoring over
broad scales matching the foraging ranges, population dynamics and shifting distributions of
bee pollinators. The technology for acoustic data collection and processing is nimble, low cost,
and suited to remote locations. Here, we show that relatively coarse-grained acoustic signals
associated with bee flight buzzes can be leveraged to monitor pollinator activity and pollina-
tion services at the landscape scale for two bumble bee pollinated wildflowers.

Pollination services are improved when diversity is high [26,28,51-53] and partner func-
tional traits exhibit morphological matching [54-56]. Our results indicate that acoustic signals
capture diversity in traits that mediate pollination success. Specifically, bee body size and ton-
gue length predict characteristic frequency (Figs 2 and 3), reflecting the phenotypic landscape

PLOS ONE | https://doi.org/10.1371/journal.pone.0179273  June 7, 2017 8/14


https://doi.org/10.1371/journal.pone.0179273.g004
https://doi.org/10.1371/journal.pone.0179273

o @
@ : PLOS | ONE Flight of the bumble bee: Buzzes predict pollination services

A. Open to bumble bees B. Bumble bees excluded
16 -

A 12 1 A
8 -

-
@ N O

4 -

No. seeds per plant
N

(@)
o

A

350 400 450 500 350 400 450 500
No. buzzes per hour No. buzzes per hour

Fig 5. Acoustic surveys predict pollination services in two alpine flowering forbs. When flowers of Trifolium dasyphyllum (circles) and
T. parryi (triangles) are left open to bumble bee visitors, buzz abundance (A) predicts the average number of seeds per plant in each of three
0.01 km? plots. When bumble bee pollinators are excluded, buzz abundance fails to predict seed set (B), illustrating that acoustic surveys
document pollination services by bumble bees. Gray shading around the line represents the standard error of the mean [47].

https://doi.org/10.1371/journal.pone.0179273.9005

of the community. This functional diversity relates directly to pollination services by modify-
ing the phenological complementarity between mutualists, niche partitioning among pollina-
tors, and within-plant pollinator foraging strategies [53]. Indeed, functional trait diversity
better predicts crop yield than taxonomic diversity [24,25]. While taxonomic specificity is nec-
essary when monitoring a particular species of conservation concern, these results suggests
that coarse-grained data may suffice for tracking pollination services, particularly in agricul-
tural settings.

The concordance between visual and acoustic estimates of bee activity (Fig 4) indicates that
acoustic signals can be harnessed to survey buzzing insects in natural environments. Eaves-
dropping or monitoring the acoustic signals exchanged by individuals has revolutionized
detection of mobile and cryptic organisms such as birds, frogs, etc. [10,57]. Acoustic surveys
free up capital (i.e., expertise, financial, biological) to monitor multiple, inaccessible and inhos-
pitable habitats simultaneously [58,59] while minimizing human exposure to potentially haz-
ardous conditions. Traditional surveys, even when robustly implemented, provide snapshots
in time, which are susceptible to fluctuating weather conditions and population sizes. Acoustic
surveys circumvent this weakness and, in some systems, provide more reliable data, more rap-
idly than human-based techniques [59,60]. While scientists have surveyed vibrations in plant
tissues to monitor insects pests, airborne signals are rarely used to monitor insect populations
[18,61]. Our algorithm accurately and rapidly detected flight buzzes, allowing near instanta-
neous indicators of pollinator activity (S1 Fig) and suggesting that surveys of airborne signals
may similarly transform bee monitoring programs. Real-time assessment of buzz diversity and
density would allow farmers to make informed decisions on whether to supplement wild polli-
nators with managed species and to assess benefits of interventions aimed at enhancing polli-
nation services (e.g., cover crops, hedge rows, no-till practices).
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Because they can be differentiated from pollination buzzes [12], flight buzzes capture poten-
tial outcrossing events that reflect pollination services. Flight buzz density was predictive of
wildflower reproductive success (Fig 5) and could be used to test hypotheses on the causal
basis of pollen limitation. For instance, continuous surveys provide the necessary data to dis-
tinguish between two competing theories: that plants are adapted to average pollination condi-
tions [62] or stochasticity in their pollination environment [31,63]. Similarly, acoustic data
could illuminate whether selection favors individuals with the capacity to sense and respond to
buzz density. Plants sense vibrations from herbivores, responding to threats by initiating
defense mechanisms [64]. If plants have similar response mechanisms to buzzes, they may
respond to the dearth of or identity of available pollinators by phenotypic plasticity in attrac-
tion traits, such as nectar production or scent chemistry. The strong fitness consequences of
buzz density (Fig 5) suggest that such a strategy could be selectively advantageous.

Conclusion

Our results indicate that eavesdropping on bee flight buzzes provides landscape scale estimates
of pollinator activity, functional diversity, and pollination services while minimizing observer
disturbance. By circumventing weaknesses of traditional survey techniques, acoustic surveys
monitor bees at biologically relevant scales while simultaneously creating opportunities for
broader stakeholder involvement (S1 Fig). Inexpensive technology and automated processing
of acoustic recordings produces tractable records [65], making the technique ideal for citizen
involvement. Given seasonal and inter-annual variation in bee populations, frequent, noninva-
sive surveys are necessary to reliably track population fluctuations and pollination services.
Passive monitoring of the buzz soundscapes provides the opportunity to monitor bees in an
efficient and cost-effective way, potentially improving our ability to understand the complex
nature and global implications of bee declines.

Supporting information

S1 Fig. Acoustic monitoring may improve farmer and biologist response times to pollina-
tor population deficits. Acoustic signals reflect pollinator abundance and functional traits
that predict pollination services. Leveraging these signals, pollinator deficits can be identified
quickly, allowing farmers to supplement wild pollinators with domesticated bee colonies. Inex-
pensive, long-term monitoring provides population estimates in many locations simulta-
neously, allowing conservation biologists to disentangle the effects of multiple environmental
stressors. Researchers can explore fundamental questions concerning communication among
organisms and ‘eavesdropping’ by non-target organisms (such as arachnid predators or polli-
nator host plants that may respond to flight buzzes as indicators of prey availability or pollina-
tion quality).

(TIF)

S1 Table. References for characteristic frequency of flight buzzes and tongue length mea-
surements collated from the literature. The mean weighted by sample size was calculated for
any species and caste with more than value for characteristic frequency or tongue length.
(DOCX)

Acknowledgments

We would like to thank Kimberly Bowman, Elizabeth Hedrick, Zack Miller, and Z6e Moffet
for assistance in field and laboratory data collection. Kaitlyn Irwin supplied the blueberry fruit
photograph for S1 Fig. We acknowledge the support of the Mountain Research Station,

PLOS ONE | https://doi.org/10.1371/journal.pone.0179273  June 7, 2017 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179273.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179273.s002
https://doi.org/10.1371/journal.pone.0179273

@° PLOS | ONE

Flight of the bumble bee: Buzzes predict pollination services

University of Colorado and Beaver Ponds Environmental Education Center. Niwot Ridge
LTER (NSF DEB 1027341) and Mountain Area Land Trust (Pennsylvania Mountain) provided
access to research sites. This research was supported by NSF (awards 1045322, 1410586, and
1355406) and Deborah K. Snider, B.A., M.A. Data are archived at DOI:10.5061/dryad.43{8k
(http://dx.doi.org/10.5061/dryad.43f8k). The funders had no role in study design, data collec-
tion and analysis, decision to publish, or preparation of the manuscript.

Author Contributions

Conceptualization: CG NMS JS.

Data curation: NMS DH CG.

Formal analysis: NMS DH CG.

Funding acquisition: CG DH.

Investigation: NMS JG DH.

Methodology: NMS CG JS DH.

Project administration: CG NMS DH.

Resources: GC JS DH JG.

Software: DH NMS.

Visualization: NMS.

Writing - original draft: NMS.

Writing - review & editing: NMS CG DH JS.

References

1.

Ollerton J, Winfree R, Tarrant S. How many flowering plants are pollinated by animals? Oikos. 2011;
120: 321-326. https://doi.org/10.1111/j.1600-0706.2010.18644.x

Klein A-M, Vaissiere BE, Cane JH, Steffan-Dewenter |, Cunningham SA, Kremen C, et al. Importance
of pollinators in changing landscapes for world crops. Proc Biol Sci. 2007; 274: 303—13. https://doi.org/
10.1098/rspb.2006.3721 PMID: 17164193

Ellis AM, Myers SS, Ricketts TH. Do pollinators contribute to nutritional health? PLOS One. 2015; 10:
1-17. https://doi.org/10.1371/journal.pone.0114805 PMID: 25575027

Gallai N, Salles J, Settele J, Vaissiére BE, Pollinisation L, Abeilles E, et al. Economic valuation of the
vulnerability of world agriculture confronted with pollinator decline. Ecol Econ. Elsevier B.V.; 2008; 68:
810-821. https://doi.org/10.1016/j.ecolecon.2008.06.014

Lautenbach S, Seppelt R, Liebscher J, Dormann CF. Spatial and temporal trends of global pollination
benefit. PLOS One. 2012; 7. https://doi.org/10.1371/journal.pone.0035954 PMID: 22563427

Goulson D, Nicholls E, Botias C, Rotheray EL. Bee declines driven by combined stress from parasites,
pesticides, and lack of flowers. Science. 2015; 347: 1255957 . https://doi.org/10.1126/science.1255957
PMID: 25721506

Tang M, Hardman CJ, Ji Y, Meng G, Liu S, Tan M, et al. High-throughput monitoring of wild bee diversity
and abundance via mitogenomics. Methods Ecol Evol. 2015; 6: 1034—1043. https://doi.org/10.1111/
2041-210X.12416 PMID: 27867467

Ollerton J, Erenler H, Edwards M, Crockett R. Extinctions of aculeate pollinators in Britain and the role
of large-scale agricultural changes. Science. 2014; 346: 1360—1362. https://doi.org/10.1126/science.
1257259 PMID: 25504719

Bradbury JW, Vehrencamp SL. Principles of Animal Communication. Sinauer Associates; 1998.

Blumstein DT, Mennill DJ, Clemins P, Girod L, Yao K, Patricelli G, et al. Acoustic monitoring in terrestrial
environments using microphone arrays: applications, technological considerations and prospectus. J
Appl Ecol. 2011; 48: 758—767. https://doi.org/10.1111/j.1365-2664.2011.01993.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0179273  June 7, 2017 11/14


https://doi.org/10.5061/dryad.43f8k
http://dx.doi.org/10.5061/dryad.43f8k
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1098/rspb.2006.3721
http://www.ncbi.nlm.nih.gov/pubmed/17164193
https://doi.org/10.1371/journal.pone.0114805
http://www.ncbi.nlm.nih.gov/pubmed/25575027
https://doi.org/10.1016/j.ecolecon.2008.06.014
https://doi.org/10.1371/journal.pone.0035954
http://www.ncbi.nlm.nih.gov/pubmed/22563427
https://doi.org/10.1126/science.1255957
http://www.ncbi.nlm.nih.gov/pubmed/25721506
https://doi.org/10.1111/2041-210X.12416
https://doi.org/10.1111/2041-210X.12416
http://www.ncbi.nlm.nih.gov/pubmed/27867467
https://doi.org/10.1126/science.1257259
https://doi.org/10.1126/science.1257259
http://www.ncbi.nlm.nih.gov/pubmed/25504719
https://doi.org/10.1111/j.1365-2664.2011.01993.x
https://doi.org/10.1371/journal.pone.0179273

@° PLOS | ONE

Flight of the bumble bee: Buzzes predict pollination services

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Heinrich B. Bumblebee Economics. Cambridge, MA: Harvard University Press; 2004.

De Luca PA, Cox DA, Vallejo-Marin M. Comparison of pollination and defensive buzzes in bumblebees
indicates species-specific and context-dependent vibrations. Naturwissenschaften. 2014; 101: 331-8.
https://doi.org/10.1007/s00114-014-1161-7 PMID: 24563100

Rodriguez-Gironés MA, Llandres AL. Resource competition triggers the co-evolution of long tongues
and deep corolla tubes. PLoS One. 2008; 3: €2992. https://doi.org/10.1371/journal.pone.0002992
PMID: 18714343

Harder LD. Flower handling efficiency of bumble bees: morphological aspects of probing time. Oecolo-
gia. 1983; 57: 274-280. https://doi.org/10.1007/BF00379591 PMID: 28310186

Pyke GH, Inouye DW, Thomson JD. Local geographic distributions of bumble bees near Crested Butte,
Colorado: competition and community structure revisited. Environ Entomol. 2012; 41: 1332—-1349.
https://doi.org/10.1603/EN11284 PMID: 23321080

Stout JC, Allen JA, Goulson D. Nectar robbing, forager efficiency and seed set: bumblebees foraging
on the self incompatible plant Linaria vulgaris (Scrophulariaceae). Acta Oecologica. 2000; 21: 277-283.
https://doi.org/10.1016/S1146-609X(00)01085-7

Willmer PG, Finlayson K. Big bees do a better job: intraspecific size variation influences pollination
effectiveness. Jounral Pollinat Ecol. 2014; 14: 244-254.

Greenleaf SS, Kremen C. Wild bees enhance honey bees’ pollination of hybrid sunflower. Proc Natl
Acad Sci USA. 2006; 103: 13890—-13895. hitps://doi.org/10.1073/pnas.0600929103 PMID: 16940358

Burkart A, Lunau K, Schlindwein C. Comparative bioacoustical studies on flight and buzzing of neotropi-
cal bees. J Pollinat Ecol. 2011; 6: 118—124.

Gradisek A, Slapnigar G, Sorn J, Lustrek M, Gams M, Grad J. Predicting species identity of bumblebees
through analysis of flight buzzing sounds. Bioacoustics. 2016; 4622: 1-14. https://doi.org/10.1080/
09524622.2016.1190946

Olesen JM, Jordano P. Geogarphic patterns in plant-polliantor mutualistic networks. Ecology. 2002; 83:
2416-2424.

Bascompte J, Jordano P. Plant-animal mutualistic networks: the architecture of biodiversity. Annu Rev
Ecol Evol Syst. 2007; 38: 567—593. https://doi.org/10.1146/annurev.ecolsys.38.091206.095818

Memmott J, Waser NM, Price M V. Tolerance of pollination networks to species extinctions. Proc R Soc
London Biol Sci. 2004; 271: 2605-2611. https://doi.org/10.1098/rspb.2004.2909 PMID: 15615687

Albrecht M, Schmid B, Hautier Y, Mdller CB. Diverse pollinator communities enhance plant reproductive
success. Proc R Soc B Biol Sci. 2012; 279: 4845-4852. https://doi.org/10.1098/rspb.2012.1621 PMID:
23034701

Hoehn P, Tscharntke T, Tylianakis JM, Steffan-Dewenter |. Functional group diversity of bee pollinators
increases crop yield. Proc R Soc B. 2008; 275: 2283-2291. https://doi.org/10.1098/rspb.2008.0405
PMID: 18595841

Blitzer EJ, Gibbs J, Park MG, Danforth BN. Pollination services for apple are dependent on diverse wild
bee communities. Agric Ecosyst Environ. Elsevier B.V.; 2016; 221: 1-7. https://doi.org/10.1016/j.agee.
2016.01.004

Winfree R, Williams NM, Dushoff J, Kremen C. Native bees provide insurance against ongoing honey
bee losses. Ecol Lett. 2007; 10: 1105-13. https://doi.org/10.1111/j.1461-0248.2007.01110.x PMID:
17877737

Orford KA, Murray PJ, Vaughan IP, Memmott J. Modest enhancements to conventional grassland
diversity improve the provision of pollination services. J Appl Ecol. 2016; 53: 906-915. https://doi.org/
10.1111/1365-2664.12608 PMID: 27609988

Geib JC, Galen C. Tracing impacts of partner abundance in facultative pollination mutualisms: from indi-
viduals to populations. Ecology. 2012; 93: 1581—-1592. Available: http://www.ncbi.nlm.nih.gov/pubmed/
22919905 PMID: 22919905

Knight TM, Steets JA, Vamosi JC, Mazer SJ, Burd M, Campbell DR, et al. Pollen limitation of plant
reproduction: pattern and process. Annu Rev Ecol Evol Syst. 2005; 36: 467—497. https://doi.org/10.
1146/annurev.ecolsys.36.102403.115320

Ashman T-L, Knight TM, Steets JA, Amarasekare P, Campbell DR, Dudash MR, et al. Pollen limitation
of plant reproduction: ecological and evolutionary causes and consequences. Ecology. 2004; 93: 1297—
1304.

Edens-Meier R, Joseph M, Arduser M, Westhus E, Bernhardt P. The pollination biology of an annual
endemic herb, Physaria filiformis (Brassicaceae), in the Missouri Ozarks following controlled burns. J
Torrey Bot Soc. 2011; 138: 287-297. https://doi.org/10.3159/TORREY-D-11-00024.1

PLOS ONE | https://doi.org/10.1371/journal.pone.0179273  June 7, 2017 12/14


https://doi.org/10.1007/s00114-014-1161-7
http://www.ncbi.nlm.nih.gov/pubmed/24563100
https://doi.org/10.1371/journal.pone.0002992
http://www.ncbi.nlm.nih.gov/pubmed/18714343
https://doi.org/10.1007/BF00379591
http://www.ncbi.nlm.nih.gov/pubmed/28310186
https://doi.org/10.1603/EN11284
http://www.ncbi.nlm.nih.gov/pubmed/23321080
https://doi.org/10.1016/S1146-609X(00)01085-7
https://doi.org/10.1073/pnas.0600929103
http://www.ncbi.nlm.nih.gov/pubmed/16940358
https://doi.org/10.1080/09524622.2016.1190946
https://doi.org/10.1080/09524622.2016.1190946
https://doi.org/10.1146/annurev.ecolsys.38.091206.095818
https://doi.org/10.1098/rspb.2004.2909
http://www.ncbi.nlm.nih.gov/pubmed/15615687
https://doi.org/10.1098/rspb.2012.1621
http://www.ncbi.nlm.nih.gov/pubmed/23034701
https://doi.org/10.1098/rspb.2008.0405
http://www.ncbi.nlm.nih.gov/pubmed/18595841
https://doi.org/10.1016/j.agee.2016.01.004
https://doi.org/10.1016/j.agee.2016.01.004
https://doi.org/10.1111/j.1461-0248.2007.01110.x
http://www.ncbi.nlm.nih.gov/pubmed/17877737
https://doi.org/10.1111/1365-2664.12608
https://doi.org/10.1111/1365-2664.12608
http://www.ncbi.nlm.nih.gov/pubmed/27609988
http://www.ncbi.nlm.nih.gov/pubmed/22919905
http://www.ncbi.nlm.nih.gov/pubmed/22919905
http://www.ncbi.nlm.nih.gov/pubmed/22919905
https://doi.org/10.1146/annurev.ecolsys.36.102403.115320
https://doi.org/10.1146/annurev.ecolsys.36.102403.115320
https://doi.org/10.3159/TORREY-D-11-00024.1
https://doi.org/10.1371/journal.pone.0179273

@° PLOS | ONE

Flight of the bumble bee: Buzzes predict pollination services

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.
47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

Brock MT. Prezygotic barriers to gene flow between Taraxacum ceratophorum and the invasive Taraxa-
cum officinale (Asteraceae). Oecologia. 2009; 161: 241-251. https://doi.org/10.1007/s00442-009-
1383-0 PMID: 19504127

Kearns C, Inouye D. Techniques for pollination biologists. Niwot, Colorado: University Press of Colo-
rado; 1993.

Geib JC, Strange JP, Galen C. Bumble bee nest abundance, foraging distance, and host-plant repro-
duction: implications for management and conservation. Ecol Appl. 2015; 25: 768—778. PMID:
26214921

Macior LW. Pollination ecology of the front range of the Colorado Rocky Mountains. Melanderia. 1974;
15:1-59.

Byron PA. On the ecology and systematics of Coloradan bumblebees. Dissertation. University of Colo-
rado, Boulder. 1980.

Miller-Struttmann NE, Galen C. High-altitude multi-taskers: bumble bee food plant use broadens along
an altitudinal productivity gradient. Oecologia. 2014; 176: 1033—1045. https://doi.org/10.1007/s00442-
014-3066-8 PMID: 25199658

Harder LD. Morphology as a Predictor of Flower Choice by Bumble Bees. Ecology. 1985; 66: 198—210.
https://doi.org/10.2307/1941320

Pineiro J, Bates D, DebRoy S, Sarkar D, R Development Core Team. nlme: Linear and nonlinear mixed
effects models. R Package; 2011.

Barton K, R Development Core Team. MuMIn: Multi-model inference. R Package; 2015.

Harmon-Threatt AN, Ackerly DD. Filtering across spatial scales: phylogeny, biogeography and commu-
nity structure in bumble bees. PLOS One. 2013; 8: €60446. https://doi.org/10.1371/journal.pone.
0060446 PMID: 23544141

R Development Core Team. R: a language and environment for statistical computing v. 3.1.2. Vienna,
Austria: R Foundation for Statistical Computing; 2014. http://www.r-project.org/

Heise D, Miller-Struttmann N, Galen C, Schul J. Acoustic detection of bees in the field using CASA with
focal templates. Proceedings of the 2017 IEEE Sensors Applications Symposium. 2017:360-364.

Martins L. A Computational Framework for Sound Segregation in Music Signals, PhD dissertation. Uni-
versity of Porto. 2008.

The SAS system for Macs. Release 9.2. Cary, NC: SAS Institute, Inc.; 2013.

Wickham H, Chang W, R Development Core Team. ggplot2: Create elegant data visualizations using
the grammar of graphics. R Package; 2016.

LeBuhn G, Droege S, Connor EF, Gemmill-Herren B, Potts SG, Minckley RL, et al. Detecting insect pol-
linator declines on regional and global scales. Conserv Biol. 2013; 27: 113-120. https://doi.org/10.
1111/j.1523-1739.2012.01962.x PMID: 23240651

Williams NM, Minckley RL, Silveira FA. Variation in bee faunas and its implications for future studies.
Conserv Ecol. 2001; 5: 1-19.

Pollinator Health Task Force. National strategy to promote the health of honey bees and other pollina-
tors (May 19, 2015). United States White House. 2015. pp. 1-54. https://www.whitehouse.gov/blog/
2015/05/19/announcing-new-steps-promote-pollinator-health

Rogers SR, Tarpy DR, Burrack HJ. Bee species diversity enhances productivity and stability in a peren-
nial crop. PLOS One. 2014; 9. https://doi.org/10.1371/journal.pone.0097307 PMID: 24817218

Kremen C, Williams NM, Aizen MA, Gemmiill-Herren B, LeBuhn G, Minckley R, et al. Pollination and
other ecosystem services produced by mobile organisms: a conceptual framework for the effects of
land-use change. Ecol Lett. 2007; 10: 299-314. https://doi.org/10.1111/j.1461-0248.2007.01018.x
PMID: 17355569

Blithgen N, Klein A-M. Functional complementarity and specialisation: the role of biodiversity in plant—
pollinator interactions. Basic Appl Ecol. 2011; 12: 282—291. https://doi.org/10.1016/j.baae.2010.11.001

Stang M, Klinkhamer PGL, Waser NM, Stang |, van der Meijden E. Size-specific interaction patterns
and size matching in a plant-pollinator interaction web. Ann Bot. 2009; 103: 1459—-1469. https://doi.org/
10.1093/aob/mcp027 PMID: 19228701

Rodriguez-Gironés MA, Llandres AL. Resource competition triggers the co-evolution of long tongues
and deep corolla tubes. PLoS One. 2008; 3: €2992. https://doi.org/10.1371/journal.pone.0002992
PMID: 18714343

Vézquez DP, Blithgen N, Cagnolo L, Chacoff NP. Uniting pattern and process in plant-animal mutualis-
tic networks: a review. Ann Bot. 2009; 103: 1445—-1457. https://doi.org/10.1093/aob/mcp057 PMID:
19304996

PLOS ONE | https://doi.org/10.1371/journal.pone.0179273  June 7, 2017 13/14


https://doi.org/10.1007/s00442-009-1383-0
https://doi.org/10.1007/s00442-009-1383-0
http://www.ncbi.nlm.nih.gov/pubmed/19504127
http://www.ncbi.nlm.nih.gov/pubmed/26214921
https://doi.org/10.1007/s00442-014-3066-8
https://doi.org/10.1007/s00442-014-3066-8
http://www.ncbi.nlm.nih.gov/pubmed/25199658
https://doi.org/10.2307/1941320
https://doi.org/10.1371/journal.pone.0060446
https://doi.org/10.1371/journal.pone.0060446
http://www.ncbi.nlm.nih.gov/pubmed/23544141
http://www.r-project.org/
https://doi.org/10.1111/j.1523-1739.2012.01962.x
https://doi.org/10.1111/j.1523-1739.2012.01962.x
http://www.ncbi.nlm.nih.gov/pubmed/23240651
https://www.whitehouse.gov/blog/2015/05/19/announcing-new-steps-promote-pollinator-health
https://www.whitehouse.gov/blog/2015/05/19/announcing-new-steps-promote-pollinator-health
https://doi.org/10.1371/journal.pone.0097307
http://www.ncbi.nlm.nih.gov/pubmed/24817218
https://doi.org/10.1111/j.1461-0248.2007.01018.x
http://www.ncbi.nlm.nih.gov/pubmed/17355569
https://doi.org/10.1016/j.baae.2010.11.001
https://doi.org/10.1093/aob/mcp027
https://doi.org/10.1093/aob/mcp027
http://www.ncbi.nlm.nih.gov/pubmed/19228701
https://doi.org/10.1371/journal.pone.0002992
http://www.ncbi.nlm.nih.gov/pubmed/18714343
https://doi.org/10.1093/aob/mcp057
http://www.ncbi.nlm.nih.gov/pubmed/19304996
https://doi.org/10.1371/journal.pone.0179273

@° PLOS | ONE

Flight of the bumble bee: Buzzes predict pollination services

57.

58.

59.

60.

61.

62.

63.

64.

65.

Digby A, Towsey M, Bell BD, Teal PD. A practical comparison of manual and autonomous methods for
acoustic monitoring. Methods Ecol Evol. 2013; 4: 675-683. https://doi.org/10.1111/2041-210X.12060

Hutto RL, Stutzman RJ. Humans versus autonomous recording units: a comparison of point-count
results. J F Ornithol. 2009; 80: 387-398. https://doi.org/10.1111/j.1557-9263.2009.00245.x

Kirschel ANG, Cody ML, Harlow ZT, Promponas VJ, Vallejo EE, Taylor CE. Territorial dynamics of Mex-
ican ant-thrushes Formicarius moniliger revealed by individual recognition of their songs. Ibis (Lond
1859). 2011; 153: 255-268. https://doi.org/10.1111/j.1474-919X.2011.01102.x

Riede K. Acoustic monitoring of Orthoptera and its potential for conservation. J Insect Conserv. 1998; 2:
217-223. https://doi.org/10.1023/A:1009695813606

Mankin RW, Hagstrum DW, Smith MT, Roda AL, Kairo MTK. Perspective and promise: a century of
insect acoustic detection and monitoring. Am Entomol. 2011; 57: 30—44. https://doi.org/10.1093/ae/57.
1.30

Haig D, Westoby M. On limits to seed production. Am Nat. 1988; 131: 757—759. https://doi.org/10.1086/
284817

Burd M. The Haig-Westoby Model revisited. Am Nat. 2008; 171: 400-404. https://doi.org/10.1086/
527499 PMID: 18217857

Appel HM, Cocroft RB. Plants respond to leaf vibrations caused by insect herbivore chewing. Oecolo-
gia. 2014; 175: 1257-1266. https://doi.org/10.1007/s00442-014-2995-6 PMID: 24985883

Swiston KA, Mennill DJ. Comparison of manual and automated methods for identifying target sounds in
audio recordings of Pileated, Pale-billed, and putative lvory-billed woodpeckers. J F Ornithol. 2009; 80:
42-50. https://doi.org/10.1111/j.1557-9263.2009.00204.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0179273  June 7, 2017 14/14


https://doi.org/10.1111/2041-210X.12060
https://doi.org/10.1111/j.1557-9263.2009.00245.x
https://doi.org/10.1111/j.1474-919X.2011.01102.x
https://doi.org/10.1023/A:1009695813606
https://doi.org/10.1093/ae/57.1.30
https://doi.org/10.1093/ae/57.1.30
https://doi.org/10.1086/284817
https://doi.org/10.1086/284817
https://doi.org/10.1086/527499
https://doi.org/10.1086/527499
http://www.ncbi.nlm.nih.gov/pubmed/18217857
https://doi.org/10.1007/s00442-014-2995-6
http://www.ncbi.nlm.nih.gov/pubmed/24985883
https://doi.org/10.1111/j.1557-9263.2009.00204.x
https://doi.org/10.1371/journal.pone.0179273

