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ABSTRACT

ECOLOGICAL AND EVOLUTIONARY CHARACTERISTICS OF NEW
ENGLAND’S BUZZ POLLINATED FLORA
By
Bridget Curran
Plymouth State University (May, 2022)
Pollination syndromes are sets of floral characteristics that have
evolved to attract specific pollinator groups for successful reproduction. Buzz
pollination is a specialized form of vibratile dehiscence whereby a pollinator
must produce a vibration to expel pollen from the anther. This is thought to
occur in approximately 6% of angiosperms as an evolutionary adaptation to
economize pollen, and we now know it occurs in approximately 3% of New
England species. Unlike other pollination syndromes (e.g., moth,
hummingbird, etc.) buzz pollinated species possess a relatively broad range of
perianth morphologies. Buzz pollination has been studied in tropical and
laboratory settings, but community-level studies are few and the breadth of
morphological and ecological variation in New England is poorly understood.
With my research, I tested the hypothesis that buzz pollinated species have a
broad geographic distribution across New England habitats (as opposed to
being restricted to one of a few special habitats) and that differences in
phenology serve to reduce competition for pollinators. Second, I tested
whether there are groups of plant species with similar floral morphologies
associated with specific foraging behavior.
We used online databases, published literature, and herbarium
specimens to determine the number of buzz pollinated species in New
England. Spatial analyses of georeferenced herbarium records were used to
construct a species distribution model and annotated iNaturalist observations
were summarized to determine species’ phenologies. We used linear
regression, multiple factor analysis, and analysis of variance to better
understand the relationships between anther morphology and several other
floral and environmental characteristics. Additionally, we recorded buzz
pollination frequency, amplitude, and duration for a small subset of plant
species in the field to determine whether buzzing characteristics were
associated with specific floral forms.
We find that 89 species of buzz pollinated plants occur throughout
almost every habitat in New England (though primarily in anthropogenic
habitats), that divergence in flowering times occurs in some (not all) habitats,
and that peak flowering time for buzz pollinated species occurs during the
months of June and July. We find a close relationship between anther length
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and specific perianth morphologies, and a negative correlation between pore
diameter and anther length. We also find significant differences in buzzing
characteristics among several species. Because buzz pollinated plant species
occur in a wide variety of habitats and range from common to rare, basic
knowledge on how bees are interacting with these species in New England will
foster a greater understanding of community interactions and consequences of
disturbances like habitat fragmentation and type conversion. Future research
on plant phenology and how differences in flowering times relate to the
selective pressures acting on plant-pollinator resources will provide insight on
the evolutionary trajectory of this syndrome.
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CHAPTER 1: STUDY SYSTEM AND DESIGN

Introduction
The most rapid diversification of angiosperms occurred in the
Cretaceous period and is widely accepted that insect pollinators were the
drivers of this diversification (Grimaldi 1999). This hypothesis is supported by
studies of pollen from in and on fossilized insects and extant plant species (Hu
et al. 2008). By the mid Cretaceous period, specialization among plants and
insect pollinators was evident in quantity, size, and texture of pollen found in
and on insects which contrasts the smooth, dry pollen found among wind
pollinated plants (Hu et al. 2007). Differences in abundances and forms of
angiosperm pollen grains in the fossil record compared with gymnosperms are
consistent with the earliest appearances of reproductive structures and
diversity among floral forms including petal colors, symmetry, nectaries and
modified stamens (Crepet 1996). The suites of floral traits associated with
specific animal pollinators are called ‘pollination syndromes’.
Pollination syndromes are thought to have evolved to attract groups of
effective pollinators that increase reproductive success (Fenster et al. 2004).
The groups of effective animal pollinators are described as ‘functional groups’
and evolutionary specialization refers to pollination by fewer functional groups
(Fenster et al 2004). This type of selection is thought to occur by pollinators
who most frequently and effectively pollinate plants in the same region
(Stebbins 1970). For example, species with the bat pollination syndrome
(chiropterophily), typically have large white flowers that open nocturnally, have
a moderate odor and have bell or dish shaped corollas. Plants with the
hummingbird pollination syndrome (a type of ornithophily) typically have
medium to large sized flowers that are pink, red, or yellow in color and tubular
in shape. And species with the carrion fly pollination syndrome (saprophily)
typically have a strong odor of decay and concealed sexual organs (RosasGuerrero et al. 2014).
Pollen has a dual function in terms of angiosperm reproduction. It is the
carrier of male gametes and acts as a nutritional reward to attract pollinators
(De Luca et al. 2013). Anther dehiscence refers to the opening of the anther
thecae which causes the release of pollen grains. This can occur in several
different ways including longitudinal, transverse, valvular and poricidal anther
dehiscence. One of the most common types of dehiscence is longitudinal
dehiscence which occurs in species like lilies. When the pollen is mature, the
anther theca splits down the middle and exposes pollen on the outside.
Pollinators visiting the flower for either pollen or nectar rewards, simply must
brush up against the anther to collect the pollen and transfer it to the stigma of
another. This type of pollination, however, can lead to pollen loss, as it
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reduces the amount of available pollen for successful fertilization (De Luca
and Vallejo-Marin 2013). Strategies to limit pollen loss lead to specialization
and the evolution of diversification (Minnaar et al. 2019).
Poricidal anther dehiscence is one strategy that conserves pollen to
ensure there is enough for successful reproduction, by expelling pollen
through an apical pore in the anther thecae (Figure 1.1) (Buchmann 1983).
Plants with poricidal anther dehiscence are often associated with buzz
pollination, where pollinators produce a vibration to expel pollen from the pore
(Buchmann 1983). In temperate regions, pollinators are typically species of
Bombus, and expel pollen by applying high frequency vibrations on or near the
stamen (Jolles, pers. comm.). The buzz pollination strategy has evolved
independently across many lineages of Angiosperms and is found in
approximately 6% of all species (Buchmann 1983).
Buzz pollination has been studied in laboratory and tropical
settings (Harder and Barclay 1994, Russell et al. 2018, Arroyo-Correa et al.
2019, De Luca et al. 2014, Rosi-Denadai et al. 2020, King and Buchmann
1995), mainly with species in the families Solanaceae (nightshade family) and
Melastomataceae (princess flower family). Few studies have examined buzz
pollination empirically in the field (Switzer et al. 2015, Buchmann and Cane
2000, Miller-Struttmann et al. 2017). No studies have examined the buzz
pollination syndrome at a regional scale in temperate localities or taken
inventory of the diversity of buzz pollinated species present at the community
and regional level. Understanding the distribution, morphology
and biomechanical properties associated with buzz-pollination can increase
knowledge in the origin and trajectory of floral adaptations in evolutionary
history. A greater understanding of the correct ‘fit’ or ‘match’ of plant to
pollinator can potentially optimize pollen transfer and successful reproduction
(DeLuca et al. 2019). In the three studies making up the body of this research,
we examined buzz pollinated species across New England habitats,
mechanisms associated with pollinator visitation, and floral morphological
diversity of this syndrome.

Study Site
The natural landscape of New England is heterogeneous and includes
coastline, mountains, valleys, hills, rivers, lakes, and offshore islands that host
a high diversity of plants (ca. 3,500 species), animals (ca. 1,617 terrestrial
species), and fungi (ca. 95 macrofungi species) (Degraff 1986, Haines 2011).
Totaling 186,479 km2, the region is similar in size to states in the southwestern
United States such as Arizona and New Mexico but differs in its mosaic
landscape which varies widely in climate and topography from north to south.
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The landscape and ecoregions we see today was shaped by hundreds
of millions of years of continental plate collisions, volcanic activity, and
glaciation (Ellimen and The New England Wildflower Society 2015). Bands of
metamorphic rock and granite stretch throughout the region (Robins and Kapo
2003). Resulting soils are reflective of the bedrock and are a product of
glaciation. The vast majority of New England soil is glacial till, the composition
of which has been shaped by various rivers, lakes, and streams throughout
the region (Beaumont 1942). An increasingly warming climate resulted in the
glaciers retreating northward, about 16,000 years ago, resulting in a differing
composition of till. Thin layers formed on rocky outcrops and exposed bedrock,
large deposits of unsorted till formed hills, and loose deposits of till from slowly
retreated glaciers formed various lakes, ponds, and wetlands (Johanson et al.
2016). By the early Holocene, patterns in composition of vegetation began to
emerge in response to glacial retreat and increased temperatures from
southern to northern New England (Oswalt et al. 2007). Today, a diversity of
habitat types exists in the region, each differing with respect to plant
community composition and the abiotic and biotic factors that shape those
communities.
Non-forested habitats are representative of New England’s historical
and current land use. They are often in transitional stages of succession and
include habitats such as fields and meadows, shrubs and thickets, and
anthropogenic habitats. During the arrival of European settlers (1620-1850),
60% of the land had been cleared for agriculture (Harper 1918). The climate
and rocky soils in this region made farming difficult and many settlers started
moving west for more favorable agricultural prospects (Cogbill et al. 2002).
Non-forested habitat types that are not influenced by human interference
include rocky outcroppings such as cliffs, ledges, and talus slopes and alpine
communities. True alpine communities are considered rare in New England
and occupy northern regions of Vermont, New Hampshire, and Maine. They
are characterized by isolation, elevation exceeding 1,219m and host
specialized and stable plant communities when disturbance is low (Kimball
and Weihrauch 2000).
Wetland communities occur throughout New England. In addition to
elevation and climate, host plant communities are also dependent on soil
quality and substrate. Wetlands provide critical ecosystem functions including
water retention, nutrient transformation, and wildlife habitat. The prolonged
presence of water results in specially adapted plants and unique soil
composition in areas with low oxygen and low nutrients (Johansan et al.
2016).
The 965 km of coastline stretches from southern Connecticut to
northern Maine and ranges from sandy to rocky soils. Coastal habitats include
salt marshes, coastal dunes, beachfronts, coastal plain, and rocky coastal
headlands. Plant communities occupying coastal habitats are adapted to dry,
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arid climates exposed to wind, nutrient-poor soils, and to some degree,
saltwater (Garner et al. 2015).
The geographical history resulting in the dynamic landscape we see
today has resulted in variable climate and weather patterns of New England.
There are large variations in temperature and precipitation in regard to
northern and southern regions, proximity to the coast, and variations in human
population density throughout the region. The average temperature in New
England is 6.7°C and average annual rainfall is 101.6 cm. Both temperature
and precipitation range from north to south, proximity to the coast, and
elevation (Keim and Rock 2001).

Study Design
To examine buzz pollination throughout New England, we implemented
a wide range of methodologies. To determine potentially buzz pollinated
species present in New England, we used online databases, previous
literature, herbarium specimens, and iNaturalist. We created a map in ArcGIS
to display 20 different habitat types across New England (Figure 1.2) (Ferree
and Anderson 2013). We used this to survey each habitat five times in the
field, using phenology data acquired from iNaturalist and herbarium specimen
data to inform timing of visitations. Bioacoustic analysis was used to quantify
vibrations produced by pollinator visits at each site. Morphometric
measurements from herbarium and wild specimens were used to analyze
anther variation and diversity within and among species.
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Figure 1.1 Longitudinal anther dehiscence in the Lily anther (A). Anthers dehisce
down the middle of the anther and expose pollen on the outside. Poricidal anther
dehiscence in Kalmia sp. (B). Pollen remains inside the anther and is expelled
through an apical pore.
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Figure 1.2 Habitats of New England (0-open water, 1-balsam fir, 2-northern
hardwoods, 3-mixed transitional, 4-oak-hickory-hemlock, 5-pitch pine-scrub oak, 6fields-meadows, 7-shrubs-thickets, 8-woodlands, 9-alpine, 10-cliffs-ledges-talus
slopes, 11-anthropogenic, 12-swamps, 13-marshes, 14-floodplains, 15-bogs, 16-fens,
17-salt marsh-estuary, 18-beachfronts-dunes, 19-rocky coastal headlands, 20-coastal
plains) Data from: The Nature Conservancy, Ferree and Anderson (2013)
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CHAPTER 2: DISTRIBUTION AND PHENOLOGY OF NEW ENGLAND’S
BUZZ POLLINATED SPECIES

Introduction
Species tend to thrive in their adaptive niches which correspond to
physiological tolerances and local climatic conditions or abiotic factors. Plant
species distributions are influenced by abiotic factors, such as precipitation,
temperature, and seasonality patterns, and reproductive success.
Reproductive success increases genetic variation which increases ecological
tolerance and the ability to adapt to changes in the environment (Figure 2.1).
Adaptation to the environment can increase population size and overall floral
display which is expected to increase pollinator visitation (Goulson 2000).
Examining these factors (abiotic and reproductive success) can help predict
how changes will influence community composition over time.
Species distribution models (SDMs) are used to predict a species’
geographic distribution given a set of occurrence data (i.e., empirically
observed presences) and the climatic conditions associated with those
occurrences. Georeferenced species occurrence data can be compiled from
direct field observations, herbarium specimens, alternative historic documents,
or a combination of these. To estimate a complex SDM based on ecological
factors, environmental data must be collected and rasterized. Climatic data are
readily available from several sources because they are compiled by weather
stations around the world and are transformed to continuous raster layers
using interpolation methods. Data interpolation (estimates of climatic
conditions between weather stations) makes it possible to assign climatic
values to any given set of geographic coordinates (i.e., latitude and longitude).
The resulting SDM is a prediction of species ranges based on climate and,
depending on whether the climate data represent past, current, or future
conditions, can be used to predict how species’ ranges have changed or will
change over time.
Species distribution models can also be used at the community level to
predict geographic areas with high species richness. Identifying areas of high
species richness for specialist host plants (collectively) can provide greater
insight into the specific factors that facilitate specialized plant-pollinator
interactions. Understanding the geographic and climatic influences on species
ranges (the climatic niche) is an essential first step to predicting both the
evolutionary trajectory and abiotic limitations of a species. In terms of plantpollinator interactions or pollination syndromes, SDMs can help prioritize
conservation efforts in specific areas where these interactions occur most
frequently.
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In contrast with climate and geographic range, phenology is an intrinsic
characteristic of plant species that is influenced by abiotic (seasonality, climate
change) and biotic factors (such as phylogenetic relatedness and pollinator
availability) at the community level. Variation in community composition driven
by changes in resource availability, climate, ecological succession, or other
factors may influence the effectiveness of pollinator interactions and the
reproductive success of a plant species within the community. Anthropogenic
factors can also impact pollinator interactions and reproductive success of
plant communities through the use of herbicides and pesticides, habitat
fragmentation, and loss of habitats. Among others, pollination syndromes and
climate variation are both factors that are thought to influence species
phenologies within a community (Cortes-Flores et al. 2017). While
competition-driven resource partitioning may lead to divergent phenologies in
communities, in some communities plant species flower synchronously, which
can be interpreted as a strategy to attract more pollinators (Cortes-Flores et al.
2017). Few studies to date have examined phenological patterns within one
pollination syndrome at the community level to see whether resources are
partitioned or shared (Cortes-Flores et al. 2016, Stradic et al. 2017, Oleques et
al. 2017, Ramos-Jiliberto et al. 2018). However, this information could prove
useful in that resource partitioning at the community level could lead to higher
rates of lineage diversification within species as phenologies shift to optimize
or accommodate community interactions.
In this study we focus on the distribution of New England’s buzz
pollinated angiosperms across habitats. The buzz pollinated syndrome is one
of the most morphologically diverse of all pollination syndromes (Dellinger et
al. 2019), it has evolved independently in many angiosperm families (Jolles et
al. 2014), and the distribution of these species as a whole has not been
examined in any other study. The objectives of our study are to 1) determine
where buzz pollinated species are likely to occur, 2) determine abiotic factors
that influence their distribution, and 3) determine phenology patterns
associated with species that grow sympatrically and with species that have
similar floral morphologies, specifically those associated with floral
advertisement.

Methods
Taxonomy of buzz pollinated plants
To determine potentially buzz pollinated species present in New
England, we used online databases, previous literature, herbarium specimens,
and iNaturalist to identify taxa with poricidal anther dehiscence, which is the
primary physical characteristic of species with the buzz pollination syndrome.
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From this list, we summarized family-level diversity and species conservation
status.
Regional distribution
We used our list of buzz pollinated species (Appendix 1) and created a
map in GIS (ArcGIS v. 10.2) using layers obtained from The Nature
Conservancy (Ferree and Anderson 2013) to display 20 different habitat types
that occur in New England. We downloaded occurrence data from the
Consortium of Northeastern Herbaria. Herbarium specimen data were
provided by: Bart, BSN, CCSU, CCSN, ECON, GH, KESC, NEBC, NY, CHRB,
QFA, CONN, MAINE, MASS, NHA, KIRI, VT, WCSU, WSCH, WGCH, SPWH,
and YU (Accessed through the Consortium of Northeastern Herbaria web site,
www.neherbaria.org, 2019-12-2). We queried the digitized collections curated
by these herbaria for all 89 buzz pollinated species and restricted our search
to specimens collected from New England, for which locality information
(latitude, longitude) were available, and for which a digital image was available
for verification of taxonomic identification. Occurrence data were then
classified at the species level (collapsing infraspecific taxa to species rank)
and added as a point layer to the New England map of rasterized habitats.
Habitat categories and climatic data were then extracted for all records.
Abiotic factors and distribution
Species distribution models were estimated with the packages dismo
(Hijmans et al. 2017), SSDM (Schmitt et al. 2017), and maptools (Bivand et al.
2015) in R (v. 1.0.143; R Core Team 2020); using 19 climatic variables
representing ‘present day’ conditions from WorldClim (Fick and Hijmans,
2017), elevation, and latitude and longitude. When multiple climate variables
were correlated for our set of species occurrences (r > 0.8), we omitted all but
one from our analyses, resulting in eight uncorrelated climate variables. Nonnormally distributed variables were square-root transformed prior to
multivariate statistical analyses. We then used principal component analysis
(princomp:stats) to determine how climatic variables were contributing to
clustering (based on climatic niche similarity) of New England buzz pollinated
species.
We generated a stacked species distribution model (SSDM) to
specifically predict areas of high species richness and endemism within the
New England region based on the collective 89 buzz pollinated species
(Schmitt et al. 2017). A stacked species distribution model combines multiple
individual species distribution models to produce a community level model with
the ability to predict geographical regions with high species richness. To
calculate endemism, the model uses a weighted endemism index (WEI). The
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WEI is the sum of the inverse geographical range size for each species.
Species with small ranges are assigned high weights and species with
progressively larger ranges are assigned smaller weights (Schmitt et al. 2017).
To evaluate model performance, we extracted the AUC values for each
species and mean species richness value. In SDM, AUC values can be used
to interpret and compare habitat suitability values with observed data. AUC
values range from 0-1, a value of 1 indicating perfect predictive ability of the
model or match of the observed data to the suitability model (Randin et al.
2006, Correa-Lima et al. 2019).
Detecting partitioning in phenology and floral advertisement traits
We used iNaturalist (2020) to obtain phenology data for as many buzz
pollinated species as possible. We searched each species individually,
constraining our search to New England. All observations containing images
and information about date (month and day) were downloaded and annotated
by the authors and trained volunteers as being in flower (i.e., flowers appear to
be fully open and mature) or not flowering (i.e., vegetative, in bud, or in fruit).
Flowering frequencies were used to derive peak flowering times for all
species, which ranged from one to three months.
To determine more accurate species habitat associations that could
account for microsite preferences (for example, streamside within a forested
habitat), we conducted text analysis (Curran et al, in prep.) of the
habitat/locality information on herbarium specimen labels associated with the
original occurrence data set derived from CNH (see Regional distribution
above) using the Text Mining package (Feinerer et al. 2008; Feinerer and
Hornick 2019). Sympatric buzz pollinated species groups were identified using
hierarchical clustering analysis of frequent locality/habitat terms on herbarium
specimen labels. Species assigned to the same cluster shared similar habitat
characteristics based on that specimen label information.
Next, we examined the frequency of flowering individuals per species to
identify different phenological periods throughout the flowering season (i.e.,
March through November) and to determine the extent to which
spatiotemporally sympatric species may be competing for or facilitating
pollination (i.e., divergent or balancing selection, respectively).
To understand whether species in the same habitat group were
facilitating each other in pollination or partitioning of pollinator resources, we
compared overall flowering frequency, number of species in flower, and
number of species in their peak flowering period per month for each habitat. In
the case of facilitation, we expected to see all species flowering at a single
time, whereas resource partitioning would appear as multiple, discrete peak
flowering times within a single habitat.
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We examined floral form and advertisement in a similar way. Nonmetric
multidimensional scaling analysis using euclidean distances was conducted
using the Vegan package (Oksanen et al. 2019) to quantify floral form and
advertisement based on the following characteristics for all species: petal color
(orange, purple-blue, purple-pink, red, white), symmetry (bilateral, radial), size
(large, medium, small), shape (campanulate, funnelform, reflexed, rotate,
urceolate), and orientation (pendant, upright). The NMDS axis explaining most
of the variation in the dataset was subsequently used to quantify differences in
overall floral form and advertisement. To calculate floral differences within
habitats and phenological periods, mean pairwise distances between MDS1
values were calculated among co-flowering species. In habitats/months where
species occurred in the same area of NMDS ordination space or only one
species was flowering, we expected mean pairwise distances to be small or
zero. In contrast, we expected co-flowering species in different areas of floral
ordination space (i.e., with very different floral forms or attraction) to exhibit
higher mean pairwise differences.

Results
Taxonomy of buzz pollinated plants
Our search for buzz pollinated species in the New England region
yielded 89 species belonging to five different families (Figure 2.3):
Boraginaceae (n=4), Fabaceae (n=4), Ericaceae (n=64), Melastomataceae
(n=2), and Solanaceae (n=16). Approximately 17% of these species are
currently classified as threatened, endangered, watchlist, or special concern at
the state level (Appendix 2) (Native Plant Trust 2022) and 25% of these are
non-native species.
Regional distribution
The habitat map generated using ArcGis projected 20 different habitat
types that fell into four major categories: forested, non-forested, wetland, and
coastal (Figure 1.1). The majority of New England is forested (Figure 2.4A)
with Northern hardwood forests being the dominant forest type (45.08%)
followed by spruce-fir forests (18.65%). Other forest types include oak-hickoryhemlock (3.57%), mixed-transitional (2.22%), and pitch pine-scrub oak
(5.66%). Anthropogenic habitats include agriculture, ruderal shrubland and
grassland, horticultural pines, and developed areas cover around 15% of the
region. Other non-forested habitat types include cliffs and ledges, fields and
grasslands, shrubs and thickets, alpine, and woodlands (1.26%). Wetland
habitats like swamps, bogs, fens, and floodplains cover an estimated 7.69% of
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the region. The remaining coastal habitats include salt marshes or estuaries,
beachfronts and dunes, rocky coastal headlands, and coastal plains, which
make up 0.34% of the region. A total of 12,729 georeferenced specimen
records (i.e., occurrences) for the buzz pollinated species were obtained from
CNH and included collections made between 1811 and 2019. Most of these
observations were made in what are currently classified as anthropogenic
habitats (44.08%), Northern hardwood forests (21.73%), and swamps (8.82%)
(Figure 2.4B).
Collections of buzz pollinated flora are not distributed evenly throughout
the region. There are more collections of buzz pollinated flora in anthropogenic
habitats compared to the total percent coverage of anthropogenic habitats in
the region (15%). Although forested habitats cover approximately 60% of the
region, we would expect to see more collections in these habitats (Figure 2.5).
The relationship between the frequency of collections of buzz pollinated
species from different habitats and the total area those habitats cover in New
England. If buzz pollinated species grow relatively evenly across a variety of
habitats, then we expect the frequency of specimen collections to reflect that.
As a particular habitat area increases, we expect to see collections from that
habitat increase as well (purple). However, in some habitats, specimens of
buzz pollinated species are represented at higher-than-expected frequencies
given the total habitat area (red) and in other habitats buzz pollinated species
are collected at lower frequency given the % of total habitat cover (blue).
Abiotic Factors and Distribution
We determined that eight of the 19 bioclimatic variables were
uncorrelated (Appendix 3) with respect to the focal New England species and
habitats in this study: annual mean temperature (bio1) , mean diurnal range
(bio2), isothermality (bio3), mean temperature of the wettest quarter (bio8) ,
mean temperature of the driest quarter (bio9), mean temperature of the
coldest quarter (bio11), precipitation of seasonality (coefficient of variation,
bio15) . We also included elevation, longitude, and latitude in our analyses as
additional abiotic factors that are likely influences on species distributions and
displayed genera with a cos2 greater than 0.8. The first two principal
components explain 38.9% of the total variation in the 11 variables. Latitude
and mean temperature of the driest quarter (bio9) had the greatest influence
on PC1 (19.7%), while mean temperature of the warmest and coldest quarters
(bio18 and bio11, respectively), had the greatest influence on PC2 (19.2%)
(Figure 2.6).
Representative buzz pollinated genera inhabit a somewhat continuous
range of ordinal space in our PCA based on abiotic factors that influence
geographic distribution (Figure 2.6). Mean temperature of the driest quarter
(bio9) increases at lower latitude and longitude in New England near the
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Atlantic coast. This appears to influence genera like Chimaphila,
Chamaedaphne, Rhexia, and others whose distribution suggests a preference
for increased temperatures in more southern regions of New England’s coastal
plain, very generously defined. Precipitation of the warmest quarter (summer
rain, bio18) increases as mean annual temperature (bio1) decreases in more
interior areas of the region. Increased precipitation during the summer months
influences the distributions of somewhat higher-elevation genera like
Empetrum, Pyrola, and Vaccinium while lower precipitation and mean annual
temperatures appear more favorable to genera like Lyonia and Gaylussacia.
Estimation of the Stacked Species Distribution Model (SSDM) resulted
in a mean AUC value of 0.83 (Figure 2.7). In SDM, AUC values can be used to
interpret and compare habitat suitability values with observed data. A mean
AUC value of 0.83 indicates the model’s ability to predict the optimal buzz
pollinated species distribution. The model shows increased species richness in
the south-western regions of New England and in the alpine regions of the
White Mountains of New Hampshire and Northern Maine, corresponding with
trends shown in the PCA. Species richness appears lower in northern Maine
and Vermont (Figure 2.8).
Partitioning in phenology and floral advertisement traits
We annotated 4,912 iNaturalist observations of flowering buzz
pollinated species observed between 1986 and 2020. Different buzz pollinated
species range widely in their flowering times from March through November,
with collective peak flowering times in June and July, respectively (Figure 2.9A
and B).
According to herbarium specimen labels, buzz pollinated species in
New England falls into just one or two habitat types based on herbarium
specimen habitat/locality including: forests and woods (n= 17 species); dry,
open forests (n= 8); forests and shrublands (n= 3); wetland and forests (n=
17); wetlands only (n= 8); alpine and wetlands (n= 2); alpine and forested (n=
1); alpine only (n= 7); and anthropogenic habitats (n= 25).
Examination of phenological overlap among buzz pollinated species
from the same habitats (Figure 2.10) indicates that different habitats
experience different ranges and peak flowering times. Forests and woods,
along with anthropogenic habitats, experience peak flower availability between
June and August. In contrast, wetland/forest and wetland only species
experienced peak flowering earlier, from May through July. Species in
dry/open habitats exhibited two peak flowering periods, one in May-June and a
second in August-September.
Analysis of floral characteristics for all buzz pollinated species using
NMDS resulted in a good fit of the data to the ordination (stress=0.05) and
indicated that much of the overall floral variation can be explained by two
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ordination axes, MDS1 (63%) and MDS2 (37%). The first axis (MDS1) was
most influenced by whether flowers were red, yellow, bilaterally symmetrical,
and large in size (Figure 2.2), whereas MDS2 was most influenced by whether
flowers were medium sized, reflexed, and purple-blue colored. Mean
differences in floral shape and advertisement calculated for each habitat and
phenological period (Figure 2.10) from MDS1 species scores indicate that
sympatric species with similar floral forms and advertisement are found in
alpine environments, which is what we expected to see for facilitation. In
contrast, spatiotemporally sympatric species differed most in forest/woods and
anthropogenic habitats. Other habitat types exhibited intermediate levels of
peak floral dissimilarity at a single phenological period in the season, and
notably peak dissimilarity was not correlated with the number of sympatric
species present. Only the dry/open forest exhibited two discrete peaks of floral
dissimilarity (Figure 2.11).

Conclusion
Buzz pollination is a syndrome that has evolved numerous times
independently in angiosperms but is more common in certain families. In New
England, buzz pollinated taxa account for approximately 3% of the region’s
angiosperm species, genera, and families (including both exotic and native
taxa). We expected to observe plant species with this specialized syndrome
somewhat evenly distributed across a variety of habitats in New England.
What we find is that in some cases, buzz pollinated species occurrences are
higher than expected given how much area in New England is covered by
particular habitats. In particular, buzz pollinated species are over-represented
in anthropogenic habitats, and only slightly over-represented in pitch pinescrub oak, swamps, and oak-hickory-hemlock habitat types. Despite the fact
that almost 30% of buzz pollinated species occurrences are from Northern
hardwood, they are under-represented in comparison with the total area of
New England covered by this habitat. Likewise, buzz-pollinated species are
also under-represented in spruce-fir and mixed-transitional forest types.
One explanation to consider for the over representation we found of
buzz pollinated species in anthropogenic habitats may be due to sampling
bias. In a recent study (Daru et al. 2017) widespread sampling bias of herbaria
was revealed in New England, particularly in reference to spatial bias. This
study showed that over 50% of the collections were collected within 2km from
a road and more collections occurred in regions with higher elevations. We
also want to consider that some of these collections date back to 1811 and
some of the habitats classified as ‘anthropogenic’ may not have been at the
time of collection.
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Oftentimes, habitat fragmentation is associated with a decrease in
biodiversity and species interactions (Rathke and Jules 1993, Fahrig 2003,
Krauss et al. 2010). It’s important to consider that in some cases, low-level
anthropogenic disturbances can increase heterogeneity of both the habitat
type and resources, thus increasing diversity (Tews et al. 2004).
Anthropogenic habitats in this study were classified as not only urban,
developed areas but as agricultural and ruderal shrubland and grassland
habitats. The diversity of herbaceous plants has been known to increase as
hardwoods or shade trees decrease in disturbed habitats (Kessler et al. 2009).
In other studies, bee pollinators showed no change in abundance and species
richness based on changes of agricultural land use (Kessler et al. 2009,
Hagen and Kraemer 2010). Ecological and life history traits of bee pollinators
may depend on responsiveness to particular disturbances, for example, bees
that nest below ground are less likely to respond negatively to environmental
disturbance than bees who nest above ground (Williams et al. 2010).
In determining which abiotic factors contribute to buzz pollinated
species distributions we found that certain factors such as temperature,
precipitation, and elevation influence species differently. Overall, we found that
latitude and mean temperature had the greatest influence over distribution.
Genera such as Chimaphila, Chamaedaphne, and Rhexia appear to favor
climates with higher mean temperatures at lower latitudes and longitudes near
the Atlantic Coast. Species in genera such as Empetrum, Pyrola and
Vaccinium appear to favor areas with higher summer precipitation and lower
mean annual temperature in the interior regions of New England. Both lower
precipitation and annual mean temperature appear to favor genera such as
Lyonia and Gaylussacia.
The output of the SSDM predicted areas with high species richness
around the southern and coastal regions and alpine zones of New Hampshire
and northern Maine. The SSDM showed a mean AUC value of 0.83, meaning
the collective mean of each SDM, which indicates the model was fairly
accurate. Taking into account the model’s predictability and potential for
sampling bias for occurrence data, this model can be used to direct
conservation management practices as some of these species and their
pollinators are threatened or endangered at the state level (Appendix 2).
In northern temperate regions like New England, bumblebees are the
primary pollinators for buzz pollinated species (Jolles, pers. comm). When
comparing our results on distribution patterns we find similarities in previous
studies conducted on bumblebee populations in the northeast. One study
conducted by Jacobson et al. 2017, found that recent historical documentation
of occurrences of Bombus impatiens and Bombus terricola increased in alpine
and southern coastal regions of New Hampshire. Similar studies show species
richness of bumblebees was generally greater in northern inland regions of
Maine compared to southern coastal, more developed regions (Butler et al.
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2021). Interestingly, in Vermont, land cover and precipitation had the greatest
influence on abundance and species richness of bumblebees. While
decreasing in developed areas, abundance and species richness increased in
crop and grassland, while abundance increased with precipitation (Richardson
et al. 2018).
Buzz pollinated species collectively flower from March-November with
peak flowering occurring during the months of June and July. We used
iNaturalist for most of these findings and found it to be an invaluable tool. Each
observation for each species was annotated by hand and described as being
in fruit or in flower. We restricted localities to New England and were able to
obtain 4,913 observations in flower from 1986-2020. The peak flowering times
of June in July is consistent with the phenology of bumblebees in this region,
particularly Bombus impatiens (Tucker and Rehan 2016). With regards to floral
similarity and co-flowering among species in the same habitat, we found that
the only habitat with two peak flowering times and two peaks of floral
dissimilarity was the dry-open forests, which suggests resource partitioning
within this habitat. Every other habitat type had one peak flowering time with
intermediate levels of floral dissimilarity which suggests some level of
facilitation. Further research is needed to determine whether facilitation or
competition is occurring within communities with co-flowering species but
overall floral display and pollinator abundance is likely to increase pollinator
visitation and successful reproduction (Ye et al. 2014).
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Figure 2.1 Factors influencing plant species distribution. Each transition represents
an increase.

Figure 2.2 Calculation of overall floral dissimilarity among species in a single habitat
and phenological period. Dissimilarities are derived from species NMDS coordinates
based on petal color, symmetry, size, shape, and orientation.
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Figure 2.3 Taxonomic representation among New England's buzz pollinated
species.

Figure 2.4 Percent habitat cover across New England derived from GIS analysis based on Nature Conservancy habitat
information (A) and the percent of buzz pollinated species occurrences derived from herbarium specimens collected in
each habitat type (B).
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Figure 2.5 The relationship between the frequency of collections of buzz pollinated
species from different habitats and the total area those habitats cover in New
England. If buzz pollinated species grow relatively evenly across a variety of habitats,
then we expect the frequency of specimen collections to reflect that. As a particular
habitat area increases, we expect to see collections from that habitat increase as well
(purple). However, in some habitats, specimens of buzz pollinated species are
represented at higher-than-expected frequencies given the total habitat area (red)
and in other habitats buzz pollinated species are collected at lower frequency given
the % of total habitat cover (blue).

21

Figure 2.6 Principal component analysis of abiotic factors that influence distribution
and representative buzz pollinated genera in Boraginaceae (filled circles), Ericaceae
(filled squares), Fabaceae (open triangles), Melastomataceae (filled diamonds), and
Solanaceae (filled triangles). bio1, annual mean temperature; bio2, mean diurnal
range; bio3, isothermality; bio8, mean temperature of the wettest quarter; bio9, mean
temperature of the driest quarter; bio11, mean temperature of the coldest quarter;
bio15, precipitation of seasonality (coefficient of variation). Buzz genera shown have
cos2 greater than 0.8.
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Figure 2.7 AUC values of species in stacked species distribution model (SSDM).
Blue dashed line shows the mean AUC value of 0.83.
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Figure 2.8 Species richness and endemism map predicting species richness from
SSDM.

Figure 2.9 Heatmap showing observed flowering of buzz pollinated species from iNaturalist observations, shading of red
depicts the number of individuals observed.

24

25

Figure 2.10 Histogram of buzz pollinated species in flower based on observations
from iNaturalist. Peak flowering times for buzz pollinated species collectively occur
during the months of June and July.
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Figure 2.11 Flowering frequencies for buzz pollinated plants occurring in the nine
most common habitat associations. Gray = percentage of plants observed flowering,
blue = number of species in flower, orange=number of species at peak flowering, red
line=mean floral dissimilarity among species present. The greatest cases of floral
dissimilarity occur when species richness is low, which may suggest resource
partitioning. In wetland habitats peak flowering times are associated with high species
richness and floral dissimilarity, suggesting resource facilitation.
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CHAPTER 3: MORPHOLOGY OF NEW ENGLAND’S BUZZ POLLINATED
SPECIES

Introduction
The rapid diversification of Angiosperms in the Cretaceous period is
thought to be the result of the diversification of insect pollinators (Grimaldi
1999). Outcrossing facilitated by animal pollinators promotes genetic diversity
and adaptation, which is helpful when environmental conditions are
unfavorable for pollination by wind, water, or other abiotic means. Floral traits
such as shape, size, coloration, position, scent, and reward have evolved
independently to attract specific animal pollinators, but groups of recurrent
floral traits associated with specific, effective animal pollinators is what defines
the concept of pollination syndrome (Stebbins 1970). Effective animal
pollinators increase the reproductive success of the plants they visit, along
with the prevalence of their traits, forming ‘functional groups’ that exert
selective pressures on populations and communities based on floral
morphology, foraging behavior, or sensory capacity (Fenster et al. 2004).
Functional group classification is based on suites of floral traits that
allow for effective pollen dispersal, transport, and ultimately successful
reproduction. Functional groups need not be phylogenetic. For example, a
well-known pollination syndrome is ‘hummingbird-pollinated’, which in many
cases have red petals and long tubular shaped corollas. It’s thought that when
given a choice, hummingbirds will prefer this floral morphology, which
has evolved to attract a specific functional group, hummingbirds, to effectively
pollinate these types of flowers (Rosas-Guerrero et al. 2014). Bat pollinated
plants typically have white petals and bowl-shaped corollas that open at night.
Flowers of buzz pollinated species have been described in the literature
as being nectar-less, pendant shaped and having radial symmetry (Buchmann
1983, Harder and Barclay 1994). Many species in the genus Solanum have
been used to study buzz pollination because of the prototypical structure of the
androecium most typical of the syndrome: large, cone-like poricidal anthers
contrasting in color to the radially symmetric petals (Buchmann and Cane
1989, De Luca et al 2013, King and Buchmann 1996, De Luca et al 2019,
Arroyo-Correa et al. 2019). Although similar in arrangement and pollination
mechanism, anthers of Vaccinium flowers are relatively long and delicate, with
apical pores arranged conically in radially symmetric, nectar-less flowers
(Cane et al. 1985). Still other species, like those of the genus Chimaphila,
have smaller anthers that are displayed in clearly herkogamous flowers,
directed outward with large apical pores from the radially symmetric corolla
(Standley et al. 1988).
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The significance of anther size and shape in poricid anthers resides in
the function of these structures to release pollen in response to vibrations
produced by pollinating insects. Differences in length, width, and pore size will
not only affect the amount of potential energy build-up in the anther thecae
and how quickly pollen exits the anther pore, but may affect where pollen is
deposited on the pollinating insect. In combination with other floral
characteristics, especially those involved with advertisement, the anthers of
buzz pollinated species may reflect adaptation to a wide variety of species that
are capable of pollinating these flowers. Despite the range of floral variation in
buzz pollinated species, with respect to anther dimensions and floral diversity,
little has been published on the co-occurrence of buzz pollinated species at a
regional geographic scale.
More recent studies have shown a larger range in morphological
diversity among buzz pollinated plants and have even considered this
syndrome to be the most morphologically diverse of all pollination syndromes
(Dellinger et al 2019). Floral characteristics range in a variety of
characteristics, from perianth orientation to reward type, and combinations of
these traits are what define the range of diversity in floral advertisement. In
this study we aim to 1) summarize the taxonomy of buzz pollinated species of
New England, and 2) characterize floral morphologies associated with buzz
pollinated species in New England to better understand whether buzz
pollination constitutes an ‘umbrella’ syndrome with multiple functional subcategories, possibly offering resources to a greater breadth of ‘functional
groups’ of pollinators. With this work we hope to shed light on the diversity this
pollination syndrome contributes to the flora of New England.

Methods
We generated a list of potentially buzz pollinated species based on
whether the species had poricidal anthers, and whether we could find
supporting information from online databases and previous studies (Jolles et
al., 2014) about whether the plants had been observed to be buzz pollinated
by bumble bees. Of the 86 taxa on our list, we chose two, largely overlapping
subsets of species (Figure 3.1) to measure for our study, representing the
taxonomic breadth of buzz pollinated species in New England and for which
we could easily measure floral characteristics.
Herbarium specimens from Plymouth State Herbarium (PSH), Harvard
Herbarium (HUH), and the Pringle Herbarium at the University of Vermont
(UVM) were examined for the presence of poricidal anthers and other floral
characteristics typical of the buzz pollination syndrome, like thick stamen
filaments. We also collected information on habitat type and phenology from
herbarium specimens and used a map of habitat types (Feree and Anderson
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2013) to direct field observations in May-September 2019. For each species,
we measured traits from individuals collected broadly from different parts of
their geographic ranges to avoid spatially correlated morphological similarities
and differences.
We collected flower specimens in the field and preserved them in 95%
ethanol, later transferring them to 70% ethanol for longer-term storage. Pickled
flowers were examined with a compound microscope to measure anther
length, width, and pore size using Leica Acquire imaging software and ImageJ
(Schneider et al. 2012) measuring software. These data were supplemented
with anther measurements made from herbarium specimens for a total of 250
samples representing 19 species. When two types of anthers were present
(like those belonging to Senna hebecarpa), we only measured the larger,
pollen-bearing anthers. We compiled our list of measurements and added
other floral characteristics associated with pollination syndromes: corolla size
(mm), pore shape, anther exertion, petal color, symmetry, perianth shape and
orientation, petal fusion, and phenology (Table 3.1)
We analyzed anther measurements using a 3D morphospace with the
scatterplot3d package (Ligges and Machler 2003) in R (R Core Team 2020) to
better understand general trends in anther shape and phylogeny.
Morphospaces are used to describe and compare phenotypes of organisms.
Each dimension of the morphospace describes a quantitative attribute of
morphology, whether that is floral (Chartier et al. 2014), or something more
specific like androecial shape or organization. Our data set of floral
characteristics included both qualitative measurements (i.e., petal color,
symmetry, etc.) and quantitative data like anther measurements and corolla
size. For that reason, we conducted a multiple factor analysis (MFA) using the
FactoMineR package (Le et al. 2008) in R, along with factoextra (Kassambara
and Mundt 2020), to explore commonalities among floral traits. Similar to
principal component analysis, the MFA investigates relationships among
variables within a dataset, but the MFA uses a priori groups or sets of
variables to inform the analyses and resulting output. Prior to analysis, we
identified each variable in our dataset as belonging to one of the following
categories: overall size, anther shape, floral advertisement, perianth, and
environmental (Table 3.1). We used the MFA and a correlation plot to
determine how each variable influenced the dataset and to identify how these
variables partition the buzz pollination syndrome.

Results
We identified 86 buzz pollinated species occurring in New England
in almost every habitat. Of these, 64 belonged to the family Ericaceae (n=64),
16 to Solanaceae (n=16), four to Boraginaceae (n=4), four to Fabaceae (n=4),
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and two to Melastomataceae (n=2). We measured anther length, width, and
pore area in a subset of these species. We found inter- and intra-specific
variation among anther dimensions (Figure 3.2A). There is also a trend among
anther length and pore area; as anther length increases, pore area decreases
(Figure 3.2B).
Multiple factor analysis of floral characteristics that are commonly
associated with pollination syndromes (Table 3.1) indicates that 26.4% of the
total variation in our data set can be explained by the first two ordination axes
(Figure 3.3). Traits relating both to perianth appearance (shape, fusion, and
orientation) and to phenology had the greatest influence on dimension 1,
explaining 14.9% of the variation in the data. Phenology also had a strong
influence on dimension 2, along with the anther pore shape and anther
exertion from the flower, explaining 11.5% of the variation in our data. Species
clustered on the MFA based on flowering time (dim 1) were also supported by
morphological characteristics. For example, species with bilateral symmetry,
free petals, pendant or upright flowers, and exposed anthers (top right
quadrant) include species like Senna hebecarpa and Rhododendron
canadense, and Rhexia virginica that flower later in the season. Species with
large anthers, small anther pores, and pendant, radially symmetric flowers with
reflexed petals (bottom right quadrant) like the Solanum species and
Vaccinium oxycoccos also bloom later in the season. In contrast, species with
urceolate shaped (fused), nodding corollas and concealed anthers like those
belonging to Vaccinium and Symphytum officinale (bottom left quadrant)
bloom earlier in the season. Lastly, the upper left quadrant clusters species
with saucer shaped corollas and tear-dropped shaped anther pores, along with
exposed or even exerted anthers like Kalmia species and Rhododendron
groenlandicum. The correlation plot shows the contribution in percent of each
trait group in the MFA (Figure 3.4). Perianth appearance had the greatest
influence of all traits on dimension 1 (contributing 24.4%), whereas phenology
had the greatest contribution to dimension 2 (at 29.82%).

Conclusion
In this study we analyzed the floral morphologies of approximately 30%
of New England’s buzz pollinated species to better understand the diversity of
floral traits related to this pollination syndrome at the regional level, where
species are potentially competing for pollinators or acting synergistically to
assure fertilization. Aside from identifying major floral clusters within the buzz
pollinated floral morphospace, perhaps the most surprising result is that floral
traits like petal fusion, orientation, and symmetry are strongly correlated with
phenology among New England’s buzz pollinated species. Plants with small,
radial, sympetalous flowers bloom earlier in the season than plants with large,
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bilateral, apopetalous flowers, possibly a reflection of changes in pollinator
foraging behaviors or demographics as the season progresses from May to
November. Bumblebee populations in this region typically peak in June and
July (Tucker and Rehan 2016).
Buzz pollinated species represent approximately 3% of the species,
genera, and angiosperm plant families in New England. Melastomataceae and
Fabaceae represent a small number of the buzz pollinated species in this
region, but their large, colorful, bilaterally symmetric flowers bloom late in the
season and both have prominent anthers with tiny pores. In contrast,
Solanaceae has the second largest number of buzz pollinated species
represented in New England, but all species bloom later in the season and
have similar characteristics: radial flowers with more-or-less reflexed petals
and conically arranged anthers. Our findings suggest that the Solanum type
flower is just one of several ‘kinds’ of buzz-pollinated flowers and likely
appeals to a single ‘functional group’ of pollinating insects. Ericaceae is by far
the largest family of buzz pollinated plants in New England and shows the
greatest phenological and morphological breadth in our analyses, reflecting
subfamily-level diversity. In our analyses, species belonging to
Monotropoideae (Chimaphila, Moneses, and Pyrola), Rhododendroideae
(Kalmia and Rhododendron), and Vaccinioideae (Chamaedaphne and
Vaccinium), respectively, loosely group together in our floral and anther
morphospaces. The most important characteristics contributing to our
groupings included perianth appearance (shape, direction, and petal fusion),
phenology (early, mid, late, and full flowering), and anther shape (pore shape
and exertion).
The wide diversity of floral morphologies we observe in this study is
supported by previous studies claiming that the buzz pollination syndrome is
the most morphologically diverse of all syndromes (Dellinger et al. 2018). Like
other syndromes, buzz pollination has not evolved from a single common
ancestor but has evolved independently, multiple times (Dellinger et al. 2018,
Buchmann 1983, DeLuca and Vallejo-Marin 2013, Jolles et al. 2014). As
shown in our regionally focused study, morphologies associated with the buzz
pollination syndrome depart greatly from the ‘typical’ Solanum type flowers
with radially symmetric corollas and large cone-like anthers. New England’s
buzz pollinated species range widely in the fusion, color, orientation, and
symmetry of their petals, in the extent to which their stamens are exerted or
concealed within the flower, and even in their floral reward, suggesting that
there is more than one way to ‘build’ a buzz pollinated flower. All species had
one thing in common, poricidal anthers. These anthers exhibit the kind of
strong dimensional trade-offs we expect from developmental or physiological
constraints. Our study shows that large pore size is most frequently associated
with short, wide anthers, whereas small pores are associated with long,
narrow anthers. It follows from these differences that bee foraging behavior on
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the flower (i.e., the ‘buzzing’ required to extract the pollen) will be driven by the
dimensions of the anthers.
Sonicating foraging behavior has evolved 45 times in evolutionary
history; bees capable of sonicating flowers are more species rich than those
that are unable to (Cardinal et al. 2017). This indicates strong selection
pressure for bees to adapt to plants with poricidal anthers and pollen release
mechanisms. Bees that can sonicate flowers are able to efficiently collect
pollen from a wide range of morphologically diverse flowers (Russel et al.
2017).
Wild bee populations are declining at local, regional, and global scales
(Koh et al. 2016). Understanding the evolutionary trajectory of this pollination
syndrome is crucial in enhancing biodiversity within an ecosystem in both
species richness and abundance, for both plants and pollinators (Tucker and
Rehan 2016). Convergent evolution of floral traits is thought to be driven by
the most effective pollinator. However, a secondary functional group or
pollination syndrome is still important in reproduction (Rosas-Guerrero et al.
2014). Future research into secondary pollination mechanisms and functional
groups of buzz pollinated species would give greater insight into past and
future evolutionary paths. More empirical observations of pollen removal and
fertilization of specific morphologies would provide insight into most effective
buzz pollinated morphs.
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Figure 3.1 Of the 86 species identified as buzz pollinated from the New England
flora (light gray bars), we took a subsample (dark gray bars) of 4 species (Solanum)
from Solanaceae for overall floral variation and just one of these for anther
measurements, 21 species (Chamaedaphne, Chimaphila, Gaylussacia, Kalmia,
Moneses, Rhododendron, and Vaccinium) from Ericaceae for overall floral variation
and just 17 of these (hatched) for anther measurements, and 1 species from
Melastomataceae (Rhexia virginica), Fabaceae (Senna hebecarpa), and
Boraginaceae (Symphytum officinale), respectively, for both overall floral and anther
measurements.

Figure 3.2 (A) Anther morphspace of 19 of New England's buzz pollinated species in anther width (mm), anther length
(mm), and pore area (mm2). (B) Regression plane showing relationship between anther length and pore area, as anther
length increases, pore area decreases.
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Table 3.1 Common floral characteristics associated with pollination syndromes
analyzed in multifactorial analysis (MFA).

Size

Advertisement Perianth

Environmental

anther
pore shape
length (mm) teardrop
round
oval
slit

petal color
pink
purple
red
yellow
white

shape
campanulate
irregular
reflexed
tubular
saucer
rotate

phenology
early
mid
late
full

anther
width (mm)

symmetry
actinomorphic
zygomorphic

direction
nodding
upright
pendant

pore area
(mm2)
corolla size
(mm)

Anther
Shape

exertion
concealed
exposed

petal fusion
apopetalous
sympetalous
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Figure 3.3 Multiple factorial analysis (MFA) of 28 New England's buzz pollinated
species and floral characteristics. Dimension 1 explains 14.9% of the variation in the
dataset and is most influenced by perianth appearance. Dimension 2 explains 11.5%
of the variation in the dataset and is most influenced by phenology and anther shape
characteristics.
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Figure 3.4 Percent contribution to multifactorial analysis (MFA) by common floral
characteristics (i.e., ‘factors’) associated with pollination syndromes.
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CHAPTER 4: BUZZ PROFILES OF NEW ENGLAND’S BUZZ POLLINATED
SPECIES

Introduction
Buzz pollination is a specialized form of vibratile anther dehiscence and
occurs in as many as 20,000 angiosperm species (Buchmann 1983). This
occurs when a pollinator, typically a bee in the genus Bombus, grasps the
anthers or corolla and uses their indirect flight muscles to produce a vibration,
or ‘buzz’, to expel pollen (Buchmann 1983). Buzz pollination is thought to be a
specialized adaptation for economizing pollen, ensuring there is enough for
successful reproduction even after a pollinator has foraged. Buzz pollinated
plant species often have poricidal anthers, whereby pollen is expelled through
an apical pore or slit, in the anther thecae. Pollen is concealed inside the
anthers, unlike those plant species that have longitudinal anther
dehiscence. This adaptation has evolved independently across many
angiosperm lineages and at least 45 times in bees (Cardinal et al 2018).
Poricidal anther morphology presents itself differently across families and
species.For example; species in the genus Solanum, typically have long, wide
anthers with small oval shaped pores; Chimaphila species typically have short,
wide anthers with large apical pores; and Vaccinium species typically have
long, skinny anthers with oval shaped apical pores. This specialized
pollination syndrome has been studied extensively in the tropics and
laboratory settings, but regional variation across plant families and species in
temperate regions is poorly understood.
The vibrations produced by bees during floral sonication can be
characterized by their frequency, amplitude, and duration (reviewed by VallejoMarin 2019). DeLuca et al (2019) used the fundamental frequency (the lowest
frequency at the highest amplitude) as an accurate and repeatable measure of
buzz frequency. Fundamental frequency is thought to have the greatest impact
on the overall magnitude of the vibration made during buzz pollination and is
reported to range between 100-500Hz (DeLuca et. al. 2013; DeLuca and
Vallejo Marin 2013). Characteristic frequency has also been used in pollination
studies to best describe the frequency of the buzz and resolve harmonic
peaks, by calculating the average of three peak frequencies (Miller-Struttmann
et al 2017). Amplitude refers to the overall magnitude of the vibration. The
duration of a buzz can last several seconds or occur in short bursts, between
0.1-0.4s (Arroyo-Correa et al 2019, Vallejo-Marin 2019).
Buzz characteristics may be influenced by body size of the pollinator,
floral and anther shape, prior experience and maturity of the pollinator, and
environmental conditions. Body size has been shown to influence
fundamental frequency and duration of the buzz, where larger pollinators have
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slightly longer duration and lower fundamental frequency in some species of
buzz pollinated flowers (DeLuca et. al, 2019; Switzer and Combes 2017). Size
and shape of anthers and floral display impact buzz characteristics most likely
because it influences the positioning of the pollinator around the androecium
(Harder and Barclay, 1994; Arroyo-Correa et. al, 2019; Falcao et. al, 2016).
Because pollen is concealed in poricidal anthers, naive bees need to learn
how to release pollen: studies show that naive bees are less effective at pollen
removal than more experienced bees, thus influencing buzz characteristics
(Russell et al. 2016). Lastly, abiotic factors including seasonality and humidity
have an effect on duration and sonication frequencies (Switzer and Combes
2017) as well.
Understanding the biomechanical properties associated with buzz
pollination can increase knowledge about the origin and trajectory of floral
adaptations in evolutionary history. Understanding the correct ‘fit’ or ‘match’
between plants and pollinators can potentially optimize pollen transfer and
successful reproduction (DeLuca et al. 2019). The objective of this study is to
observe pollinator behavior on flowers of New England buzz pollinated
angiosperms and investigate the relationship between pollinator behavior and
anther morphology. We hypothesize that anther size and shape, and other
floral characteristics will influence buzzing characteristics.

Methods
Pollinator recordings
We used our list of buzz pollinated taxa with respective phenologies
and common habitat types and our New England habitat map generated in
GIS (Appendix 1; Figure 1.1) to direct field observations. Pollinator visitation
was recorded from May-October 2019 between the hours of 0800-1700. To
obtain a wide breadth of habitat types, we sampled each of 20 New England
habitats five times, for a total of 100 unique, individual sites. We recorded
visitation using the Voice Memo application on Apple Iphones (Apple iPhone 8
v.13.3) and previously published methods (DeLuca et al 2014; DeLuca et al
2019; Miller-Struttmann 2017; Moquet et. al, 2017). We held the device 2-5cm
from the pollinator during flight to the flower, sonication, and flight away from
the flower. Pollinators were photographed and identified using iNaturalist
(iNaturalist. Available from https://www.inaturalist.org. Accessed [09/01/2019]).
Flowers were collected into 90% ethanol for anther measurements.
Audio analysis and anther measurements
Anthers of collected flowers were photographed using Leica Acquire
imaging software. Anthers were measured in length, width, and pore area
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using ImageJ measuring software. Additional floral characteristics were
recorded for each species: corolla size, petal color, orientation, flower shape,
anther exertion, symmetry, and pore shape (Table 3.1). Date, time, and habitat
type were recorded for each visitation.
We analyzed all recordings using Audacity recording software and
previously published methods (DeLuca et al 2019, Miller-Struttmann 2017).
We used the noise reduction tool to eliminate background noise and a high
pass filter to eliminate any sounds under 100Hz. Recordings were then cut
into flying or buzzing i.e foraging segments. We cut the recordings into
buzzing and flying segments because buzzing segments have different
characteristics than flying segments in duration, frequency, and amplitude
(DeLuca et al. 2019). Each segment was analyzed using the plot spectrum
function in Audacity. The plot spectrum function takes a snapshot of the
recording and summarizes the sound structure in frequency (Hz) and
amplitude (dB) using the Fast Fourier Transform algorithm. We used this to
calculate buzz characteristics: fundamental frequency (Hz), relative
fundamental amplitude (dB), characteristic frequency (Hz), relative
characteristic amplitude (dB), and duration (s).
Statistical analysis
We calculated a buzz ratio to account for differences in pollinator
behavior (foraging and flight), pollinator species, and body size (DeLuca et al.,
2019). Buzz ratio is the fundamental frequency of flight divided by the
fundamental frequency of the buzz. We used ANOVA to determine differences
in behavior characteristics and plant species. We used ANOVA and Tukey
HSD to compare buzz characteristics between buzz pollinated species,
pollinator species, floral characteristics, habitat type, phenology and time of
visitation. We used principal component analysis (PCA) to determine the
relationship between anther measurements (anther length, width, pore size)
and buzz characteristics (fundamental frequency, amplitude, duration,
characteristic frequency, amplitude). Pollen is expelled through the apical pore
of the anther in buzz pollination. We wanted to determine how buzz
characteristics and anther measurements (i.e shape) were related.

Results
Buzz pollination observations
From May-September 2019 we observed and recorded buzz pollination
of 11 different plant species: Symphytum officinale, Gaylussacia baccata,
Kalmia angustifolia, Rhododendron catawbiense, Vaccinium angustifolium,

41
Vaccinium corymbosum, Vaccinium uliginosum, Senna hebecarpa, and
Solanum dulcamara. Visitation was observed in eight New England habitats
including: alpine, anthropogenic, cliffs-ledges-talus slopes, fens, fieldsmeadows, mixed transitional forests, northern hardwood forests, and salt
marsh-estuaries (Figure 4.1, n = 161). From the original recordings, 280 clips
were analyzed using Audacity software (161 buzz clips, 119 flying clips).
Buzz and flight
We found a mean buzz-ratio of 1.16 (n = 162). This indicates that the
frequency of the buzz was higher than the frequency of flight for all our
recordings. Buzz ratio was significantly different between some species of
buzz pollinated plants. R. groenlandicum was significantly different between R.
catawbiense and S. dulcamara (df = 10, F = 3.072, p =0.005) (Figure 4.2).
Interspecific buzz profile comparison
Analysis of variance with Tukey’s HSD comparing buzz characteristics
among plant species indicates that there is no significant difference with
respect to buzz amplitude. However, duration was significantly different
between G. baccata and S. dulcamara and R. catawbiense was significantly
different from R. groenlandicum (df = 10, F = 3.93, p = 0.000506) (Figure 4.3).
Characteristic frequency differed significantly between G. baccata and K.
angustifolia and S. hebecarpa. K. angustifolia was significantly different
between V. uliginosum and S. dulcamara (df=10,F=3.756,p=0.000159) (Figure
4.4A). Fundamental frequency was significantly different between
Gaylussacia baccata and Rhododendron groenlandicum, and Rhododendron
groenlandicum and Rhexia virginica, respectively (df = 10, F = 2.095, p =
0.0281) (Figure 4.4B).
Pollinators
We observed four species of Bombus: Bombus bimaculatus (BOBI),
Bombus citrinus (BOCI), Bombus impatiens (BOIM), and Bombus ternarius
(BOTE). Duration of the buzz was significantly different among some species
(df = 3, F = 10.16, p < 0.001). Duration of buzz of B.impatiens was significantly
different from B. bimaculatus and B. citrinus. Duration of buzz of B. ternarius
was significantly different between B. bimaculatus and B. citrinus (Figure 4.5).
We did not observe any significant differences in fundamental frequency,
relative fundamental amplitude, characteristic frequency, or relative
characteristic amplitude among pollinators.
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Floral morphology and buzz profiles
Of the floral characteristics measured in this study, we found significant
differences in duration of the buzz between plants differing in corolla size and
perianth orientation. Analysis of variance with Tukey’s HSD comparing buzz
characteristics among floral morphology indicate there is no significant
difference in fundamental frequency and amplitudes. However, duration was
significantly different between medium and large sized corollas and small to
large sized corollas (df = 2, F = 6.18, p = 0.0026; Figure 4.6B). Duration was
also significantly different between pendant and nodding flowers and upright
and nodding flowers (df = 2, F=5.49, p = 0.0049; Figure 4.6A).
Environmental factors and buzz profiles
We analyzed buzz profiles by habitat type, coarse and fine, and found
no significant difference in amplitude or fundamental frequency. We did,
however, find significant differences in duration (df = 7, F = 5.31, p <0.001)
between anthropogenic habitats and each of the following: alpine, cliffsledges-talus slopes, fens, and Northern hardwood habitats, respectively
(Figure 4.7A).
Characteristic frequency was significantly different between Northern
hardwood forests and fens, and fens and salt marshes (df = 7, F = 2.18, p =
0.039) (Figure 4.7B) On a coarse scale, characteristic frequency was
significantly different among wetland and coastal and wetland and forested
habitats (df = 3, F = 5.311, p<0.001) (Figure 4.8).
We did not find any significant differences in time of day for both
fundamental and characteristic amplitude and duration. We did however, find
significant differences in time of day and both fundamental frequency (df = 2, F
= 3.30, p = 0.039) and characteristic frequency (df = 2, F = 7.85, p<0.001)
(Figure 9).
Correlated buzz characteristics
Principal component analysis of buzz profiles and anther morphology
indicate that anther length and width had the greatest influence on dimension
1 (24.8%) and fundamental and characteristic frequency had the greatest
influence on dimension 2 (20.6%). We also found a correlation between both
anther length and width and pore area. As anthers increase in length and
width, pore area decreases. Duration of the buzz and pore area had more
influence on our dataset than both characteristic and fundamental amplitude
(Figure 4.10).
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Conclusion
In this study we aimed to investigate the relationship between pollinator
behavior or buzz characteristics and New England’s buzz pollinated
angiosperms. We looked at anther morphology, floral characteristics,
intraspecific variation, pollinator species, and abiotic factors including habitat
type and phenology. We found at least one buzz characteristic, whether it was
frequency, amplitude, or duration may have been influenced by each of these
factors.
Regarding behavior (flight or buzz), previous studies have shown that
buzzes (i.e., floral vibrations) are typically higher than flight vibrations and that
the frequency of flight vibrations is usually negatively associated with size of
the pollinator (Pritchard and Vallejo-Marin 2020; DeLuca et al., 2019). Buzz
characteristics may be influenced by how the pollinator handles the flowers
while foraging or modifying their behavior in response to the presence or
absence of pollen (King 1993; Pritchard and Vallejo-Marin 2019). We looked at
the buzz ratio to establish there was a difference in foraging (buzz) and flight
vibrations. The mean buzz ratio in our study of 1.16 indicates that buzz
frequency was higher than flight frequency. The buzz ratio was significantly
different among some species; R. groenlandicum was significantly different
from both R. canadense and R. groenlandicum.
Buzz characteristics including duration, fundamental frequency, and
characteristic frequency were influenced by intraspecific variation in some
plant species. Previous studies have shown that frequency, amplitude, and
duration change as individual bees gain experience (Russell et. al, 2016).
However, buzz characteristics can also be influenced by floral characteristics,
even more so than by the pollinator (Arroyo-Correa and Vallejo-Marin 2019).
We found that duration was influenced by corolla size and perianth shape.
Again, this may be due to experience by the individual pollinator, but more
work needs to be done on how morphology impacts how the pollinator
interacts or manipulates with the flower to collect pollen.
We looked at abiotic factors to determine how buzz characteristics may
be influenced by time of day, habitat type, or phenology. We found that
duration was influenced by habitat type. One study by Switzer and Combes
(2016), found that duration was influenced by humidity, and they found shorter
buzz durations during the middle of the day versus early or later in the
day. Temperature and sunlight intensity also influence pollinator behavior
(Wang et al. 2019). Characteristic frequency and duration was lowest in
northern hardwood forests where sunlight intensity may be lessened by
canopy cover.
The principal component analysis shows that species tend to cluster
based on anther morphology and buzz characteristics. Anther length
influences fundamental and characteristic frequencies. Pore size also seems
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to decrease with anther length. These results show that anther shape and
buzz characteristics likely evolved together. Anther morphology can affect how
the vibration is transmitted (Corbet and Huang 2014, Arroya-Correa et al
2019). A study conducted on multiple species of the non-poricidal buzzpollinated genus Pedicularis, found that buzz-frequency did in fact vary
depending on morphological traits of the flower (Corbet and Huang 2014). It
was suggested that floral traits and anther morphologies may have evolved to
increase charges of pollen grains from the time of the vibration to expulsion
and transfer of pollen to the pollinator. This hypothesis is supported by various
other studies that have shown that bees adjust ‘buzz’ characteristics across
multiple species (Mesquita-Neto 2018, DeLuca et al 2014, Moquet et al
2017).
More research in the study of buzz pollination is needed to investigate
the relationship between buzz profiles and floral morphology. In this study we
have found that buzz characteristics can vary based on intraspecific variation
of plants and pollinators, floral morphology, and environmental factors. Our
results suggest that anther shape and buzz characteristics likely evolved
together. Future directions should make more in-depth study of anther
morphology, including anther walls and pollen size and shape, which seem to
have an effect on how pollen grains are charged and expelled from the anther
pore (Corbet and Huang 2014). More information with respect to variation of
plant species morphology and the actual manipulation of the plant during buzz
pollination by the pollinator would give more insight into how the pollinator
adjusts its foraging behavior to specific plant species. We intend for this
research to be useful to evolutionary biologists and ecologists trying to
understand how traits evolve in species whose survival and reproduction are
tightly linked. Continued research promises more insight into the evolutionary
trajectory of buzz pollinated plants and pollinators, and will contribute to our
understanding of pollinator mismatch so that the most effective reproduction
strategy for plants and pollinators can be preserved and encouraged.
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Figure 4.1 Map of locations where buzzes were recorded across New England from
May to September 2019. Point size indicates the number of recordings sampled from
different areas and analyzed for this study (1-7) for a total of 161 recordings. Gray
scale of the map shows species richness for all buzz pollinated species that occur in
New England (n=89) derived from stacked species distribution modeling.

Figure 4.2 Buzz ratio (fundamental frequency of buzz/ fundamental frequency of flight)
of 11 buzz pollinated plant species. The buzz ratio of R. groenlandicum was significantly
different from both R. catawbiense and S. dulcamara (df = 10, F = 3.072, p = 0.005).
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Figure 4.3 Duration of buzz on 11 buzz pollinated species. G.baccata was significantly different
from S.dulcamara and R.catawbiense was significantly different from R.groenlandicum (df = 10,
F = 3.93, p = 0.000506)
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Figure 4.4 (A). Characteristic frequency differed significantly between G. baccata and K. angustifolia and S. hebecarpa.
K. angustifolia was significantly different between V. uliginosum and S. dulcamara (df=10,F=3.756,p=0.000159). (B).
Fundamental frequency was significantly different between Gaylussacia baccata and Rhododendron groenlandicum, and
Rhododendron groenlandicum and Rhexia virginica, respectively (df = 10, F = 2.095, p = 0.0281).
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Figure 4.5 Comparison of buzz duration among pollinators observed during this
study; Bombus citrinus (BOCI), Bombus impatiens (BOIM), Bombus ternarius
(BOTE), Bombus bimaculatus (BOBI). Duration was significantly different between B.
impatiens and B. bimaculatus and B. citrinus; B. ternarius and B. bimaculatus and B.
citrinus (df = 3, F = 10.16, p < 0.001).
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Figure 4.6 Comparison of buzz duration measured from flowers of 11 plant
species (colored points) differing significantly in (A) orientation: nodding, upright,
or pendant (df = 2, F = 6.18, p = 0.0026) and (B) corolla size: large (20-50mm),
medium (10-15mm), or small (6-7mm) (df = 2, F = 5.49, p = 0.0049). ANOVA, n =
161.

Figure 4.7 Comparison of duration (A) and characteristic frequency (B) of buzzes measured from different flower species
(point color) in eight of twenty New England habitat types at a fine scale and buzz profiles A). Duration was significantly
different between fine scale habitats including anthropogenic and alpine, cliffs-ledges-talus slopes and anthropogenic, fen
and anthropogenic, and Northern hardwood forests and anthropogenic (df = 7, F = 5.31, p <0.001). B) Characteristic
frequency was also significantly different between Northern hardwood forests and fens, and salt marshes and fens (df = 7,
F = 2.18, p = 0.039).
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Figure 4.8 Comparison of characteristic frequency on coarse habitat levels.
Characteristic frequency was significantly different between wetland and coastal
habitats and wetland and forested habitats (df = 3, F= 4.79, p = 0.003)

Figure 4.9 Time of day differed significantly in both characteristic frequency (df = 2, F = 7.85, p <
0.001) and fundamental frequency (df = 2, F = 3.30, p = 0.03).
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Figure 4.10 Comparison of buzz characteristics on anther shape. (A) PCA of individual species, and (B) PCA of variables.
Color of variables indicates quality of the variable representation of the PCA.
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CHAPTER 5: CONCLUDING REMARKS

Distribution of buzz pollinated species and phenological patterns
Buzz pollinated species occur in almost every habitat type, especially
anthropogenic and northern hardwood forests based on occurrence data.
Anthropogenic habitats account for 15.5% of total habitat cover (Figure 2.4).
As habitat cover increases we expect collections from that habitat to increase
as well. However, some species are represented at higher than expected
frequencies given the total habitat area. Areas of high species richness occur
in alpine, southern, and coastal regions of New England. High species
richness suggests high biodiversity. These areas indicate buzz pollination ‘hot
spots’. These results may influence conservation practices during the
flowering periods in these areas.
It is particularly important to understand phenological patterns in these
areas in order to maintain and preserve biodiversity. Peak flowering times for
buzz pollinated species as a whole occur during the months of June and July.
This is when the greatest number of buzz pollinated species in New England
will be in flower. If a large number of buzz pollinated species occur in
anthropogenic habitats, this information can be used to facilitate plantpollinator interactions along with human outdoor activity during these months
in particular. New England in the summer months is supported economically
largely by tourism. In Massachusetts, Connecticut, and Rhode Island coastal
activities such as boating or swimming increases dramatically during the
summer months. In Vermont, New Hampshire, and Maine vast hiking trails
and camping draws thousands of tourists every year. Information on where
and when these buzz pollinated species will be flowering is crucial in
preserving and facilitating pollinator visitation.
Different habitats experience different peaks in flowering times.
Forests, woods, and anthropogenic habitats peak between June and July,
while wetland-forest and wetland only habitats peak earlier in May and June.
This information can more specifically inform conservation and land
management practices during these times. Floral morphology may influence
peak flowering within a habitat or community. We found in dry, open forests
there are two discrete peaks of flowering and floral dissimilarity. This suggests
resource partitioning among plants with the same pollination syndrome and
different floral morphology and advertisement. This information can inform
evolutionary patterns among buzz pollinated species and ecosystem
functioning at the community level.
For future work, we recommend more collections and occurrence data
in under-represented habitats in order to eliminate potential collection bias
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from occurring thus, giving us a greater understanding of the geographical
breadth of buzz pollinated species in New England. Similar data collection on
potential pollinators of buzz pollinated species will also inform reproductive
potential during flowering times thus, encouraging conservation efforts.
Morphology of New England’s buzz pollinated species
We found large inter and intraspecific variation in anther shape and size
among New England’s buzz pollinated taxa. Poricidal anthers varied in anther
length, width, and pore size. We analyzed 30% of New England’s buzz
pollinated species. Floral traits such as petal fusion, orientation, and symmetry
were strongly correlated with phenology. We found that smaller, radially
symmetrical flowers bloom earlier than larger, bilateral flowers. This may be
due to foraging behavior of the pollinator.
Approximately 3% of species in New England are buzz pollinated.
Species in the families Melastomataceae and Fabaceae represent the
smallest percentage, yet both have large bilateral symmetric flowers with large
anthers and small pores. There is a strong selection pressure for bees to
adapt to sonicating flowers for pollen collection (Russel et al. 2017). Wild bees
are declining at local, regional, and global scales (Koh et al. 2018).
Understanding the morphology of buzz pollinated species will give us greater
insight into the evolutionary trajectory of this pollination syndrome.
Buzz profiles of New England’s buzz pollinated species
Buzz profiles vary with anther morphology, floral characteristics, floral
species, pollinator species, and abiotic factors (habitat and phenology).
Duration of buzz is influenced by corolla size and perianth shape which may
be due to the experience of pollinators or availability of pollen, further study is
needed to determine this. Anther length influences fundamental frequency and
characteristic frequency which supports previous studies on how frequency
and pollen expulsion is transmitted through pollen and anther walls (Corbet
and Huang 2014).
More research is needed to investigate anther morphology particularly
anther walls and pollen size and shape, to determine its influence on pollen
expulsion. This research has implications in both evolutionary biology and
ecology. Further insight in pollinator foraging behavior in regard to
manipulation of poricidal anthers may reveal the evolutionary trajectory of this
syndrome. The combination of all three portions of this research may influence
conservation efforts in order to prevent plant-pollinator mismatch and ensure
the most successful pollination strategy.
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APPENDICES
Appendix 1. List of New England buzz pollinated plant species considered for the
current set of studies.

Family

Species

Boraginaceae

Borago officinalis L.
Symphytum asperum
Symphytum officinale
Symphytum tuberosum

Ericaceae

Andromeda polifolia
Arctostaphylos uva-ursi
Arctous alpina
Calluna vulgaris
Chamaedaphne calyculata
Chimaphila maculata
Chimaphila umbellata
Corema conradii
Empetrum atropurpureum
Empetrum nigrum
Epigaea repens
Erica cinerea
Erica tetralix
Eubotrys racemosa
Gaultheria hispidula
Gaultheria procumbens
Gaylussacia baccata
Gaylussacia bigeloviana
Gaylussacia frondosa
Harrimanella hypnoides
Kalmia angustifolia
Kalmia latifolia
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Ericaceae cont.

Kalmia polifolia
Kalmia procumbens
Leucothoe fontanesiana
Lyonia ligustrina
Lyonia mariana
Moneses uniflora
Monotropa hypopitys
Monotropa uniflora
Orthilia secunda
Phyllodoce caerulea
Pieris floribunda
Pterospora andromedea
Pyrola americana
Pyrola asarifolia
Pyrola chlorantha
Pyrola minor
Pyrola uliginosum
Rhododendron calendulaceum
Rhododendron canadense
Rhododendron catawbiense
Rhododendron groenlandicum
Rhododendron japonicum
Rhododendron lapponicum
Rhododendron maximum
Rhododendron periclymenoides
Rhododendron prinophyllum
Rhododendron vaseyi
Rhododendron viscosum
Vaccinium angustifolium
Vaccinium boreale
Vaccinium caesariense

66
Ericaceae cont.

Vaccinium cespitosum
Vaccinium corymbosum
Vaccinium fuscatum
Vaccinium macrocarpon
Vaccinium myrtilloides
Vaccinium oxycoccos
Vaccinium pallidum
Vaccinium stamineum
Vaccinium uliginosum
Vaccinium vitis-idaea

Fabaceae

Chamaecrista fasciculata
Chamaecrista nictitans
Senna hebecarpa
Senna obtusifolia

Melastomataceae

Rhexia mariana
Rhexia virginica

Solanaceae

Physalis grisea
Physalis heterophylla
Physalis longifolia
Physalis philadelphica
Solanum carolinense
Solanum citrullifolium
Solanum dulcamara
Solanum nigrum
Solanum physalifolium
Solanum pseudocapsicum
Solanum ptycanthum
Solanum rostratum
Solanum sisymbriifolium
Solanum triflorum
Solanum tuberosum
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Solanaceae cont.

Solanum villosum

Appendix 2. List of buzz pollinated taxa present in each New England State with state level conservation status;
endangered=E, special concern=SC, threatened=T
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Appendix 3. Next page. Mean and standard deviation of buzz pollinated species and
bioclimatic variables associated with occurrence data used in SSDM. Bio1, annual
mean temperature (°C); Bio2, annual mean diurnal range (°C); Bio3, isothermality
(%); Bio8, mean temperature of the wettest quarter (°C); Bio9, mean temperature of
the driest quarter (°C); Bio11, mean temperature of the coldest quarter (°C); bio15,
precipitation seasonality (%); Bio18, precipitation of warmest quarter (mm).

77.4±17.9
83.5±12.5
62.2±22.1
62.0±49.0

K. polifolia

K. procumbens

86.4±15.0

E. tetralix

K. latifolia
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E. cinerea

K. angustifolia

75.2±15.5

E. repens

48.9±49.9

51.0±24.8

E. nigrum

88.1±16.6

42.0±18.8

E. atropurpurem

H. hypnoides

78.9±12.4

C. conradii

G. frondosa

77.6±16.7

C. umbellata

85.9±11.6

90.6±8.85

C. maculata

81.5±15.5

76.5±17.1

C. calyculata

G. bigelovia

81.3±17.0

C.vulgaris

G. baccata

52.7±35.0

A. alpina

75.9±15.6

84.6±14.8

A. uva-ursi

61.1±21.0

66.6±17.4

A. polifolia

G. procumbens

80.6±2.70

S.tuberosum

G. hispidula

80.9±15.7

S. officinale

94.48±6.70

77.3±20.3

E. racemosa

85.7±13.6

S. asperum

Bio1

B. officinalis

Species

112±12.2

112±12.8

121±6.93

111±5.46

116±10.9

118±7.29

114±11.1

101±13.2

118±8.57

116±8.07

116±8.94

85.7±8.25

113±8.59

109±11.6

115±9.57

117±9.13

117±10.1

108.90±6.43

99.4±23.3

111

119±9.18

107±11.4

114±7.55

103±12.5

118±8.12

113±9.28

117±8.78

112±13.87

Bio2

28.4±2.82

31

30.3±1.21

27.9±1.36

28.6±1.25

28.0±1.43

30.2±1.29

30.5±1.11

30.1±1.28

29.9±1.38

28.7±2.08

29.7±1.66

29.8±1.53

29.4±1.14

29.9±1.51

29.7±1.49

29.9±1.46

28.2±2.48

29.6±1.73

30.6±0.860

30.10±1.29

25.9±1.07

30.3±1.15

29.6±1.40

30.1±1.26

30.2±1.32

29.3±1.69

30.00±0.83

Bio3

37.4±29.0

11

81.0±65.4

61.6±82.4

75.4±82.7

32.0±34.1

85.4±67.0

68.3±51.8

80.7±67.1

65.3±59.2

8.67±34.3

56.8±55.8

103±74.2

39.2±2.17

104±65.1

86.7±60.8

71.6±66.2

193±5.54

17.6±98.8

46.3±112

62.1±11.5

114.6±112

205

21.1±104

25.8±131

-43.4±97.1

167±58.7

29.6±107

77.0±106

31.2±109

69.6±117

29.0±152

92.1±111

-15.8±89.9

Bio9

5.83±52.2

101±72.7

76.6±56.3

73.7±65.2

3.00±48.1

55.5±51.8

27.4±25.5

61.4±59.8

77.2±65.1

101±75.4

69.5±148

-27.5±80.9

34.4±101

45.0±113

45.2±153

89.5±110

146±81.4

72.7±113

33.3±108

-21.1±91.9

33.53±38.16 145.81±79.77

Bio8

-53.8±51.8

-66.1±25.7

-36.7±17.6

-45.0±24.8

-62.0±58.6

-29.3±21.6

-30.2±18.1

-39.4±22.3

-47.5±22.2

-66.7±27.3

-19.35±10.51

-24.0±27.5

-15

-48.7±22.2

-73.9±30.4

-87.1±22.1

-38.6±21.8

-46.3±23.9

-26.3±13.6

-46.5±24.2

-37.1±26.3

-72.0±35.2

-34.3±22.5

-62.4±23.9

-39.4±3.29

-41.9±24.0

-47.7±29.7

-35.1±22.4

Bio11

259±27.3

279

288±23.8

309±69.7

330±48.3

248±13.5

286±20.6

284±18.4

289±26.0

280±29.5

308±102

272±23.2

292±26.9

241±0.550

288±22.4

277±21.1

274±21.1

Bio18

9.33±1.72

11.4±4.36

8.16±1.92

10.1±3.67

10.5±2.40

8.50±2.09

11.1±2.84

10.3±3.50

9.91±3.53

12.5±4.31

335±108

304±43.6

290±19.5

286±26.7

347±124

284±26.2

261±16.8

278±22.6

286±23.8

303±41.6

9.44±2.18 272.25±13.89

10.6±1.81

9

9.93±3.37

14.2±3.38

12.4±2.42

14.1±2.25

10.1±4.02

8.32±1.80

10.2±3.84

9.68±1.99

10.7±1.53

10.6±3.47

12.2±4.68

14.2±0.450

10.5±4.42

10.9±3.7

11.4±4.70

Bio15

70

66.2±17.3

80.3±16.4

79.3±31.5

75.0±11.0

79.0±4.24

78.0±15.9

54.8±21.0

74.5±16.6

72.9±20.4

69.9±20.1

65.7±20.2

72.3±18.1

72.9±6.42

74.6±7.59

51.8±21.9

83.7±30.4

80.1±15.3

73.1±11.9

M. uniflora

M. hypopitys

P. caerulea

P. floribunda

P. andromedea

P. americana

P. asarifolia

P. chlorantha

P. elliptica

P. minor

P. secunda

R. canadense

R. calendulaceum

R. catawbiense

R. groenlandicum

R. lapponicum

R. maximum

R. prinophyllum

91.3±8.92

70.7±19.6

51.4±30.2

54.0±7.44

48.2±27.2

82.4±13.9

81.7±16.3

78.6±16.0

R. viscosum

V. angustifolium

V. boreale

V. caesariense

V. cespitosum

V. corymbosum

V. fuscatum

V. macrocarpon

95.0±0.710

82.2±12.6

R. vaseyi

87.4±6.38

L. ligustrina

Bio1

L. fontanesia

Species

Bio2

115±9.43

98.3±15.9

116±8.75

110±15.2

125±2.71

108±10.9

117±8.77

112±7.95

79.0±2.9

119±10.9

117±7.81

101±16.6

116±9.84

117±7.63

106±5.66

119±7.16

118±10.5

108±4.25

117±7.70

119±7.22

116±11.3

118±8.52

114±12.0

108±5.65

103±14.1

116±10.6

119±8.51

117±8.23

104±15.3

29.1±1.97

30.0±1.29

27.4±1.75

30.3±1.13

28.0±1.85

29.5±1.00

28.2±1.56

29.9±1.47

30.4±0.960

26.2±0.450

30.3±1.42

30.4±0.970

28.8±2.14

28.9±1.81

30.4±1.27

28.5±0.710

30.1±1.36

29.4±1.67

28.5±0.850

29.9±1.45

30.2±1.26

28.4±1.65

30.2±1.22

29.5±2.12

28.9±1.13

28.5±1.78

30.1±1.36

29.7±1.65

30.5±0.980

Bio3

Bio8

70.4±64.2

67.8±58.8

63.3±59.4

93.4±79.3

7.25±7.23

47.8±73.3

81.2±72.4

57.2±48.9

67.6±0.55

115±62.9

76.9±64.6

26.4±29.9

96.7±80.6

113±70.1

13.5±29.6

73.8±68.0

100±71.7

23.3±25.7

89.2±67.7

77.9±69.1

137±60.4

74.0±66.0

36.0±2.83

10.5±29.6

20.9±33.0

79.3±64.2

89.8±72.9

64.6±55.6

44.7±13.8

44.1±113

191±8.49

181±9.47

140±111

45.7±112

6.13±104

51.4±108

144±89.9

54.9±113

132±101

61.8±110

-29.7±108

-68.0±11.6

6.86±125

26.1±112

92.9±105

180±13.1

-20.6±68.5

35.6±106

131±103.4

-43.3±78.4

6.44±85.8

185±10.17

20.3±107

-0.15±105

159±91.0

14.7±105

34.5±113

-26.3±94.4

Bio9

-43.1±23.3

-32.9±29.7

-38.3±20.3

-80.0±35.0

-81.5±11.1

-72.9±35.5

-54.2±25.3

-25.4±13.4

-3.40±0.55

-51.6±17.5

-41.2±22.2

-27.0±36.5

-78.4±24.3

-47.5±9.17

-46.5±5.38

-52.7±24.5

-62.2±29.1

-51.8±20.7

-52.2±28.3

-50.4±23.3

-77.5±31.2

-45.5±23.1

-42.5±4.95

-44.1±11.0

-36.0±36.4

-41.6±24.0

-61.7±24.3

-38.6±18.3

-26.9±15.1

Bio11

10.4±3.75

14.6±2.70

9.54±3.10

13.2±3.59

12.0±1.63

12.1±2.89

11.1±3.95

8.31±1.74

11.1±0.450

9.71±3.62

9.48±2.85

11.5±1.37

13.1±4.34

9.29±3.10

15.8±1.55

10.4±4.01

12.3±4.35

14.6±2.59

10.8±4.09

10.6±3.57

15.4±3.36

10.4±3.89

12.5±0.710

14.8±2.66

10.5±1.90

10.2±3.75

11.9±3.95

8.94±2.38

12.1±3.29

Bio15

282±24.0

255±35.0

281±20.62

320±65.9

278±3.11

324±78.5

290±35.6

282±17.4

239±1.92

298±24.7

290±22.7

274±68.4

316±52.9

297±28.4

243±0.970

287±26.0

290±27.9

263±57.2

290±26.2

283±24.1

290±29.6

283±20.8

247±1.41

248±12.0

273±73.1

284±24.8

286±28.4

284±20.3

252±24.5

Bio18
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82.9±12.5

97.7±2.31

90.6±6.50

90.4±12.5

82.5±12.4

81.7±15.9

89.2±12.9

88.1±12.2

89.9±12.9
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S. hebecarpa

S. obtusifolia

R. mariana

R. virginica

P. grisea

P. heterophylla

P. longifolia

P. philadelphica

S. carolinense

S. citrullifolium

S. villosum

S. tuberosum

89.2±10.65

83.4±19.0

99

93.5±2.38

S. sisymbriifolium

S. triflorum

88.1±14.9

82.7±11.98

S. rostratum

S. ptycanthum

100±5.66

92.5±7.55

C. nictitans

90.3±9.63

96.7±7.33

C. fasciculata

S. pseudocapsicum

48.8±22.1

V. vitis-idaea

S. physalifolium

40.6±25.6

V. uliginosum

89.2±12.8

80.0±14.6

V. stamineum

83.9±13.8

86.0±12.3

V. pallidum

S. nigrum

72.0±18.6

S. dulcamara

55.7±16.2

V. oxycoccos

Bio1

V. myrtilloides

Species

Bio2

113±6.24

112±8.31

98

111±3.70

113±9.63

117±9.84

106±4.95

109±9.25

113±8.90

115±8.91

108

113±11.7

116±9.86

113±6.70

117±9.07

113±8.98

111±9.93

93.6±19.7

108±3.46

118±9.42

113±9.69

105±10.3

113±10.3

107±10.4

121±6.10

116±8.83

117±9.19

118±7.88

Bio3

29.8±0.93

29.5±1.02

29

29.8±0.50

30.1±1.13

30.2±1.32

29.5±0.71

29.8±1.33

30.0±1.32

30.1±1.18

29

30.3±1.43

30.6±1.04

30.2±1.34

30.3±1.15

29.4±1.42

30.1±1.11

27.8±2.05

29.3±0.58

30.6±0.99

30.5±1.10

29.5±1.23

28.6±1.46

27.5±1.46

30.9±1.05

30.4±1.07

29.8±1.56

29.2±1.51

Bio8

197±21.2

190±13.0

56.3±108

58.4±111

188

46.6±101

38.5±102

23.9±94.1

31.5±106

90.2±120

99.5±107

189±12.9

193±12.1

66.4±113

68.4±102

138±88.4

-0.63±121

-26.1±117

-23.1±48.3

55.6±108

5.16±98.8

-29.0±89.3

41.9±56.0

87.1±70.3

19

39.5±21.8

65.7±58.2

138±101

96.9±123

175

204±5.19

83.2±114

82.3±66.4 58.82±109.97

48.5±57.2

34.3±17.9

89.6±61.3

78.0±64.3

38

91.0±56.3

100±70.5

90.3±64.5

94.3±65.8

80.8±72.0

53.5±52.1

57.2±14.3

8.67±4.04

73.5±69.7

69.8±52.5

42.3±42.1

64.6±81.5

86.2±85.1

124±54.5

79.4±62.2

94.2±67.8

96.1±77.3

Bio9

-29.5±16.3

-37.5±27.5

-7

-23.5±4.12

-30.9±21.8

-39.8±17.8

-13.5±6.36

-25.8±14.6

-30.2±20.5

-36.8±20.8

-41

-27.9±19.2

-30.7±19.3

-29.6±19.3

-41.1±23.3

-40.3±20.3

-26.2±18.8

-16.4±17.9

-17.3±4.04

-38.7±19.1

-24.7±12.7

-15.6±12.3

-79.1±25.7

-87.4±28.5

-43.7±20.3

-34.3±18.6

-53.6±25.8

-74.6±21.3

Bio11

10.1±2.99

11.8±3.62

12

9.75±0.960

9.46±2.60

9.82±3.24

9.00±1.41

10.8±2.32

10.1±4.55

10.2±3.62

14

8.74±2.49

9.31±1.84

8.93±3.91

9.81±3.51

12.7±4.69

9.17±2.06

12.8±1.64

9.33±1.15

9.80±2.74

8.25±1.82

9.62±1.89

13.4±3.44

14.0±3.81

8.81±2.48

9.24±3.23

11.2±4.21

13.0±3.99

Bio15

267±15.7

272±20.8

257

255±0.820

276±20.2

275±20.2

268±1.41

256±3.60

282±18.9

280±21.8

241

285±19.8

286±24.2

286±15.2

285±19.0

265±19.6

277±17.8

241±1.41

255±0.580

278±20.4

281±16.0

269±15.0

311±60.7

340±72.5

300±12.8

282±18.8

292±30.7

302±36.8

Bio18
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1.97 ± 0.04

2.08 ± 0.0395

C. umbellata (10)

G. baccata (15)

6.51 ± 0.435

7.53 ± 0.28

4.28 ± 0.0893

1.59 ± 0.389

3.51 ± 0.0386

2.54 ± 0.059

3.57 ± 0.171

4.03 ± 0.289

3.13 ± 0.34

3.92 ± 0.167

1.34 ± 0.111

1.88 ± 0.127

S.carolinense (6)

S.citrullifolium (3)

S. dulcamara (20)

S. ptycanthum (3)

S. officinale (5)

V. angustifolium (24)

V. corymbosum (14)

V. oxycoccos (8)

V. pallidum (5)

V. stamineum (6)

V. uliginosum (10)

V. vitis-idaea (5)

2.243

R. periclymenoides (1)

7.53 ± 0.28

0.785 ± 0.0483

R. groenlandicum (17)

3.74 ± 0.474

2.64 ± 0.0561

R. catawbiense (5)

S. hebecarpa (9)

1.34 ± 0.289

R.canadense (10)

R. viscosum (10)

6.16 ± 0.135

R. virginica (9)

2.11 ± 0.0707

M. uniflora (7)

2.43

1.07 ± 0.0622

K. polifolia (5)

P. americana (1)

1.46 ± 0.126

K. latifolia (5)

0.0895 ± 0.0325

2.96 ± 0.073

K. angustifolium (16)

2.25 ± 0.018

C. maculata (18)

anther
length

C. calyculata (2)

Species

0.332 ± 0.0288

0.313 ± 0.00944

0.231 ± 0.0284

0.36 ± 0.0173

0.196 ± 0.00951

0.387 ± 0.0193

0.321 ± 0.0174

0.469 ± 0.0456

0.272 ± 0.0173

0.495 ± 0.2388

0.651 ± 0.125

0.724 ± 0.0479

1.03 ± 0.0922

0.651 ± 0.125

0.821

0.321 ± 0.0152

0.854 ± 0.0629

0.509 ± 0.0419

0.85 ± 0.0308

0.619

0.785 ± 0.0556

0.444 ± 0.0666

0.607 ± 0.0227

0.362 ± 0.0212

0.292 ± 0.0113

0.683 ± 0.0234

0.889 ± 0.038

0.135 ± 0.027

anther
width

0.0255 ± 0.00406

0.0191 ± 0.00251

0.0529 ± 0.00670

0.0418 ± 0.0091

0.0148 ± 0.00308

0.0588 ± 0.00802

0.0345 ± 0.00272

0.0838 ± 0.00824

0.0764 ± 0.0141

0.0358 ± 0.00456

0.0244 ± 0.00102

0.0422 ± 0.00882

0.024 ± 0.00689

0.0244 ± 0.00102

0.0414

0.0128 ± 0.00219

0.0597 ± 0.0172

0.0505 ± 0.0136

0.00476 ± 0.00155

0.0369

0.0284 ± 0.00385

0.0691 ± 0.0239

0.252 ± 0.0616

0.0571 ± 0.00986

0.0937 ± 0.0122

0.097 ± 0.0102

0.137 ± 0.012

0.023 ± 0.003

pore
area

6

7

6

6

13

13

13

15

8

20

19

20

15

19

20

10

50

20

30

10

15

5

6

12.5

6.35

16

16

6

corolla
size

oval

oval

oval

oval

oval

oval

oval

slit

teardrop

oval

oval

oval

oval

oval

round

round

round

round

round

oval

round

teardrop

teardrop

teardrop

teardrop

oval

oval

oval

pore
shape

C

C

E

C

E

C

C

C

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

C

E

E

C

anther
exertion

pink-red

pink-white

white

white

pink-red

white

white

blue-purple-white

blue-purple

purple

purple

blue-purple

yellow

purple

pink-white

white

pink-purple

pink-red-white

purple-pink

white-pink-red

white

purple-red

pink-red-white

pink

red

white-pink

white-pink

white

petal
color

radial

radial

radial

radial

radial

radial

radial

radial

radial

radial

radial

radial

bilateral

radial

bilateral

radial

bilateral

bilateral

radial

radial

radial

radial

radial

radial

radial

radial

radial

PN

PN

PN

PN

PN

PN

PN

PN

P

PN

PN

P

P

PN

PN

PN

PN

PN

P

P

P

PN

PN

PN

PN

PN

PN

symmetry reward
radial
PN

nodding

nodding

nodding

upright

upright

upright

pendant

nodding

nodding

urceolate

urceolate

urceolate

urceolate

reflexed

urceolate

urceolate

campanulate

rotate

reflexed

reflexed

reflexed

ringent

reflexed

tubular

rotate

tubular

pendant

pendant

nodding

pendant

nodding

pendant

pendant

pendant

nodding

nodding

nodding

nodding

nodding

nodding

nodding

upright

nodding

Y

Y

Y

Y

N

Y

Y

Y

N

N

N

N

N

N

Y

N

Y

N

N

N

N

Y

Y

Y

Y

N

N

mid

mid

early

early

mid

early

early

early

late

full

full

full

mid

full

early

mid

early

mid

late

mid

mid

mid

mid

mid

mid

mid

mid

perianth petal
direction fusion flowering
pendant
Y
early

irregular, split nodding

rotate

rotate

rotate

saucer

saucer

saucer

urceolate

rotate

rotate

urceolate

perianth
shape

Appendix 4. Buzz pollinated species and floral traits in Chapter 3 with mean and standard error in anther length, width,
and pore area. (Anther exertion C=concealed, E=exposed; reward P=pollen, N=nectar, petal fusion Y=yes, N=no)
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