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INTRODUCTION

The intricate and diverse relationships between

Abstract—Plant-insect interactions are a key topic in evolutionary ecology,
especially in the face of anthropogenic changes that threaten to disrupt these
mutualisms. An in-depth pollinator survey for four pladint species in the genus
Triodanis is performed here for the first time, sampling a large portion of their
geographic ranges (i.e., four U.S. states). All species in the genus exhibit dimorphic
cleistogamy with variability in mean allocation to open (chasmogamous) flowers
among populations and taxa. The genus Triodanis, therefore, provides an
opportunity for understanding possible associations between pollinator
assemblies and variation in species, breeding system, and geography. To assess
these relationships, we sampled four species or subspecies of Triodanis at eight
field sites in four states. Sampling encompassed a broad area across the
Midwestern U.S. and Texas, and across a gradient of anthropogenically disturbed
habitats. We found that for species of Triodanis: 1) small bee and fly generalist
pollinators showed some floral constancy to Triodanis flowers during feeding bouts
but did not differentiate between species, 2) pollinator community varied in
diversity and abundance across different habitats, 3) while allocation to open
flowers varied among species and populations, we found no association between
breeding system (or species) on pollinator identity or abundance. This study
represents the first in-depth survey of pollinator visitors of Triodanis and serves as
foundational knowledge about the natural history of this group, provides
resolution for members of Campanulaceae exhibiting floral traits of generalist
hosts, and important documentation of plant-insect interactions in an era of
ongoing anthropogenic changes.

Keywords—Self fertilization, dimorphic cleistogamy, native pollinators, syrphid
flies

characterization of pollinator assembly through
natural history studies is of continuing importance
(Burkle & Alarcon 2011). Specifically, to better

plants and insects are the subject of many
cornerstone topics in evolutionary ecology.
Contemporary pressures such as climate change,
habitat  destruction, emergent pests and
pathogens, and urbanization threaten to disrupt
some of these important associations. In flowering
plants that rely on insects as vectors for
pollination, fitness consequences of disrupted
mutualisms may come in the form of pollen
limitation. With the increase in anthropogenic
change global
continuing lack of resolution on floral hosts for
small bee and other generalist species, explicit

across landscapes and the

47

understand these pollination systems, many more
studies are needed that explicitly characterize
variation in pollinator communities, not only
across geographic ranges, but in the context of
variability among species ranges.

Elucidating pollinator relationships spatially
also addresses the potential for local pollen
limitation, because pollination service can vary in
both quantity (e.g., the number of visits or total
pollen received) and quality (e.g., proportion of
conspecific and viable pollen transferred; Brown et
al. 2002). Spatial and temporal variation in
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pollinator community composition can result in
heterogeneity in visitation for pollinators and
overall composition of generalists and specialists
(Herrera, 1996). Under scenarios of high pollen
limitation, selection may favor the evolution of
increased  selfing, providing reproductive
assurance in changing environmental conditions
(Goodwillie et al. 2010; Devaux et al. 2014;
Leibman et al. 2018). Range expansions and
subsequent shifts in pollinator communities are
one means by which populations become pollen-
limited; and this may create a continuum in
breeding strategies across a species range (Koski et
al., 2019).

One variable breeding strategy is dimorphic
cleistogamy, a mixed mating system that includes
both closed, obligately selfing (cleistogamous)
flowers and open (chasmogamous) flowers that
have the potential to outcross. The genus Triodanis
((L.) Niewl; McVaugh, 1948) consists of seven
dimorphic  cleistogamous species, has a
distribution ~ throughout North  and South
America, and is part of the subfamily
Campanuloideae, Rapunculus clade (Roquet et al.
2008; Wendling et al. 2011; Crowl et al. 2016),
contained within the cosmopolitan family
Campanulaceae. Cleistogamous (closed) flowers
are generally theorized to be resource-cheap in
comparison to chasmogamy (open flowered)
which typically produces floral attractants such as
a corolla, pollen for outcrossing, and nectar
(Knight et al, 2005; Goodwillie et al., 2010).
Variability in allocation to chasmogamous (open)
or to cleistogamous (closed) flowers at the species
level, however, has not previously been
considered as a factor influencing pollinator
assemblies.

Floral morphology (i.e., corolla symmetry)
differs widely between subfamilies of Campanu-
laceae, while secondary pollen presentation is
found throughout Campanuloideae (Yeo 2012).
Pollination syndromes also differ widely between
subfamilies and the diversity in floral forms found
is due in part to pollination pressures (Roquet
2008). Pollinator functional groups have been a
significant driver of diversity in Campanulaceae
(Lagomarsino et al. 2016). Despite considerable
work in the broader Campanulaceae, there have
been no in-depth pollinator studies across multiple
species of the genus Triodanis, (but for brief
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surveys see: Robertson 1928; Tooker et al. 2006;
Roquet et al. 2008; Basteri & Benvenuti 2010;
Olesen et al. 2012). The most comprehensive list of
pollinators and floral visitors come from historical
records taken over 100 years ago in the Midwest
(e.g., lllinois) and only categorized one species of
Triodanis  (T.  perfoliata, formerly  Specularia
perfoliata) (Robertson 1928; Tooker et al. 2006).
Overall, resolution of the explicit identity of
pollinators varies highly for many members of
Campanulaceae with small, rotate, flowers, across
N. America. For species within Campanulaceae
that exhibit open, rotate, or “generalist” flowers
such as those found on Triodanis and its sister
taxon, the Mediterranean endemic, Legousia, brief
surveys have characterized visitation as restricted
to small solitary, or eusocial polylectic bees, and
flower visiting flies such as families Syrphidae and
Muscidae (Robertson 1928; Tooker et al. 2006;
Roquet et al. 2008; Basteri & Benvenuti 2010).
While Triodanis is likely highly selfing due to the
presence of dimorphic cleistogamy, this character
trait has not been described in Legousia. Forces
such as dispersal events, climate change, and the
resulting change in pollinator assemblage, may
influence increased autogamy for some lineages,
resulting in the highly diverse floral forms seen in
the Rapunculus clade (Beattie 1974; Roquet et al.
2008; Mitchell et al. 2009).

This study focuses on four of the seven species
in the genus Triodanis. While some floras still
consider T. biflora a subspecies of T. perfoliata (e.g.,
(Diggs et al. 1999)), preliminary phylogenetic
analysis indicates monophyly between these two
taxonomic units (in prep, Simmonds unpublished
data). For the purposes of clarity in narrative, we
decided to consider T. perfoliata and T. bilfora as
unique taxonomic units, but ultimately, we draw
no broad inferences based on this delineation with
few direct comparisons between T. perfoliata and T.
biflora in this paper. All four species (T. biflora, T.
perfoliata, T. lamprosperma, T. leptocarpa) are annual
plants with largely sympatric ranges from the east
coast to the Midwest and south into Texas, with
ranges for two taxa (T. perfoliata and T. biflora)
extending into Mexico and South America (Diggs
et al. 1999; Weakley 2020). Both T. perfoliata and T.
biflora are very common in the contiguous U.S,,
and these cosmopolitan species often occur in
areas of high human disturbance such as urban
parks and agricultural fields, as well as grassland
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habitats (pers. obs). Due to both the cosmopolitan
and restricted range sizes of different species of
Triodanis (i.e., a single county for T. texana), we
hypothesize that the diversity and abundance of
pollinator species may vary significantly over
spatial scales and among species for this weedy
native annual. Previous work demonstrated that
the breeding system of T. perfoliata varies based on
abiotic environments (Ansaldi et al. 2019), and our
four study species of Triodanis occur in a range of
habitats (Diggs et al. 1999; Weakley 2020).
Therefore, these species may also exhibit variable
breeding systems among populations. Possible
variability in allocation to chasmogamous (open)
or cleistogamous (closed) flowers among
populations and species of Triodanis may influence
pollinator assemblies. Specifically, allocation to
chasmogamous (open) flowers in this genus may
play an important role in the presence and
diversity of pollinator functional groups visiting
species of Triodanis, though this has never been
examined. Here we examine the pollinator
community across a large portion of the
geographic ranges for four species or subspecies of
Triodanis. Our objectives were to capture the
potential variation of pollinators across broad
geographic space and species for multiple
populations per species and to 1) explore
differences in pollinator behavior among species of
Triodanis, 2) characterize differences in abundance
and diversity of pollinator functional groups for
Triodanis across sampling localities and habitat
types (i.e., high versus low disturbance), and 3)
discuss the potential influence of allocation to
chasmogamous flowers among species in each
sampling location on pollinator communities (or
the impact of pollinator on the production of
chasmogamous flowers).

MATERIALS AND METHODS

STUDY SPECIES AND RANGES

The genus Triodanis contains seven annual
species native to North- and South- America
(Nieuwl, McVaugh 1945, 1948; Fernald 1946;
Bradley, 1975). Floral = morphology  of
chasmogamous flowers in the genus varies little to
the naked eye between species and consists of a
pentamerous, dish-shaped, actinomorphic corolla.
Open flowers for all species are generally 1-1.5 cm
in diameter; petals are purple to purple blue.
Pollen presentation is secondary, the style
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elongates as the corolla opens and pollen is
presented on a stylar brush in keeping with other
members of Campanulaceae (Yeo 2012). Overall
flower production generally begins with the
creation of cleistogamous flowers and then
chasmogamous flowers and is followed again with
cleistogamous flowers (Gara & Muenchow 2021).
This production on the inflorescence begins with
cleistogamous proximal and a mix of
chasmogamous and cleistogamous produced
medially and distally (Trent 1942).
Chasmogamous flowers are both outcrossing and
self-fertile; stigma lobes curl backward towards
the stylar brush as the corolla senesces (Trent 1940;
Goodwillie et al. 2018). For T. perfoliata, flowers
will remain open up to three days if not pollinated
(Ansaldi et al. 2018). Anthers dehisce before
anthesis, and stigma lobes open one to two days
later (Yeo 2012; Goodwillie & Stewart 2013).
Cleistogamous flowers of all species lack corollas
and are obligately selfing. All species in the genus
Triodanis fall within this continuum of mixed
mating. Capsules of chasmogamous flowers and
cleistogamous flowers are distinguishable by size,
stem placement, and difference in calyx number
with chasmogamous flower capsules presenting
with five (rarely four or six) and cleistogamous
flower capsules presenting with three. Variability
in chasmogamous flower production between
species is observable during peak flowering. Open
flowers for T. biflora are typically presented one at
a time at the stem apex, whereas T. leptocarpa and
T. perfoliata often exhibit multiple open flowers
open along a stem at once. Variability and
intermediate forms of flowering may be present in
hybrids (Gara & Muenchow 1990).

Triodanis perfoliata and T. biflora are widely
occurring with ranges that encompass the eastern
and midwestern United States and into parts of
South America (Weakley 2020). The species T.
leptocarpa and T. lamprosperma have more discrete
ranges, both occurring through central Texas,
north through Oklahoma, Arkansas, Kansas, and
Missouri (GBIF). Species in the genus often occur
in sympatry and have been found to readily
hybridize, particularly T. biflora and T. perfoliata
(e.g., Diggs et al. 1999; Goodwillie & Stewart 2013;
Weakley 2020), though formal documentation of
hybridization between these cosmopolitan species
and those with smaller ranges is limited. Species
can occur in cultivated or fallow fields, prairies,
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dry hills, wooded areas and along water edges, as
well as highly human disturbed areas, such as
degraded and mowed urban areas (Trent 1942;
Weakley 2020; Gleason & Cronquist). Species
bloom in spring and summer months dependent
on local climate (April and May in central Texas,
while more northern regions bloom in late May
and June). Populations produce chasmogamous
flowers for one to three weeks depending on both
range and local conditions (Trent 1940).

SURVEY OF POLLINATOR AND ARTHROPOD ASSOCIATIONS OF
TRIODANIS

We surveyed floral visitors of four species of
Triodanis (T. perfoliata, T. biflora, T. leptocarpa, T.
lamprosperma) in their native ranges across four
U.S. states following general peak flowering
phenology northward from Texas into Kansas,
Missouri, and Illinois (sites N = 11; some
heterogeneous sites were also sampled for
microsite variation). Due to the large ranges of T.
perfoliata and T. biflora, time restraints of peak
flowering time, and necessity of understanding
pollinator interactions when species occurred in
sympatry, these cosmopolitan species were
sampled within the narrower ranges of T.
lamprosperma and T. leptocarpa. Standard sites
surveyed had mixed species communities and
consisted of more than one Triodanis species. Floral
visitors were surveyed wusing standardized
collection methods over a total of 22 days (about 3
weeks), from May 6th to June 15th of 2022, at N=6
standard survey and N = 6 haphazard survey sites
or 12 total (see Table 1). We used two approaches
to classify our sites, a coarse but quantitative
description was made using the Multi-Resolution
Land Cover Consortium’s National Land Cover
(NLCD) database definitions (Table 1; Dewitz
2019). Though our microsite assessments were
more useful for understanding local conditions,
we include these land cover classifications here for
a better understanding of the broader
communities; these data may be useful for ongoing
research efforts to wunderstand pollinator
communities. We also qualitatively assessed the
level of anthropogenic disturbance at each site
based on the microsite conditions. We
subsequently considered sites that were in highly
modified landscapes (e.g., cemetery, pasture) to be
highly disturbed and sites that were dominated by
grasses or managed (e.g., Konza Prairie Biological
Station) to have relatively lower anthropogenic
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disturbance. Unfortunately, more elaborate site
designations were not possible within the scope of
our data. Standard sampling was completed at six
of the twelve sites and consisted of intensive
sampling for approximately three days during
peak chasmogamous (open) flowering, in some
cases inclement weather (e.g., rain) and early plant
senescence reduced the sampling window.
Sampling was divided into 30-minute blocks in
the: mid-morning (MM), high-noon (HN), and
mid-afternoon (MA), to capture a relatively wide
spectrum of pollinators over most of a sampling
day. Surveys were not formally conducted at dusk,
dawn, or night, as relatively few pollinators were
observed at these times (Tillotson-Chavez, pers.
obs). Standard sites were sampled for up to 13.5
hours total, spread across samplers and sampled
area. All possible insects visiting Triodanis were
collected within these observation windows for
this repeated sampling. Transect sampling was not
feasible due to patchiness of plant populations and
the small size and maneuverability of pollinators
observed. Instead, the observation and sampling
plots were rotated over the course of three days; no
plot was sampled consecutively in a 24hr period.
At these standard survey sites, areas were
subdivided into (on average) six Im x 1m
observational plots per site by differences in
microsite habitat and density (e.g., forest edge,
mowed path, etc). Triodanis individuals were
generally clustered and patchy across a mixed
landscape. Microsite sampling was determined
using the highest density of flowering individuals
in these habitat gradients. Overall, pollinator
abundance for Triodanis was patchy and often few
pollinators were collected in our standard
sampling approach. To increase our sampling
potential and better describe the pollinators of
Triodanis, we performed additional haphazard
sampling at six sites, consisting of brief and
opportunistic sampling in patches with apparent
insect activity. Observation and standard
sampling plots could consist of one or more
Triodanis spp. in flower at any time.

Collection of insects was completed using an
InsectaVac Aspirator (BioQuip) and insect nets. In
each case, before floral visitors were collected their
behavior was noted, such as: Triodanis species
visited when co-occurring, habit when feeding
(e.g., pollen foraging, basking or resting on petals),
contact with chasmogamous reproductive organs,
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Table 1. Site Descriptions. State, site name, site code, standard (6 sites) or haphazard (6 sites) sampling (see Methods), and
Triodanis species present. Additionally, local habitat description, NLCD land cover designation (see Methods, Dewitz 2019), dates

of sampling, and average temperature at time of sampling.

State  Site Name Site Sampling Triodanis Land Cover NLCD Dates Average
Code Method Species Present  Description Classification ~ Sampled Tempera-
ture (F)

TX Stengl Field SMTX Standard T. biflora, T. Developed, Deciduous 5/8-5/10 89
Station perfoliata open space forest

X Stengl (Power  SPTX Haphazard T.lamprosperma Grassland, Deciduous 5/9 95
Line) herbaceous forest

X DFW Lawn KSTX Haphazard T. biflora Developed, Developed, 5/15 90
(Kim Sasan) high intensity  low intensity

X DFW Trophy TPTX Haphazard T. biflora Shrub/scrub Developed, 5/15 88
Park low intensity

MO Fort Leonard FLWMO Standard T. biflora, T. Developed, Deciduous 6/3-6/5 78
Wood perfoliata open space forest

MO Bohigian BCMO Standard T. perfoliata Grassland, Deciduous 6/3-6/5 77
Conservation herbaceous forest
Area

KS Konza Prairie KPKS Standard T. perfoliata, T. Grassland, Grassland, 5/15, 89

leptocarpa herbaceous herbaceous 6/13-6/15

KS Cattle Field JTKS Standard T. perfoliata Pasture/hay Grassland, 5/15, 89
(Jeff Taylor) herbaceous 6/13-6/15

IL Tower Grove TGCIL Standard T. biflora Developed, Deciduous 6/7-6/9 81
Cemetery open space forest

IL Lake LMIL Haphazard T. biflora Developed, Deciduous 6/7-6/9 90
Murphysboro open space forest

IL Southern SIUIL Haphazard T. biflora Developed, Developed, 6/7-6/9 82
Illinois medium medium
University intensity intensity

IL Fults Hill FHNPIL  Haphazard T. perfoliata Deciduous Deciduous 6/10-6/11 84
Nature forest forest
Preserve

and changes in feeding habits over the course of a
day. Only pollinators and floral visitors that made
contact with open flowers of Triodanis species were
collected and treated as viable pollinators.
Haphazard collections of pollinators were taken
for a more robust sampling and are noted (see

Table 1).

Collected floral visitors were pinned, sorted
into functional groups (i.e., flies, bees; Fig. 1), and
identified (Carril & Wilson 2021; Discover Life).
Documented natural histories were used (Willmer
2011; Camilo et al. 2017; Carril & Wilson 2021;
Discover Life) to assess possible generalism or
specialism of species collected across functional
groups; compared to field
observations. Body measurements of bee species

results were

were taken from averages used in identification
(Carril and Wilson 2021). Specialism to Triodanis
was not assigned unless a pollinator species could
be verified only to visit Triodanis flowers across the
sampled range of that Triodanis species. Species
range maps were also used to assess the likelihood
of encountering specific bee and fly species across
the ranges of the four Triodanis species sampled
(GBIF; Carril & Wilson 2021). Due to very low
differentiation in pollinator communities among
Triodanis ~ species, of pollinator
preference among species was
qualitatively (see Results).

assessment
performed

Finally, to evaluate potential as effective
pollinators, pollen load scores were calculated on
collected insects using methods adopted from
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Figure 1. Pollinators in-situ and collected for identification. Top row: 1. Possible Lasioglossum sp. resting on Triodanis flower
during feeding. 2. Hemipenthes sinuosa feeding on Triodanis. Bottom row: 3. Ceratina dupla collected from Missouri. 4. Hoplitis
pilosifrons with distinctive pollen collection on the underside of the metasoma. Images 1 & 2 courtesy of T. Simmonds.

(Tepedino et al. 1999; Chisausky et al. 2020). Three
regions of the head (dorsal, anterior, and ventral),
and anterior and ventral regions of the thorax and
abdomen were examined for pollen deposition.
Pollen scores were compared using a weighted
mean; downweighing each head score by ¥4 due to
the number of subsections measured and
averaging all eight scores. Scores of scopal pollen
for bee species were excluded but noted, as scopal
pollen is not readily available for pollination
(Weinman et al. 2023). Pollen load scores for each
region were counted using a score from 0 to 5; 0:
no pollen grains present, 1: 1+ pollen grain on that
region, 2: pollen grains separated by >lmm, 3:
pollen grains separated by <Imm, 4: nearly
complete pollen coverage of region, 5: multiple
layers of pollen covering the area. Scores were
compared between bee species, flower fly species,
and bee flies.

VARIATION IN POLLINATOR COMMUNITIES ACROSS SAMPLING
LOCATIONS

We compared pollinator community structure
between survey sites to better understand trends

of pollinator habitat and composition within and
between sites. Pollinators of sites were
characterized by the presence and abundance of
pollinator species, scoring the latter as highly
abundant (5+ individuals), abundant (3+
individuals), or present (1 individual).
Observations and samples were taken from a
range of both highly developed anthropogenically
disturbed areas (e.g., Dallas Fort Worth: DFW and
a suburban backyard: KSTX) and preserved
natural grassland or forested areas (e.g., Konza
Prairie Biological Station: KPKS) across all states
sampled. Co-flowering species at each site
sampled were also identified (see Supp. Table 1).
Genus level diversity (e.g., pollinator abundance,
genera richness, Menhinick’s index, Simpson and
Shannon-Wiener (S-W) diversity indices, and
Pielou’s evenness were calculated in the R package
vegan (Oksanen et al. 2022) and was used to
understand variability in pollinator assembly for
Triodanis species across sites. Samples collected
were pooled across microsite plots and sampling
period for standard sampled sites and metrics
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were calculated using the pollinator assemblages
of each of these sites. Richness was calculated in
relation to genera present across sites; sample-
based rarefaction could not be used due to lowest
percent coverage of 0. With the S-W index sensitive
to the presence of rare genera and Simpson
weighted for common, Pielou’s evenness was also
used to understand variability in abundance
across sites. For the sites that had this standardized
sampling we performed t-tests to examine any
differences in metrics of diversity between sites
with relatively high disturbance (N = 4 sites)
compared to sites with lower levels of disturbance
(N =2 sites; R Core Team, 2018).

BREEDING SYSTEM ALLOCATION

Across sample sites, whole individual vouchers
of mature plant specimens were assessed for the
total number of chasmogamous (open) and
cleistogamous (closed) flowers produced. Floral
type (chasmogamous or cleistogamous) can be
accurately distinguished by calyx number in all
species (e.g., Ansaldi et al. 2018) and percent of
chasmogamous flowers (pCH) out of all flowers
produced can be quantified on individual stems at
maturity. At least 10 mature individuals per
population (unless the population numbered less
than 10) and each microsite within populations
were surveyed in a standard procedure. The
percentage of chasmogamous flowers (pCH) was
calculated as the average pCH across individuals
and across populations for each species with
sufficient sampling. Due to very low
differentiation in pollinator communities among
Triodanis, assessment of pollinator preference for
populations or species with relatively higher
allocation to open flowers (pCH) was performed
qualitatively (see Results). A brief qualitative
assessment of the standing crop of nectar was
performed in the field using microcapillary tubes,
sampling in mid-morning to minimize dew
accumulation  from overnight in flowers
previously open. We acknowledge that our nectar
sampling could have been influenced if foragers
depleted nectar early in the morning, before we
sampled.

RESULTS
POLLINATOR ASSOCIATIONS OF TRIODANIS

Overall, we sampled a total of 126 individual
pollinators across two pollinator functional groups
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(i.e., flies, bees) at 10 field sites in four states during
peak flowering of Triodanis species (May-June;
Table 2). For all Triodanis taxa sampled, we
documented floral visitors and potential
pollinators. Over our sampling localities, we
observed no variability among species of Triodanis
for pollinator functional groups (see Table 2), with
small bee species and flies (Syrphidae and
Bombyllidae) predominating in  pollinator
assemblies of Triodanis (for standard sampled sites,
small bees (39.6%), flies (60.4%); Table 2).
Polylectic, small (~6mm) solitary or eusocial bees
composed all bee species collected and observed
(see Table 2); no pollinators classified as oligolectic
or large bee species (e.g., Bombus) were found to
visit Triodanis. There was no indication in the wide
variety of pollinators sampled and observed that
Triodanis has specialist pollinators. While
generalist pollinators and floral visitors were
dominant, honeybees (Apis mellifera) a common
generalist, was absent even in highly developed
urban areas consistent with the absence of medium
sized bees across our spatial sampling. Bees
lacking scopal hairs, such as males of Ceratina
strenua, were intermittently present. No
corbiculate bees were collected or observed. While
butterflies and moths were present throughout the
sites sampled, they were incredibly rare floral
visitors on Triodanis, (pers. obs.; including night
visiting moths) and their visitation was only
observed casually, outside of standard survey
sampling. When viewed, visitation was brief, and
we were unsuccessful in collecting moth species
from flowers in haphazard sampling. In general, of
pollinators collected, 61 individuals were small
solitary or eusocial bees, across six families, with
11 genera, and 19 distinct species represented. For
flies and other floral visitors, we collected 62
specimens, across three families and three genera,
representing four distinct species (Table 2).

In observations of pollinator foraging, most
pollinators that visited Triodanis appeared to show
floral constancy (i.e., restriction of visitation to one
or more similar floral species in a foraging bout)
and did not appear to differentiate among co-
occurring Triodanis species. On foraging bouts, we
observed pollinators exhibiting some constancy
between open flowers of all Triodanis species
present. Not all floral visitors were as consistent,
with syrphid fly species Toxomerus marginatus and
T. geminatus (Syrphidae), both highly general
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Table 2. Results of pollinator surveys across field sites and microsites within field sites. Floral host Triodanis species
abbreviations: Tb= T. biflora, Tp= T. perfoliata, Tla= T. lamprosperma, Tle= T. leptocarpa. Sex of pollinators (M=Male, F=Female),
and polylecticism (generalist pollinator) is noted. This is not noted for species in Bombyliidae as there is less resolution for
generalist species in that family. Collection time of day is noted by Mid-Morning (MM), High-Noon (HN), and Mid-Afternoon
(MA). Sites marked with * signify abundance. *=Abundant, **=Highly abundant (see Methods) in our sampling.

Family Species Site ID Host Polylectic Time of Day  Sex

Hymenoptera

Andrenidae Andrena nasonii FLWMO Tp Yes Hn F

Apidae Ceratina arizonensis SPTX Tla Yes HN
Ceratina dupla BCMO* Tp Yes HN F
Ceratina strenua FLWMO*, KSTX** Tb, Tp Yes MM, HN M, F

Colletidae Colletes inaequalis FLWMO* Tp Yes  HN F

Halictidae  Augochlora pura FHNPIL* Tp Yes  HN F
Augochlorella aurata FHNPIL*, KPKS**, BCMO* Tp Yes MM, HN F
Augochloropsis sumptuosa KPKS Tla Yes HN F
Halictus confusus KPKS, SMTX* Tb, Tp, Tla Yes MM, HH F
Halictus ligatus FLWMO Tb Yes MM F
Halictus tripartitus KSTX* Tb Yes HN F
Lasioglossum coeruleum LMIL Tb Yes  HN F
Lasioglossum tegulare SMTX Tp Yes  HN F

Megachilidae Heriades carinata FHNPIL*, KPKS* Tp Yes  MA, HN F
Hoplitis pilosilofrons SMTX Tb Yes MA F

Diptera

Bibionidae  Plecia - SMTX

Bombyliidae Hemipenthes sinuosa SMTX**, SFTX**, JTKS Tb, Tp, Tla MM, HN

Syrphidae Toxomerus marginatus

Toxomerus sinuosa

FLWMO**, KPKS*, TGCIL**, SIUIL** Tb, Tp, Tle Yes MM, HN, MA
FLWMO**, TGCIL**, SIUIL** b, Tp Yes MM, HN

species, visiting co-occurring fly-pollinated species
(e.g., Heracleum  mantegazzianum,  Lepidium
virginicum) and some bee species visiting showier
flower species and Triodanis (e.g., Lysimachia
arvensis; see Supp. Table 1). The bee fly species
Hemipenthes sinuosa (Bombyliidae), was common
only at the Stengl Field Site in central Texas. While
this species showed no observable preference
between the three Triodanis species found there (T.
perfoliata, T. biflora, T. lamprosperma), it did show
floral constancy between Triodanis individuals
within microsite observation areas on foraging
bouts (pers. obs.). Visitation habits included
hovering followed by landing on the corolla and
probing for nectar. Bee fly species have long
tongues in comparison to other flower visiting flies
and are generally covered in dense hairs, whose
effectiveness at harboring and carrying pollen has
typically been underestimated (Kastinger & Weber
2001). Feeding habits were dependent on weather

conditions in that flies seemed most active on days
exhibiting full sun, no wind, and a UV Index of 10
or higher, like findings summarized by Kastinger
& Weber (2001).

Pollen scores allowed overall pollen presence to
be quantified and compared between the three
pollinator functional groups: bees, bee flies, and
syrphid flies. Differences in mean pollen load
scores were variable between functional groups
(mean pollen score, sample size): bees (1.095, N =
57), bee flies (0.630, N = 12), and syrphid flies
(0.081, N =27). Any deviation from the totals listed
above for pollinators collected and those in which
pollen load was quantified was caused by general
degradation to the specimen. We note that the
presence of pollen on a pollinator does not
necessarily confirm the delivery of pollen between
conspecific flowers.
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Table 3. Metrics of diversity across sites with standard sampling surveys. Sites indicated with * were determined to exhibit high
anthropogenic disturbance (see Methods and Table 1 for site descriptions). Diversity indices were calculated for genera of
pollinators to Triodanis. This includes abundance of individuals across genera and genera richness. Menhinick's index (D) to
control for sampling effort. Pielou's Evenness (J) to understand both evenness and dominance. Shannon-Wiener Diversity (H’)
for testing in relation to rarer species. Simpson’s Diversity (A) for measuring dominance of more common species.

Standard Abundance Genera Species Menbhinick's Pielou's Shannon- Simpson's
Site across Richness Richness index Evenness Wiener Diversity
Genera Diversity
D>o J(0-1) H’ (1-5) A (0-1)

SMTX* 19 5 5 1.15 0.31 1.02 0.50
FLWMO* 25 5 5 1.00 0.28 0.95 0.46
JTKS* 1 1 1 1.00 N/A o} 0
TGCIL* 1 1 2 0.30 N/A o o
BCMO 31 2 2 0.36 0.09 0.14 0.06
KPKS 14 5 5 1.34 0.38 1.22 0.61

POLLINATOR COMMUNITY VARIATION ACROSS SAMPLING
LOCATIONS

Several bee species were common between
sites and species of Triodanis (e.g., Ceratina strenua,
Augochlorella aurata: see Table 2), while a few of
these wide-ranging generalists were found at only
one site (see: Lasioglossum coeruleum, Colletes
inaequalis; see Table 2). We found that the highly
generalist  syrphid fly  (Toxomerus  spp.)
predominated accounting for >50% of sampled
pollinators in developed (low to medium
intensity) areas containing both T. perfoliata and T.
biflora in more northern states (MO, IL; see Table
2). The species T. lamprosperma and T. leptocarpa,
were not present for observation as floral hosts
when sampling in these more disturbed localities.
We found no statistically significant differences in
any metrics of diversity between sites of relatively
higher or lower disturbance (Tables 1, 3).
However, we note that our sample size of sites that
classified as low disturbance and had standardized
sampling was quite low (N = 2). Nonetheless we
observed some general trends worth noting.
Overall, pollinators were the most abundant at
BCMO (31), but richness in pollinator genera was
greatest in preserved grassland and herbaceous
habitat (Menhinick’s index; SMTX D = 1.15, KPKS
D = 1.34). Diversity indices (Shannon-Wiener,
Simpson) suggest that grassland and herbaceous
areas, designated as areas to conserve and promote
plant diversity (Natural Areas 1986 Jan 24; Mission
| KPBS | Kansas State University), may host
relatively high pollinator genera diversity for

Triodanis SMTXH’'=1.02A=0.499, KPKSH’ =1.22,
A = 0.612) in comparison to developed,
anthropogenically disturbed sites (e.g., TGCIL H’
=0, A =0). In general, both Triodanis species and
pollinator genera diversity trended towards lower
in developed areas (see Tables 2, 3).

BREEDING SYSTEM ALLOCATION

Similar to previous work, allocation to open,
chasmogamous flowers for T. perfoliata was
variable across populations (Ansaldi et al. 2018).
For T. biflora the mean proportion of open flowers
across individuals in a population (pCH) was
much lower (SMTX 3.2%, FLWMO, 4.5%, TGCIL
6.6%) than T. perfoliata (SMTX 10.9%, FLWMO
14.2%, BCMO 21.2%; see Supp. Table 2), as was
expected due to its flowering habit of producing
relatively few chasmogamous flowers at a time
(Trent 1942). We were unable to reliably assess
breeding system variability for T. leptocarpa and T.
lamprosperma due to a limited sample size of
populations, or individuals within a population;
however, pCH for T. leptocarpa was assessed for
one site (KSTX 33.2%). This is the first study to
quantify breeding system allocation across a wide
geographic range for T. biflora (for smaller surveys
see: Bradley 1975; Gara & Muenchow 1990). Data
taken from previous field seasons for T. perfoliata
(Beth H Ansaldi et al. 2018; Berg et al. 2019)
reported a higher average pCH of 30.9% across six
sites and three states, emphasizing the high extent
of variability in this species. Aggregated data
taken from areas with more anthropogenic caused
disturbance (FLWMO, TGCIL) tended to have
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higher pCH than those with more intact “natural”
areas across 1. biflora and T. perfoliata, though
sample sizes were insufficient to test this
statistically. We found no indication for variation
in pollinator preference, functional group, or
species based on the relative production of
chasmogamous flowers within or among
populations and species of Triodanis (Table 2).
Detailed description of nectar presence, quality,
and volume was complicated by evaporation or
dilution from condensation, but nectar presence
was detected in several T. biflora individuals.

DiscussION

Here we documented that across a relatively
large spatial scale (i.e., four states spanning the
midwestern U.S. and TX) generalist solitary or
eusocial small bee and fly species seem to be the
primary pollinators of Triodanis. Though this study
encompassed only four species of seven reported
species of Triodanis ((L.) Niewl, McVaugh 1945,
1948; Fernald 1946; Bradley, 1975), it includes the
two species with the largest ranges (T. perfoliata
and T. biflora) and included multiple field sites
with more than one species of Triodanis present.
Sampling also included sites in Texas, which is
where all species of Triodanis exhibit range
overlap, including those not sampled here (e.g., T.
texana and T. coloradoensis only occur in TX, but
were not in this survey). We cannot discount that
variability among years or across geographic
ranges could reveal pollinator species not
documented in this present survey. However,
given the consistency in functional groups across
this survey, it seems very likely that these
pollinators would functionally be generalist small
bees and flies.

Though we found no statistical difference in
pollinator diversity between sites of relatively high
or low anthropogenic disturbance, we did note
some interesting trends. For example, there was
more general variation in the diversity of
pollinator assembly genera in human-maintained
natural habitat areas, though diversity does not
reflect the general abundance of bee pollinators at
sites such as BCMO or the low abundance of
pollinators generally at KPKS. High variability in
pollinator abundance spatially and temporally
within the same year in similar habitat is in
keeping with previous research (Reverté et al.
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2019). We detected no association of specialized
pollinators or pollinator functional groups with
Triodanis species or population level breeding
system variation. Our study adds to our
understanding of pollinator assemblies for
Campanulaceae species exhibiting generalist
traits. Rotate corollas, such as those exhibited by
Triodanis, have also evolved several times in the
genus Campanula (Blionis & Vokou 2001). Strong
selection pressure from pollinators has led to
convergent traits and tangled taxonomic
relationships based on these morphological
features in Campanulaceae. Switching to
generalist strategies (i.e., open corolla, auto
compatibility) in response to low efficiency
pollinators such as flower visiting fly or small be
species, similar to those found in this study, and
subsequent lower male reproductive success (Lau
& Galloway 2004) has been found for Campanula
(Kobayashi et al. 1999). While efficiency
comparisons  between Lepidopterans and
Hymenopterans as pollinators have been well
documented, comparisons of efficiency of fly
pollinators and bee species remain an area of low
resolution. Spatial variability of abundance in
potentially higher quality pollinators due to land
use factors may cause pollen limitation (Gémez et
al. 2010) but pollen limitation has only been
assessed at a single site for one species in this
genus (T. perfoliata, Ansaldi et al. 2018). Based on
the trends in our data, future work should examine
variation in pollen limitation both among species
and across populations of Triodanis occurring in
habitats ~ exhibiting  different levels  of
anthropogenic disturbance.

Understanding pollinator assemblies for
species can add unique insights about the potential
for gene flow among populations and species. For
example, for solitary bees the best predictor of
foraging range is that of body size, with smaller
bees traveling shorter distances than larger bees
(Gathmann & Tscharntke 2002). Overall, we found
bees with a mean body length of 6 mm to visit
species of Triodanis, all of which are solitary or
eusocial bees (Carril & Wilson 2021). With
pollinators showing floral constancy in localized
areas and flight length limited in small bee and fly
species, this may contribute to high population
genetic structuring in Triodanis, in addition to that
already present due to cleistogamy (Tackett et al.
2022). This hypothesis is consistent with high
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population genetic structuring described across 18
populations of T. perfoliata (Tackett et al. 2022). In
addition, pollinators represent a key step in either
facilitating or limiting cross-species hybridization.
Hybridization has been documented across
multiple species of Triodanis, leading to
complicated evolutionary relationships (Crowl et
al. 2016). While previous work has demonstrated
that sympatric species of Triodanis can flower at the
same time (Berg et al., in press) this is the first
study to demonstrate that pollinators are indeed
shared across species in sympatry.

With historical records, comparison of past and
present pollinator communities is possible and is
increasingly important as we try to characterize
changes in pollinator assembly due to
anthropogenic effects (Kharouba et al. 2019).
Pollinators collected in this study generally
affirmed narrow historical data for pollinators of
Triodanis (reviewed in Roquet et al. 2008). These
records were based on those of Charles Robertson
for T. perfoliata from a 90-year-old survey in Illinois
collected and observed in one field season in 1928
(Robertson 1928); of the 21 pollinators represented
in this historical survey, six pollinators matched
my survey. Missing from our survey compared to
those of Robertson are bumblebee species (Bombus
griseocollis and Bombus pensylvanicus), which if
present may have been significant pollinators of
Triodanis as has been shown for other members of
North American Campanulaceae (Willmer et al.
2017; Koski et al. 2018). Overall, the general
composition of the pollinators we collected aligned
with the composition of functional groups in
Robertson’s survey apart from the two bumblebee
species.

Notably, these historic records also indicate
that the broadly distributed short horned plasterer
bee (Colletes brevicornis) is a specialist of T. perfoliata
(Robertson 1928; Discover Life -
AMNH_BEE(00208252), yet it was not collected in
my much broader spatial sampling. The absence of
this species could simply indicate temporal
variation in pollinator assemblies, or other
stochastic factors impacting pollinator activity and
presences (e.g., weather). However, our survey
strongly indicates that generalist pollinators
compose many of the pollinator assemblies for
Triodanis. This line of inquiry lends anecdotal
weight to the importance of vigorous pollinator
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surveys. Additional work is needed to clarify the
potential relationship between the short-horned
plasterer bee and Triodanis.

CONCLUSIONS

Descriptive life history studies continue to be
increasingly important for documenting species of
both pollinators and plants to better understand
variation in floral morphology, factors influencing
pollen limitation and gene flow, and to assess these
relationships in an era of rapid anthropogenic
changes. By characterizing pollinators across large
spatial scales for four of seven annual species
(Triodanis), we contribute meaningful data for how
pollinator assemblies vary across ranges and
habitat types (i.e., high and low disturbance). This
study is one of the few to examine how variation
in dimorphic cleistogamy could contribute to
variation in pollinator abundance or assembly. In
addition, this study confirms active pollinator
visitation across species, adding key information
for understanding patterns of hybridization in the
genus Triodanis. Finally, this study is the first in-
depth survey of pollinators for the genus Triodanis,
and the first specific survey of this group in almost
a century. Here, we document the key pollinators
of these species; this work provides a foundation
for future studies in Triodanis and contributes to
the broader interest in documenting explicit
variation in pollinator assemblies across ranges
and between related species.

ACKNOWLEDGEMENTS

Funding for this project was generously provided by
SUPERB fellowship support provided to K. Tillotson-
Chavez (NSF DUE 1564969; Students United in
Preserving, Exploring, and Researching Biodiversity; PI:
Kurt Neubig, SIUC), the Native Plant Society of Missouri
Stan Hudson Grant, and the Graduate and Professional
Council of Southern Illinois University Research Grant.
Special thanks go to Dr. Kurt Neubig and Dr. Sedonia
Sipes for their counsel and expertise. Thank you to
Weber lab members for feedback throughout the writing
process. Taylor Simmonds and Kimberlie Sasan were
integral to the collection of specimens across taxa.
Administrative staff and biologists at all research
stations mentioned in the study went out of their way to
ensure our success and safety in the field.

AUTHOR CONTRIBUTION

KT-C and JW conceived this work. KT-C and SL carried
out data collection. Statistical analysis was performed by
KT-C. The manuscript was prepared by KT-C and JW.


https://www.zotero.org/google-docs/?bq5g0N

58 Tillotson-Chavez et al.

DISCLOSURE STATEMENT

The authors declare no competing interests.

DATA AVAILABILITY STATEMENT

The data used to write this article are available as
supplementary data in the online version of this article,
see below. Please contact the corresponding author for
further data requests.

APPENDICES

Additional supporting information may be found in the
online version of this article:

Table S1: Co-Flowering Species by Site
Table S2: Floral Ratio Data
Table S3: Abundance Scores by Site

REFERENCES

Ansaldi BH, Franks SJ, Weber JJ (2018) The influence of
environmental factors on breeding system allocation at
large spatial scales. AoB PLANTS 10 https://doi.org/
10.1093/aobpla/ply069

Ansaldi BH, Weber JJ, Goodwillie C, Franks SJ (2019)
Low levels of inbreeding depression and enhanced
fitness in cleistogamous progeny in the annual plant
Triodanis perfoliata. Botany 97:405-415. https://doi.org/
10.1139/cjb-2019-0022

Basteri G, Benvenuti S (2010) Wildflowers Pollinators-
Attractivity in the Urban Ecosystem. Acta
Horticulturae:585-590.  https://doi.org/10.17660/Acta
Hortic.2010.881.98

Beattie AJ (1974) Floral Evolution in Viola. Annals of the
Missouri Botanical Garden. 61(3):781. https://doi.org/
10.2307/2395029

Bennett JM, Steets JA, Burns JH, Burkle LA, Vamosi JC,
Wolowski M, Arceo-Gémez G, Burd M, Durka W, Ellis
AG, Freitas L, Li ], Rodger JG, Stefan V, Xia J, Knight
TM, Ashman T-L (2020) Land use and pollinator
dependency drives global patterns of pollen limitation

in the Anthropocene. Nature Communications 11:3999.
https://doi.org/10.1038/s41467-020-17751-y

Berg CS, Brown JL, Weber ]JJ (2019) An examination of
climate-driven flowering-time shifts at large spatial
scales over 153 years in a common weedy annual.
American  Journal of Botany 106:1435-1443.
https://doi.org/10.1002/ajb2.1381

Berg C, Burr N, Weber ] (in press) Phenological
advancement in the North American wildflower genus
Triodanis (Campanulaceae). Rhodora

Blionis GJ, Vokou D (2001) Pollination ecology of
Campanula species on Mt Olympos, Greece.
Ecography 24:287-297. https://doi.org/10.1034/1.1600-
0587.2001.240306.x

J Poll Ecol 36(4)

Bradley TR (1975) Hybridization Between Triodanis
perfoliate and Triodanis biflora (Campanulaceae).
Brittonia 27:110. https://doi.org/10.2307/2805469

Bronstein JL, Alarcon R, Geber M (2006) The evolution
of plant-insect mutualisms. New Phytologist 172:412—
428. https://doi.org/10.1111/j.1469-8137.2006.01864.x

Brown BJ, Mitchell R], Graham SA (2002) Competition
for pollination between an invasive species (Purple
Loosestrife) and a native congener. Ecology 83:2328-
2336. https://doi.org/10.1890/0012-9658(2002)083[2328:

Burkle LA, Alarcon R (2011) The future of plant-
pollinator ~ diversity: ~Understanding interaction
networks across time, space, and global change.
American  Journal of  Botany = 98:528-538.
https://doi.org/10.3732/ajb.1000391

Camilo GR, Mufiiz PA, Arduser MS, Spevak EM (2017)
A Checklist of the Bees (Hymenoptera: Apoidea) of St.
Louis, Missouri, USA. Journal of the Kansas
Entomological Society 90:175-188. https://doi.org/
10.2317/0022-8567-90.3.175

Carril OM, Wilson JS (2021) Common Bees of Eastern
North ~ America. Princeton  University = Press.
https://doi.org/10.1515/9780691222806

Ceratina -- identification guide -- Discover Life [online]
URL: https://www.discoverlife.org/mp/20g?guide=
Ceratina (accessed 27 February 2023).

Chisausky J, Soley N, Kassim L, Bryan C, Miranda GF,
Gage K, Sipes S (2020) Syrphidae of Southern Illinois:
Diversity, floral associations, and preliminary

assessment of their efficacy as pollinators. Biodiversity
Data Journal 8:e57331. https://doi.org/10.3897/BD].8.e

Crowl AA, Miles NW, Visger CJ, Hansen K, Ayers T,
Haberle R, Cellinese N (2016) A global perspective on
Campanulaceae: Biogeographic, genomic, and floral
evolution. American Journal of Botany. 103(2):233-245.
https://doi.org/10.3732/ajb.1500450

Devaux C, Lepers C, Porcher E (2014) Constraints
imposed by pollinator behaviour on the ecology and
evolution of plant mating systems. Journal of
Evolutionary Biology 27:1413-1430. https://doi.org/10.
1111/jeb.12380

Dewitz, ] (2019) U.S. Geological Survey. National Land
Cover Database (NLCD) 2019 Products (ver. 2.0, June
2021). U.S. Geological Survey data release, 2021.
https://doi.org/10.5066/PIKZCM54.

Diggs GM, Lipscomb BL, O’Kennon R], O’Kennon B
(1999) Shinners & Mahler’s Illustrated Flora of North
Central Texas. Botanical Research Institute of Texas.

Fernald ML (1946) Identifications and reidentifications
of North American plants. Contributions from the
Gray Herbarium of Harvard University no. 154-164
1945-46:137-216. https://doi.org/10.5962/p.336326



https://doi.org/10.1093/aobpla/ply069
https://doi.org/10.1093/aobpla/ply069
https://doi.org/10.1139/cjb-2019-0022
https://doi.org/10.1139/cjb-2019-0022
https://doi.org/10.17660/ActaHortic.2010.881.98
https://doi.org/10.17660/ActaHortic.2010.881.98
https://doi.org/10.2307/2395029
https://doi.org/10.2307/2395029
https://doi.org/10.1038/s41467-020-17751-y
https://doi.org/10.1002/ajb2.1381
https://doi.org/10.1034/j.1600-0587.2001.240306.x
https://doi.org/10.1034/j.1600-0587.2001.240306.x
https://doi.org/10.2307/2805469
https://doi.org/10.1111/j.1469-8137.2006.01864.x
https://doi.org/10.1890/0012-9658(2002)083%5b2328:CFPBAI%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5b2328:CFPBAI%5d2.0.CO;2
https://doi.org/10.3732/ajb.1000391
https://doi.org/10.2317/0022-8567-90.3.175
https://doi.org/10.2317/0022-8567-90.3.175
https://doi.org/10.1515/9780691222806
https://www.discoverlife.org/mp/20q?guide=Ceratina
https://www.discoverlife.org/mp/20q?guide=Ceratina
https://doi.org/10.3897/BDJ.8.e57331
https://doi.org/10.3897/BDJ.8.e57331
https://doi.org/10.3732/ajb.1500450
https://doi.org/10.1111/jeb.12380
https://doi.org/10.1111/jeb.12380
https://doi.org/10.5066/P9KZCM54
https://doi.org/10.5962/p.336326

March 2024

Gara B, Muenchow G (1990) Chasmogamy/Cleistogamy
in Triodanis perfoliata (Campanulaceae): Some CH/CL
comparisons in fitness parameters. American Journal
of Botany 77:1-6. https://doi.org/10.1002/.1537-
2197.1990.tb13521.x

Gathmann A, Tscharntke T (2002) Foraging ranges of
solitary bees. Journal of Animal Ecology 71:757-764.
https://doi.org/10.1046/j.1365-2656.2002.00641.x

Gleason HA, Cronquist A Manual of Vascular Plants of
Northeastern United States and Adjacent Canada:
Second Edition.

Gémez JM, Abdelaziz M, Lorite ], Jesus Mufioz-Pajares
A, Perfectti F (2010) Changes in pollinator fauna cause
spatial variation in pollen limitation: Pollinator
assemblage and pollen limitation. Journal of Ecology
98:1243-1252. https://doi.org/10.1111/j.1365-2745.2010.
01691.x

Goodwillie C, Patel HR, Dvorak DM (2018) Does stigma
curvature promote delayed selfing? An experimental
investigation in Triodanis perfoliata (Campanulaceae)
Ren Z-X (ed). Plant Biology 20:199-204. https://doi.org/
10.1111/plb.12677

Goodwillie C, Sargent RD, Eckert CG, Elle E, Geber MA,
Johnston MO, Kalisz S, Moeller DA, Ree RH, Vallejo-
Marin M, Winn AA (2010) Correlated evolution of
mating system and floral display traits in flowering
plants and its implications for the distribution of
mating system variation. New Phytologist 185:311—
321. https://doi.org/10.1111/.1469-8137.2009.03043.x

Goodwillie C, Stewart E (2013) Cleistogamy and
Hybridization in Two Subspecies of Triodanis perfoliata
(Campanulaceae). Rhodora 115:42-60. https://doi.org/
10.3119/12-01

Kastinger C, Weber A (2001) Bee-flies (Bombylius spp.,
Bombyliidae, Diptera) and the pollination of flowers.
Flora 196:3-25. https://doi.org/10.1016/50367-2530(17)
30015-4

Knight TM, Steets JA, Vamosi JC, Mazer SJ, Burd M,
Campbell DR, Dudash MR, Johnston MO, Mitchell R],
Ashman T-L (2005) Pollen Limitation of Plant
Reproduction: Pattern and Process. Annual Review of
Ecology, Evolution, and Systematics 36:467-497.
https://doi.org/10.1146/annurev.ecolsys.36.102403.115
320

Kobayashi S, Inoue K, Kato M (1999) Mechanism of
selection favoring a wide tubular corolla in Campanula
punctata. Evolution 53:752-757. https://doi.org/10.
1111/5.1558-5646.1999.tb05369.x

Koski MH, Ison JL, Padilla A, Pham AQ, Galloway LF
(2018) Linking pollinator efficiency to patterns of
pollen limitation: small bees exploit the plant—
pollinator mutualism. Proceedings of the Royal Society
B: Biological Sciences 285:20180635. https://doi.org/10.
1098/rspb.2018.0635

Pollinator assembly and across species ranges in Triodanis 59

Koski MH, Layman NC, Prior CJ, Busch JW, Galloway
LF (2019) Selfing ability and drift load evolve with
range expansion. Evolution Letters 3:500-512.
https://doi.org/10.1002/ev13.136

Lagomarsino LP, Condamine FL, Antonelli A, Mulch A,
Davis CC (2016) The abiotic and biotic drivers of rapid

diversification in Andean bellflowers
(Campanulaceae). New Phytologist 210:1430-1442.
https://doi.org/10.1111/nph.13920

Lau JA, Galloway LF (2004) Effects of low-efficiency
pollinators on plant fitness and floral trait evolution in
Campanula americana (Campanulaceae). Oecologia
141:577-583. https://doi.org/10.1007/s00442-004-1677-1

Leibman L, Rowe A, Koski MH, Galloway LF (2018)
Populations with greater flexibility in floral traits

modify mating system in response to the pollinator
environment Schleuning M (ed). Functional Ecology
32:1457-1466. https://doi.org/10.1111/1365-2435.13093
MacInnis G, Normandin E, Ziter CD (2023) Decline in
wild bee species richness associated with honey bee (

Apis mellifera L.) abundance in an urban ecosystem.
Peer] 11:€14699. https://doi.org/10.7717/peerj.14699

McVaugh R (1948) Generic Status of Triodanis and
Specularia. Rhodora 50:38-49. https://doi.org/10.1016
S0007-0785(48)80048-7

Memmott J, Craze PG, Waser NM, Price MV (2007)
Global warming and the disruption of plant-pollinator
interactions. Ecology Letters 10:710-717.
https://doi.org/10.1111/1.1461-0248.2007.01061.x

Mitchell R], Irwin RE, Flanagan R], Karron JD (2009)
Ecology and evolution of plant—pollinator interactions.
Annals of Botany 103:1355-1363. https://doi.org/10.

1093/aob/mcp122

Nyman Y (1993) The pollen-collecting hairs of
Campanula (Campanulaceae). II. Function and adaptive
significance in relation to pollination. American
Journal of Botany 80:1437-1443. https://doi.org/10.
1002/j.1537-2197.1993.tb15389.x

Oksanen J, Simpson GL, Blanchet FG, Kindt R, Legendre
P, Minchin PR, O’'Hara RB, Solymos P, Stevens MHH,
Szoecs E, Wagner H, Barbour M, Bedward M, Bolker B,
Borcard D, Carvalho G, Chirico M, Caceres MD,
Durand S, Evangelista HBA, FitzJohn R, Friendly M,
Furneaux B, Hannigan G, Hill MO, Lahti L, McGlinn
D, Ouellette M-H, Cunha ER, Smith T, Stier A, Braak
CJFT, Weedon ] (2022) vegan: Community Ecology
Package. [online] URL: https://CRAN.R-project.org
package=vegan (accessed 20 March 2023).

Olesen JM, Alarcon M, Ehlers BK, Aldasoro JJ, Roquet C
(2012) Pollination, biogeography, and phylogeny of
oceanic  island  bellflowers  (Campanulaceae).
Perspectives in Plant Ecology, Evolution and
Systematics ~ 14:169-182.  https://doi.org/10.1016
I.ppees.2012.01.003



https://doi.org/10.1002/j.1537-2197.1990.tb13521.x
https://doi.org/10.1002/j.1537-2197.1990.tb13521.x
https://doi.org/10.1046/j.1365-2656.2002.00641.x
https://doi.org/10.1111/j.1365-2745.2010.01691.x
https://doi.org/10.1111/j.1365-2745.2010.01691.x
https://doi.org/10.1111/plb.12677
https://doi.org/10.1111/plb.12677
https://doi.org/10.1111/j.1469-8137.2009.03043.x
https://doi.org/10.3119/12-01
https://doi.org/10.3119/12-01
https://doi.org/10.1016/S0367-2530(17)30015-4
https://doi.org/10.1016/S0367-2530(17)30015-4
https://doi.org/10.1146/annurev.ecolsys.36.102403.115320
https://doi.org/10.1146/annurev.ecolsys.36.102403.115320
https://doi.org/10.1111/j.1558-5646.1999.tb05369.x
https://doi.org/10.1111/j.1558-5646.1999.tb05369.x
https://doi.org/10.1098/rspb.2018.0635
https://doi.org/10.1098/rspb.2018.0635
https://doi.org/10.1002/evl3.136
https://doi.org/10.1111/nph.13920
https://doi.org/10.1007/s00442-004-1677-1
https://doi.org/10.1111/1365-2435.13093
https://doi.org/10.7717/peerj.14699
https://doi.org/10.1016/S0007-0785(48)80048-7
https://doi.org/10.1016/S0007-0785(48)80048-7
https://doi.org/10.1111/j.1461-0248.2007.01061.x
https://doi.org/10.1093/aob/mcp122
https://doi.org/10.1093/aob/mcp122
https://doi.org/10.1002/j.1537-2197.1993.tb15389.x
https://doi.org/10.1002/j.1537-2197.1993.tb15389.x
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1016/j.ppees.2012.01.003
https://doi.org/10.1016/j.ppees.2012.01.003

60 Tillotson-Chavez et al.

Portman ZM, Arduser M, Lane IG, Cariveau DP (2022)
A review of the Augochloropsis (Hymenoptera,
Halictidae) and keys to the shiny green Halictinae of
the midwestern United States. ZooKeys 1130:103-152.
https://doi.org/10.3897/zookeys.1130.86413

R Core Team (2018) R: A Language and Environment for
Statistical Computing. R Foundation for Statistical
Computing, Vienna, Austria

Robertson C (1928) Flowers and insects; lists of visitors
of four hundred and fifty-three flowers. Carlinville, III.,
n.p. [online] URL: http://archive.org/details
flowersinsectsli0Orobe (accessed 27 January 2023).

Roquet C, Saez L, José Aldasoro J, Susanna A, Luisa
Alarcon M, Garcia-Jacas N (2008) Natural delineation,
molecular phylogeny and floral evolution in
Campanula. Systematic Botany 33:203-217.
https://doi.org/10.1600/036364408783887465

Sicard A, Lenhard M (2011) The selfing syndrome: a
model for studying the genetic and evolutionary basis

of morphological adaptation in plants. Annals of
Botany 107:1433-1443. https://doi.org/10.1093/aob
mcr(023

Tepedino V], Sipes SD, Griswold TL (1999) The
reproductive biology and effective pollinators of the
endangered beard tongue Penstemon penlandii
(Scrophulariaceae). Plant Systematics and Evolution
219:39-54. https://doi.org/10.1007/BF01090298

Tooker JF, Hauser M, Hanks LM (2006) Floral Host
Plants of Syrphidae and Tachinidae (Diptera) of
Central Illinois. Annals of the Entomological Society of
America 99:96-112. https://doi.org/10.1603/0013-
8746(2006)099[0096:FHPOSA]2.0.CO;2

Trent JA (1940) Flowering behavior of Specularia
perfoliata in relation to light intensity and light

duration. Transactions of the Kansas Academy of
Science (1903-) 43:199. https://doi.org/10.2307/3625512

This work is licensed under a Creative Commons Attribution 4.0 License.

J Poll Ecol 36(4)

Trent JA (1942) Studies pertaining to the life history of
Specularia perfoliata (1.).a.dc., with special reference to
cleistogamy. Transactions of the Kansas Academy of
Science (1903-) 45:152-164. https://doi.org/10.2307
3624994

Triodanis perfoliata subsp. biflora (Ruiz & Pav.) Lammers
URL: https://www.gbif.org/species/171395104
verbatim (accessed 20 March 2023).

Weakley A (2020) Weakley, A.S. 2020. Flora of the
southeastern United States. University of North
Carolina Herbarium, North Carolina Botanical
Garden, Chapel Hill, NC. Pdf downloadable at
https://ncbg.unc.edu/research/unc-herbarium/floras,

Weinman LR, Ress T, Gardner ], Winfree R (2023)
Individual bee foragers are less-efficient transporters

of pollen for plants from which they collect the most
pollen in their scopae. American Journal of Botany
110:e16178. https://doi.org/10.1002/aib2.16178

Wendling BM, Galbreath KE, DeChaine EG (2011)
Resolving the Evolutionary History of Campanula
(Campanulaceae) in Western North America. Knapp
M, editor. PLoS ONE. 6(9):e23559. https://doi.org/10.
1371/journal.pone.0023559

Willmer P (2011) Pollination and floral ecology.
Princeton  University = Press,  Princeton, N.J.
https://doi.org/10.23943/princeton/9780691128610.001.
0001

Willmer PG, Cunnold H, Ballantyne G (2017) Insights
from measuring pollen deposition: quantifying the

pre-eminence of bees as flower visitors and effective
pollinators. Arthropod-Plant Interactions 11:411-425.
https://doi.org/10.1007/s11829-017-9528-2

Yeo PF (2012) Secondary pollen presentation: form,
function and evolution. Springer Vienna.

ISSN 1920-7603


https://doi.org/10.3897/zookeys.1130.86413
http://archive.org/details/flowersinsectsli00robe
http://archive.org/details/flowersinsectsli00robe
https://doi.org/10.1600/036364408783887465
https://doi.org/10.1093/aob/mcr023
https://doi.org/10.1093/aob/mcr023
https://doi.org/10.1007/BF01090298
https://doi.org/10.1603/0013-8746(2006)099%5b0096:FHPOSA%5d2.0.CO;2
https://doi.org/10.1603/0013-8746(2006)099%5b0096:FHPOSA%5d2.0.CO;2
https://doi.org/10.2307/3625512
https://doi.org/10.2307/3624994
https://doi.org/10.2307/3624994
https://www.gbif.org/species/171395104/verbatim
https://www.gbif.org/species/171395104/verbatim
https://ncbg.unc.edu/research/unc-herbarium/floras/
https://doi.org/10.1002/ajb2.16178
https://doi.org/10.1371/journal.pone.0023559
https://doi.org/10.1371/journal.pone.0023559
https://doi.org/10.23943/princeton/9780691128610.001.0001
https://doi.org/10.23943/princeton/9780691128610.001.0001
https://doi.org/10.1007/s11829-017-9528-2
https://creativecommons.org/licenses/by/4.0/

