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Abstract

Shale barrens are steep sloping mountainside ecosystems characterized by rocky Upper
Devonian age shale substrate, high light, and low water availability. They form an array of
biogeographical “islands” throughout Mid-Appalachia whose niche dynamics, response to
disturbance, and pollination ecology remain to be investigated. Using network analysis, this
project addresses three objectives to fill gaps in shale barren pollination ecology. (i) Compare
vegetative species composition, richness, diversity, and evenness to a descriptive vegetation study
completed at the same site 27 years prior. ii) Outline the topology of plant-pollinator networks
including identifying phenologically accurate networks, the architecture of such networks, and
identifying plant species network hubs and key pollinators groups. (iii) Examine the scale of
within-season interaction variation, whether that variation is reflective of fluctuations in
pollinator activity, and that variation’s relationship to changes in weather conditions. Plant and
pollinator data were collected via pollinator observation and flowering inventory surveys
conducted on within 10-day monitoring periods through the full growing season of Little Fork
Shale Barren (Pendleton Co.,West Virginia). General vegetation surveys occurred in the late
summer to late fall at the same site. Comparisons between the current vegetation community and
results from a 1994 survey of the site show a significant increase in community species richness
and diversity. Analysis of large scale interaction data revealed the presence of diverse interaction
networks with degree distributions, connectances, and levels of nestedness comparable to
networks in other ecosystems. Fine scale interaction data showed the system experiences high
within-season interaction turnover dictated by interaction rewiring. Simulation models confirmed
that species abundance and phenology constrain interaction turnover and interaction rewiring.
Linear regression analysis of weather conditions and pollinator activity found median temperature

to have the strongest relationship with higher pollinator activity at greater median temperatures.

viii



Our findings expose the depth and dynamics of biodiversity and ecological function present in a

superficially understood “barren” ecosystem.



Introduction

Of the approximately 352,000 species of flowering plants described, an estimated 87.5%
use animal facilitated pollination as their primary means of reproduction (Ollerton et al, 2011).
The ecological mechanisms of pollination are among the more complex and foundational
mutualistic networks present in nature and comprise a multitude of interactions that occur
between plant and pollinator species (Mitchell et al., 2009; Ballantyna et al., 2017). In the face of
ecological change, the assemblage and complexity of these plant-pollinator networks can either
ensure functional resilience or result in a disrupting cascade that threatens network collapse
(Nieslen and Bascompte, 2007; Dupont and Olesen, 2012; Soares et al., 2017; Robinson et al.,
2018). Discerning whether resilience or disruption of network functionality will occur requires
guantification of community interactions and dynamics. Applying a network analysis approach to
a plant community and pollinator community has strong potential in quantifying ecosystem
integrity and contextualizing assembly and disassembly dynamics between the two
interdependent communities (Elle et al., 2012; Soares et al., 2017). Also, using a network analysis
approach to describe intercommunity dynamics has the potential to help predict impacts of
ecological change and inform conservation efforts for vulnerable ecosystems, communities, and
species (Hegland et al., 2009; Biella et al., 2017; Soares et al., 2017). Shale barrens, which are
frequently the focus of conservation efforts, are particularly vulnerable ecosystems that have not
been subjected to such a study of the within season dynamics of their plant and pollinator

communities. (Keener, 1983; Norris and Sullivan, 2002).

Plant - Pollinator Networks

A plant-pollinator network provides a broad view of many distinct relationships between
species in plant and pollinator communities of a given area. Unlike food webs, which are an
example of an antagonistic network where species benefit at the expense of their partner, plant-

pollinator networks are mutualistic networks where partners benefit from their interaction. Plant-



pollinator networks are systems of goods and services exchanges between various plant and
pollinator species in which both parties benefit at some cost to themselves (Bronstein, 1994). The
pollinator typically collects pollen or nectar as an energy source, and reproduction in the plant is
facilitated by pollinator visitation. Both parties expend energy to maintain this relationship. This
is a simplified description of a ubiquitous natural relationship and a vital ecosystem service
(Kearns et al., 1998; Potts et al., 2003). However, the complexity of interactions extends beyond
this basic mutualistic paradigm with the degree of dependence between partners being typically
unequal. Species have varying interaction plasticity and are categorized across a gradient between
two interaction extremes: specialist and generalist (Vazquez and Aizen, 2003; Landry, 2010).
Specialist species participate in an obligate interaction in which they rely solely on a single
species or narrow group of species for resources. In contrast, generalist species act less selectively
and interact with multiple species that meet the same need. In a network, both generalist and
specialist often interact with one another or with other species in the same category creating a
nested array of interactions (Bascompte and Jordano, 2007; Landry, 2010). The accumulation of
these independent exchange interactions between a plant species and a pollinator species is what
forms intricate networks in ecosystems. Mutualistic networks require no spatial minimum or
maximum, but can encompass any spatial range from small sections of mature forests (Nielsen
and Bascompte, 2007) to entire portions of the arctic tundra (Schmidt et al., 2017). Also, an
ecosystem is not limited to a single network but can support multiple nested networks at differing
times or seasons. These networks are free flowing and depend on the activity of participating
species, thus a comprehensive understanding of these relationships requires a comprehensive

analysis.

Network Analysis Approach

The various interactions between groups or species in an ecosystem are intangible.

However, they become tangible through the application of a network analysis approach that uses



N statistics and math to produce discrete figures and graphs
|
‘/ df delineating relationships (Bascompte and Jordano, 2007; Ramos-
d Jiliberto et al., 2012). Plant-pollinator networks are two-grouped or
bipartite networks with a set of plant species and a set of pollinator
C‘ species. Group size can vary based on scope of interest or sampling

Figure 1 A small bipartite effort. In a network graph, species present in a surveyed ecosystem

network representing .
interactions between nodes are defined as ‘nodes’ and are represented by a shape (Figure 1).

(circles). The degree of
dependence between the plant  Nodes are connected by ‘links’ that represent a recorded interaction

(d;i™) and animal (d;") is
represented by the thickness o relationship between species, plants linking to pollinators and
of arrows with thicker arrows

indicating a stronger vice versa (Bluthgen, 2009; Bascompte, 2007). The width of a link
dependence. Bascompte and

Jordano, 2007 describes the occurrence frequency of an interaction with wider

links indicating a higher occurrence frequency. The higher the occurrence frequency of an
interaction between two species, the stronger the interaction. The number of links and nodes, the
density of links, and the distribution of links between nodes are used to interpret trends and
characteristics that contribute to a network’s architecture (Bascompte and Jordano, 2007; Gomez
et al., 2011). Network structure can be viewed broadly at network level, revealing the pattern of
all linkages between node sets, or narrowly at node-specific level, revealing the linkage between
individual nodes. When analyzing at a network level, there are three assumptions of ecological
network structure (Figure 2). First, ecological network are typically asymmetrical in the number
of species participating, i.e. more pollinator species than plant species or vice versa, and in the
level of dependency between species or communities (Gomez et al., 2011; Soares et al., 2017).
Second, ecological networks are heterogeneous structures with the distribution of links skewed to
a set of highly connected nodes acting as hubs holding the network together and the bulk of nodes
in either community supporting a few interactions (Bascompte and Jordano, 2007). Third, the

pattern of interactions between nodes may create nested compartments where subsets connect
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Figure 2. The three assumptions of mutualistic networks. Networks are asymmetrical (A), heterogeneous
(B), and nested (C). A) The degree of dependence between the plant (d;i*) and animal (d") is represented
by the thickness of arrows with thicker arrows indicating a stronger dependence. Bascompte and Jordano,
2007. B) Frequency distribution of interactions per species showing that most species support very few
interactions and a few species support very many. C) A plant-animal interaction matrix showing complete
nestedness. With a core of highly connected species (dark blue) and peripheral species (light blue)
interacting with species present in that core. Filled squares represent an observed interaction. Bascompte
and Jordano, 2007.
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cohesively to individual nodes and one can detect networks within networks (Nielsen and
Bascompte, 2007; Landry, 2010; Elle et al., 2012; Soares et al., 2017). An example of a nested
array would be a specialist plant species interacting with a subset of pollinator species that visit a
generalist plant. At a node-specific level, two metrics relate to the pairwise patterns of links
between individual nodes and define a species’ role in a network. One metric is species degree,
the number of links spanning from a node. The second metric is species strength, the proportion
of all links for an individual node stemming from another single node (Bascompte and Jordano,
2007; Okuyama and Holland, 2008). A species’ role in a network can either be described as a
specialized interaction contributing to functional redundancy or a network hub supporting most

network interactions or in between.

Network Robustness

The metrics defined and described prior are used to construct a network, and that
architecture describes a network’s functional robustness (Bascompte and Jordano, 2007; Ramos-

Jiliberto et al., 2012). Network robustness is described as the fraction of species that must be



removed for a network to fragment. Like other ecological concepts such as system sensitivity and

elasticity, robustness describes is a network’s resilience to disturbance and capability to avoid

network collapse (Tylianakis et al., 2010). Recent research has provided little consistency when

connecting structural properties to functional ecosystem dynamics. For example, does high

network nestedness translate into a more reproductively successful plant community (Gomez et

al., 2011)? However, structurally derived network robustness does have the power to predict

impacts from ecological change. In some ecosystems, changes in network structure stemming

from community composition changes are localized, and the
effects of change are minimal to overall network function
(Thébault and Fontaine, 2010). In others, changes create a

ripple effect that cascade, ultimately decreasing or disrupting
network function. The current literature has found that highly
robust networks are those that are highly complex,
heterogeneous, and well nested (Bascompte and Jordano, 2007,
Tylianakis et al., 2010). However, the impacts of species loss

on network function does depend on the role of the species lost,
namely, is the species a specialist or a generalist. Specialist,
species that support a narrow range of partners, have a very low
connection into the network while generalists, species that
support a broad range of partners, are highly connected. This
difference in connections leads to differences in network impacts
with their removal (Figure 3). At the loss of a specialist, network
structure that suggests robustness should absorb the absence of
that species and network function is left relatively unchanged. In

contrast, networks are quite fragile to the loss of their most

A

Figure 3. The effects of species
role on species loss in a robust
network. A) Removal of a
specialist species (gray) results
in little distribution to other
interactions and species in the
network. B) Removal of a
generalist species (light gray)
results in rippling effects to
other species as well as
secondary extinctions (dark

gray).

generalized species with rippling effects, such as secondary extinctions, likely to occur following



their removal (Bascompte and Stouffer, 2009). Recent research has supported that the likelihood
of cascading impacts is associated with the combinations of strong interactions and that
ecological networks are robust to random losses of species (Gomez et al., 2011; Ramos-Jiliberto
et al., 2012). However, comparing analyses is challenging depending on the study, ecosystem and

communities in question, and ecosystem threats (Blithgen, 2010).

Interactions across time

Like other ecological networks, plant-pollinator networks have long been studied as static
entities. As technologies and techniques to study these interaction networks have improved, they
reveal the inherent error that accompanies viewing interaction networks in such a fixed view.
Plant-pollinator networks are dynamic in nature with variation in their structure and node
composition occurring across time and space. This recent acknowledgement of the potential daily,
seasonal, and annual temporal patterns of plant-pollinator interaction networks has opened the
door for exploring not only network topology but also the mechanisms behind network formation
and dissolution. Efforts to explore intra- and inter-annual patterns of network structure have
included analyzing network components at shorter, more biologically relevant periods as opposed
to aggregating observations into networks representing arbitrary seasons or complete flowering
periods. Analyzing plant-pollinator networks along more biologically appropriate periods can
reveal the scale of variation among interactions as well as the ecological consequences of such
variation. An approach to analyzing the dynamics of plant-pollinator networks is to quantify their
temporal interaction turnover, the changes in the composition of interactions. Interaction turnover
consists of two additive components: species turnover and interaction rewiring. Species turnover
is the change in species present when comparing two networks. Change in species composition of
each community can occur when species change activity level (i.e. move from active to inactive)
or change occurrence status (i.e. go extinct or are introduced to a new location). Interaction

rewiring is the change in who is interacting with whom among the same pool of co-occurring



species. These two components play a role in how and why plant-pollinator interaction networks
assemble and disassemble overtime, however there is relatively very little understood of each’s
relative importance in temporal interaction turnover. Quantifying temporal interaction turnover
and identifying the role species turnover and interaction rewiring play in the construction of
plant-pollinator networks can provide important contributions to understanding not only the

dynamic nature of such networks but also their resilience to ecological changes.

Threats to Network Function

Threats to network function include climate change and habitat loss or degradation with
changes in community composition being the most pervasive threat (Inouye, 2008; Elle et al.,
2012; Biella et al., 2017). Changes in community composition include loss of species, loss of
functionally similar groups, and invasive species introduction (Gomez et al., 2011). Changes in
the species composition of either community, through species loss or introduction, can have a
profound, lasting effect on network architecture and overall productivity. Extinction of a species
represents the loss of a node and all links to that node. The cascading impacts of a species’
removal depends on its degree and strength, sum of dependencies, in the network (Brosi and
Briggs, 2013). Loss of a generalist species, one supporting a high number of interactions and
therefore having a high degree, would create a cascading effect, while loss of a specialist species
results in a loss of interaction redundancy and reduces network resilience (Tylianakis et al., 2010;
Elle et al., 2012). Shifts in community compositions also stem from invasion of exotic species,
though there is ambiguity surrounding the effects of invasion on network structure (Bascompte
and Jordano, 2007; Aizen et al., 2008). Many invasive species are pollination generalists and have
the potential to shift interaction trends to fit their phenology or compete with native species for
pollinators (Bartomeus et al., 2008; Mckinney and Gooddell, 2011). In this context, invasive
species can potentially disrupt network function and harm plant and pollinator communities.

Conversely, invasive species may become so well integrated into a network structure, acting as a



generalist or network hub, that they end up playing a role in preserving network function (Parra-
Tabla et al., 2019). Invasive species management and native species population protection are the
leading motivators for ecological conservation, but uncertainty surrounding invasive species’
impact on pollination systems could result in unexpected consequences following conservation

efforts (Pejchar and Mooney, 2009).

Network Analysis in Conservation

Historically, conservation efforts have applied a two-dimensional approach to three-
dimensional systems and have not considered dynamic interactions between service providers at
the ecosystem level (Elle et al., 2012). Ecological metrics such as species richness, diversity, and
abundance are long standing justifications for conservation action but provide little insight into
ecosystem or interspecies dynamics. A network analysis approach provides that needed three-
dimensional view to plant and pollinator communities of conservation concern while also
collecting traditional ecological data such as those used to build functional community
composition lists (Elle et al., 2012; Soares et al., 2017). This approach identifies generalist
species that act as network hubs whose extinction would lead to dramatic losses in network
function. It also identifies specialization in ecosystems by identifying redundant interactions that,
if lost, would reduce network resilience to disturbance (Gomez et al., 2011; Elle et al., 2012;
Brosi and Briggs, 2013). A network analysis approach can describe interaction dynamics between
species and the evolutionary processes generating the interactions (Bascompte, 2007). Also,
network analysis can be used to map ecosystem phenology and species richness trends which
could inform planning and scheduling of conservation efforts and management plans (Fantinato et
al., 2016; Biella et al., 2017). Lastly, application of a network analysis approach has the potential
to inform implications of ecological disturbances stemming from climate change, disease or pest
outbreaks, habitat loss or alteration as well as restoration efforts (Inouye, 2008; Hegland et al.,

2009; Elle et al., 2012; Goulson et al., 2015) Therefore, predicting the impacts of change in a



network without the context of associated species dynamics would result in ill-informed

predictions of ecosystem structure and potentially unsuccessful conservation efforts.

Neglected Ecosystem: Mid-Appalachian Shale Barrens

Conservation efforts prioritize the biologically significant and/or rare, and shale barrens
are a globally rare ecosystem in the central Appalachian Mountains that is of conservation
concern. Shale barrens are described as steep sloping mountainsides defined by rocky Upper
Devonian age shale substrate, high light, and low water availability (Braunschweig et al., 1999;
Norris and Sullivan, 2002). The aggregation of these conditions creates dry, substrate specific
ecosystems pocketed among the Appalachian temperate forests that support a unique vegetative
community often characterized by rare, threatened, and endemic species (Keener, 1983; Kalhorn
et al., 2003). These ecosystems support a sparse canopy and open barren understory. Woody
species, such bear oak (Quercus ilicifolia) and Virginia pine (Pinus virginiana), that occur on
shale barrens are scrubby and sparse due to soil and water conditions. Open spaces in the
understory are occupied by a xeric, high light herbaceous plant community that comprises three
groups: distinctly western species, shale favoring species, and true endemics (Brooks, 1965).
Distinctly western species, such as tall grama grass (Bouteloua curtipendula), are a small group
of plants found on shale barrens and nowhere else east of the Ozarks. These plants are adapted for
dry conditions more typical of the western United States but can persist in the east due to shale
barrens. Shale favoring species are plants that have a wide distribution in eastern North
American, but their most productive and characteristic development occurs in shale-based
substrate. These shale-favoring species, including creeping phlox (Phlox subulata) and
Pennsylvania sedge (Carex pensylvanica), comprise a large portion of shale barren vegetation.
The third group, true endemics, comprises 18 species including Kate’s Mountain clover

(Trifolium virginicum) and shale barren rockcress (Boechera serotina) whose distributions are
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restricted to shale barrens. These species occur at varying abundances among Mid-Appalachia

and nowhere else in the world.

Due to their rarity, there are few details to the life history of shale barren endemics
including dispersal, evolutionary history, ecological roles, and pollination (Keener, 1983; Norris
and Sullivan, 2003). Even less information is available on invertebrate species found in shale
barrens. Work by Wheeler (1997; 1999; 2000; and Bartlett, 2006) provides some of the only
comprehensive information on insect diversity of shale barrens with work by Kalhorn (et al.,
2003) providing the only bee inventory. Other information regarding shale barren pollinators is
restricted to that of two species of butterfly, Euchloe olympia (Olympia marble) and Pyrugus
wyandot (Appalachian grizzled skipper), which are recorded as using shale endemic species for
resources and as host plants (Norris and Sullivan, 2003). Ultimately, shale barrens form an array
of biogeographical “islands” in Mid-Appalachia, whose evolutionary history, niche dynamics,

species distribution, response to disturbance, and pollination biology remain to be investigated.

In this study, | applied a network analysis approach to explore the interactions between
the plant and pollinator communities of a shale barren ecosystem located in eastern West
Virginia. This site is recorded as supporting up to seven endemic plant species, including the
endangered shale barren rockcress (Boechera serotina). Using this method, | addressed several
broad objectives. (i) Compare vegetative species composition, richness, diversity, and evenness to
a descriptive vegetation study completed at the same site 27 years prior. Based on prior casual
observations of the site and the passage of time, | expected to find significant increases in all
community parameters. (ii) Outline the topology of plant-pollinator networks including
identifying phenologically accurate networks, the architecture of such networks, and identifying
plant species network hubs and key pollinators groups. (iii) Examine the scale of within-season
interaction variation, whether that variation is reflective of fluctuations in pollinator activity, and

that variation’s relationship to changes in weather conditions. Recent research studying
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interaction turnover of plant-pollinator networks have found that within-season interaction
turnover is consistently high (Simanonok and Burkle, 2014; CaraDonna et. al., 2017), thus |
predict this to be also true for the LFSB. One of the ecological requirements for an interaction to
occur is for interacting species to be found at abundance levels that promote their interaction
(Vasquez et al, 2009). Changes in species abundance has been found to predict the level of
interaction turnover between two networks (CaraDonna et. al., 2017), but pollinator abundance,
namely their foraging activity, is known to fluctuate frequently. Thus, if species abundance also
predicts interaction turnover values in the LFSB, | am predicting that variations in pollinator
abundance will be reflected in interaction turnover values through the season. Those variations in
pollinator abundance, then, will be well predicted by the temperature and relative humidity on the

day of surveying.
Methods
Site Description

Surveys of vegetation and pollinators were conducted from April 21 to October 10™,
2020 at the Little Fork Shale Barren (LFSB), Naval Security Group Activity and Sugar Grove
Research Station, Sugar Grove, West Virginia (38.514167 N, 79.276389 W). LFSB (1.6 ha) is
located in Pendleton County close to the border with Virginia and is one of seven shale barrens in
the valley of the South Fork of the South Branch of the Potomac River (Bartgis, 1987). The site
has a south-southeast aspect with the top of the ridge lying at 2100m. Jarret (1997) described the
site’s vascular plant community as sparsely vegetated with Pennsylvania sedge (Carex
pensylvanica) accounting for 75% of herbaceous cover in the understory and chestnut oak
(Quercus montana) dominating the overstory. Six endemic species have been detected at this site
in the past (Jarret, 1997): shale barren rock cress (Boechera serotina), mountain nailwort
(Paronychia montana), shale barren bindweed (Calystegia spithamaea ssp. purshiana), shale

barren pussytoes (Antennaria virginica), heart-leaf skullcap (Scutellaria ovata ssp. rugosa), and
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Figure 4. Diagram of 50 m x 320 m experimental grid dividing
the LFSB site into 160 individual 10 m X 10 m cells. A cell is
isolated to display locations of 1 m? plots used for pollinator
surveys, which are areas of high flowering activity. An
example of flower-visitor survey locations within a cell are
denoted with an “x” in the isolated cell.
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shale barren nodding onion (Allium
oxyphilum). The study conducted by
Jarret (1997) utilized a grid layout
established by the West Virginia
Department of Natural Resources
(WVDNR) for long term monitoring
of B. serotina at LFSB (Figure 4). The
grid had an area of 50 m X 320 m

(16,000 m?) and was divided into 160

individual 10 m X 10 m cells. Cells were identified by their row and column position within the

grid, which corresponded to the location of the grid marker in the lower left corner of the cell.

Therefore, the bottom left most cell was designated as being column one, row one (1-1) and the

top, left most cell was designated as being column 1, row 5 (1-5). Sampling of the vegetation

community and for active flowering and plant-animal interactions was conducted in these cells.

Data Collection and Analyses

General Vegetation Surveys

320 m

50m

Figure 5. Diagram of 50 m X 320 m experimental grid dividing the LFSB site into 160 individual 10 m X 10 m
cells. Cells selected for weekly vegetation surveys from August to October are denoted in green (Jarret, 1997).

Sampling of shale barren vegetation followed methods provided by Jarrett (1997).

Sampling occurred on a bimonthly basis starting August 26 through October 10, 2020. Sampling

was conducted within 40 cells located within a 50 m x 200 m section of the 16,000 m? grid

(Figure 5). Surveys of the understory community within each cell occurred within a 1 m? quadrat
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randomly placed within the cell. All vascular plants present within each quadrat were identified
and estimates of cover recorded. Estimates of bare ground, i.e. strictly shale fragments or exposed
rock, and dense leaf litter cover, are void of vegetation but without direct access to the substrate,
were also recorded within each quadrat. Plants were identified to species or, in some cases, genus
based on their stage of growth and development using the Flora of Virginia, Flora of West
Virginia, and/or Newcomb’s Wildflower Guide. Any plants that could not be confidently

identified in the field were collected for later identification.

Data collected from vegetation surveys were used to determine the extent of vegetated
versus unvegetated space of the site as well as calculate the mean species richness, Shannon
diversity index (H’), and equitability per cell. Species richness and species diversity were
calculated using the ‘vegan’ package, commonly used for most community ecology calculations,
in R (Oksanen et. al., 2021). Equitability is a measure of distribution or evenness of diversity

ranging from 0 (no evenness of diversity) and 1 (complete evenness) and was calculated as:

J: H,/H,max

where H’max is the In(s) and s is the number of species recorded in a quadrat (Jarret, 1997).
Maximum H’ assumes even distribution of species within a quadrat. For each species found, the
mean estimated cover per quadrat and the importance value, which is calculated as the average of
the mean relative frequency and mean relative cover, was calculated. Following tests for
normality, comparisons between the current study’s mean species richness, species diversity (H’),
and equitability per cell results and results from Jarrett (1997) were completed using a Wilcoxon

signed-rank test.

Flowering Inventories

To avoid allocating sampling efforts towards cells that lacked any flowering activity,

inventories of species flowering within every cell occurred on a 10-day cycle starting on April
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21, 2020. To minimize site disturbance, cells were surveyed from their bottom, downslope end,
using 8X binoculars. A species was considered flowering if greater than 1% of all flowers were
open, and reproductive parts were visible between, or present within unfolded flower parts
(Dupont and Olesen, 2012). Plants that were flowerings were identified to species. A voucher
specimen was collected of each species recorded during flowering inventories and are housed in
the Norlyn L. Bodkin Herbarium at James Madison University. Data collected from these
inventories formed the first criteria to determine locality for flower-visitor observations. Cells
identified as having species in flower were further reviewed for an estimate of total flower cover,
i.e. cover of flowers from all identified actively flowering species. Cells with a total flower
coverage constituting at least 5% of ground cover were marked for flower-visitor observations

within 10-day monitoring period.
Pollinator Observations

Individ