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ABSTRACT 

The myriad ways species interact with each other have always captivated 

biologists. These interactions—predation, competition, parasitism, and mutualism—are 

fundamental to the stability of ecological communities and drive the evolution of species 

they contain. Some mutualistic systems consist of mutually dependent partners that 

strongly influence each other’s survival, while other mutualistic systems consist of many, 

diffuse relationships between large assemblages of partners. Critical ecological processes 

like pollination and seed dispersal are prime examples of such complex systems. Plant-

pollinator communities are characterized by extensive pollinator sharing among plant 

species. My dissertation explores some of the consequences of this reliance on shared 

pollinators on the structure of plant-pollinator interaction networks, the foraging 

decisions of pollinators, and the fitness outcomes of plant species. Through several 

comprehensive field studies, I contribute to our understanding of mutualist interaction 

patterns at multiple levels of biological hierarchy: the community, species, and 

individuals. My first chapter examines the forces driving the change in interaction 

patterns of an entire plant-pollinator community and individual species throughout the 

flowering season. Nearly all studies of plant-pollinator interaction networks ignore 

potential intra-annual variation, and in doing so may be missing critical mechanisms 

contributing to overall community stability. I find that the overall turnover of interactions 

is high and driven by a process of interaction rewiring in which species frequently shuffle 

between available partners. Furthermore, I distinguish pollinator species whose 

interactions are driven by an abundance-based neutral process versus those that change 

their interactions beyond what is predicted by a neutral, abundance-driven null model. 
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My second chapter uses a network-based framework to consider the fitness consequences 

for plants participating in a diffuse plant-pollinator network. I analyze the relationship 

between plant species’ network metrics and pollen deposition. Empirical examples that 

link patterns of interactions and functional outcomes (e.g., pollination) are scarce, but 

necessary to establish the utility of characterizing species interaction patterns. My final 

chapter explores how pollinator composition, local floral neighborhoods, and timing of 

flowering influence the pollination outcomes of individual Oenothera fruticosa flowers. I 

demonstrate extensive intraspecific variation in receipt of pollen from other species 

(‘heterospecific pollen receipt’) and find that this heterospecific pollen has a negative 

fitness effect if present in sufficiently high amounts. Together, the chapters of my thesis 

provide novel insights into the consequences of pollinator sharing among co-flowering 

plant species. 
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CHAPTER 1 

INTRODUCTION 

It is difficult to overstate the importance of the plant-pollinator mutualism to 

natural and anthropogenic systems. Flowering plants and their pollinators contribute 

immensely to the generation and maintenance of biodiversity (Ehrlich & Raven, 2006; 

Thompson, 1999) human food security (Ollerton et al., 2011; Potts et al., 2016), and the 

stability of ecosystems (Lundberg & Moberg, 2003; Thebault & Fontaine, 2010; 

Valiente-Banuet et al., 2015). Furthermore, plant-pollinator mutualists have a long 

history of being model systems for coevolution (Thompson, 1999). There is great concern 

over the recent declines in pollinator populations (Potts et al., 2016) and insects more 

broadly (Hallmann et al., 2017), but also research that reveals remarkable resilience in 

plant-pollinator communities (Landi et al., 2018). Recent decades have seen a upswelling 

of interest in researching the patterns, dynamics, and ecological and evolutionary 

consequences of plant-pollinator species interactions (Knight et al., 2018). This 

dissertation explores just a few facets of this incredibly complex, beautiful, and essential 

mutualism. 

Early studies of plant-pollinator mutualisms focused on highly specialized pairs or 

groups of species, often which conformed to simplistic pollination syndromes. Highly 

specialized plant-pollinator mutualisms were thought to be the rule, not the exception. 

However, several key studies lead to the growing understanding of plant-pollinator 

interactions as much more generalized than previously thought (Jordano, 1987; Waser et 

al., 1996). As the shift in scope of pollination research broadened, many researchers 

started to work at the level of entire communities as opposed to pairs of species. In the 
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last two decades, studies began using network-based frameworks to describe community-

level patterns of interactions (Bascompte et al., 2003; Olesen et al., 2007; Vázquez & 

Aizen, 2004). In these networks, species are represented as nodes and interactions 

between species are represented as links. Broad measures of community structure derived 

from webs of interacting species summarize patterns of interactions into quantifiable 

metrics, species network roles, and network diagrams (Vázquez et al., 2009). Features of 

mutualistic networks include: a core of generalists more likely to persist across years 

(Chacoff et al., 2018), nested subgroups of species with progressively more specialized 

partner choice (Bascompte et al., 2003), asymmetrical reliance of specialists on 

generalists (Vázquez & Aizen, 2004), and modules which may function as 

coevolutionary units (Olesen et al., 2007).  

Antagonistic interactions are also common in plant-pollinator communities 

(Mitchell et al., 2009; Morales & Traveset, 2008). First, competition for pollinator visits 

between co-flowering plant species can occur. Second, pollinator species often compete 

amongst each other for floral resources (Brosi & Briggs, 2013). Finally, plant species can 

transfer pollen between species through the process of heterospecific pollen transfer. This 

exchange of pollen between plant species can be detrimental to the fitness of both the 

donor and recipient: the donor potentially loses male fitness, while the recipient 

potentially loses female fitness (Ashman & Arceo-Gómez, 2013; Morales & Traveset, 

2008). Research into the causes, occurrence, and fitness consequences of heterospecific 

pollen transfer has surged in recent years (Moreira-Hernández & Muchhala, 2019). In 

particular, recent efforts have switched from experimental demonstrations of the impact 
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of the timing (Bruckman & Campbell, 2016b; Caruso & Alfaro, 2000), diversity 

(Ashman & Arceo-Gómez, 2011), and magnitude (Moreira-Hernández & Muchhala, 

2019), of HP receipt to patterns among and within species in entire plant-pollinator 

communities (Ashman et al., 2020). Heterospecific pollen transfer is a common 

phenomenon in plant communities and its intensity varies among and within species 

(Arceo-Gómez et al., 2016; Fang & Huang, 2012; McLernon et al., 1996; Montgomery & 

Rathcke, 2012; Tur et al., 2016). Furthermore, studies are beginning to explore the fitness 

consequences of receiving heterospecific pollen in natural systems (Briggs et al., 2016; 

Parra-Tabla et al., 2020; G. X. Smith et al., 2021; Suárez-Mariño et al., 2019). 

Although plant-pollinator communities have garnered the attention and study of 

many researchers in recent years, much remains to be learned about these remarkable 

systems. In this dissertation, I explore several topics related to the widespread sharing of 

pollinators among flowering plants, the temporal turnover of plant-pollinator interactions, 

and the fitness consequences associated with patterns of pollinator visitation and 

positions in the plant-pollinator interaction network. My first chapter examines changes 

in interaction patterns of an entire plant-pollinator community and individual species 

throughout the flowering season and the forces driving them. This chapter demonstrates 

extensive intra-annual turnover of species interactions and explains patterns of 

pollinators’ shifting foraging. Furthermore, I determine the relative importance of an 

abundance-based neutral process and other non-neutral ecological processes in the 

interaction plasticity of individual pollinator species. My second chapter follows up on 

this network-based approach and relates plant species’ roles in the interaction network to 
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functional outcomes: heterospecific and conspecific pollen deposition. First, I identify 

relationships between heterospecific and conspecific pollen within a subset of the plant 

species in my study community. Second, I demonstrate the value of network-based 

species metrics by linking such metrics with conspecific and heterospecific pollen 

deposition. My final chapter explores how pollinator composition, local floral 

neighborhoods, and timing of flowering influence the pollination outcomes of individual 

Oenothera fruticosa flowers. I demonstrate extensive intraspecific variation in 

heterospecific pollen receipt and find that this heterospecific pollen has a negative fitness 

effect if present in sufficiently high amounts. Together, this body of work provides novel 

insights into the structure of pollinators’ interactions with a temporally variable plant 

community and the consequences of these interaction patterns for plant species and 

individuals.  
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CHAPTER 2 

DRIVERS OF SEASONAL INTERACTION TURNOVER IN PLANT-

POLLINATOR COMMUNITIES 

 

2.1 Abstract 

 The patterns of interactions between pollinators and their plant partners can 

impact the persistence of species and stability of communities. However, the variability 

in plant-pollinator community interactions within seasons has largely been ignored. The 

extent to which species’ interaction partners and interaction frequencies with these 

partners change across short time spans is unclear. Furthermore, the mechanisms 

responsible for such changes in interaction patterns remain unexplained. In this chapter, I 

use a series of time slice networks constructed at the scale of individual weeks of plant-

pollinator interactions to assess the intra-annual turnover of species interactions. I show 

that interaction turnover in the plant-pollinator community is high between weekly 

networks (90.5% interaction turnover, on average) and driven by frequent shuffling of 

interactions between available partners, i.e., ‘rewiring’. Furthermore, I find that 

interaction rewiring across time at the week-to-week time scale can be explained by a 

random process (i.e., explained by partner abundance) for approximately one third of 

pollinator species; but the remaining two thirds of pollinators’ interaction shifts cannot be 

explained by simple abundance tracking alone. These results highlight the temporal 

volatility of species’ interactions across relatively short periods of time and offer novel 

insights regarding the mechanisms responsible for plant-pollinator interaction plasticity 

within a season. 
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2.2 Introduction 

Understanding the ecological processes that contribute to biodiversity and 

community stability is a fundamental goal in ecology (Oliver et al., 2015). Patterns of 

interactions between plant-pollinator mutualists can influence these processes by 

facilitating populations of rare species (Benadi & Pauw, 2018; Pedro J. Bergamo et al., 

2020; Valdovinos et al., 2013) and strengthening communities’ resilience to species loss 

(Kaiser-Bunbury et al., 2010; Tylianakis et al., 2010) and non-native introductions (Stout 

& Tiedeken, 2017). Network-based studies of plant-pollinator communities have revealed 

their overall interaction structure which includes a core of generalist species (Chacoff et 

al., 2018; Fang & Huang, 2012; Olesen et al., 2007) and asymmetrical dependence of 

specialists on generalists (e.g., Valdovinos et al., 2016; Miele et al., 2020), i.e., 

nestedness (Bascompte et al., 2003). Yet, there is a juxtaposition between the apparent 

stability of the emergent properties of plant-pollinator interaction networks and extensive 

variability in the individual actors and their interactions across time and space 

(CaraDonna et al., 2017; Olesen et al., 2007; Petanidou et al., 2008). The mechanisms 

underlying such interaction turnover, especially over short time spans, remain elusive 

(Olito & Fox, 2015; Poisot et al., 2012, 2015). Digging below the network surface is 

essential to identify temporal shifts of interactions between pollination partners, the 

ecological forces driving these shifts, and the effects of interaction plasticity on 

community stability and species persistence. 

Recent work on plant-pollinator networks has highlighted extensive variability in 

partner interactions not only across years (CaraDonna et al., 2020) but across finer time 
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scales within a growing season, and the frequencies at which they interact with each 

partner (Arroyo-Correa et al., 2020; CaraDonna et al., 2017; Olesen et al., 2008; 

Rasmussen et al., 2013; Simanonok & Burkle, 2014; Souza et al., 2021). This flexibility 

of interactions should play an important role in generating network structure and the 

stability it affords the community in the face of species loss, changes in partner relative 

abundances, or shifting phenologies in response to global climate change (Burkle et al., 

2013; CaraDonna et al., 2017; Kaiser-Bunbury et al., 2010, 2011). Interaction turnover 

can be broadly partitioned into two components: changes among interaction partners 

caused by species entering or leaving the network (species turnover) and changes due to 

the switching of mutualistic partners despite both remaining in the network (interaction 

rewiring; Poisot et al. 2012). The relative importance of interaction rewiring will be 

greater when examining interaction turnover across shorter temporal scales (Swartz et al. 

2020), although both will influence the plasticity of interactions within a season 

(CaraDonna et al., 2020; Trøjelsgaard & Olesen, 2016). At within-season time scales, 

species turnover reflects the limited activity periods of species. Seasonal changes are 

particularly dynamic in plant-pollinator communities, wherein plant species diverge in 

their start and end flowering times and pollinators have different active periods across a 

growing season (Elzinga et al., 2007; Olesen et al., 2008). Thus, as species’ partners 

transition out of the network, they need interact with new available partners or cease 

activity themselves.  

The mechanisms responsible for within-season interaction rewiring are less clear, 

but may be driven by both neutral and non-neutral processes, influenced by species’ 
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abundances, learned preferences, shifting nutritional needs, or intra/interspecific 

competition (CaraDonna et al., 2017; MacLeod et al., 2016; Simanonok & Burkle, 2014). 

Under a truly neutral foraging process, pollinators would interact randomly with all 

available plant species, and thus visit plant species directly in proportion to their relative 

abundance (Vazquez & Aizen, 2004). This random process alone can generate turnover 

of plant-pollinator interactions through time as plant species’ relative abundances shift 

throughout the season. Alternatively, pollinators may deviate from such abundance-

tracking if their diet breadth and foraging is influenced by non-neutral processes (Jordano 

et al., 2003). For example, adaptive foraging may result in more generalized pollinators 

visiting specialized, presumably rarer, plant species disproportionate to their abundance if 

those plant species offer higher per-visit rewards or if it reduces interspecific competition 

with other pollinators (Valdovinos, 2019). Evolutionary specialization of pollinators for 

specific partners can restrict a pollinator’s diet breadth and reduce interaction plasticity 

throughout time (Armbruster, 2017; Maglianesi et al., 2014; Weinstein & Graham, 2017). 

However, specialized pollinators may exhibit substantial interaction rewiring if they 

sequentially specialize on different species throughout the season, for example by 

preferentially visiting plant species with the greatest relative abundance in a given time 

period (e.g., Tur et al., 2014; Szigeti et al., 2019). All of these mechanisms may be at 

play in the community, although the relative importance of neutral vs. non-neutral 

processes to interaction turnover in plant-pollinator networks is unclear. 

Whether neutral or non-neutral processes drive interaction plasticity is important 

because these processes can have contrasting impacts on the stability of the community 
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and the persistence of species (Valdovinos et al. 2019). If pollinators are simply tracking 

abundances, the most abundant plant species would attract most insect visits because just 

a few species tend to be hyper-abundant. Thus, there would be positive density 

dependence between plant species abundance and visitation rates, potentially 

destabilizing communities (Pedro Joaquim Bergamo et al., 2020). Similarly, rare, 

typically specialized (Fort et al., 2016), pollinator species would face intense competition 

from more abundant pollinator species for the most generalist plant partners on which 

they specialize. Abundance-based foraging may also be inefficient for generalist 

pollinators if they largely ignore rarer plant partners that may have higher quality or 

underutilized floral resources (Valdovinos et al., 2016). Under such non-neutral foraging, 

specialized plants would benefit because they would be visited at a higher per capita rate 

than they would under a neutrality-based process. Valdovinos et al. (2016) offer one 

explanation for this kind of foraging: generalist pollinators assess per-visit rewards and 

disproportionately visit specialized plant species that provide greater rewards. If 

generalist pollinators are selectively visiting specialized plants, rarer pollinators would 

face less interspecific competition for the most generalist plants and rare plant species 

would receive greater per capita visitation. Importantly, these visitation patterns could 

provide an advantage for rarer species in the community, promoting coexistence and the 

stability of the community. 

In this study, I quantify within-season interaction turnover in a temperate plant-

pollinator community and evaluate the extent to which shifting interaction patterns are 

consistent with neutral or non-neutral ecological processes. I construct nine, highly 
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resolved quantitative interaction networks spanning a 17-week growing season and 

quantify the variation in structural properties of the networks, the amount of interaction 

turnover, and the contribution of species turnover and interaction rewiring to overall 

interaction turnover. Second, I determine whether the shifting interaction patterns of 

individual pollinator species are consistent with a neutral process (i.e., abundance-driven) 

vs. non-neutral ecological processes using randomization tests. To make inferences about 

whether the non-neutral foraging patterns seen in this network may promote plant species 

coexistence, I also quantify pollinator species’ interaction diversity to describe their diet 

breadth. Together this study provides insight into the ecological mechanisms responsible 

for community interaction turnover, species interaction plasticity, and the generation of 

important overall interaction network structure. 

2.3 Methods and Materials 

2.3.1 Study Site 

I conducted this study at Fort Indiantown Gap, an active National Guard training 

center, in Annville, Pennsylvania, USA. Approximately 88 ha of training areas and 

ranges on the base have been designated for researching the plant and animal species that 

thrive in periodically disturbed grassland habitats. This study focused on a 12ha grassland 

that contains a diverse assemblage of > 70 flowering plant species. Prior to the study, I 

established sixteen permanent transects across the grassland that were either 150 m x 2 m 

(n = 9 transects) or 100 x 2 m (n = 7), depending on where they were placed. All but 

three transects were located ≥10 m from the edges of the field and separated from each 

other by 10 m. The remaining three transects were placed along the field margins and 

were surveyed to incorporate flowering species that were common along edges. I 
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captured plant-pollinator interactions along these transects every other week, beginning 

on May 14th, 2018 through September 7th, 2018, resulting in 9, 1-week long interaction 

networks. 

2.3.2 Plant Abundance Surveys 

 Plant abundance surveys were conducted on the first day of each new sampling 

period by walking each transect and counting the number of flowering individuals per 

species in each plot. For two species with dense patches of creeping colonial growth, 

Securigera varia and Rubus flagellaris, I estimated individual counts based on ground 

cover (1 square foot = 1 individual per species). Most plants were identified to species 

using a field guide (Newcomb, 1977), but a handful of plants could only be identified to 

genus (n = 5). Most notably, several Solidago species are present in the community, but 

readily hybridize and are difficult to distinguish in the field (Nesom, 1989). 

2.3.3 Pollinator Observations 

I recorded plant-pollinator interactions using HD video cameras (Sony, San 

Diego, California, USA) during periods of pollinator activity (0800 – 1600) on warm, 

sunny days. Approximately 10 focal individuals per plant species per sampling period 

were selected to be filmed. I randomly chose individuals to film based on each species’ 

spatial distribution in transects. I counted the number of flowers (or floral units, 

depending on inflorescence structure) on each filmed individual (mean ± SD; 24.5 ± 15.9 

individuals/species) to later calculate flower number per plant per species. To film 

pollinator visits to focal plants, cameras were mounted on tripods placed approximately 1 
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meter away. Most films focused on one to several floral units, such as one Cirsium 

inflorescence or 1-3 Oenothera flowers, to optimize the clarity of flower visitors while 

capturing as many visits to an individual plant as possible. I filmed 62 flowering plant 

species throughout the season; several species detected in extremely low abundance 

(Asclepias viridiflora, Cuphea viscosissmia, Impatiens capensis, and Polygonum sp.) 

were not filmed. I filmed each species for a cumulative ~10 hours per sampling period. 

However, to account for variation in exact timing of the footage, I scaled interactions by 

the number of hours each plant species was filmed. Film was first processed using 

‘MotionMeerkat’ software (Weinstein, 2015) to screen out periods of inactivity. Because 

not all flower visitors function as pollinators (King et al., 2013), I only considered visits 

where insects contacted anthers or stigmas as legitimate interactions and refer to these 

legitimate flower visitors as pollinators. I also excluded interactions involving some 

groups of flower visitors that are not typically involved in pollination (e.g., Hemipterans, 

spiders, and ants). Based on images captured during filming, I identified pollinators to the 

lowest taxonomic level possible by using field guides or consulting expert taxonomists 

(see Acknowledgements). I was able to identify pollinators representing the majority of 

interactions to species level (68.1%). Of the remaining interactions, I identified 18.6% to 

genus, 7.6% to family, and 5.7% to order. In total, these networks include 93 pollinator 

species plus 79 higher order morphospecies (hereafter, “species”; Appendix A).  

2.3.4 Network Construction and Metrics 

I constructed quantitative interaction networks for each of the 9 sampling periods 

using the ‘bipartite’ package (Dormann et al., 2009) in R (R Core Team, 2022). The 



13 
 

interaction strength of each network link for quantitative networks was calculated as the 

observed interaction frequency divided by the number of hours a plant species was filmed 

during a given sampling period.  

2.3.5 Interaction Turnover 

I used a modified version of the ‘betalink’ package (Bartomeus, 2019) to quantify 

interaction turnover across pairs of networks following the framework of Poisot et al. 

(2012). This quantitative calculation is based on the Ruzicka distance coefficient 

(quantitative Jaccard index) and the following formula to calculate quantitative 

interaction turnover (Legendre, 2014). 

𝛽𝑖𝑛𝑡 =
𝐴 + 𝐵 + 𝐶

(2𝐴 + 𝐵 + 𝐶)/2
− 1 

Where B and C each represent the interaction frequencies of interactions unique 

to one of two adjacent sampling periods, and A represents the interaction frequencies of 

interactions common to both sampling periods. Values for this index range from 0, 

indicating perfectly overlapping interactions with no turnover, to 1, indicating entirely 

non-overlapping interactions with complete interaction turnover between two networks.  

βint can be partitioned into two additive components: βst and βrw which represent the 

contributions of species turnover and interaction rewiring to overall interaction turnover, 

respectively. The rewiring component, βrw, is calculated using the same generic formula 

as for βint, above, but using only the interactions of species present in both adjacent 

sampling periods to determine a, b, and c. Then, the values of βint and βrw can be used to 

solve: 
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𝛽𝑠𝑡 = 𝛽𝑖𝑛𝑡 − 𝛽𝑟𝑤 

βst and βrw can be interpreted as the relative proportions of overall interaction turnover 

attributed to species entering and exiting the network across the season and interaction 

rewiring.  

2.3.6 Null Model for Abundance-driven Rewiring 

 To assess the extent to which network rewiring from the pollinator perspective is 

driven by changes in the relative abundance of open flowers per species across time, I 

modified the null model analysis of MacLeod et al. (2016). I focus on pollinators that (1) 

were present in the network for at least two consecutive sampling periods and (2) 

participated in at least 20 interactions in total across the season (MacLeod et al., 2016). 

These criteria resulted in inclusion of 54 pollinator species. First, I quantified each 

pollinator species’ interaction dissimilarity across networks within the season using the 

Morisita-Horn dissimilarity index (Horn 1966). This dissimilarity metric represents the 

chance that a two randomly selected visits across two sampling periods will be to 

different plant species and is insensitive to varied sampling sizes (Barwell et al., 2015). 

Species with low Morisita-Horn dissimilarity values change interaction partners little 

throughout the season (and represent partner fidelity), while species with high values 

change partners frequently throughout the season (and represent rewiring between 

partners). Then, for each pollinator, I calculated the arithmetic mean of between-week 

dissimilarity index values to represent its mean interaction dissimilarity throughout the 

season.  
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 To assess whether each pollinator species’ interaction dissimilarity could be 

explained by an abundance-based neutral process, I used plant species floral abundances 

to conduct a null model randomization test. To calculate each plant species’ floral 

abundance during sampling periods, I multiplied each species’ individual abundance 

counts by the average floral units per individual. To create the null models, I first 

constructed separate matrices for each pollinator species with all plant species that 

flowered in the community at any time across the growing season represented as rows, 

each sampling period the pollinator is present represented as columns, and the number of 

interactions between that pollinator and each plant species during a given sampling 

period filling each cell. I then generated 1000 null networks for each pollinator species 

according to the following conditions: (1) constrain the number of observations for each 

pollinator species during each sampling period (column totals), (2) use the relative log 

floral abundances of each plant species that occurred during a given sampling period to 

weight interaction probabilities. These null model matrices represent expected interaction 

frequencies per pollinator if pollinators visited plants in proportion to their relative floral 

abundance. I use log transformed abundance data to weight pollinator interaction 

probabilities because pollinators are more likely to respond to coarse differences in floral 

abundance (e.g., Benadi and Pauw, 2018). 

To create a confidence interval of dissimilarity values expected under my neutral 

model, I calculated the same Morisita-Horn dissimilarity for each pollinator’s 1000 null 

networks. I score pollinators with mean dissimilarity values above the 97.5 percentile as 

having ‘actively switched’ between partners beyond simple abundance tracking and those 
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below the 2.5 percentile as having ‘fidelity’ to partners (MacLeod et al., 2016). For 

species with mean dissimilarity values inside the 95% confidence interval, we cannot 

reject the null hypothesis and thus interpret them as ‘abundance tracking’ according to a 

random (neutral) process.  

To further infer the ecological mechanisms, I separated pollinator species into 

three groups: those active switching, those remaining faithful, and those tracking 

abundance. Active switching can arise either when a pollinator visits rarer species at 

disproportionately greater rates or common species more than expected. The former 

situation would promote the maintenance of rare species, whereas the latter could lead to 

their exclusion. Similarly, different foraging behaviors can place a pollinator in the 

fidelity group; a pollinator may either be faithful to few species throughout the season or 

faithful to many species throughout the season. To distinguish among these possibilities, I 

calculated interaction diversity, as Shannon’s diversity index, for each pollinator species 

to determine their diet breadth. I conducted a one-way ANOVA to test for differences in 

interaction diversity among the three pollinator categories and use post hoc Tukey HSD 

tests for pairwise comparisons of these three groups to characterize their diet breadth and 

evenness of visitation to partners. I expect species that actively switch partners to have 

the highest interaction diversity because their interactions will incorporate many rarer 

partners. Species exhibiting fidelity to specific partners will interact with the fewest 

partners and have low values for interaction diversity. 

All analyses, unless otherwise noted, were conducted using R 4. 1. 2 (R Core 

Team, 2022). 
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2.4 Results 

2.4.1 Community Structure and Interaction Turnover  

I captured 8986 interactions between 58 plant species and 172 pollinator species 

cumulatively across the nine plant-pollinator networks. There was near complete 

interaction turnover across sequential sampling periods (mean 90.5% ± 3.4% SD). On 

average, interaction rewiring accounted for 91.4% ± 3.6% SD of interaction turnover, 

varying from 83.6% to as high as 95.5% of interaction turnover across sampling periods. 

Consequently, the contribution of species turnover to overall interaction turnover was 

consistently low (mean 8.6% ± 3.6% SD). 

2.4.2 Pollinator Species’ Interaction Patterns 

I was able to reject the null model of abundance-tracking for most (67%) 

pollinator species examined (Figure 2.1). For these species, changes in interactions across 

time were disproportionate to partner availability. Specifically, 17 species changed 

interaction partners more than expected (active switching) and 17 species changed their 

interactions less than expected (fidelity). We could not reject the null model of abundance 

tracking to explain changing interaction patterns for the remaining 37% of pollinator 

species.  

I found significant differences in interaction diversity (F = 13.92, df = 2, P < 

0.001) among pollinator groups (Figure 2.2).  
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Figure 2.1 Morisita-Horn dissimilarity values and null model dissimilarity 

predictions for 54 pollinator species. For each species, red dots represent mean 

interaction dissimilarity, error bars indicate 95% confidence intervals from the 

abundance-based null mode, and grey bars show abundance. 

Interaction diversity of actively switching species was significantly greater than 

that for species tracking abundances (Tukey HSD, active switcher – abundance tracking: 

P = 0.010, 95% CI = 0.084, 0.722) or remaining faithful (Tukey HSD, active switcher – 

fidelity: P < 0.001, 95% CI = 0.392, 1.06). Furthermore, interaction diversity of faithful 

species was significantly lower than that of species that tracked abundances (Tukey HSD, 

abundance tracking – fidelity P = 0.049, 95% CI = 0.035, 0.211).  

Figure 2.2 Boxplots of the interaction diversity for three groups of pollinators: showing 

fidelity (n = 17), abundance-tracking (n = 20), and active switching (n = 17). An 

ANOVA and Tukey HSD tests revealed that all three groups had significantly different 

values of interaction diversity.  
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2.5 Discussion 

This study highlights the importance of within-season temporal dynamics in 

plant-pollinator interactions and the need to consider temporally variable interaction 

patterns to better understand the ecological mechanisms contributing to network 

properties. Specifically, I demonstrate substantial within-season interaction turnover 

within a plant-pollinator community—on par with interaction turnover found across years 

in other studies—and reveal that the high turnover over week-to-week time spans is 

primarily driven by interaction rewiring (Arroyo-Correa et al., 2020; CaraDonna et al., 

2017; Noreika et al., 2019; Simanonok & Burkle, 2014; Souza et al., 2021). Furthermore, 

I show that changing interaction patterns of pollinators throughout the season are 

attributable primarily to non-neutral mechanisms that should reinforce networks stability.  

I found that within-season, community-wide interaction turnover was high and driven 

by interaction rewiring with species turnover playing a reduced role, consistent with 

findings of other studies examining turnover across similar time spans within seasons 

(Arroyo-Correa et al., 2021; CaraDonna et al., 2017; Souza et al., 2021). Certainly, the 

relative importance of these processes will depend on temporal scale examined 

(CaraDonna et al., 2020). Indeed, in this dataset alone there is a positive linear 

relationship between temporal distance between networks and the contribution of species 

turnover to interaction rewiring between those networks (t = 4.816, df = 34, p <0.001). 

All but one plant species present in the first sampling period had left the network by the 

third sampling period, resulting in a complete turnover of the interactions between 

sampling period one and three. Nevertheless, the high degree of partner shifting I’ve 



21 
 

documented emphasizes foraging plasticity of pollinator species and highlights the 

generalized nature of plant-pollinator interactions.  

What causes species to rewire their connections is an open question, in part because it 

is difficult to gather sufficiently thorough quantitative data on the frequencies of species 

interactions in addition to independent estimates of floral abundance per species, 

especially over short periods of time (Chacoff et al., 2012; MacLeod et al., 2016). I reveal 

that temporal shifts in floral abundances can account for shifting interactions in 

approximately one third the pollinator species I analyzed, such that interaction patterns 

for these species are indistinguishable from random encounters. Yet, this result also 

means that the interaction patterns of the two thirds are not simply a by-product of 

abundance tracking and underscores that pollinator foraging decisions are non-random. 

Instead, processes such as evolutionary specialization and adaptive foraging primarily 

shape the overall network (Hervías-Parejo et al., 2020; Junker et al., 2013; Valdovinos et 

al., 2016), emphasizing that a diffuse plant-pollinator network need not mean weak 

ecological interactions based primarily on partner availability.  

The pollinator species that we determined remained faithful to certain partners 

through time had the lowest interaction diversity of the groups of species considered, 

suggesting these are specialists in the traditional sense, relying heavily on one or few 

specific plant partners consistently throughout their activity periods. In fact, this group 

includes pollinators already known to exhibit strong partner preferences, such as 

Mellisodes desponsus (Cirsium specialist), Xylocopa virginica (targets flowers for nectar 

robbing), and Eristalis transcersa (Rudbeckia hirta specialist). Although less common, 
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another pattern of specialized interactions I observed was sequential specialization 

(Szigeti et al., 2019). For instance, Bombus griseocollis foraged almost exclusively on 

Asclepias syrica for 3 sampling periods (5 to 6 weeks), then switched to near exclusive 

foraging on Monarda fistulosa for 2 sampling periods (3 to 4 weeks) when the former 

was no longer available. The Great Spangled Fritillary, Speyeria cybele, also sequentially 

specialized on different three different Asclepias species across different sampling 

periods. This pattern of specialization on different partners throughout the season is 

necessary given the turnover of partners and highlights the importance of considering 

temporal dynamics of even specialized species. 

On average, pollinators that actively switched foraging patterns had the greatest 

interaction diversity, indicating visits were more evenly distributed visits across many 

partners and consistent with greater per capita visits to rare species than expected. One 

possible explanation for this pattern of interaction plasticity is that these generalists are 

assessing floral rewards and adapt their foraging to maximize per visit resource intake 

(Valdovinos et al., 2016). This adaptive foraging of generalists has been suggested to 

promote biodiversity of plant-pollinator communities by facilitating the pollination of 

specialist, and most likely also rare, plants. Furthermore, if generalist pollinators focus on 

specialist plants, specialist pollinators also benefit from reduced interspecific competition 

for the generalist plants they symmetrically depend on (Valdovinos et al., 2013). 

Alternatively, competition between certain species might also drive abundant generalists 

to switch interactions throughout the season. Species who actively switch interaction 

partners had the broadest diet breadths which may be a response to interspecific 
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competition between pollinators that forces species to visit less desirable partners 

(Inouye, 1977). For instance, Fründ et al. (2013) suggested that interspecific competition 

among bee species in experimental communities drove some species to forage from less 

desirable floral partners. However, the effects of interspecific competition between 

pollinator species for floral resources may vary when focusing on the interactions of 

individuals or entire populations (Brosi, 2016). Many species that I found switching to 

less abundant partners were highly abundant and a complementary explanation could be 

that intraspecific competition was driving individuals to widen their diet breadth 

(Heinrich, 1979; Tur et al., 2014). Finally, other factors such as species’ morphological 

traits (e.g., Kaiser-Bunbury et al., 2014; Maglianesi et al., 2014) and sexually dimorphic 

foraging (G. P. Smith et al., 2019) can also contribute to the complicated shifting of 

plant-pollinator interactions across short time scales. Regardless, my results suggest that 

the interaction plasticity of abundant generalists may enable the persistence of rare 

species and provide stability to the plant-pollinator community. 

 I demonstrate the necessity to consider fine-scale temporal dynamics in the study 

of plant-pollinator interactions and suggest these dynamics make important contributions 

to overall network topology. In particular, the extreme plasticity of plant-pollinator 

interactions across very short time spans signifies a capacity of these communities to 

adapt to disturbances. Furthermore, the plasticity arising from the dynamic and putatively 

active foraging decisions of generalist pollinators may facilitate the pollination and 

persistence of rare plants and promote coexistence with specialized pollinators.   
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CHAPTER 3 

LINKING SPECIES-LEVEL NETWORK ROLES TO FUNCTIONAL 

POLLINATION OUTCOMES 

3.1 Abstract 

In plant-pollinator communities with diffuse interactions, the widespread sharing 

of pollinators by flowering plants can provide fitness benefits but is also associated with 

costs. In particular, pollinator sharing can lead to frequent pollen exchange between plant 

species (i.e., heterospecific pollen transfer), which can depress individual fitness. Recent 

studies find great variability in heterospecific pollen transfer across species, but the 

factors determining which species suffer the greatest, the links between heterospecific 

pollen and conspecific pollen receipt, and how these relate to a given plant species’ 

position in a diffuse plant-pollinator network is unclear. Indeed, studies are only just 

beginning to link pollination and fitness outcomes to network-based metrics used to 

characterize species’ structural positions in plant-pollinator interaction networks. In this 

study, I examine the extent to which species’ network position is related to fitness 

benefits (conspecific pollen receipt) and costs (heterospecific pollen receipt). I find strong 

evidence linking pollen receipt to network metrics, but interestingly that heterospecific 

and conspecific pollen receipt are associated with different aspects of plant species’ 

network role. Consistent with this result, I also find that relationships between 

conspecific and heterospecific pollen within each of the 13 studied species are either 

absent or weak. This work presents novel evidence linking network roles to functional 

outcomes in plant-pollinator networks and furthers our understanding of the importance 
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of interaction network roles by associating such metrics with pollination outcomes in the 

field.  

3.2 Introduction 

Plant-pollinator relationships are important drivers of species’ evolution, 

contribute to the maintenance of biodiversity, and represent an important ecosystem 

service (Ehrlich & Raven, 2006; Thompson, 1999; Winfree et al., 2015). Many studies 

have used a network-based framework to efficiently describe patterns of community-wide 

interactions and the interaction patterns of individual species in plant-pollinator 

communities (Knight et al., 2018). However, there is a paucity of empirical studies 

linking patterns of species interactions in a network-based framework to functional 

consequences (e.g., pollen deposition and seed production for plants) and their underlying 

mechanisms (Ashman et al., 2020). Thus, a fundamental gap remains in our 

understanding of community-wide plant-pollinator interactions.  

The study of community-wide interactions between pollinators and plants has 

primarily been conducted via the observation pollinators visiting flowering plants. 

Different efforts have been made to distinguish “pollinators” that actually contact plant 

reproductive parts and transfer conspecific pollen (‘CP’), from ineffective visitors 

(Ballantyne et al., 2015). This requirement and the observation that greater variability 

exists in interaction frequencies compared to variation in per-interaction effects (e.g., CP 

deposited per visit; (Sahli & Conner, 2006; Vázquez et al., 2005, 2012) have been used to 

justify the use of visits as an acceptable proxy of interaction outcomes. However, 
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quantifying interactions based on visitation alone omits certain features of the 

quantitative nature of plant-pollinator relationships (Minnaar et al., 2019). For instance, 

the incorporation of single-visit deposition data and pollen collected from pollinators’ 

bodies can reveal substantive differences in pollinator quality (Ballantyne et al., 2015; 

King et al., 2013) and affect overall network metrics (e.g., Ballantyne et al., 2017; Souza 

et al., 2021). Observations of pollinators visiting plants clearly provide informative data, 

but more studies are needed to explore the quantity of CP delivered per visit to better 

distinguish meaningful links from insubstantial ones (Vázquez et al., 2012). Furthermore, 

quantifying the amount of CP transferred during pollinator interactions crucially links 

patterns of visitation and pollination outcomes for plants.  

From a plant’s perspective, interactions with pollinators would ideally result in 

the deposition large amounts of pure CP loads, but the generalized foraging of most 

pollinator species makes this scenario unlikely (Morales & Traveset, 2008). Indeed, the 

receipt of pollen from another species, heterospecific pollen (‘HP’) receipt, is a common 

occurrence among co-flowering plants (Arceo-Gómez et al., 2016; Fang & Huang, 2013; 

McLernon et al., 1996; Tur et al., 2016). Although these studies provide evidence that HP 

receipt is widespread in communities, we still lack a thorough understanding of the 

magnitude of HP receipt among and within species (Arceo-Gómez et al., 2016, 2018; 

Ashman et al., 2020). Furthermore, little is known about what factors influence the 

diversity of HP received, HP load size, and the relationships between the accrual of CP 

and HP (Ashman et al., 2020). Nonetheless, the importance of HP receipt has been 

documented by extensive experimental studies that have demonstrated HP receipt can 
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reduce fruit or seed production (Morales & Traveset, 2008). Furthermore, several recent 

field studies have found significant fitness effects associated with the receipt of HP 

(Briggs et al., 2016; Parra-Tabla et al., 2020; G. X. Smith et al., 2021; Suárez-Mariño et 

al., 2019), suggesting that HP receipt can be an influential process in wild plant 

populations. Research on the drivers of HP receipt and its relationship to CP receipt 

provide an important step towards understanding the consequences of HP receipt for 

plant species coexistences and trait evolution (Moreira-Hernández & Muchhala, 2019). 

Even though patterns of CP and HP deposition are both related to pollinator 

activity, the extent to which CP and HP receipt are correlated is largely unknown 

(Ashman et al., 2020). Importantly, there may be different drivers of variation in CP vs. 

HP receipt. Pollinator composition may be of particular importance to both CP and HP 

receipt because pollinators are the proximate cause of pollen transferring between flowers 

(but see Parra-Tabla et al., 2020). However, the drivers of HP need not be related, as 

different pollinators may separately contribute to HP and CP receipt. It has been 

hypothesized that the receipt of HP is related to the frequency of visitation from 

pollinators and the quality of pollen loads they deposit (Arceo-Gómez et al., 2016; 

Ashman et al., 2020). For example, a positive linear relationship between CP and HP 

deposition would be expected if most pollinators carried similar proportions of HP. 

Nonlinear relationships are also possible if pollinators vary in the proportions of HP and 

CP they carry and in their visitation frequencies. Finally, there may be no, or only weak, 

relationship between HP and CP if HP is only brought by stochastic visits of poor 

pollinators. Other factors can also influence the variable receipt of CP and HP among 
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species in a community including morphological traits, native status, and the composition 

of floral neighborhoods (Arceo-Gómez et al., 2016; Johnson & Ashman, 2019; Parra-

Tabla et al., 2020; G. X. Smith et al., 2021). The prevalence of these patterns among co-

flowering species remains unclear and studies linking pollinator effectiveness and 

evenness to pollen deposition are needed (Arceo-Gómez et al., 2016). 

 Because network metrics can be used to describe direct and/or indirect 

interactions between plant species and their pollinators, network metrics could predict CP 

and HP receipt. For instance, the number of direct relationships a species has with 

pollinators, measured as normalized degree in networks, indicates its degree of pollinator 

sharing and likelihood of interacting with shared pollinators bringing HP. Visitation by a 

more diverse assemblage of pollinator species may also bring more CP (Albrecht et al., 

2012), although the relationship between pollinator richness and CP receipt remains 

unclear (Loy & Brosi, 2022). In one of the few studies linking species-level metrics to 

pollination or plant fitness, Arceo-Gómez et al. (2020) found that a plant species’ 

specialization in the plant-pollinator interaction network was positively related to the 

amount of HP it received. While initially counterintuitive, this association makes sense in 

the context of nested networks because specialized plants will interact with a generalized 

pollinator partner. Measures of network centrality may also be positively related to HP 

receipt because centrality describes the length of direct and indirect paths of a species to 

all others in the network. Species that occupy central roles in the network likely share 

pollinators with many other plants and might receive higher amounts of HP. However, 

there is some evidence suggesting that occupying central roles can benefit reproductive 
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output of plant species (Lázaro et al., 2020), so they may receive comparably low 

proportions of HP, even if they receive an increased number of HP grains. One potential 

difficulty in linking plant species’ network metrics to fitness outcomes is that plant-

pollinator networks are not static through time, even within a season, such that a species’ 

role in the network itself changes (Miele et al., 2020; Mora et al., 2020). Consequently, 

resolving interaction networks and pollen receipt over relatively short portions of a 

season may be key to deciphering the functional outcomes of interaction networks for 

plant species. 

In this study, I examine functional outcomes for plants in a plant-pollinator 

community and link these to species’ network roles across time within a flowering 

season. I quantified CP and HP receipt across a flowering season for 13 species within 

the plant-pollinator networks characterized in Chapter 1. First, I examine the 

relationships between CP and HP receipt for each species and characterize which type of 

relationship (or lack thereof) is most common for species in this study community. 

Second, I test whether receipt of CP and HP are associated with fundamental species’ 

network metrics (normalized degree, d’, closeness centrality, and network role) in the 

plant-pollinator interaction network. Associations between these network metrics and 

pollen deposition will reveal their usefulness in relating patterns of pollinator visitation to 

pollen deposition. 

 

 



30 
 

3.3 Materials and Methods  

3.3.1 Study Site and Design 

This study was conducted at Fort Indiantown Gap, an active National Guard 

training center, in Annville, Pennsylvania, USA. Approximately 88 ha of training areas 

and ranges on the base have been designated for researching the plant and animal species 

that thrive in periodically disturbed grassland habitats. The study consists of two parts: (i) 

constructing plant-pollinator networks describing the plant-pollinator community in this 

grassland and (ii) qualifying and quantifying pollen loads per plant species in the 

network. For the former, I use the networks constructed in Chapter 1. Briefly, I observed 

plant-pollinator interactions and conducted plant abundance surveys along 16 permanent 

transects across a 12ha grassland every other week during the 2018 growing season. 

During plant abundance surveys, I also sampled stigmas from individuals in bloom along 

transects. In this study, I focus stigma collection from 13 plant species (Table 3.1) 

sampled between June 12th, 2018, through August 24th, 2018. In total, these data were 

collected over six, single-week sampling periods.  

3.3.2 Stigma Collection and Processing 

Stigmas were sampled from 13 flowering species along the six transects between 

June and August 2018. Because stigmas sampled later in the day would have more time 

to accumulate pollen, I sampled along transects in a randomly determined order, starting 

after 12:00 pm. During each sampling period, I collected stigma samples from unique 
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Table 3.1 Summary statistics for stigma samples of 13 plant species surveyed for patterns 

of pollen deposition. Table includes the coefficient of variation (CV) for conspecific (CP) 

and heterospecific pollen (HP), mean CP and HP per stigma sample, and mean proportion 

of HP per stigma. 

 

individuals approximately every 30-50 meters along transects. Because some species 

were rare, I sampled whenever they were encountered along transects. All stigma samples 

were taken from different individual plants and typically consisted of a single mature 

stigma, but approximately 10% of samples contained multiple stigmas from the same 

plant. Stigma samples were collected with clean forceps and immediately stored in 

microcentrifuge tubes containing 70% ethanol until processing. Depending on the 

thickness of species’ stigmas, samples were either soaked in 8M NaOH to soften them or 

processed through acetolysis to completely dissolve the stigmatic material and stain the 

pollen grains (Kearns & Inouye, 1993). Afterwards, softened stigmas and pollen grains 
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were stained with Fuchsin dye and mounted on slides with glycerol following standard 

procedures (Kearns & Inouye, 1993). I examined the slides with a compound light 

microscope (Nikon Optiphot-2; Tokyo, Japan) and counted all conspecific and 

heterospecific pollen grains on each sample, distinguishing HP from CP using a pollen 

reference library made from anther samples of the focal species. In total, I analyzed 

pollen deposition on 942 stigma samples collected from 13 plant species. I counted pollen 

grains on an average of 72.5 (range: 24 – 154) stigma samples per plant species across 

the entire season. 

3.3.3 Network Metrics 

 I use the ‘bipartite’ package (Dormann et al., 2009) in R (R Core Team, 2022) to 

create binary and quantitative interaction networks and calculate species-level network 

metrics using interactions observed across all plant species in the community. I calculate 

the following species-level metrics to characterize each plant species’ network position 

and role. Normalized degree, a qualitative measure of the number of partners a species 

interacts with, normalized by the total number of species in the network. Specialization, 

d’, represents the deviation of a species’ partner use from interacting with species 

according to their abundance and ranges from 0 to 1, with larger values representing 

species’ preferences for partners disproportionate to their availability. Closeness 

centrality, a quantitative measure that reflects the proximity of a species to the center of a 

network based on the weighted shortest path of direct and indirect links between itself 

and all other species in the network. Finally, I characterized each species’ role in the 
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network according to Olesen et al. (2007)’s framework. First, overall network modularity 

(Q) was calculated by running the DIRTLPAwb+ algorithm (Beckett, 2016) 100 times 

and selecting the iteration with the highest modularity value (Q). Next, each species’ 

standardized within-module degree (z) and among-module connectivity (c) are computed 

and used to assign it a role based on whether z and c exceed critical values. A species 

with both measures below the critical values is considered a ‘peripheral’ species. Species 

with a c value above and a z value below critical values are termed ‘connectors’ because 

they are involved in interactions with species distributed across several modules. Species 

with a z value above and a c value below critical values are ‘module hubs’ which are 

highly connected within their module. Finally, species with z and c values both exceeding 

critical values are ‘network hubs’ because of their many connections within their module 

and connections to other modules. Species assigned the latter three roles, connectors, 

module hubs, and network hubs, are scored as having important network roles, while 

peripheral species are designated as having an unimportant role (Olesen et al., 2007). I 

note that the data used to build each network and the stigma samples were collected at the 

same time. 

3.3.4 Statistical Analyses 

I evaluated the relationship between HP deposition and CP deposition for each of 

the 13 study species. For these analyses, each stigma sample is a data point of both HP 

and CP counts per stigma. I considered both linear and nonlinear relationships in order to 

relate the shape of the pattern to different hypotheses about the ecological mechanisms 
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driving HP and CP receipt (Arceo-Gómez et al., 2016). I conducted separate general 

linear models including a linear-response model (untransformed data), log-linear model 

(HP or CP is log-transformed), and log-log model (HP and CP are log-transformed). If 

multiple models were significant for a species, I present the model with the highest 

adjusted R2 value. I added one to HP and CP grain number before log-transformation 

because there were zeros present in the dataset. These and all subsequent analyses were 

conducted in R 4. 1. 2 (R Core Team, 2022). 

To evaluate the relationship between species’ network position and pollen 

deposition, I used generalized linear mixed effect models. The response variables of CP, 

HP, and proportion of HP were calculated as the average value for each measure for each 

species during each sampling period. I use these models to test whether interaction 

network-based species-level metrics predicted the number HP and CP grains and 

proportion HP. For these analysis, all species are included in the same model because I 

am interested in asking the relevance of species network roles broadly, regardless of the 

specific traits of each species. All models included normalized degree, closeness 

centrality, and specialization (d’) as continuous predictor variables and whether a species 

occupied a structurally important network role as a categorical binary predictor variable 

(1 for yes, 0 for no). I included species identity and sampling period as random effects. I 

modeled HP and CP counts with a Poisson error distribution and log link function and 

modeled proportion HP as following a binomial error distribution with logit link function, 

weighted by total pollen count. I only included species for which I had ≥ 10 stigma 

samples during a given sampling periods. This resulted in a total of 45 data points 
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representing 13 total species. These mixed model analyses were conducted using the 

‘lme4’ package (Bates et al., 2015). 

3.4 Results 

3.4.1 Among Species CP and HP Deposition 

CP and HP receipt were highly variable across species (CV of CP receipt range: 

87.7 – 298; CV of HP receipt range: 127 – 298). The mean count of HP grains per stigma 

was generally low (for 12 of 13 species mean HP < 9), except for one species, Oenothera 

fruticosa, which received nearly 60-fold more HP than the next closest species (mean HP 

= 477). O. fruticosa also received the highest average CP per stigma (mean CP = 485), 

but this value was not as extreme (all other species mean CP = 73.5). The proportion of 

HP received per stigma was also highly variable among species (mean = 14.2%; range 

0.48% - 65.8%). 

For most species, I did not detect a significant relationship between the amount of 

CP and HP received (Table 3.2). However, I detected a significant relationship between 

CP and HP receipt for four of the 13 species (~30%). CP and HP receipt were linearly 

related in Melilotus albus (Figure 3.1A; t = 7.013, df = 61, p <0.001, R2 = 0.437). This 

relationship remained significant (t = 2.001, df = 60, p = 0.049) when a single leverage 

point was removed, but became weak (R2 = 0.047). For Anemone virginiana, the 

relationship was log-linear relationship (HP ~ logCP) (Figure 3.1B; t = 2.113, df = 68, p 

= 0.038, R2 =0.048). Finally, two species had significant log-log relationships: Oenothera  
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Table 3.2 Results from linear and non-linear regressions between HP and CP receipt for 

13 flowering species. Significant regressions are bolded. If multiple regressions were 

significant for a species, the relationship with the highest adjusted R2 was used. 
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Table 3.2 (continued)  
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Figure 3.1 Significant linear and non-linear relationships between HP and CP receipt for 

four species: Melilotus albus, n=63 (A), Anemone virginiana, n=70 (B), Oenothera 

fruticosa, n=74 (C), and Rudbeckia hirta, n=154 (D). Blue lines represent regressions 

fruticosa (Figure 3.1C; t = 2.937, df = 72, p = 0.004, R2 = 0.095) and Rudbeckia hirta 

(Figure 3.1D; t = 5.414, df = 152, p < 0.001, R2 = 0.156).  
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3.4.2 Network Metrics and Pollen Deposition 

I found that several network metrics significantly predicted pollen receipt, but 

different metrics significantly influenced CP and HP receipt. Normalized degree and 

closeness centrality significantly predicted mean CP grains per stigma, whereas species’ 

network role and specialization had no effect (Table 3.3). However, species’ 

specialization significantly predicted mean HP receipt (both number and proportion of 

grains), with more specialized species receiving higher amounts of HP (Table 3.3). 

Species’ network role, normalized degree and closeness centrality had no detectable 

influence on HP.  

3.5 Discussion 

Our study clearly illustrates the links between community-level network metrics and 

pollination outcomes and furthers our understanding of the functional outcomes of 

pollinator sharing among a diffuse set of mutualists. I further reveal that HP receipt is 

very common among co-flowering plant species, but that the magnitude of HP received 

varies greatly across species. Interestingly, CP and HP receipt were unrelated for most 

species. This result is echoed in the finding that different network metrics predicted HP 

between either HP and CP (see axes for transformations) and shading is 95% confidence 

intervals and CP receipt for species. I interpret these results in the context of how each 

network metric summarizes related, but different ecological processes.  
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Table 3.3 Results of GLMMs testing the effects of plant species’ network role and 

position on pollen deposition. N = 45. 

 

The patterns of incidence and intensity of HP receipt in this study concur with 

findings of other studies characterizing the community-wide HP receipt in plant-

pollinator communities (Fang & Huang, 2013; McLernon et al., 1996; Parra-Tabla et al., 

2020; Suárez-Mariño et al., 2019; Tur et al., 2016). I found that HP receipt was a 

common phenomenon (76.8% of stigma samples contained HP), but the overall intensity 

of HP receipt was low (median = 2 HP per stigma). This widespread low-intensity 

deposition of HP is likely a byproduct of the generalized nature of species relationships in 

plant-pollinator communities (Waser et al., 1996). Nearly all plants are expected to be 

visited by pollinators that are shared by other species, so some level of HP receipt is 

unavoidable. Interestingly, I find that one species, Oenothera fruticosa, receives a 

tremendous amount of HP (mean = 476.8 HP pet stigma; 46.68% HP per stigma). Other 

surveys of HP deposition among species similarly find that most species receive 

relatively low averages of HP grains, but a few species receive very high amounts of HP 

(Fang & Huang, 2013; McLernon et al., 1996; Suárez-Mariño et al., 2019). This 
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divergence in patterns of HP receipt may reflect species’ different adaptive strategies to 

deal with HP receipt. Specifically, species may evolve to either avoid HP receipt, or 

tolerate HP receipt’s deleterious effects (Ashman & Arceo-Gómez, 2013). Fang et al. 

(2019) found that species tend to receive consistent amounts of HP across years, 

suggesting that some species have effectively adapted to avoid HP receipt, while others 

consistently receive high amounts of HP receipt. Indeed, Smith et al. (2021) found 

similarly high levels of HP deposition (mean ± SD; 319.9 ± 362.8) for O. fruticosa at the 

same site a year after this study. Certain floral traits such as small and concealed stigmas, 

restrictive floral morphologies, and shorter styles may facilitate more precise pollen 

deposition enable the avoidance of HP (Arceo-Gómez & Ashman, 2014; Ashman et al., 

2020; Montgomery & Rathcke, 2012). Whereas species adopting a tolerance strategy 

might benefit from larger stigmas and styles – to reduce pre-fertilization effects of HP 

receipt (Galen & Gregory, 1989; Randall & Hilu, 1990) – or larger floral displays to 

increase pollinator visitation and CP receipt to neutralize the detrimental impacts of HP 

(G. X. Smith et al., 2021). 

Conspecific pollen and HP receipt were ostensibly independent in the majority of 

species I studied. Even for those with positive relationships, the relationships were weak 

in all but one case: Melilotus albus. These results suggest that variation in the fitness 

benefits and costs of shared pollination are driven by different processes (Arceo-Gómez 

et al., 2016; Ashman et al., 2020). Such a scenario might be due to HP being brought by 

haphazard visits from poor pollinators that bring mostly HP, while CP is brought by more 

specialized pollinators bringing nearly pure CP loads. For example, I previously 
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demonstrated that HP pollen receipt remains steady across the season for O. fruticosa, 

whereas CP receipt changes (Smith et al., 2021; Chapter 4). My results contrast with the 

findings of Arceo-Gómez et al. (2016) which found that most species had either positive 

linear relationships or exponential decreasing relationships between HP and CP receipt. I 

acknowledge that the number of stigmas sampled in total for some of the study species 

may have been too low to detect relationships, especially weak ones. It remains unclear 

how many stigmas are necessary to characterize HP-CP deposition relationships (Arceo-

Gómez et al., 2018), but the variability of HP and CP received by individual flowers 

suggests larger sampling efforts are necessary (Arceo-Gómez et al., 2016). My sampling 

effort varied between species (mean ±SD, 72.5 ± 39.4 stigmas), but was comparably high 

compared to some other community-wide surveys of HP receipt (Fang & Huang, 2013; 

McLernon et al., 1996). Nevertheless, the widespread independence of HP and CP receipt 

is consistent with the finding that HP and CP receipt are best predicted by different 

aspects of a species’ role in the plant-pollinator network. 

Normalized degree, the proportion of partners a species interacts with in a 

network, and closeness centrality, species proximity to the center of the network, 

significantly influenced CP receipt on average across species. Closeness centrality has 

previously been associated with increased plant species reproductive output (Lázaro et 

al., 2020). Furthermore, studies that created individual-based networks find that plant 

individuals occupying central roles had higher fitness (Arroyo-Correa et al., 2021; 

Gómez & Perfectti, 2012). These studies have hypothesized that more central plant 

species and individuals are visited by a greater number of pollinator species which leads 
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to better pollination and subsequent reproduction. While I find a significant, positive 

relationship between normalized degree and closeness centrality (r = 0.559, df = 43, P 

<0.001), I find a negative effect of ND on CP receipt. One possible explanation is ND is a 

binary measure of partner usage and closeness centrality incorporates link weights. Thus, 

a species with high normalized degree may have many weakly connected partners, but 

higher values of closeness centrality depend on having stronger relationships (i.e., more 

frequent) with more pollinator species. 

In contrast, specialization influences HP receipt. The positive relationships 

between plant species specialization and the amount and proportion of HP received were 

also found in the only other study that tested for relationships between network metrics 

and HP deposition (Arceo-Gómez et al., 2020). One explanation for this effect is that 

specialist species tend to interact with generalist partners in plant-pollinator communities 

because interactions follow a nested pattern (Bascompte et al., 2003). Thus, a single 

generalist pollinator visits multiple specialized plant species and functions as their 

primary pollinator. Consequently, these generalist pollinators may carry more diverse 

pollen loads because they are visiting many different species. Forager constancy (Waser, 

1986) should reduce the amount of pollen transferred between plant species as individual 

pollinators of a generalist species consecutively visit specific plants (Goulson, 2003; 

Tong & Huang, 2016; Tur et al., 2014). However, this consistent foraging behavior is not 

absolute and individual foragers often inspect other floral resources to assess their quality 

(Pyke, 1978). Other studies have found the opposite trend of increasing HP load size and 

diversity with increased generalization (Arceo-Gómez et al., 2016; Fang & Huang, 2013), 



44 
 

so further investigations of the relationships between plant species specialization and HP 

receipt are needed. 

 I illustrate how different aspects of species’ roles in a plant-pollinator network can 

uniquely affect benefits and costs of participating in a shared, diffuse mutualism. These 

results can also explain in part why HP and CP receipt are only loosely related for species 

in this study community. Thus, plant species may rely on specific important pollinators 

for bringing CP, while others may be responsible for the deposition of HP. Future studies 

should also consider how species’ network position relates to functional outcomes to 

further validate the importance of interaction network metrics. In sum, this study helps 

close the gap in our knowledge between observations of plant-pollinator interactions and 

pollination outcomes. 
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CHAPTER 4 

CAUSE AND CONSEQUENCES OF HETEROSPECIFIC POLLEN RECEIPT IN 

OENOTHERA FRUTICOSA 

 

4.1 Abstract 

Heterospecific pollen transfer, the transfer of pollen between species, is common 

among co-flowering plants, yet the amount of pollen received is extremely variable 

among species. Intraspecific variation in heterospecific pollen receipt can be even 

greater, but we lack an understanding of its causes and fitness consequences in wild 

populations. I examined potential drivers of variation in heterospecific pollen receipt in 

Oenothera fruticosa. I evaluated the relationship between heterospecific and conspecific 

pollen receipt and considered how visitation by different pollinator groups, local floral 

neighborhood composition, and flowering phenology affect the total amount and 

proportion of heterospecific pollen received. Finally, I tested whether variation in 

heterospecific pollen receipt translated into lower seed production. Heterospecific pollen 

is ubiquitous on O. fruticosa stigmas, but the amount received is highly variable and 

unrelated to conspecific pollen receipt. Heterospecific pollen receipt depends on 

pollinator type, the proportion of nearby conspecific flowers, and flowering date. 

Significant interactions reveal that the effects of pollinator type and neighborhood are not 

independent, further contributing to variation in heterospecific pollen. Naturally 

occurring levels of heterospecific pollen were sufficient to negatively impact seed set, but 

large amounts of conspecific pollen counteracted this detrimental effect. Although 

selection could act on floral traits that attract quality pollinators and promote synchronous 

flowering in O. fruticosa, the risk of heterospecific pollen is equally dependent on local 
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floral context. This work highlights how extrinsic and intrinsic factors contribute to 

intraspecific variation in heterospecific pollen receipt in wild plants, with significant 

fitness consequences. 

4.2 Introduction 

Over 80% of angiosperms rely on animal pollinators for successful pollination 

(Ollerton et al., 2011). Yet because most plants share pollinators with several to a few 

dozen other co-flowering species (Jordano, 1987; Waser et al., 1996), this success can be 

compromised by pollinator-mediated competition among plant species (Brown et al., 

2002; Lopezaraiza-Mikel et al., 2007). Plants can compete directly for visitation by 

shared pollinators (Waser, 1978) or indirectly when shared pollinators transfer pollen 

between plant species, termed heterospecific pollen transfer ('HPT'; Morales and 

Traveset, 2008). HPT is extremely common in co-flowering communities, and its 

incidence and intensity vary markedly across species (Arceo-Gómez et al., 2016; Fang & 

Huang, 2013; McLernon et al., 1996; Tur et al., 2016), with implications for the evolution 

of floral morphology, species divergence, and community structure (Moreira-Hernández 

& Muchhala, 2019). Even as our understanding of the forces driving such interspecific 

variation grows (Arceo-Gómez et al., 2016; Ashman & Arceo-Gómez, 2013), 

investigations into the extent of variation in HPT within species and its underlying causes 

have scarcely begun (Ashman et al., 2020; Moreira-Hernández & Muchhala, 2019). 

Indeed, few studies sample thoroughly enough to comment on within-species variation in 

HPT (Arceo-Gómez et al., 2018). Strikingly, one study indicates that intraspecific 
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variation in stigmatic loads of heterospecific pollen (‘HP’) can be greater than 

interspecific variation in HP loads (Arceo-Gómez et al., 2016).  

Most plant species are visited by a suite of generalist pollinator species (Waser et 

al., 1996). Indeed, studies examining the interactions within entire plant-pollinator 

communities reveal broadly generalized interaction networks (Bascompte et al., 2003; 

Vázquez & Aizen, 2004). Visitation by the entire suite of pollinators need not be 

distributed evenly among individuals of a given plant species; instead, individuals—and 

even individual flowers—will be visited by some subset of pollinators (Bruckman & 

Campbell, 2014; Kuppler et al., 2016; Tur et al., 2014), contributing to intraspecific 

variation in pollination success. The effectiveness of any given pollinator depends in part 

on its morphology (e.g., body size), foraging behavior, and its visitation frequency 

(Ballantyne et al., 2015; King et al., 2013; Koski et al., 2018; Page et al., 2019; Sahli & 

Conner, 2007). Differences in these factors result in the common observation that floral 

visitors are not equally desirable as pollinators with respect to conspecific pollen 

(hereafter, ‘CP’) deposition (Bruckman & Campbell, 2014; King et al., 2013; Koski et 

al., 2018). Pollinators are also known to vary in the quality of pollen they deliver 

(Herrera, 1989), but pollinator effectiveness with respect to HP deposition is less studied. 

Furthermore, fidelity to a given plant species within a foraging bout (floral constancy; 

Waser, 1986) is not necessarily widespread among pollinator taxa (Amaya-Márquez, 

2009; Gross, 1992). Consequently, pollinators should also vary in the amount of HP 

and/or the proportion of HP relative to CP they transfer. In fact, the relationship between 
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HP and CP deposited within species may be driven in part by pollinator assemblage 

(Arceo-Gómez et al., 2016).  

The probability of HP receipt for any given plant might also be a problem of 

circumstance, specifically a plant’s local neighborhood. Greater numbers of conspecific 

individuals within a local neighborhood are often associated with greater CP receipt 

(Ghazoul, 2005), at least up to a point (Benadi & Pauw, 2018), and can be more 

important than population-level abundance measures in determining reproductive success 

(Roll et al., 1997; Spigler & Chang, 2008). However, the impacts of co-flowering species 

in local floral neighborhoods on HP receipt are unclear (Cariveau & Norton, 2009; 

Charlebois & Sargent, 2017; Ha & Ivey, 2017; Morales & Traveset, 2008). For example, 

co-flowering neighbors may facilitate pollinator visitation (Mitchell et al., 2009; Morales 

& Traveset, 2009; Tur et al., 2016), but negatively affect the purity of pollen loads 

transported (Bell et al., 2005; Brown et al., 2002), leading to a positive relationship 

between HP and CP receipt (Thomson et al., 2019). However, precisely because 

pollinators diverge in foraging patterns and those patterns are often governed by the 

abundance and distribution of flowering plants at small spatial scales (Feinsinger et al., 

1991; Ghazoul, 2005; Goulson, 2003), the impact of the neighborhood on HP receipt 

likely varies with pollinator type. 

HP receipt might also change predictably across the flowering season or be 

stochastic. During the flowering period of a given species, large scale changes in the 

diversity, relative abundance, and composition of plant species in the flowering 

community typically occur (CaraDonna et al., 2017; Kantsa et al., 2018). Meanwhile, the 
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flowering schedules of individual plants are not evenly distributed across the season, and 

early versus late flowering plants could have different pollination outcomes (Chen et al., 

2017; Kitamoto et al., 2006; Stone et al., 1998). In addition, synchronous flowering of 

individuals within a population can be positively associated with successful pollination 

because it increases the absolute number of available mates and can boost signals to 

pollinators against the backdrop of the flowering community (Bartkowska & Johnston, 

2014; Elzinga et al., 2007). If this results in pollinators temporarily specializing on a 

given species during its peak flower, individuals may not only receive more CP but less 

HP. On the other hand, if HP receipt is steady or stochastic as a consequence of the 

background ‘noise’ of the community, then the proportion of HP may instead change 

across the season with variable CP deposition. Currently, we know little about intra-

seasonal variation in HP receipt and the relationship between HP receipt and flowering 

phenology. 

Interest in HPT is driven in large part because it is anticipated to have major 

fitness consequences for plants, though current evidence is equivocal, revealing a mixture 

of negative and neutral fitness effects (Ashman & Arceo-Gómez, 2013; Morales & 

Traveset, 2008; Moreira-Hernández & Muchhala, 2019). Most examples of costs 

associated with HP receipt are from experimental hand pollinations of flowers with mixes 

of CP and HP (Moreira-Hernández & Muchhala, 2019) to test and isolate the effects of 

factors such as the arrival of HP relative to CP (Bruckman & Campbell, 2016b; Caruso & 

Alfaro, 2000), HP diversity (Ashman & Arceo-Gómez, 2011), and HP donor identity 

(Arceo-Gómez et al., 2019; Arceo-Gómez & Ashman, 2016). Fewer have investigated 



50 
 

the fitness consequences of naturally occurring levels of HP receipt in wild populations 

(Briggs et al., 2016; Parra-Tabla et al., 2020; Suárez-Mariño et al., 2019). The 

documentation of potential HP impacts on pollen tube development and extreme within-

species variability in HP receipt (Arceo-Gómez et al., 2016, 2018; Briggs et al., 2016; 

Fang et al., 2019) suggests an opportunity for natural selection on traits that better allow 

plants to avoid HP receipt, but only if such variation is associated with fitness differences 

in natural populations.  

In this study, I examined variation in HP receipt and its potential causes and 

consequences in the perennial Oenothera fruticosa L. (Onagraceae). Specifically, I asked 

the following sets of questions. (1) How much variation is there in HP receipt among O. 

fruticosa individuals, and what is the relationship between CP and HP receipt? (2) To 

what extent do pollinator identity, local floral neighborhood composition, and timing of 

flowering influence HP receipt? And, does the impact of local neighborhood depend on 

pollinator type? Finally, to address the significance of natural variation in HP receipt for 

plant fitness and its implications for microevolutionary dynamics, I asked (3) to what 

extent does this natural variation translate into variation in seed set?  

4.3 Materials and Methods 

4.3.1 Study Species and Site 

Oenothera fruticosa is an herbaceous perennial native to eastern North America 

that occurs in open habitats such as fields and meadows. The species is hermaphroditic 

and blooms from June through July, producing showy yellow flowers that provide nectar 
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as a floral reward. Individuals typically have 1-3 flowers open at a time; each flower 

contains an average of 150 ovules, opens in the morning, and lasts approximately 24 

hours. O. fruticosa is self-incompatible, and thus requires outcross pollination from 

insects (Silander & Primack, 1978). Pollinated flowers develop into dehiscent capsules 

that mature around 3 weeks after pollination. 

I conducted the study at Fort Indiantown Gap, an active National Guard training 

center, in Annville, Pennsylvania, USA. Approximately 88 ha of training areas and 

ranges on the base have been designated for researching the plant and animal species that 

thrive in periodically disturbed grassland habitats. In June 2019, I tagged 122 O. fruticosa 

plants distributed across a 12ha grassland that contains a diverse assemblage of >70 

flowering plant species. Focal O. fruticosa plants were at least 2m apart and tagged prior 

to flowering such that their blooming times were randomly distributed across the entire 

flowering season. From June to August, I randomly selected one flower per plant to 

follow from date of anthesis through to fruit set, quantifying pollinator visitation, pollen 

deposition, and seed production. I recorded diurnal insect visitation on each flower for 

approximately 1 hour using high-definition video cameras (Sony, San Diego, California, 

USA) during pollinator activity (0800 -- 1600) on warm, sunny days, capturing a total of 

130h of film. I note that although many Oenothera species are visited by both diurnal and 

nocturnal floral visitors, the importance of these groups as pollinators varies across 

species (Antoń & Denisow, 2018; Krakos & Austin, 2021; Rhodes et al., 2017). Prior 

work has demonstrated that O. fruticosa is visited by diurnal pollinators including, 

butterflies, bees, and beetles, with no record of nocturnal visitors (Krakos & Austin, 
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2021; Primack & Silander, 1975; Silander & Primack, 1978). From the video footage, I 

identified pollinators and determined pollinator visitation rates of each, only considering 

insects that were observed contacting the reproductive structures of the flowers. 

Pollinators captured on film were almost exclusively bees (Bombus, Ceratina, Halictus, 

Lasioglossum, Augochlorini) and flies (Milesia virginica, Toxomerus); there were no 

visits from lepidopterans and only two visits from coleopterans, representing 0.7% of 

total visits. Therefore, I considered and quantified pollinator visitation rates of four 

functional groups: large bees, small bees, large flies, and small flies, consistent with 

pollinator groupings used in other studies of HP and CP deposition (e.g., Bruckman & 

Campbell, 2016a; Koski et al., 2015). Large and small bees were the most common 

(40.8% and 41.8%, respectively), followed by small flies (11.4%) and large flies (6.0%).  

4.3.2 Composition of Local Floral Neighborhoods 

I quantified the composition of the local floral neighborhood within a 1m radius 

of each focal plant on the date visitation was filmed. This scale was chosen because it has 

been demonstrated to significantly influence pollinator visitation, conspecific pollen 

receipt, and seed production in a number of other grassland systems (e.g., Roll et al., 

1997; Spigler and Chang, 2008; Cariveau and Norton, 2009). Within each neighborhood, 

I counted the number of open O. fruticosa flowers and open flowers (or floral units) of 

heterospecifics. I then calculated the proportion of conspecific flowers per neighborhood 

as the abundance of conspecific flowers divided by total flower number within the 

neighborhood. Floral units of heterospecifics were defined depending on the 

inflorescence structure of each species. For species with singular flowers, I was able to 
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count individual flowers; for composite flowers or compact inflorescences with small 

flowers (e.g., asters) I considered each inflorescence as a floral unit. The most common 

co-flowering species across the focal neighborhoods were Securigera varia (40% of 

heterospecific flowers), Erigeron annuus (22%), and Leucanthemum vulgare (19%); the 

remaining 20 species in bloom each represented 5% or less, though still occurred in up to 

37% of neighborhoods. 

4.3.3 Pollen Deposition 

I collected stigmas of all filmed flowers the day after filming, when flowers were 

wilted, using clean forceps, and stored them in 70% ethanol until processing. Because O. 

fruticosa has relatively large stigmas, I used an acetolysis processing step (Kearns and 

Inouye, 1993) to remove stigmatic tissue and retain only pollen grains. I mounted post-

acetolysis pollen samples in ethanol and examined them under a compound light 

microscope (Nikon, Tokyo, Japan) to count conspecific and heterospecific grains. O. 

fruticosa pollen grains have a unique triangular shape and are especially large (>100µm 

height), making them easily distinguishable from pollen grains of all other species in the 

community. I considered that pollen grains could be lost during wash steps of the 

acetolysis procedure. I captured the wash and quantified pollen lost in these steps for a 

subset of samples. The amount of pollen grains lost was minimal (mean pollen lost <1% 

per sample), such that I effectively have complete counts per stigma.  
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4.3.4 Fruit Collection and Seed Set 

Finally, I collected mature fruits approximately three weeks after flowering and 

stored them in coin envelopes until processing. In total, I was able to collect 93 fruits 

from the 122 flowers which were filmed. Some of the fruits went missing in the field or 

experienced herbivory and were not included in the analyses. Each fruit was carefully 

examined under a dissecting microscope to count fully developed seeds and unfertilized 

ovules. I calculated seed set as the number of developed seeds divided by total ovule 

number (the sum of developed seeds and unfertilized ovules).  

4.3.5 Statistical Analyses 

To evaluate the relationship between HP and CP deposition I considered both 

linear and nonlinear relationships given these patterns may reflect different ecological 

mechanisms (Arceo-Gómez et al., 2016). I evaluated separate general linear models 

including a linear-response model (untransformed data), log-linear model (HP is log-

transformed), and log-log model (HP and CP are log-transformed), the latter two of 

which would indicate a non-linear relationship between HP and CP. Due to a single zero-

value for HP grains I added one to HP grain number before log-transformation. I note that 

I also considered generalized linear models: a Poisson error distribution, which proved to 

fit poorly based on residuals and the dispersion parameter (results not shown), and a 

negative binomial, which proved better but with qualitatively similar results to the 

general linear models (results not shown). 
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I evaluated the contributions of different pollinator groups, local floral 

neighborhood composition, and flowering phenology to both the number and proportion 

of HP grains received using a linear model and a generalized linear model, respectively. 

In the former, I used the square root of HP grain number per stigma as the response 

variable to conform to model assumptions. In the latter, I modeled the proportion of HP 

received with a binomial error distribution and logit link function weighted by the total 

number of grains per stigma. Six of the flowers filmed were excluded from these analyses 

because of partially missing data (n = 116). In both models, visitation by each of the four 

main pollinator groups (large bees, small bees, large flies, and small flies) were included 

as independent binary predictor variables because of extreme overdispersion in the 

distribution of pollinator visitation rates. I also included as predictor variables: proportion 

of neighborhood conspecific flowers and date (Julian day) of flowering. Both predictors 

were z-transformed to allow for comparisons between their dissimilar scales. Finally, to 

test whether the impact of pollinators is context dependent, I included interactions 

between each visitor group variable and proportion of conspecific flowers. However, to 

maximize power of my analyses to detect main effects, interactions were retained only 

when significant.  

To test whether increasing HP receipt translates to lower reproductive output of 

O. fruticosa, I used a generalized linear model to model seed set following a binomial 

error distribution, weighted by total ovule number. This model included fixed effects for 

CP grain number, HP grain number, and their interaction. Julian day was included as a 

covariate to account for differences in seed set across the season. Each predictor was z-
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transformed to allow for comparisons between their dissimilar scales. All analyses, unless 

otherwise noted, were conducted using R 4. 0. 2 (R Core Team, 2021). 

4.4 Results 

4.4.1 Conspecific and Heterospecific Pollen Receipt 

HP deposition on O. fruticosa flowers at this site was ubiquitous: all but one of 

the 122 flowers I examined received HP. On average, O. fruticosa flowers receive 319.9 

(±362.8 SD; range 0 – 2030) HP grains compared to an average of 998.7 (± 938.9 SD; 

range 2 – 5016) CP grains. Both are highly variable; when scaled by the mean, HP receipt 

is more so (CV = 113) than CP receipt (CV = 94). Mean proportion HP per stigma is 0.30 

(± 0.25 SD) and highly variable as well (range 0 – 0.98). I did not detect a linear 

relationship between HP and CP grain number (i.e., untransformed data; F = 0.89, df = 1, 

P = 0.35) nor a significant log-linear relationship (F = 3.01, df = 1, P = 0.09). The log-log 

relationship between HP and CP grain number is significant (F = 8.10, df = 1, P = 0.005), 

but this relationship is weak (R2 = 0.06; Figure 4.1) and hinged on two data points 

(removed: F = 1.34, df = 1, P = 0.25).  

Both the number of HP grains and proportion HP grains decrease significantly as 

the proportion of conspecific flowers increases in the neighborhood (Table 4.1). 

However, for proportion HP, significant interactions between proportion conspecific 

flowers and each pollinator group reveal that the effects of neighborhood composition 

and pollinator type depend on each other (Table 4.1, Figure 4.2).  
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Figure 4.1 Linear regression of the relationship between heterospecific pollen and 

conspecific pollen deposited on Oenothera fruticosa stigmas. Both heterospecific pollen 

counts and conspecific pollen counts were log transformed for analysis and are plotted 

here on a log scale. Shading indicates 95% confidence intervals for regression line. Black 

solid line and grey shading are for the entire dataset (n = 122); blue dashed line and blue 

shading are for the dataset with two overly influential points removed (n = 120). 
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Table 4.1. Results from linear and generalized linear models on the effects of insect 

visitation, local neighborhood composition, and Julian day on heterospecific pollen 

receipt in Oenothera fruticosa. %Con is the proportion of conspecific flowers in local 

floral neighborhoods. The heterospecific pollen count model uses square root 

transformed counts of heterospecific pollen as a response with a Gaussian distribution. 

The proportion heterospecific pollen model uses a binomial distribution. Visitation by 

each pollinator group is coded as a binary predictor variable. %Con and Julian day are z-

transformed. Significant model parameters are shown in bold. n = 116. Only significant 

interactions were retained for final models. 

 Response variables 

 Count of HP received Proportion of HP received 

Fixed effects df Estimate F value P value  Estimate χ2 value P value 

Large bee visitation 1 0.628 0.151 0.698  -0.167 155.80 <0.001 

Small bee visitation 1 4.149 5.911 0.017  0.341 623.14 <0.001 

Large fly visitation 1 -3.502 1.342 0.249  0.642 104.30 <0.001 

Small fly visitation 1 0.933 0.213 0.645  0.033 3.46 0.063 

%Con 1 -2.696 12.11 0.001  -0.401 758.69 <0.001 

Julian day 1 -1.710 2.607 0.109  0.442 1788.88 <0.001 

Large bee x %Con 1 - - -  -0.327 464.34 <0.001 

Small bee x %Con 1 - - -  0.198 177.75 <0.001 

Large fly x %Con 1 - - -  2.179 484.12 <0.001 

Small fly x %Con 1 - - -  -0.178 102.78 <0.001 
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Figure 4.2 Scatterplots of the proportion heterospecific pollen received by the proportion 

of conspecific flowers in local floral neighborhoods. n = 116. This relationship is 

mediated by the visitation of various pollinator groups: (A) large bees, (B) small bees, 

(C) large flies, and (D) small flies. Yellow triangles and lines represent flowers that were 

visited by each group, while blue circles and lines represent flowers not visited by each 

group. Shading indicates 95% confidence intervals of each line.  
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The negative relationship between proportion HP received and proportion local 

conspecific abundance is significantly steeper when plants are visited by large bees and 

small flies (Figure 4.2A&D). For flowers visited by large bees, this amounts to similar 

proportions of HP deposited in neighborhoods where conspecific flowers range from low 

density to absent, regardless of whether large bees visited (Figure 4.2A). Yet as 

conspecific density increases, visitation by large bees becomes increasingly important, 

such that the proportion of HP received is significantly lower for plants visited by large 

bees. Plants visited by small bees consistently receive greater proportions of HP 

regardless of conspecific floral density. In this case, the interaction arises because the 

benefit of conspecific neighbors is substantially weakened for plants visited by small 

bees, i.e., proportion HP deposited is relatively constant under small bee visitation 

(Figure 4.2B). Surprisingly, visitation by large flies reverses the relationship between 

proportion HP receipt and percent conspecific flowers (Figure 4.2C). This pattern 

remains significant even when I remove the data point representing the highest proportion 

HP received under large fly visitation (results not shown). In contrast to the results for 

proportion HP deposition, only small bee visitation significantly influences the number of 

HP grains per stigma, increasing HP deposition independently of neighborhood 

composition (Table 4.1).  

Additionally, I find that flowers opening later in the season receive significantly 

greater proportions of HP (Table 4.1, Fig. 4.3A). The number of HP grains, however, is 

not significantly affected by phenology (Table 4.1, Fig. 4.3B). Thus, despite constant HP 
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receipt across the season, an increase in proportion HP arises because CP deposition 

declines later in the season (F = 25.80, df = 1, P < 0.001; Fig. 4.3C). 

4.4.2 The Effect of Pollen Receipt on Seed Production 

Seed set is highly variable (39.3% ± 27.5%, mean ± SD) and significantly 

influenced by the composition of pollen deposited and phenology (Table 4.2). I found 

that seed set is negatively related to the number of HP grains per stigma, positively 

related to CP grain number, and declines across the season (Table 4.2). However, there is 

also a significant interaction between HP and CP deposition (Figure 4.4). In particular, 

the negative impact of HP deposition is strongest at low levels of CP, below the mean (z-

scaled mean = 0 in Figure 4.4) and then begins to dissipate as the number of CP grains on 

the stigma increases. At the highest levels of CP receipt, there appears to be even a 

positive impact of HP, though I caution that this area of the contour map is not well 

supported, based on a few data points of excessively high CP and HP. With respect to HP 

loads, I see that greater CP receipt can rescue seed set of plants with heavy HP. 

Ultimately, these data support that the proportion of heterospecific as well as the total 

number of conspecific and HP received influences seed set.  

4.5 Discussion 

This study identifies extrinsic and intrinsic factors shaping intraspecific variation 

in HP receipt. I reveal how the interaction between pollinator identity and local floral 

neighborhood, together with a plant’s flowering phenology, affect HP deposition on O. 

fruticosa flowers. HP receipt is largely independent of CP receipt and sufficient to 



62 
 

 

Figure 4.3 Scatterplots of the proportion of heterospecific pollen (A), count of 

heterospecific pollen (B), and count of conspecific pollen (C) for individual Oenothera 

fruticosa flowers through the season. n = 122. Blue lines depict linear regressions with 

95% confidence intervals. 
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Table 4.2 Results from generalized linear model on the effects of pollen receipt and 

Julian day on seed set in Oenothera fruticosa. CP count and HP count are counts of 

conspecific and heterospecific pollen deposited on stigmas, respectively. This model uses 

seed set as a response with a binomial distribution. All predictor variables were z-

transformed. Significant model parameters are shown in bold. n = 93 

Fixed effects df Estimate χ2 value P value 

CP count 1 0.226 57.62 <0.001 

HP count 1 -0.194 38.42 <0.001 

Julian day 1 -0.270 111.84 <0.001 

CP count x HP count 1 0.289 175.77 <0.001 

 

negatively impact seed set. This study joins only one other study demonstrating the 

consequences of HP loads for seed production in wild populations (Briggs et al., 2016). I 

discuss the results and their implications for natural selection to avoid HP receipt and its 

constraints.  

Pollinators notoriously vary in their effectiveness at depositing CP (Ballantyne et 

al., 2015; Herrera, 1989; King et al., 2013), but their effectiveness with respect to CP 

need not correlate with their probability of depositing HP (Arceo-Gómez et al., 2016; 

Ashman et al., 2020; Mitchell et al., 2009). In general, I found that HP and CP deposition 

stigmas are not related—or at best only weakly so—in O. fruticosa. Arceo-Gómez et al. 

(2016) suggested that such independence could arise if one or few high-quality 
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Figure 4.4 Contour plot representing predicted seed set values for given amounts of 

heterospecific and conspecific pollen deposited. n = 93. Pollen counts are z-transformed; 

0 represents the mean observed value on each axis. Black dots represent data points used 

in the model. The detrimental fitness impact of receiving heterospecific pollen occurs in 

stigmas that received fewer than the mean value of conspecific pollen grains but 

disappears for moderate/high CP values. 
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pollinators deliver nearly pure CP loads, while HP is brought stochastically by ineffective 

pollinators. The number of HP grains received by O. fruticosa varied only with visitation 

by small bees, but visitation by all pollinator groups influenced the proportion of HP 

received. Thus, all these pollinator groups likely bring varying amounts of CP with 

relatively consistent HP loads, resulting in a gradient of pollinator effectiveness. 

Likewise, Fang et al. (2019) suggests that species receiving high average HP loads are 

likely to be visited by pollinators that carry relatively high, consistent amounts of HP. 

Nearly half of the visits to O. fruticosa flowers in the population under study were 

by small bees, which are inefficient pollinators in some systems (Gorenflo et al., 2017; 

Konzmann et al., 2019; Koski et al., 2018). Indeed, two previous studies of pollinator 

importance in other Oenothera species found that small bees functioned as poor 

pollinators or pollen thieves (Artz et al., 2010; Rhodes et al., 2017). I show that both the 

number and proportion of HP are greater for O. fruticosa flowers visited by small bees. In 

contrast, visitation by large bees, which comprised a similar proportion of visits as small 

bees, has no influence on the number of HP grains but is associated with a lower 

proportion of HP grains. Thus, the large bees deposit higher amounts or proportions of 

CP, relative to the less effective pollinators in this system. Comparison of HP loads from 

small and large bees is consistent with this interpretation; flowers that were visited by 

small bees only during observation periods received slightly more HP and slightly less 

CP on average than those visited solely by large bees, and the proportion HP received 

was significantly lower for flowers visited by only large bees (χ2 =1419.1, df = 1, P < 

0.001). The well-documented floral constancy of Bombus pollinators during foraging 
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bouts may be responsible for this effect (Goulson, 2003). Indeed, multiple studies have 

reported that large amounts of CP are lost when pollinators switch between species 

during a foraging bout (Flanagan et al., 2009; Muchhala & Thomson, 2012). For constant 

pollinators, the transfer of CP grains may be more strongly influenced by pollinator 

behavior than the transfer of HP grains, which appears to be a more consistent byproduct 

of pollinator sharing. Nocturnal visitors have not been documented previously for O. 

fruticosa, but if present in this population, could also have contributed to HPT. 

Nevertheless, though I cannot empirically exclude their importance, I do see strong 

patterns of HPT related to diurnal visitors alone. 

I further show that HP deposition in O. fruticosa is context dependent, influenced 

by a plant’s local floral neighborhood and the way pollinators interact with this 

neighborhood. Individuals in local neighborhoods with high proportions of conspecific 

flowers received fewer HP grains and a lower proportion of HP relative to CP. The 

strength and even the direction of impact of floral neighborhood, however, was mediated 

by pollinator group. Theoretical models predict changes in pollinator foraging behavior 

with changes in the relative densities of species in mixed plant assemblages (Goulson, 

1994; Kunin & Iwasa, 1996). I found a steeper decrease in the proportion of HP received 

per increase in proportion of local conspecific flowers for flowers visited by large bees 

and small flies compared to flowers they did not visit. The difference in slope is strongest 

for large bees, which might be expected for constant foragers, either because the absolute 

increase in local CP availability in neighborhoods with greater O. fruticosa relative 

abundance enables constant pollinators to bring in greater amounts of CP relative to HP 
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or because their constancy (Waser, 1986) or preference (Smithson, 2001) increases with 

O. fruticosa density. The latter cases would lead to these pollinators visiting O. fruticosa 

disproportionately as its floral density increases. Flowers visited by small bees exhibited 

a weaker negative relationship between proportion of HP received and proportion of 

conspecifics in their floral neighborhoods. In neighborhoods with higher O. fruticosa 

abundance, this translates to a greater proportion of HP on flowers visited by small bees 

compared to those that were not. This pattern is again consistent with small bees 

depositing pollen loads generally of poorer purity (more HP) and suggests that small bees 

foraging behavior is influenced less by the composition of local floral neighborhoods 

than that of other visitors.  

Surprisingly, when large flies visited, the proportion of HP increased as local 

conspecific relative abundance increased. I suggest caution in interpreting this curious 

finding, given visits by M. virginica were relatively rare during this study. Still, I 

speculate that such a pattern could arise if large flies exhibit negative-frequency 

dependent foraging (Smithson, 2001) on O. fruticosa, i.e. visitation to O. fruticosa is 

inversely related to O. fruticosa abundance. Negative-frequency dependent foraging can 

occur when rarer pollinators must compete with more common pollinators for access to 

the more common resource, assuming that other plant species are equally rewarding 

(Eckhart et al., 2006). Alternatively, I observed the large fly, M. virginica, consuming 

pollen from O. fruticosa anthers and even the stigma. If instead these pollinators increase 

visitation to O. fruticosa when O. fruticosa is abundant, they might remove more CP 

from stigmas while still depositing HP. Consideration of neighbor identity might help 
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unpack the interactions causing patterns involving large flies as well as those of the other 

pollinator groups. For example, co-flowering species with similar floral morphologies 

and colors (Bell et al., 2005; Liao et al., 2011; Stout et al., 1998) or substantially more 

attractive and rewarding flowers (Randle et al., 2018; Thomson et al., 2019) may 

encourage pollinators to switch between species more frequently during a given foraging 

bout and transfer more pollen between species. 

Timing of flowering is well known to influence HPT dynamics and competition 

for pollinators more generally among species. In fact, these dynamics can lead to 

character divergence and shape community structure (Mosquin, 1971; Pleasants, 1980; 

Rathcke, 1983). These results illustrate the significant role of flowering time in 

determining intraspecific variation in HP receipt. Specifically, the proportion of HP 

found on O. fruticosa flowers increases predictably with flowering date across the season, 

and the strength of this effect is as great as the effect of local neighborhood. This increase 

in proportion HP occurred even though the number of HP grains received did not change 

with flowering time or at best declined weakly, but rather because CP receipt declined 

significantly across the same period. Thus, as the flower season progresses, fewer 

individuals remain in bloom, reducing the amount of CP available for transport in the 

population. This shortage of CP and the consistent receipt of HP leads to increased 

proportions of HP for late-flowering individuals. Additionally, lower CP deposition rates 

at the end of the season are not due to decreased pollinator visitation (F = 14.88, df = 1, P 

< 0.001; R2 = 0.11). Rather, the seasonal change in proportion HP deposition highlights 

the importance of flowering synchronously against a backdrop of steady HP arrival. 
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Synchronous flowering increases amount of CP available for transport in the population 

(Elzinga et al., 2007; Méndez & Díaz, 2001). Since O. fruticosa population-level flower 

abundance is positively skewed and leptokurtic in the study population (Smith et al., 

unpublished), early flowering O. fruticosa plants are likely more synchronous with the 

population. Thus, synchronous flowering can not only benefit plants by increasing CP 

receipt, but also by reducing the proportion of HP received. 

Both the number and proportion of HP on stigmas influenced seed production, 

demonstrating a clear detrimental fitness effect of HP receipt in O. fruticosa. Although 

the fitness impacts of receiving HP have been shown in many hand-pollination 

experiments, recent work has shown similar negative impacts on CP tube growth (Parra-

Tabla et al., 2020; Suárez-Mariño et al., 2019) and seed set (Briggs et al., 2016) in wild 

plant populations. There are many mechanisms by which HP can cause reproductive 

interference including stigma clogging (Galen & Gregory, 1989), pollen allelopathy 

(Murphy & Aarssen, 1995), style clogging (Randall & Hilu, 1990), and the usurpation of 

ovules (Burgess et al., 2008). I suspect that interference by HP in this system likely took 

place on the stigmatic surface, given HP tube growth in the style and via ovule usurpation 

is unlikely between distantly related species (Moreira-Hernández & Muchhala, 2019) and 

no confamilial species bloomed during this study. Perhaps key is that I found that the 

interaction between the amount of CP and HP influences seed set; seed set is the lowest 

for flowers that receive low amounts of CP and high amounts of HP. Low CP deposition 

alone, however, is unlikely the cause because seed set is relatively constant across the 

range of CP amounts seen in this study, so long as HP is also low (Figure 4.4). Proportion 
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HP on stigmas has been found to influence seed set in other systems as well (Briggs et 

al., 2016; Thomson et al., 1982) and is more suggestive of neutral dilution or allelopathic 

effects of HP that reduce pollen germination rates and pollen tube growth of CP (Parra-

Tabla et al., 2020; Suárez-Mariño et al., 2019). High levels of CP may be able to 

effectively neutralize the negative impacts of HP. Although detailed experiments are 

needed to identify the mechanism, these results suggest that there may be a threshold 

level of CP receipt O. fruticosa flowers can reach to avoid the detrimental impacts of HP 

receipt.  

Given the substantial fitness impacts of HP, the question is whether and how 

selection could act for plants to avoid the detrimental impacts of HP receipt. It has been 

hypothesized that species may adopt alternative strategies of HP avoidance or tolerance 

to minimize the negative effects of HP receipt (Ashman & Arceo-Gómez, 2013; Fang et 

al., 2019). Extrinsic factors such as a plant’s local floral neighborhood cannot be 

controlled, which combined with a constant background threat of HP deposition seen in 

this study, limits the ability of O. fruticosa to avoid HP. Instead, these findings suggest 

that the best defense against HP in O. fruticosa is to increase CP deposition. I expect to 

see selection for earlier flowering synchrony, which is associated with receiving lower 

proportions of HP relative to CP. In addition, although I did not measure stigma sizes in 

this study, if the large stigmas of O. fruticosa allow it to tolerate HP, as has been 

suggested for other species (Arceo-Gómez & Ashman, 2014; Montgomery & Rathcke, 

2012), then selection could also favor plants with larger stigmas in this population. 

Finally, there is the opportunity for selection on floral traits in O. fruticosa that influence 
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attraction of pollinators bringing low proportions of CP. For instance, Kuppler et al. 

(2016) found the composition of pollinators visiting individual Sinapis arvensis plants 

varied with floral phenotypes and influenced reproductive output. Other studies also find 

that pollinator groups discriminate between individuals based on floral traits like flower 

color (Briggs et al., 2018), floral scents (Parachnowitsch et al., 2012), and flower size 

(Conner & Rush, 1996; Mothershead & Marquis, 2000). Individual O. fruticosa would 

benefit from attracting fewer small bees because they bring more HP grains and higher 

proportions of HP.  
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CHAPTER 5 

SUMMARY 

 This dissertation extends our understanding of some of the dynamics of and 

consequences from plant-pollinator interactions. The structure and dynamics of plant-

pollinator community interactions are immensely complex and there is still much work 

required to fully understand the forces that drive patterns of interactions, how aggregated 

metrics of species interactions should be interpreted, and the ecological and evolutionary 

consequences of the way mutualists interact. This work contributes to our understanding 

in several novel ways and raises further questions for future work to consider.  

 My second chapter explores the driving forces of temporal turnover of species 

interactions in my study community throughout the season. I find that turnover between 

interaction networks separated by a week is high and driven by the rewiring of 

interactions between species present across both time points. The dynamism of plant-

pollinator community interactions has been demonstrated across space, environmental 

gradients, and years, but this chapter contributes to the increasing appreciation of within-

season turnover of plant-pollinator interactions. This intra-annual turnover has important 

implications for the evolution of plant and pollinator species, the conservation of such 

communities, and their contribution to biodiversity. Furthermore, this chapter quantifies 

the contribution of a neutral abundance-based process to the variable foraging choices of 

pollinator species throughout the season. Partner abundances are a useful, but incomplete 

explanation for the foraging decisions of pollinator species. Other processes such as 

adaptive foraging, intraspecific competition, interspecific competition and evolutionary 
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specialization play important roles in shaping how plant-pollinator interactions change 

throughout the season. Importantly, some of these non-neutral mechanisms facilitate the 

pollination of rare plant species and floral resource availability of rare pollinator species, 

promoting biodiversity in plant-pollinator communities. These patterns of interactions 

and the generalized nature of the interactions provide stability to the community from 

disturbances such as species loss, non-native introductions, and phenological uncoupling 

from climate change.  

 The widespread use of network analysis has contributed to our understand plant-

pollinator community interactions, but the gap in research that links such network 

analyses to pollination outcomes motivated Chapter 3. Specifically, I investigated the 

relationship between species-level network metrics, which characterize species’ position 

and role in the network, and HP and CP receipt. I find that separate metrics of plant 

species’ network role are related to pattern of HP and CP deposition: plant species’ 

specialization is positively related to HP receipt, CP receipt is positively related to 

species centrality, and CP receipt is negatively related to normalized degree. Future 

studies should continue to look for such relationships to validate the usefulness of 

network metrics as proxies for meaningful pollination and fitness outcomes. Additionally, 

this chapter provides data on the relationship between HP and CP accrual for 13 

flowering plant species in the study community. I find few significant relationships 

between the accrual of HP and CP, suggesting that the receipt of each may be related to 

different groups of pollinators. It is also possible that there are true relationships to be 

found between HP and CP receipt, but that these relationships are weak when aggregated 
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as the level of species and across a species’ phenology. Furthermore, I confirm that HP 

receipt is a relatively common, but a small proportion of pollen received by many 

species. One notable exception in my study community is Oenothera fruticosa, which 

receives tremendous amounts of pollen and is investigated further in chapter 4. Together, 

the findings of this chapter suggest that HP receipt and CP receipt may be unrelated 

processes, that are related to different aspects of species’ network roles. 

Finally, chapter 4 zooms in to determine the importance of pollinator sharing, local 

floral communities, and phenology on the pollination of individuals. My study system, 

Oenothera fruticosa, is an herbaceous perennial native to eastern North America with a 

penchant for receiving large amounts of heterospecific pollen. I leverage its short 

flowering duration to study the effects of ecological factors on its receipt of conspecific 

and heterospecific pollen. I demonstrate that the proportion of conspecific individuals in 

a flower’s immediate area (1m radius) reduce the proportion of heterospecific pollen it 

receives. Furthermore, I document how interactions with different pollinators modulate 

this relationship. Some effective pollinators appear to be especially effective pollinators 

in highly conspecific neighborhoods, specifically, large bees (Bombus spp.) and small 

Syrphid flies (Toxomerus spp.). These pollinators likely bring purer conspecific pollen 

loads to O. fruticosa, possibly because of foraging constancy. Furthermore, small bee 

species function as poor pollinators of O. fruticosa, regardless of the floral neighborhood 

context. The exact reasons for their inadequacy as pollinators are unclear but may involve 

bringing pollen loads with relatively more HP or even being more effective at removing 

CP, thus, causing less CP to be deposited. This chapter also relates patterns of HP 
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deposition to seed set. This novel finding of wild plants suffering fitness effects from HP 

receipt had only been documented by one other study (Briggs et al., 2016). However, 

studies linking HP receipt to fitness effects in natural populations represent a crucial step 

in understanding the importance of the phenomenon of heterospecific pollen transfer. 

Without demonstrations of fitness costs, the receipt of HP would remain an abstract 

phenomenon without substantial meaning for affected individuals. This chapter 

demonstrates how some intrinsic forces, flowering phenology, and the attraction of 

pollinators, in addition to extrinsic factors, both affect the pollen receipt and fitness of 

wild plants. The combination of these factors offers an explanation of why heterospecific 

pollen receipt is so ubiquitous among flower plants, despite its detrimental impacts. 

Although plant-pollinator communities have received abundant attention from 

researchers in recent decades, there is still much to learn. Plant-pollinator communities 

are dynamic systems comprised of many interconnected species playing a variety of 

roles. Species interactions in these communities represent relationships than range widely 

from facilitative to competitive, central to peripheral, and generalized to specialized. 

Research into the functioning of these systems will continue to refine our understanding 

of the ecological and evolutionary dynamics of these systems and secure their well-being 

for the future. 
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APPENDIX A 

List of Pollinator Morphospecies 

Allograpta obliqua 

Anatrytone logan 

Ancyloxypha numitor 

Andrena spp. 

Anoplius spp. 

Anthidiellum notatum notatum 

Anthidium spp. 

Anthomyiidae spp. 

Anthophora spp. 

Apis mellifera 

Archytas apicifer 

Archytas aterrimus 

Archytas metallicus 

Atalopedes campestris 

Augochlora pura 

Augochlorella aurata 

Augochloropsis spp. 

Belvosia unifasciata 

Boloria bellona 

Bombus bimaculatus 

Bombus fervidus 

Bombus griseocollis 

Bombus impatiens 

Bombus perplexus 

Bombus vagans 

Calliphoridae spp. 

Calopteran spp. 

Calpodes ethlius 

Ceratina spp. 

Chaetogaedia spp. 

Chalcosyrphus piger 

Chauliognathus marginatus 

Chauliognathus pensylvanicus 

Chimarra spp. 

Chrysididae spp. 

Chrysotoxum spp. 

Coelioxys spp. 

Coleomegilla maculata 

Coleoptera 1 

Coleoptera 2 

Coleoptera 3 

Coleoptera 4 

Coleoptera 5 
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Appendix A (continued) 

Coleoptera 6 

Colias eurytheme 

Colias philodice 

Condylostylus spp. 

Conopidae spp. 

Conura spp. 

Crabroninae spp. 

Cylindromyia spp. 

Danaus plexippus 

Diabrotica undecimpunctata howardi 

Didea fuscipes 

Diptera 1 

Dolichovespula arenaria 

Elateridae spp. 

Empididae spp. 

Enoclerus spp. 

Entypus spp. 

Epargyreus clarus 

Epistrophe grossulariae 

Eristalis arbustorum 

Eristalis stipator 

Eristalis tenax 

Eristalis transversa 

Ernestiini spp. 

Eryciini spp. 

Euaresta spp. 

Eumenes fraternus 

Eumenidae spp. 

Eupeodes americanus/pomus 

Euphyes vestris 

Genea pavonacea 

Gnadochaeta spp. 

Goniini spp. 

Gymnoclytia spp. 

Gymnosoma spp. 

Halictus confusus 

Halictus ligatus 

Halictus rubicundus 

Harmonia spp. 

Heliophilus faciatus 

Heliophilus latifrons 

Hemaris diffinis 

Hemaris gracilis 
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Appendix A (continued) 

Hemaris thysbe 

Hesperia leonardus 

Hoplitis spp. 

Hylaeus spp. 

Hymenoptera 1 

Ichneumonidae spp. 

Isodontia apicalis 

Junonia coenia 

Juriniopsis spp. 

Lampyridae spp. 

Lasioglossum spp. 

Lebia spp. 

Lucilia spp. 

Mallota bautias 

Megachile spp. 

Melissodes spp. 

Meloidae spp. 

Milesia virginiensis 

Mordellidae spp. 

Muscidae spp. 

Myrmecothea spp. 

Nastra Iherminier 

Noctuidae spp. 

Nomada spp. 

Bomyliidae spp. 

Ocyptamus spp. 

Orthonevra nitida 

Osmia spp. 

Palpada vinetorum 

Papilio glaucus 

Papilio troilus 

Paragus spp. 

Paranthidium/Anthidium spp. 

Parhelophilus spp. 

Peleteria haemorrhoa 

Pepsis menechma 

Phasia spp. 

Phyciodes cocyta 

Phyciodes tharos 

Pieris rapae 

Pipizini spp. 

Plagiomima spp. 

Poanes zabulon 
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Appendix A (continued) 

Polistes spp. 

Polites origenes 

Polites peckius 

Polites themistocles 

Pollenia spp. 

Pompeius verna 

Popillia japonica 

Propylea quatuordecimpuncta 

Pseudoanthidium nanum 

Pterophoridae spp. 

Pyrausta spp. 

Rhagoletis spp. 

Sarcophagid spp. 

Scolia bicincta 

Scythrididae spp. 

Siphona spp. 

Speyeria aphrodite 

Speyeria cybele 

Speyeria idalia 

Sphaerophoria novaeangliae/contigua/pyrrhina 

Sphaerophoria philanthus/asymmetrica/abbreviata 

Sphex ichneumoneus 

Spilomyia alcimus 

Spilomyia longicornis 

Strongygaster spp. 

Syritta pipiens 

Syrphus spp. 

Tetraopes tetrophthalmus 

Thyris maculata 

Toxomerus geminatus 

Toxomerus marginatus 

Toxomerus politus 

Trichopoda pennipes 

Tropidia albistylum 

Tropidia quadrata 

Typocerus velutinus 

Unknown small moth 

Vanessa virginiensis 

Vespula spp. 

Villa spp. 

Wallengrenia egeremet 

Xylocopa virginica 

Zodion spp. 


