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ABSTRACT 

POLLINATOR ECOLOGY IN AGROECOSYSTEMS OF EASTERN SOUTH 

DAKOTA 

ISABELA B. VILELLA-ARNIZAUT 

2021 

 

Community structure contributes to ecosystem persistence and stability. To understand 

the mechanisms underlying pollination and community stability of natural areas in a 

human influenced landscape, a better understanding of the interaction patterns between 

plants and pollinators in disturbed landscapes is needed. Furthermore, understanding the 

potential conservation value in green spaces such as botanical gardens could assist in 

preserving and bolstering plant-pollinator interactions. Our study takes place in the 

Northern Great Plains which still retains extensive tracts of remnant temperate grassland 

habitat within a matrix of varying land-uses. First, we used a network-based approach to 

quantify how temperate grassland attributes and landscape heterogeneity influence plant-

pollinator community structure in natural habitats. We also quantified pollinator diversity 

and floral diversity to assess the functional role of temperate grassland attributes and the 

surrounding landscape on the composition of the plant-pollinator communities in natural 

habitats. We then quantified pollinator and plant diversity, and network community 

structure in a restored native grassland patch within a local botanical garden in order to 

investigate how plant-pollinator community structure and diversity may differ between 

botanical gardens and natural habitats. For habitat and landscape effects, we found that 

the amount of local nectar sugar and increased proportions of certain land-uses contribute 

to pollinator diversity that in turn influences the structure of interactions between plants 



x 

 

and pollinators. With our comparisons, pollinator diversity within the restored native 

grassland patch was greater than 55% of total remnant temperate grassland transects 

throughout the entire flowering season, while plant diversity and network community 

metrics between the two environments remained similar throughout, except for 

connectance. Overall, our findings demonstrate the promising role restored native 

grassland patches in botanical gardens could play as reservoirs for local pollinator 

communities by supporting plant-pollinator interactions comparable to those found in 

native habitat remnants in the same region. Moreover, understanding the factors 

contributing to plant-pollinator network structure within natural areas can guide 

management decisions to support resilient plant-pollinator communities and conserve the 

stability of pollination services. 
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Literature Review  

Introduction 

Decline of grasslands and pollinators  

Globally, grasslands are valuable ecosystems providing diverse beneficial 

services to humans (i.e., pollination, mitigation of drought and flooding, protection of soil 

from erosion, and the cycling of nutrients) (Benton et al. 2003; Foley et al. 2005; Hong 

2017). Despite their economic and ecological value, grasslands are declining at an 

alarming rate on a global scale (Tscharntke et al. 2005; Foley et al. 2005; Liu et al. 2019). 

This decline can be attributed to human population growth and the increasing need for 

urban, industrial, and agricultural development (Benton et al. 2003; Tscharntke et al. 

2005; Vanbergen et al. 2013). Historically, grasslands have been converted into 

agricultural systems in order to promote economic growth and food security (Ramankutty 

and Foley 1999; Rashford et al. 2011; Wright and Wimberly 2013). In the Western Corn 

Belt (i.e., North Dakota, South Dakota, Nebraska, Iowa and Minnesota), the rate of 

grassland conversion to corn and soy agriculture fields reaches ~1.0-5.4% annually 

(Wright and Wimberly 2013). Although grassland conversion has increased agricultural 

production (Mann 1999; Rashford et al. 2011), this practice can create a cascade of 

numerous ecological effects (Foley et al. 2005; Potts et al. 2010; Meehan et al. 2011; 

Vanbergen et al. 2013; Greer et al. 2016; Hong 2017; Habel et al. 2019). Notably, 

grassland conversion has been linked to significant decline in various taxa of wildlife 

populations. In South Dakota, Greer (2016) demonstrated that loss and degradation of 

grassland habitat due to agricultural conversion negatively impacted the density and 
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occurrence of at least six species of native grassland birds. Furthermore, the global 

decline of insect pollinators due to habitat conversion has been extensively reviewed 

(Kearns et al. 1998; Kremen et al. 2002; Steffan-Dewenter et al. 2005; Klein et al. 2007; 

Dead 2008; Potts et al. 2010; Vanbergen et al. 2013).   

 

There is increasing concern over the decline in insect pollinators and the 

pollination services they provide to agricultural crops and wild plant communities. 

Pollinators play a vital role in providing key ecosystem services for various natural and 

agricultural systems. However, insect pollinators are declining at a significant rate (Potts 

et al. 2010; Vanbergen et al. 2013). Potts (2010) assessed the condition of honey bee 

colonies across Europe and found a significant decrease (up to 25%) among bee colonies 

in central European countries between 1965 and 2005. Although a substantial amount of 

research concerning pollinator decline comes from Europe, trends in pollinator decline 

have been documented globally (Vinson et al. 1993; Dead 2008; Habel et al. 2019).   

 

The global decline of insect pollinators can be attributed to several anthropogenic 

practices such as land-use intensification, habitat loss, and invasive plant and animal 

species (Kearns et al. 1998). Land-use intensification is considered to be one of the most 

impactful anthropogenic practices with regards to grassland and pollinator decline 

(Tscharntke et al. 2005). This practice negatively impacts pollinator diversity, abundance, 

and the rate of pollination services by fragmenting critical pollinator habitat and 

simplifying the landscape (Kremen et al. 2002; Foley et al. 2005; Garibaldi et al. 2011; 
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Vanbergen et al. 2013; Lundgren and Fausti 2015). Habitat fragmentation creates spatial 

isolation between pollinator populations and increases distance between sites with 

valuable resources (Kearns et al. 1998; Garibaldi et al. 2011). The conversion of complex 

natural systems (i.e., grasslands) to simplified agricultural systems limits the abundance 

and diversity of resources available to pollinators (Tscharntke et al. 2005). With a decline 

in grasslands and pollinator populations due to interacting anthropogenic pressures, there 

is an increased interest in the stability of pollination services (Olesen et al. 2007).  

 

Ecosystem services   

Ecosystem services are described as benefits that humans receive from 

ecosystems and its organisms (Costanza et al. 1998; Klein et al. 2007). Pollination is an 

example of an ecosystem service driven by biotic (i.e., animal pollination) and abiotic 

factors (i.e., wind pollination) (Steffan-Dewenter et al. 2005; Klein et al. 2007).  Insect 

pollinators provide pollination services that improve or stabilize approximately 75% of 

crop-plant species globally with an economic value estimated at around 215 billion Euros 

in 2005 (Vanbergen et al. 2013).  However, on a local scale, certain geographic regions 

could be more dependent on animal-driven pollination based on the major crops grown in 

the area. There are around 264 crop species (~84%) grown in Europe that benefit from 

insect pollinators (Williams 2002; Klein et al. 2007). Certain crop species grown in 

tropical regions, such as coffee, experience increased fruit set with an increase in local 

insect pollinator diversity (Klein et al. 2003). Moreover, animal-driven pollination can 

increase genetic diversity and productivity in both self-compatible and self-incompatible 

crops (Steffan-Dewenter et al. 2005). Thus, decline in pollinator populations can 
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ultimately cause economic and ecological impacts on crop productivity (Potts et al. 

2010).  

 

The pressures caused by habitat fragmentation can significantly impact both plant 

and pollinator communities (Olesen et al. 1994). In addition to providing pollination 

services to crops, pollinators promote floral diversity. Likewise, changes in floral 

diversity and abundance in the landscape can influence the structure of plant-pollinator 

communities (Potts et al. 2003).  The abundance of both wild bees and honey bees on 

farmland has shown to increase as the distance between seminatural habitats and 

farmland decreased (Steffan-Dewenter et al. 2002; Kremen et al. 2002; 2004). While it is 

understood that land-use intensification negatively influences plant and pollinator 

diversity, the ecological significance of these structural changes is not well understood. It 

is generally accepted that community structure, specifically the distribution of trophic 

links, is related to ecosystem persistence and stability (Solé and Montoya 2011). Trophic 

links in plant-pollinator networks consist of the interactions between plants and 

pollinators in the community. In order to understand the mechanisms behind pollination 

stability, an improved understanding of the interaction patterns (visitation) between 

plants and pollinators in a disturbed landscape is needed (Redhead et al. 2018).   

 

Plant-pollinator networks   

Network Theory   
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Network theory is utilized in order to understand interactions within and between 

communities (Larson et al. 2014). Network theory is a concept used to delineate and 

analyze complex social and biological systems (Guimera and Amaral 2005) and has been 

applied to a wide range of systems, i.e., economic, ecological, evolutionary, neurological 

and metabolic networks (Ings et al. 2009; Proulx et al. 2005; Barberan et al. 2012; Zhai et 

al. 2019; Milano et al. 2019). This method of analysis is typically illustrated by visual, 

cartographic depictions of complex interaction webs. In an ecological context, network 

analysis is used to describe pairwise interactions within an ecological community by 

evaluating their overall structure and patterns through metrics such as nestedness, 

modularity, specialization, and connectance (Bascompte et al. 2003; Blüthgen et al. 2006; 

Olesen et al. 2007; Dupont et al. 2009). Ecologists have initially used network analysis to 

characterize and determine the stability of food web networks (Ings et al. 2009). Dunne 

(2002;2004) utilized network analysis in order to characterize the topography of marine 

food webs and determine the robustness of marine food web networks to secondary 

extinctions (Dunne et al. 2002;2004). Solé and Montoya (2001) applied the use of 

network theory in order to analyze the resilience of three, well-documented, estuarine 

food webs to simulated random and selective perturbations. In this analysis, Solé and 

Montoya (2001) concluded that natural food webs are more resilient to random species 

loss, however, selective species loss could result in a cascade of secondary extinctions.   

 

More recently, the application of network theory has expanded in the ecological 

field to include other types of communities such as plant-pollinator networks (Timoteo et 

al. 2018; Robinson et al. 2018; Fantinato et al. 2018; Jauker et al. 2019; Bendel et al. 
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2019). Plant-pollinator networks are described as mutualistic, bipartite networks in which 

the flowering plants and their pollinators are described as nodes. The act of pollination is 

the link between the two nodes (Nielsen and Bascompte 2007). Network analysis can 

elucidate plant-pollinator community structure and can  be applied in a broader sense to 

interpret the mechanisms behind biodiversity and ecosystem resilience (Bascompte et al. 

2003; Memmott et al. 2004; Olesen et al. 2007; Dupont et al. 2009). Thus, the robustness 

and resilience of plant-pollinator communities to perturbations from land-use 

intensification (e.g., nonrandom species loss) can be evaluated by applying network 

parameters (Redhead et al. 2018; Timόteo et al. 2018)  

 

Parameters   

Nestedness and connectance are two important parameters used in network 

analysis to describe community structure (Dunne et al. 2002; Bascompte et al. 2003; 

Olesen et al. 2007). Nestedness describes community structure as a hierarchical 

progression of interactions. This pattern of organization will appear highly asymmetrical 

when illustrated on interaction matrices created from programs such as the bipartite 

package in R and is quantified on a scale from 0 to 100 with 0 describing perfect 

nestedness (Rodriguez-Girones and Santamaría 2006). Plant-pollinator networks are 

considered to be highly nested (Nielsen and Bascompte 2007). Nested networks are 

composed of highly linked generalist species (hubs) which are connected to other, less 

connected, specialist species. The hubs (i.e., highly linked species) form a central core of 

interactions linking other species found within the network (Bascompte et al. 2003).   
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Connectance is a network parameter that depicts the fraction of all realized links 

found within a network compared to the total number of possible links. Connectance is 

calculated by taking number of realized links in a system divided by the total number of 

animal and plant species. Connectance is often linked with network size, however, most 

natural systems tend to be moderately connected with few networks resulting in 

extremely high or low connectance (Dunne et al. 2002). There is a threshold point where 

the larger (more species rich) a network becomes, connectance begins to decrease (Dunne 

et al. 2002; Olesen et al. 2007). This could be due to sampling efforts and could be 

corrected if size of network is considered in order for smaller networks not to falsely 

appear to have a higher proportion of interactions (Blüthgen et al. 2006).  

 

Ecological resilience and stability   

Pollination services are mediated by a network of plant-pollinator interactions 

(Vanbergen et al. 2013). Changes in plant-pollinator community structure can be used to 

estimate a community’s resilience to nonrandom species loss by incorporating network 

parameters such as nestedness and connectance (Dupont et al. 2009; Soares et al. 2017; 

Redhead et al. 2018). Highly nested plant-pollinator networks are considered to be more 

robust against nonrandom species loss due to an increase in functional redundancy 

(Memmott et al. 2004). A simulation study from Memmott et al. (2004) demonstrated 

that the nested structure of plant-pollinator networks provides a relative tolerance to 

secondary extinctions following random species loss, however, networks become more 
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vulnerable to collapse when highly connected ‘hub’ species are targeted (Memmott et al. 

2004). Hub species maintain stability within networks by anchoring a concentration of 

interactions and thereby connecting other species in the network. Therefore, the loss of 

important hub species could lead to eventual community collapse (Spiesman and Inouye 

2013). In order to understand the mechanisms behind community structure and stability, 

the influence of various spatial and temporal scales should be investigated.    

 

Filling in the gaps   

Spatial Scales   

Plants and pollinators vary in abundance on various spatial scales (Potts et al. 

2003; Benton et al. 2003; Garibaldi et al. 2011; Redhead et al. 2018). Biodiversity, 

pollinator density, pollinator movement and plant demography are influenced by 

landscape disturbances (i.e., habitat loss and fragmentation), which are attributed to land-

use intensification. There are two main approaches of landscape heterogeneity; landscape 

composition (i.e., patch size and type) and landscape configuration (i.e., spatial 

arrangement of patch types) (Fahrig et al. 2011).  In an empirical literature review by 

Hadley and Betts (Hadley and Betts 2012), the influence of landscape composition and 

configuration on pollination dynamics was assessed and synthesized. While landscape 

composition (e.g., patch size) and configuration (e.g., fragmentation) are often inter-

linked, Hadley and Betts reason that the effects of landscape composition and 

configuration can influence plant-pollinator community structure and pollinator behavior 

in different ways.   
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Changes in patch size can result in a decrease in pollinator and plant densities by 

reducing space and resources needed by both communities.  Therefore, patch size may 

have a more direct effect on community structure and composition. However, the 

influence of landscape configuration appears to be more mixed and complex (Hadley and 

Betts 2012). Configuration heterogeneity can influence the behavior and movement of 

various pollinator species based on life history traits and foraging behavior (Moreira et al. 

2015; Sakai et al. 2016). Habitat fragmentation may negatively affect pollinator species 

who require more contiguous patches of habitat. However, fragmentation may not be as 

detrimental for more generalist pollinator species. Generalist pollinator species (e.g., Apis 

mellifera) may perceive the landscape differently and travel further to forage than 

specialists. Additionally, pollinator species that utilize different habitats for nesting and 

food may behave differently with regards to configuration heterogeneity (Hadley and 

Betts 2012). Thus, compositional and configurational heterogeneity may impact 

pollinator species and plant-pollinator communities in substantially different ways. 

Therefore, the influence of landscape heterogeneity at various landscape (i.e., 

compositional and configurational) and organismal (i.e., species, functional group and 

community) scales should be investigated further in order to understand the mechanisms 

behind potential differences found between plant-pollinator networks.   

 

Temporal scales   
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In addition to spatial variability, temporal variability of plant and pollinator 

species is well documented (Wright and Calderon 1995; Hooper and Vitousek 1998; 

Badeck et al. 2004; Heard et al. 2007). Seasonal phenology of plant and pollinator 

communities have mutually evolved to form a variety of generalized and specialized 

pollination systems. There is increased concern over the variation of intra- and inter- 

annual patterns within plant-pollinator networks with regards to climate change 

(Memmott et al. 2004; Burkle and Alarcón 2011; Morton and Rafferty 2017). Subtle 

shifts in seasonal phenology have been documented in several taxa, including plants and 

pollinators, resulting in temporal mismatches (Morton and Rafferty 2017). These 

temporal mismatches paired with nonrandom species loss and landscape change can lead 

to significant changes in network structure (Albrecht et al. 2010; Morton and Rafferty 

2017). Therefore, temporal variability of plant-pollinator networks should be considered 

and assessed when investigating the underlying mechanisms behind changes in network 

structure and community resilience.   

 

Nectar resource availability   

Nectar is a valuable energetic resource for pollinators. Simplification of the 

landscape can not only lead to decreased floral and pollinator diversity, but also a change 

in resource (i.e., nectar) availability on various scales (Benton et al. 2003; Garibaldi et al. 

2011). Network structure could be influenced by landscape heterogeneity and seasonal 

phenology due to spatial-temporal availability of resources. Landscape heterogeneity 

could provide more resources for certain pollinator species in terms of nectar and habitat 

(Benton et al. 2003; Fahrig et al. 2011). Additionally, a patch with higher nectar 
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resources could influence visitation interactions and network structure even when 

surrounded by a more homogenous landscape (Potts et al. 2003; Moranz 2010). Thus, 

plant-pollinator community structure could be influenced by change in spatial-temporal 

nectar resources due to intensified land-use such as grassland conversion. Further 

investigation of spatial-temporal availability of nectar resources could provide a better 

understanding of the underlying mechanisms for structural patterns observed in plant-

pollinator networks, community stability, and stability of pollination services. Our study 

investigates a combination of both landscape (i.e., land-use diversity and land-use 

proportions) and local habitat attributes (i.e., plant diversity, nectar resources, habitat 

size) in order to understand how plant-pollinator community structure in natural habitats 

are influenced on various spatial-temporal scales.  
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Chapter 1: Quantifying habitat and landscape effects on 

composition and structure of plant-pollinator networks in the US 

Northern Great Plains 

ABSTRACT  

Community structure contributes to ecosystem persistence and stability. To understand 

the mechanisms underlying pollination and community stability of natural areas in a 

human influenced landscape, a better understanding of the interaction patterns between 

plants and pollinators in disturbed landscapes is needed. The Northern Great Plains still 

retain extensive tracts of remnant temperate grassland habitat within a matrix of varying 

land-uses. We used a network-based approach to quantify how temperate grassland 

attributes and landscape heterogeneity influence plant-pollinator community structure in 

natural habitats. We also quantified pollinator diversity and floral diversity to assess the 

functional role of temperate grassland attributes and the surrounding landscape on the 

composition of the plant-pollinator communities in natural habitats. We found that the 

amount of local nectar sugar and increased proportions of certain land-uses contribute to 

pollinator diversity that in turn influences the structure of interactions between plants and 

pollinators. Understanding the factors contributing to plant-pollinator network structure 

can guide management decisions to support resilient plant-pollinator communities and 

conserve the stability of pollination services. 
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INTRODUCTION 

Habitat loss and fragmentation are among the most prominent anthropogenic 

pressures impacting biodiversity globally (Foley et al. 2005; Tscharntke et al. 2005; 

Lundgren and Fausti 2015; Greer et al. 2016). Increased intensive agriculture has 

facilitated the conversion of natural vegetation to crop monoculture (Ramankutty and 

Foley 1999; Rashford et al. 2011; Wright and Wimberly 2013). Globally, temperate 

grasslands are considered to be at the greatest risk for biodiversity loss and ecosystem 

dysfunction, specifically due to extensive landscape conversion and low rates of habitat 

protection (Hoekstra et al. 2005). The disparity between landscape conversion and 

protection for grasslands is particularly concerning since grasslands represent essential 

habitat and resources for multiple species including insect pollinators. Animal-driven 

pollination is essential for the production of approximately 35% of crops worldwide 

(Klein et al. 2007; Vanbergen et al. 2013) and contributes to the reproduction of over 

70% of flowering plant species (Potts et al. 2010). Nevertheless, there is an alarming 

global decline of insect pollinators largely attributed to anthropogenic pressures such as 

land-use intensification and widespread use of pesticides (Kearns et al. 1998; Steffan-

Dewenter et al. 2005). Given these documented declines, there is an increased interest in 

conserving pollinator communities and their habitats to stabilize these critical ecosystem 

services and in turn, ecosystem function (Steffan-Dewenter et al. 2002; Kremen et al. 

2002; Olesen et al. 2007; Peterson et al. 2010; Redhead et al. 2018; Jauker et al. 2019). 

 

An understudied determinant of pollinator communities in natural areas is the 

diversity and configuration of the landscape that exists in the mosaic of a mixed-use 
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agricultural and natural landscape.  Pollinator communities are negatively impacted when 

their populations become increasingly isolated from valuable resources (i.e., nectar 

resources, pollen resources, nesting resources, etc.) (Olesen et al. 1994; Kearns et al. 

1998; Garibaldi et al. 2011). Landscape composition (e.g., patch size) and configuration 

(e.g., fragmentation) can influence insect pollinator behavior and movement (Fahrig et al. 

2011; Hadley and Betts 2012; Moreira et al. 2015; Sakai et al. 2016). For example, 

proximity to semi-natural habitats increases the abundance of both wild bees and honey 

bees in crops (Steffan-Dewenter et al. 2002; Kremen et al. 2004; Heard et al. 2007). 

Likewise, increased availability and diversity of flowering plants in natural areas benefits 

pollinator populations (Potts et al. 2003; Potts et al. 2005; Ponisio et al. 2019; Requier et 

al. 2020). Recent studies (Nottebrock et al. 2017) demonstrate that the level of available 

sugar resources to pollinators can have considerable effects on the outcome of plant-

pollinator interactions. Thus, the consequences of landscape conversion could impact bee 

populations on numerous levels (i.e., hive survival and productivity) by decreasing 

availability and diversity of nutritional floral resources (Naug 2009; Pettis et al. 2013; 

Otto et al. 2016).  Within the midwestern United States, the Northern Great Plains has 

served as a refuge for approximately 40% of the commercial honey bee colonies from 

May through October (USDA, 2014). The regional blooms provided by livestock-grazed 

pastures and grasslands in the Northern Great Plains have sustained transported honey 

bee colonies due to the presence and abundance of floral resources (Otto et al. 2016). 

However, honey bee colonies in the US and Europe continue to sustain annual losses 

which can be attributed to a combination of factors such as disease, pests, and pesticides 

(Williams 2002; Cox-Foster et al. 2007; Cox-Foster et al. 2009; Alaux et al. 2010; Spleen 
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et al. 2013). These detrimental health factors may be due in part to landscape 

simplification limiting the abundance and diversity of floral resources available to 

pollinators (Tscharntke et al. 2005; Smart et al. 2016).  

 

A second gap in the literature concerns the extent to which landscape use 

determines the ways in which pollinators and plants interact with one another. It is 

important to understand how interactions between plants and pollinators may be affected 

across spatial-temporal scales in order to preserve the stability of pollination services 

(Burkle and Alarcón 2011). While it is understood that land-use intensification negatively 

affects both plant and pollinator diversity (Vinson et al. 1993; Williams et al. 2002; 

Kremen et al. 2002; Potts et al. 2003; Knight et al. 2009; Potts et al. 2010; Garibaldi et al. 

2011; Spiesman and Inouye 2013; Habel et al. 2019), relatively few studies have utilized 

a network-based approach to consider the ecological impacts of both landscape 

composition and configuration on plant-pollinator community structure and stability 

(Weiner et al. 2014; Tylianakis and Morris 2017; Redhead et al. 2018; Jauker et al. 2019; 

Lazaro et al. 2020).  In an ecological context, network theory has been utilized to 

examine how the mutualistic interactions within plant-pollinator communities influences 

their structure and in a broader sense, interpret the mechanisms behind biodiversity and 

community resilience (Memmott et al. 2004; Bascompte et al. 2006; Blüthgen et al. 2008; 

Dupont et al. 2009a; Hadley and Betts 2012; Spiesman and Inouye 2013; Soares et al. 

2017; Redhead et al. 2018). Mutualistic networks, such as plant-pollinator networks, tend 

to exhibit structural patterns such as nestedness, which demonstrates a degree of 

interaction redundancy in the community and is associated with overall community 
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stability (Jordano et al. 2003; Bascompte et al. 2003;2006).  Using a network-based 

approach can help discern the overall structure of plant-pollinator communities embedded 

within varying disturbed landscapes and their response to resource availability across 

space and season.  

 

We focus our study in the Northern Great Plains within a region in eastern South 

Dakota known as the Prairie Coteau. Historically, the Great Plains stretched across 

approximately 60 million hectares in North America, though presently approximately 4% 

of this temperate grassland biome remains undisturbed from cropland conversion 

(Bauman et al. 2016). South Dakota is a part of a greater region known as the Western 

Corn Belt where the rate of grassland conversion to corn and soy agriculture fields 

reached ~1.0-5.4% annually from 2006 to 2011 (Wright and Wimberly 2013). Even 

though agriculture remains a primary land-use in much of the Upper Midwest, the Prairie 

Coteau region is unique in that approximately 17% of its original temperate grassland 

cover remains intact (Bauman et al. 2016). This provides an ideal study region to 

investigate plant-pollinator communities in remnant habitats established within an 

actively transforming working landscape.  Considering the alarming decline of insect 

pollinators and grassland communities, there is a need to understand the community-level 

impact of habitat attributes and the surrounding landscape within an increasingly 

disturbed environment.  
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Agriculture-dominated landscapes such as the Western Corn Belt will need to 

coexist with the remaining patches of conserved natural habitat in order to continue 

utilizing the ecosystem services these habitats provide. For example, oil and pulse crops 

(e.g., sunflower, canola, legumes), which consist of approximately 1.1% of the landcover 

in South Dakota in 2019 (Han et al. 2012), benefit from insect pollination through 

increased crop yield (Tamburini et al. 2017; Mallinger et al. 2019). Within the Northern 

Great Plains, insect pollination increases sunflower crops by up to 45%, which translates 

to a regional economic value of $40 million (Mallinger et al. 2019). Even soybean crops, 

which are primarily autogamous, have been shown to benefit from insect pollination 

through increased crop yield (Chiari et al. 2005; Lautenbach et al. 2012; Milfont et al. 

2013; Cunningham-Minnick et al. 2019). Soybean crops occupy 7.1% of the landcover in 

South Dakota and are the second largest agricultural crop in the state behind corn 

(landcover of 9.01%) (Han et al. 2012). The need to conserve stable plant-pollinator 

interactions extends beyond the boundaries of remnant natural habitats and understanding 

how compounding local and landscape variables influence their outcome should be 

prioritized.  

 

Our overall goal is to understand how plant-pollinator community structure is 

influenced by factors acting at various spatial-temporal scales. Rather than focus on the 

contribution of the surrounding natural landscape on pollinator services in agricultural 

fields, we take a novel approach to address how a mixed-use landscape affects pollinators 

found in natural habitats. Our study is sequential. We quantify the effects of habitat 

attributes and the surrounding landscape on pollinator diversity and then examine the 



26 

 

relationship between pollinator diversity and the overall structure of the plant-pollinator 

communities by addressing the following questions: 1) How do North American 

temperate grassland attributes (i.e., patch size, floral diversity, latitude, nectar resources) 

affect pollinator diversity? 2) Is there a relationship between landscape and pollinator 

diversity, and if so, at what scale? Furthermore, does the proportion of land-uses 

surrounding North American temperate grasslands influence pollinator diversity, and if 

so, at what scale? and 3) How does pollinator diversity influence the overall structure of 

plant-pollinator communities? Essentially, given the plant community present at a site, 

how does pollinator diversity affect the community structure of interactions? These 

questions become especially relevant considering landscape conversion is expected to 

continue to reduce the natural landscape (Benton et al. 2003; Bauman et al. 2016; Liu et 

al. 2019). A better understanding of plant-pollinator networks and how their structure 

may be impacted by habitat or landscape attributes can help future management decisions 

focus on strategies promoting resilient plant-pollinator communities and conserve the 

stability of pollination services. 

 

MATERIALS AND METHODS  

Study area 

Formed by glacial uplift, the rolling hills of the Prairie Coteau span roughly 

810,000 hectares across southeast North Dakota, eastern South Dakota, and southwest 

Minnesota (Bauman et al. 2016). Within South Dakota, this region covers approximately 

17 counties and contains a matrix of land uses ranging from undisturbed grasslands to 

intensive cropland. Approximately 66% of eastern South Dakota has some type of crop 
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disturbance history (Bauman et al. 2016). Currently, undisturbed grassland under 

protection from future conversion represents about 4% of the total land base in eastern 

South Dakota (Bauman et al. 2016). Thus, the grasslands that remain are fragments 

nestled within an increasingly disturbed landscape. The Prairie Coteau region represents a 

valuable resource for remnant temperate grassland habitat considering 17% of 

undisturbed grassland in eastern South Dakota still remains intact (Bauman et al. 2016). 

We selected fifteen remnant temperate grassland sites within the Prairie Coteau based on 

size, local landscape use, and proximity to other semi-disturbed grasslands (Table 1). 

Sites ranged in size from 8 to > 400 hectares and are managed by the US Fish & Wildlife 

Service (2), The Nature Conservancy (5), South Dakota Game, Fish & Parks (5) and the 

city of Brookings (1) with varied management regimes.   

 

DATA COLLECTION 

Pollinator observation surveys  

Between May and October of 2019, surveys were conducted for 30 minutes along 

30 x 1 m transects on days warm enough to allow insect flight and in time periods when 

pollinators are expected to be active (15-35⁰ C, between 08:00 - 17:00 hours). We divided 

the sampling into three seasons: early (May-June), mid (July-August) and late 

(September-October). Season intervals were selected based on consistent flowering 

phenology shifts found in the plant communities of the Prairie Coteau. For example, 

species belonging to the genera Anemone (Ranunculaceae), Viola (Violaceae), and 

Sisyrinchium (Iridaceae) predominately bloomed in the early season, while the mid and 

late seasons were dominated by species in the Fabaceae and Asteraceae (legume and 
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sunflower families, respectively). Though these two families were predominately found 

in both seasons, the mid-season is distinct as this period marked a peak in the number of 

families in bloom with approximately six times more families present in our surveys in 

comparison to other seasons. Late season was characterized by a distinct shift in floral 

composition in which Asteraceae became the most prominent family in all sites with 

nearly all other families no longer flowering for the year. We sampled for one year and 

completed 114 transects. 

 

From our roster of fifteen temperate grassland sites, we randomly sampled each 

site until flowering ceased at each location. Location and direction of transects were 

randomized at each visit using a list of randomly generated numbers to determine number 

of steps and cardinal directions before placing transects down. Transects were geospatial 

referenced using a Trimble Geo 7x GPS unit with 1-100 cm accuracy.  We walked the 

entire length of the transect and recorded all plant-pollinator interactions from within one 

meter of the transect line on both sides. We defined pollinators as insect floral visitors 

that made contact with both the male and female reproductive parts of the flower, a 

commonly used criterion (Fenster et al. 2004). We documented each pollinator and the 

associated biotically-pollinated plant species when an interaction occurred.  Additionally, 

we documented pollinator return visits to plants.     

 Pollinators were identified in situ to family and genus, then to morphospecies in 

order to quantify insect diversity. The pollinator observations in our study only focus on 

diurnal pollinators, however, this does not present a significant bias in our sampling. Our 

data set portrays a robust, representative sample of the plant-pollinator networks in this 
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region considering only one species (Silene vulgaris) detected in our floral surveys 

(described in the next section) relies on nocturnal pollination, and this one species was 

only present in 1 transect of the 114 sampled. Insect voucher specimens were collected in 

the field with an aspirator and net, later identified to lowest taxonomic level and then 

categorized into functional groups. Specimens were identified using resources available 

through discoverlife.org, bugguide.net, and Key to the Genera of Nearctic Syrphidae 

(Miranda et al. 2013). Voucher specimens were verified for sampling completeness using 

the help of experts and the Severin-McDaniel Insect Research Collection available at 

South Dakota State University.  

 

Floral Surveys 

Floral surveys were conducted directly after insect pollinator observation surveys 

along the same transect with a 1 m2 quadrat. We placed the quadrat at each meter mark 

from 0 to 30 m and surveyed only one side of the transect considering each side mirrored 

the other with regards to species composition. Within the quadrat, we documented the 

presence of each biotically-pollinated plant species, number of individuals per species, 

number of flowering units defined as a unit of one (e.g., Ranunculaceae) or a blossom 

(e.g., Asteraceae) requiring a small pollinator to fly in order to access another flowering 

unit per species, and percent cover within quadrat per species. Plant voucher specimens 

were collected and identified using Van Bruggen (1985), verified with the help of experts 

(see Acknowledgements), and are curated at the C. A. Taylor Herbarium at South Dakota 

State University. Digitized plant collections for this study may be accessed on the 

Consortium of Northern Great Plains Herbaria (https://ngpherbaria.org/portal/). 
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To quantify the relationship between sugar resources at a site and pollinator 

diversity, nectar sugar content was collected using a handheld sucrose refractometer 

(Bellingham & Stanley Eclipse model) for each species during the growing season with a 

minimum of two samples per species. Nectar was collected in the field by collecting one 

flowering unit and compressing it into the refractometer lens to read volume and sucrose 

concentration based on the Brix scale. For composite flowers, the capitulum was first 

removed from the stem and sectioned into thirds. Then, a third of the ray and disc florets 

were compressed into the refractometer. Nectar volume was calibrated and standardized 

in lab using a micropipette and handheld sucrose refractometer. Volumes were 

categorized as low (<3.5 µl), medium (5.5 µl) and high (7.5 µl) based on how much 

liquid covered the main body lens of the refractometer during calibration. For example, a 

high liquid volume measuring at approximately 7.5 µl would completely cover the lens. 

These standardized volumes were applied to all biotically-pollinated plant species 

sampled in the field. Although these nectar measurements are a gross proxy of sucrose 

considering we are crushing the flowers to extract our measurements, they provided an 

efficient, consistent, and standardized method.  

 

Nectar sugar was estimated by calculating an average nectar sugar concentration 

for each plant species and average volume from values recorded over the entire sampling 

season. We then estimated sugar for one flowering unit of each species by multiplying 

average volume and sugar concentration, and then converting to reflect grams of sugar 

per liter.  Then, we calculated sugar for the entire plant for each species by multiplying 
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estimated flower sugar and the number of flowers found on each transect. Finally, we 

summed all plant sugar found on each transect to obtain total transect sugar. Nectar data 

was not recorded for the following species: Anticlea elegans, Helenium autumnale, 

Grindelia squarrosa, Lobelia spicata, Packera plattensis, Sisyrinchium montanum, Viola 

nephrophylla as they were regionally rare and uncommon across sampling sites. When 

combined, all regionally rare species were found on approximately 9% of total transects. 

However, these species were accounted for in all other measurements implemented in the 

floral surveys listed in the previous section.   

 

Pollinator and plant diversity  

Pollinator and plant Shannon diversity were calculated using the ‘vegan’ package 

version 2.5-6 in R version 3.6.3 (R Core Team 2013; Oksanen et a. 2019). The Shannon 

index is calculated using the following formula: 

H'= − ∑ pi  * ln pi 

Where pi is the proportions of each species found in a community and ln is the natural 

log. All diversity indices were natural log transformed.  Shannon is the only diversity 

index presented in this study as it accounts for abundance, richness, and evenness. 

Pollinator diversity was calculated at the functional, family, genus, and species level by 

transect and season. Values used in pollinator diversity did not include return visits 

recorded during observation surveys. Likewise, plant diversity was calculated at the 

family, genus, and species level by transect and season using number of individuals 

recorded during floral surveys.  
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Landscape diversity and proportion 

To estimate landscape diversity surrounding North American temperate grassland 

remnants, we used QGIS version 2.8.3 – with GRASS and ‘rgdal’, ‘maptools’, ‘rgeos’, 

‘rasterVis’packages in R (Bivand and Rundel 2020; Bivand et al.  2020;  Bivand and 

Lewin-Koh 2020; Perpinan and Hijmans 2020). We obtained a 2019 cropland raster layer 

(CropScape; CDL) from USDA Ag Data Commons for South Dakota. We then created a 

vector data layer for the Prairie Coteau region from Google Earth Pro. The CDL 2019 

raster layer was then clipped onto the Prairie Coteau layer and warped in order to view 

cropland use in our focus region with the correct projection (i.e., WGS 84/ UTM zone 

14N). Further, we used QGIS to process and create a vector shapefile with each transect 

line collected from the Trimble Geo 7x.  

 

We imported the vector shapefile produced in QGIS into R in order to create 

buffer layers at three different scales (500 m, 1000 m, and 3000 m) around each transect 

using the gBuffer function in the ‘rgeos’ package (Bivand and Rundel 2020). The output 

of this function creates a table with pixel counts corresponding to each land-use in the 

CDL layer found within each transect buffer. The land-use pixel values were used to 

create Shannon diversity indices for each of our transects. Shannon diversity was 

calculated using the ‘vegan’ community ecology package version 2.5-6 in R. Landscape 

diversity was measured at the transect level due to the variation we found surrounding the 

transects in QGIS even at large scales (i.e., 1000 m and 3000 m ).   
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We used the five most prominent land-uses (i.e., grassland, idle cropland, 

herbaceous wetlands, corn and soy) that comprise over 75% of the surrounding landscape 

to investigate the influence of land-use proportion on pollinator diversity. We used the 

same pixel values derived for landscape diversity to calculate land-use proportion for 

each transect. Land-use pixels were saved in Excel and proportion was calculated using 

simple equations for all scales (i.e., 500 m, 1000 m, 3000 m).  

 

Network analysis  

To quantify plant-pollinator community structure, we built quantitative visitation 

networks for each site by each of the three seasons. We collapsed all transects and created 

networks for each site by season considering that transect level analysis for network-level 

metrics does not provide enough interactions to include all sampled transects. By 

collapsing our samples into one season, we can include all observations and provide 

context of the entire community at a site in a given season in order to understand how 

network-level metrics are influenced by predictor variables (i.e., pollinator diversity) in 

our models.  We focus on the mid-season in our results as it is the only season where all 

sites were able to be sampled more than once due to flooding conditions barring access to 

half of the sites in the early season. Sites were sampled only once during the late season, 

however, approximately half of the transects in the late season did not have enough 

interactions to derive network metrics. Nevertheless, we performed network analyses for 

the early and late seasons with halved sample sizes and found similar results to those 

found in the mid-season (Supplemental tables 1-3). The Deer Creek site was excluded 
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from all network analyses as there were too few interactions even when transects were 

collapsed to generate network-level metrics.  

 

Networks were constructed using a matrix of interactions between plants and 

pollinators including unique and return visits recorded during observation surveys. 

Documenting return visits allows us to quantify plant-pollinator communities using 

weighted network values that also account for visitation frequency. For each network, we 

calculated network specialization (H2’), connectance and nestedness. The H2’ 

specialization metric measures the degree of specialization at the community level 

(Blüthgen et al. 2006;2008) and is measured on a scale from 0 to 1, where a value 

approaching one indicates a network with increased selective interactions. Network-level 

specialization incorporates the interaction frequency between nodes and has been 

established as a more robust metric than species-level specialization given that network-

level specialization is independent of network size (Blüthgen et al. 2006). Connectance 

represents the proportion of realized links out of all possible interactions within a 

network and is measured on a scale from 0 to 1. Connectance is used to describe the 

degree of generalization and interaction complexity within a network with a value 

approaching one indicating a more connected network with increased generalization 

(Dunne et al. 2002; Cusser and Goodell 2013). Nestedness describes a pattern of 

asymmetry in the interactions of a network (Bascompte et al. 2003). Within a perfectly 

nested network, specialist species would interact with a subset of species that interact 

with generalists; thus, increasing the redundancy of interactions. Nestedness is measured 

on a scale from 0 to 100 with 0 describing perfect nestedness (Rodriguez-Girones & 
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Santamaría 2006). Trends were analyzed using linear regressions. Using these network 

parameters, we can determine the influence of certain habitat attributes and the 

surrounding landscape on the preservation of specialized interactions and overall 

resilience of the community. All network metrics were calculated using the ‘bipartite’ 

package version 2.15 in R (Dormann et al. 2009). 

 

STATISTICAL ANALYSES  

Relationship between landscape diversity, North American temperate grassland 

attributes and pollinator diversity. 

To quantify the relationship between pollinator diversity and attributes found 

within and outside of North American temperate grasslands, we used linear mixed effects 

models with site as the random effect. We used the packages ‘lme4’ version 1.1-23 and 

‘nlme’ version 3.1-144 in R for the linear mixed effects models (Bates et al. 2015; 

Pinheiro et al. 2020). All variables in the model are at the transect level. The full model 

including both fixed and random effects was:  

Pollinator Genus Diversity ~ scale(Landscape Diversity at 500 m) + scale(Landscape 

Diversity at1000 m) + scale(Landscape Diversity at 3000 m) + Plant Species Diversity + 

Transect Sugar +  (1|Site) 

We then used stepwise-backward variable selection to simplify the model. The 

dropterm function in the ‘MASS’ package version 7.3-51.5 was used because it considers 

each variable individually and we can specify what test to use to compare the initial 

model as well as each of the possible alternative models with one less variable (Venables 
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and Ripley 2020). For model assessment, we used AIC (Akaike Information Criterion) 

values and chi-square as criteria when dropping each variable one at a time from the full 

model stated above. Size and latitude were not included in the model to avoid 

collinearity. Thus, we used simple linear regressions for both size and latitude separately 

with pollinator diversity as the response variable.  

 

Relationship between landscape proportions, North American temperate grassland 

attributes and pollinator diversity. 

To quantify the relationship between landscape proportion, North American 

temperate grassland attributes and pollinator diversity, we used linear mixed effects 

models with site and season as the random effects. We used the packages ‘lme4’ and 

‘nlme’ in R for the linear mixed effects models. All variables in the model are on the 

transect level. The full model including both fixed and random effects was:  

Pollinator Genus Diversity ~ Corn Proportion at 500 m + Corn Proportion at 1000 m + 

Corn Proportion at 3000 m + Soy Proportion at 500 m + Soy Proportion at 1000 m + Soy 

Proportion at 3000 m + Grassland Proportion at 500 m + Grassland Proportion at 1000 m 

+ Grassland Proportion at 3000 m + Herbaceous Wetland Proportion at 500 m + 

Herbaceous Wetland Proportion at 1000 m + Herbaceous Wetland Proportion at 3000 m 

+ Idle Cropland Proportion at 500 m + Idle Cropland Proportion at 1000 m + Idle 

Cropland Proportion at 3000 m + Plant Species Diversity + Transect Sugar +  (1|Site) + 

(1|Season) 
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We implemented stepwise-backward variable selection to simplify this model. We 

incorporated the same model selection process that was applied to the landscape diversity 

model by using the dropterm function. For model assessment, we used AIC (Akaike 

Information Criterion) values and chi-square as criteria when dropping each variable one 

at a time from the full model stated above. 

 

Relationship between pollinator diversity and network structure. 

We used generalized linear models with a Gaussian distribution to determine the 

relationship between network structure and pollinator diversity due to some of our 

response variables being non-normally distributed. All variables were scaled to season 

level. Univariate regression models were used for each network parameter with pollinator 

diversity as the predictor variable and each network parameter as the response variable.   

 

RESULTS 

North American temperate grassland attributes and the surrounding landscape 

Landscape Shannon diversity varied from 0.47 to 2.10 across transects and spatial 

scales (Fig. 1). The most common land-use pixels found within the 3000 m buffers were 

grassland, herbaceous wetlands, fallow/idle cropland, corn, and soybean fields. When 

averaged across all sites at the 3000 m scale, grassland pixels covered 39%, fallow/idle 

cropland covered 11.5%, corn fields covered 9%, soybean fields covered 9%, and 

herbaceous wetlands covered 8% of 3000 m buffers. When combined, all five land-uses 

accounted for 76.5% of the landscape within 3000 m of our sites. 
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Pollinator community 

Among all 15 sites, 79 genera of pollinators representing 10 functional groups and 

45 families were collected throughout the sampling season  (see Appendix A for full list). 

77% of total samples collected and observed were identified to genus. Samples that were 

not identified to genus were identified to the next taxonomic level (family 23%) and 

given a morphospecies classification which was used for pollinator genus analyses.  

Though we recorded morphospecies in the field, we found genus to be the lowest, most 

robust taxonomic level in the data set that could be identified with accuracy. Insect 

pollinators that could not be identified to genus were placed in a catch-all genus that 

consisted of the first five letters of their family name. For example, for a fly pollinator in 

the family Muscidae, we created a genus named Gen_Musci in the dataset in order to 

include these visitors in the analyses. We found pollinator genus diversity to be correlated 

with functional group diversity and family diversity (Supplemental Table 4). Thus, we 

focus on pollinator genus diversity in our analyses to reduce the number of analyses. 

Shannon diversity of pollinator groups ranged from 0 to 2.2 among sites 

throughout all three seasons (Fig. 2). The majority of observations in the early season 

where diversity ranged from 0 – 1.7 included Syrphidae (36%), Muscidae (20%), 

Chloropidae (14.5%), and Halictidae (14%) (Supplemental Fig. 1). Mid-season diversity 

ranged from 0 – 2.2 with Apidae (27%), Syrphidae (25.7%), Cantharidae (12.5%), and 

Halictidae (11%) comprising the majority of observations (Supplemental Fig. 2). Late 

season diversity ranged from 0 – 1.8 with Syrphidae and Halictidae encompassing 58 and 

28 percent of all observations, respectively (Supplemental Fig. 3).  
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Plant community 

Among all 15 sites, 87 species representing 24 families and 61 genera were 

collected throughout the growing season (see Appendix B for full list). Shannon diversity 

of biotically-pollinated plants ranged from 0 to 2 among sites throughout all three seasons 

(Fig. 3). Early season diversity ranged from 0 – 2 with Anemone canadensis, Gallium 

boreali and Fragaria virginiana as the most common species found on the transects 

(Supplemental Fig. 4).  Mid-season diversity ranged from 0 – 2 with Melilotus albus, 

Anemone canadensis, and Amorpha canescens as the most common species found on the 

transects (Supplemental Fig. 5). Late season diversity ranged from 0 – 1.5 with 

Symphyotrichum lanceolatum, Symphyotrichum ericoides and Heliopsis helianthoides as 

the most common species found on the transects (Supplemental Fig. 6).  We found that 

plant species diversity was correlated with family diversity and genus diversity 

(Supplemental Table 4). Thus, we focus on plant species diversity in our analyses to 

reduce the number of analyses. 

 

North American temperate grassland attributes and landscape diversity effects on 

pollinator diversity 

After model assessment, we found the final, simplified model explaining 

pollinator genus diversity included transect sugar as the only predictor variable (Table 2). 

Transect sugar demonstrates a significant positive relationship with pollinator genus 

diversity (Table 3). We found no relationship between pollinator diversity and North 

American temperate grassland size or latitude. 
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Figure 2 
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Figure 3  
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Figure 4 
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Tables 

Table 1 

Description of temperate grassland sites in eastern South Dakota including site name, 

county name, latitude & longitude, size (in hectares) and ownership of sites.  

Site Name  County  Latitude and 

Longitude 

Size 

(hectares) 

Ownership 

Sioux Prairie Moody  44.031099, 

-96.783710 

81 Nature Conservancy land  

Brookings 

Prairie 

Brookings  44.252489,  

-96.810310 

16 City of Brookings 

Aurora Prairie  Brookings  44.262012, 

-96.704581 

12 Nature Conservancy land  

Oak lake  Deuel 44.509589, 

-96.532529 

231 South Dakota State University  

Deer Creek Brookings  44.469750, 

-96.502181 

91 South Dakota Game, Fish and Parks 

Severson WPA  Brookings  44.7145257, 

-96.5003879 

81 U.S. Fish and Wildlife Service  

Seven-mile fen  Deuel  44.748073, 

-96.535572 

88 Nature Conservancy land  

Jacobson Fen  Deuel  44.793818, 

-96.627707  

65 Nature Conservancy land  

Coteau Lakes   Deuel 44.819894, 

-96.728137 

239 South Dakota Game, Fish and Parks 

Altamont Deuel 44.860664, 

-96.710675 

81 South Dakota Game, Fish and Parks 

Altamont Prairie Deuel 44.887370, 

-96.533403 

25 Nature Conservancy land  

Coteau Prairie  Deuel  44.904428, 

-96.719979 

169 U.S. Fish and Wildlife Service  

Round Bullhead 

1 

Deuel 44.933864,  

-96.828411 

8 South Dakota Game, Fish and Parks 

Round Bullhead 

2  

Deuel 44.920024,   

-96.828519  

433 South Dakota Game, Fish and Parks 

Gary Gulch  Deuel 44.790391, 

-96.468345 

49 South Dakota Game, Fish and Parks 



76 

 

Table 2 

North American temperate grassland attributes and landscape diversity effects on 

pollinator diversity in the Prairie Coteau region near Brookings, South Dakota in 2019. 

Pollinator genus diversity is the response variable in the following models and refers to 

the Shannon diversity of pollinators in the sampled remnant temperate grasslands within 

the Prairie Coteau region. The landscape diversity variables refer to the scales at which 

we measured landscape diversity (500 m, 1000 m, 3000 m). Plant species diversity refers 

to the Shannon diversity of biotically-pollinated plant species in the sampled remnant 

temperate grasslands and Transect Sugar refers to the amount of sugar that was available 

on each transect. Transect sugar values were derived from the nectar estimations 

collected from floral surveys. Random effects in the model include the remnant temperate 

grassland site itself. Backwards stepwise selection is applied to the following models in 

the table using single term deletion in the dropterm function in ‘MASS’ package in R. 

We list each model in the table and its associated AIC value. The first AIC values refer to 

the AIC score of the current model listed. The AIC values next to each variable refer to 

the AIC score of the model if the associated variable was removed. The p-values in the 

table are outputs from the likelihood ratio test for each variable. * values indicate that 

removing the associated variable would significantly change the model.  *Indicates 

significance at the α = 0.05 level. P < 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001 
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Model Selection for Pollinator Genus Diversity = Likelihood ratio test AIC p-value  

Landscape Diversity at 500 m + Landscape Diversity at 1000 m + 

Landscape Diversity at 3000 m + Plant Species Diversity + 

Transect Sugar 

Landscape Diversity at 500 m  

Landscape Diversity at 1000 m 

Landscape Diversity at 3000 m  

Plant Species Diversity 

Transect Sugar 

 

 

 

1.32 

0.28 

0.02 

0.68 

4.43 

177.79 

 

 

177.12 

176.07 

175.81 

176.47 

180.22 

 

 

 

0.250 

0.596 

0.881 

0.409 

0.035* 

Landscape Diversity at 500 m + Landscape Diversity at 1000 m + 

Plant Species Diversity + Transect Sugar 

 

Landscape Diversity at 500 m  

Landscape Diversity at 1000 m  

Plant Species Diversity 

Transect Sugar 

 

 

 

1.35 

0.41 

0.66 

4.42 

175.81 

 

 

175.16 

174.22 

174.48 

178.23 

 

 

 

0.246 

0.522 

0.415 

0.036* 

Landscape Diversity at 500 m + Plant Species Diversity 

+Transect Sugar  

Landscape Diversity at 500 m 

Plant Species Diversity 

Transect Sugar 

 

 

1.02 

0.72 

4.30 

174.22 

 

173.24 

172.94 

176.53 

 

 

0.313 

0.396 

0.038* 

Landscape Diversity at 500 m + Transect Sugar 

                

               Landscape Diversity at 500 m  

               Transect Sugar  

 

 

1.01 

4.61 

172.94 

 

171.95 

175.56 

 

 

0.315 

0.032* 

Transect Sugar  

            

                Transect Sugar 

 

 

6.41 

171.95 

 

176.37 

 

 

0.011* 
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Table 3 

Linear mixed effect analysis of transect sugar on pollinator genus Shannon diversity in 

the Prairie Coteau region near Brookings, South Dakota. P < 0.05; * P < 0.05; ** P < 

0.01; *** P < 0.001 

Variables  Coefficient  Standard Error Degrees of 

Freedom 

p-value  

Intercept 1.16 0.06 14.78 5.97e-12*** 

Transect Sugar  0.03 0.01 104.86 0.013* 
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Table 4 

North American temperate grassland attributes and landscape proportion effects on 

pollinator diversity in the Prairie Coteau region near Brookings, South Dakota in 2019. 

Pollinator genus diversity is the response variable in the following models and refers to 

the Shannon diversity of pollinators in the sampled remnant temperate grasslands within 

the Prairie Coteau region. Landscape proportion for the five most prominent land-uses 

were measured for the same scales used for landscape diversity (500 m, 1000 m, 3000 

m). Plant species diversity refers to the Shannon diversity of biotically-pollinated plant 

species in the sampled remnant temperate grasslands and Transect Sugar refers to the 

amount of sugar that was available on each transect. Transect sugar values were derived 

from the nectar estimations collected from floral surveys. Random effects in the model 

include season (i.e., early, mid and late) and the remnant temperate grassland site itself. 

Backwards stepwise selection was applied to the initial model presented in the table using 

single term deletion in the dropterm function in ‘MASS’ package in R. We present the 

initial model in the table and then the final, simplified model after single term deletion. 

The AIC values at the top refer to the AIC score of the current model listed. The AIC 

values next to each variable refer to the AIC score of the model if the associated variable 

was removed.  The p-values in the table are outputs from the likelihood ratio test for each 

variable. * values indicate that removing the associated variable would significantly 

change the model.  *Indicates significance at the α = 0.05 level. P < 0.05; * P < 0.05; ** 

P < 0.01; *** P < 0.001  
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Model Selection for Pollinator Genus Diversity = Likelihood ratio test AIC p-value  

Initial Model:    

Corn Proportion at 500 m + Corn Proportion at 1000 m + Corn 

Proportion at 3000 m + Soy Proportion at 500 m + Soy 

Proportion at 1000 m + Soy Proportion at 3000 m + Fallow/Idle 

Cropland Proportion at 500 m + Fallow/Idle Cropland Proportion 

at 1000 m + Fallow/Idle Cropland Proportion at 3000 m + 

Grassland Proportion at 500 m + Grassland Proportion at 1000 m 

+ Grassland Proportion at 3000 m + Herbaceous Wetland 

Proportion at 500 m + Herbaceous Wetland Proportion at 1000 m 

+ Herbaceous Wetland Proportion at 3000 m + Plant Species 

Diversity + Transect Sugar 

 

Corn Proportion at 500 m 

Corn Proportion at 1000 m 

Corn Proportion at 3000 m 

Fallow/Idle Cropland Proportion at 500 m 

Fallow/Idle Cropland Proportion at 1000 m 

Fallow/Idle Cropland Proportion at 3000 m 

Grassland Proportion at 500 m  

Grassland Proportion at 1000 m 

Grassland Proportion at 3000 m 

Herbaceous Wetland Proportion at 500 m 

Herbaceous Wetland Proportion at 1000 m 

Herbaceous Wetland Proportion at 3000 m 

Soy Proportion at 500 m  

Soy Proportion at 1000 m  

Soy Proportion at 3000 m 

Plant Species Diversity 

Transect Sugar 

 

 

 

 

 

 

 

 

 

 

 

 

1.71   

0.67    

0.30    

0.03    

0.17    

3.22  

0.48    

0.32  

0.58    

0.76  

2.52  

0.60   

0.09  

2.61    

0.68  

1.16 

6.04 

185.90 

 

 

 

 

 

 

 

 

 

 

 

185.61 

184.57 

184.19    

183.93    

184.07    

187.12  

184.38    

184.22    

184.48    

184.66    

186.42    

184.50    

183.99    

186.51    

184.58    

185.06 

189.94   

 

 

 

 

 

 

 

 

 

 

 

 

 0.19   

 0.41   

 0.59   

 0.86   

 0.68   

 0.07 

 0.49   

 0.57   

 0.45   

 0.38   

 0.11   

 0.44   

 0.76   

 0.11   

 0.41   

 0.28   

 0.01 * 

Final Model:  

Corn Proportion at 500 m + Herbaceous Wetland Proportion at 

1000 m + Soy Proportion at 1000 m + Transect Sugar 

Corn Proportion at 500 m 

Herbaceous Wetland Proportion at 1000 m 

Soy Proportion at 1000 m 

Transect Sugar 

 

 

 

6.90 

4.92   

6.82 

5.99 

167.22 

 

 

172.12 

170.14  

172.04  

171.20 

 

 

 

0.009 ** 

0.026 *  

0.009 ** 

0.014 * 



81 

 

Table 5 

Linear mixed effects analysis results of land-use proportions and transect sugar on 

pollinator genus Shannon diversity in the Prairie Coteau region near Brookings, South 

Dakota. P < 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001 

Variable  Coefficient Standard 

Error  

Degrees of 

Freedom 

p-value  

Intercept  8.45e-01 1.10e-01 1.09e+02 6.06e-12 *** 

Corn Proportion at 500 m 1.80e+00 6.89e-01 1.09e+02 0.0086 * 

Herbaceous Wetland Proportion at 1000 m 1.61e+00 7.36e-01 1.09e+02 0.0264 * 

Soy Proportion at 1000 m 3.02e+00 1.16e+00 1.09e+02 0.0090 * 

Transect Sugar  2.41e-02 9.92e-03 1.09e+02 0.0144 * 
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Appendices  

Appendix A 

The table below lists all of the pollinators observed and identified in the Prairie Coteau 

region near Brookings, South Dakota in 2019 down to lowest taxonomic level. Insect 

pollinators that could not be identified to genus were placed in a catch-all genus that 

consisted of the first five letters of their family name. For example, for a fly pollinator in 

the family Muscidae, we created a genus named Gen_Musci in the dataset in order to 

include these visitors in the analyses. Table also includes number of remnant temperate 

grassland sites the pollinators were present and the number of total observed interactions 

of each pollinator from May through October 2019. 

 

Pollinators 

 

Family 

 

Functional 

Group 

Number of sites 

present 

Out of 15 total sties 

Number of total 

interactions from 

May through 

October  

Agapostemon spp. Halictidae Small bee 10 163 

Agapostemon sp. 1  Halictidae Small bee 3 8 

Agapostemon sp. 2 Halictidae Small bee 1 96 

Allographta spp.  Syrphidae Syrphid fly  1 1 

Andrena spp.  Andrenidae Small bee  3 8 

Apis mellifera Apidae Honey bee 7 1218 

Archytas sp. 1  Tachinidae Non-syrphid fly 6 70 

Augochlora spp. Halictidae Small bee 1 7 

Augochlorella sp. 1 Halictidae Small bee 1 3 

Boloria bellona Nymphalidae Lepidopteran 3 4 

Bombus bimaculatus  Apidae Large bee 2 5 

Bombus borealis Apidae Large bee 2 32 

Bombus griseocollis Apidae Large bee 9 332 
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Bombus huntii  Apidae Large bee 1 2 

Bombus impatiens  Apidae Large bee 6 36 

Bombus pensylvanicus Apidae Large bee 5 64 

Bombus spp.  Apidae Large bee  2 162 

Bracon spp. Braconidae Small wasp 1 4 

Ceratina spp. Apidae Small bee 3 9 

Cercyonis pegalla Nymphalidae Lepidopteran  4 12 

Chauliognathus 

pensylvanicus 

Cantharidae Beetle 14 850 

Cisseps fulvicollis Erebidae Lepidopteran 9 173 

Coleophora sp. 1 Coleophoridae Lepidopteran 1 2 

Coleophora sp. 2 Coleophoridae Lepidopteran 4 44 

Coleophora spp.  Coleophoridae Lepidopteran 1 2 

Colias philodice Pieridae Lepidopteran 5 6 

Cupido comyntas Lycaenidae Lepidopteran 2 5 

Danaus plexippus Nymphalidae Lepidopteran 8 11 

Diabrotica sp. 1 Chrysomelidae Beetle 2 11 

Enodia anthedon Nymphalidae Lepidopteran 3 6 

Eristalis transversa  Syrphidae Syrphid fly  3 11 

Eristalis-BFBF sp. 1 Syrphidae Syrphid fly  3 24 

Eristalis-BWFBF sp. 2 Syrphidae Syrphid fly  3 33 

Eristalis-FBF sp. 3 Syrphidae Syrphid fly  10 402 

Eristalis-FBFLA sp. 4 Syrphidae Syrphid fly  1 5 

Eristalis-OFBF sp. 5 Syrphidae Syrphid fly  7 77 

Eristalis-WFBF sp. 6 Syrphidae Syrphid fly  2 24 

Gen_Andren spp.  Andrenidae Small bee 2 14 

Gen_Antho spp.  Anthomyiidae Non-syrphid fly  4 14 

Gen_Bombylii spp. Bombyliidae Non-syrphid fly  2 4 

Gen_Calliphor spp.  Calliphoridae Non-syrphid fly 11 259 
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Gen_Ceramby spp.  Cerambycidae Beetle 3 5 

Gen_Chironom spp.  Chironomidae Non-syrphid fly  2 3 

Gen_Chloro spp. Chloropidae Non-syrphid fly  13 401 

Gen_Chryso sp. 1 Chrysomelidae Beetle 8 143 

Gen_Chryso spp. Chrysomelidae Beetle 3 35 

Gen_Chrysopid spp.  Chrysopidae Non-syrphid fly 1 1 

Gen_Crambi spp. Crambidae Lepidopteran 2 3 

Gen_Culici spp. Culicidae Non-syrphid fly  3 7 

Gen_Dolicho spp.  Dolichopodidae Non-syrphid fly  1 27 

Gen_Elachis spp. Elachisitidae Lepidopteran 1 1 

Gen_Fannii sp. 1  Fanniidae Non-syrphid fly  3 49 

Gen_Fannii spp. Fanniidae Non-syrphid fly  1 3 

Gen_Halic spp.  Halictidae Small bee 7 46 

Gen_Hesp spp.  Hesperidae Lepidopteran 5 10 

Gen_Ichi spp.  Ichneumonidae Small wasp  4 11 

Gen_Lampyr sp. 1 Lampyiridae Beetle 1 2 

Gen_Mega spp.  Megachilidae Small bee 1 35 

Gen_Meloi sp. 1  Meloidae Beetle  1 2 

Gen_Meloi spp.  Meloidae Beetle 8 24 

Gen_Mely spp.  Melyridae Beetle 1 7 

Gen_Miri spp.  Miridae Hemiptera 3 8 

Gen_Musc sp. 1  Muscidae Non-syrphid fly  1 3 

Gen_Musc spp.  Muscidae Non-syrphid fly  13 755 

Gen_Noctu spp.  Noctuidae Lepidopteran 1 1 

Gen_Pent Pentatomidae  Hemiptera 3 8 

Gen_Pompi sp. 1 Pompilidae Small wasp  1 1 

Gen_Pompi spp. Pompilidae Large wasp  2 6 

Gen_Pyrgot sp. 1 Pyrgotidae Non-syrphid fly 1 1 

Gen_Sarco spp.  Sarcophagidae Non-syrphid fly  10 139 
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Appendix B  

The table below lists all of the biotically-pollinated flowering plants identified in the 

Prairie Coteau region near Brookings, South Dakota in 2019 down to lowest taxonomic 

level. All species except Agrimonia sp. was identified to species level. Plant code format 

is derived from United States Department of Agriculture plant database format. Average 

sugar contribution refers to average nectar sugar each plant species contributed per 

transect based on amount of sugar per inflorescence and number of inflorescences. 

Species Family Common name  Number 

of sites 

present 

Out of 15 

total sites 

Plant code  Average 

sugar 

contribution  

Achillea millefolium Asteraceae Common yarrow 6 ACHMIL 1.39e-01 

Agoseris glauca Asteraceae False dandelion 2 AGOGLA 4.62e-03 

Agrimonia sp.  Rosaceae Agrimony 2 AGRIMONIA 8.78e-04 

Allium stellatum Amaryllidaceae Prairie onion 7 ALLSTE 1.57e-02 

Amorpha canescens  Fabaceae Lead plant 6 AMOCAN 2.18e-02 

Anemone 

canadensis  

Ranunculaceae Meadow anemone 9 ANCA 1.64e-03 

Anticlea elegans Melanthiaceae Mountain 

deathcamas 

3 ANTELE - 

Apocynum 

cannabinum 

Apocynaceae Prairie dogbane 1 APOCAN 1.10e-02 

Artemisia 

absinthium 

Asteraceae Absinthe 

wormwood 

1 ARTABS 2.77e-02 

Asclepias 

stenophylla  

Apocynaceae Slim leaf 

milkweed 

2 ASCSTE 2.94e-02 

Asclepias syriaca Apocynaceae Common 

milkweed 

3 ASCSYR 1.03e-01 

Astragalus agrestis Fabaceae Purple milkvetch 5 ASTAGR 1.68e-03 

Astragalus 

canadensis 

Fabaceae Canadian 

milkvetch 

1 ASTCAN 1.17e-02 

Brickellia 

eupatorioides  

Asteraceae False boneset 1 BRIEUP 5.01e-03 

Carduus nutans Asteraceae Musk thistle 4 CARNUT 9.80e-04 

Cerastium arvense Caryophyllaceae Prairie chickweed 1 CERAVE 1.25e-03 

Cirsium arvense Asteraceae Canada thistle 11 CIRARV 1.04e-03 

Cirsium floodmanii Asteraceae Floodman’s 

thistle 

4 CIRFLO 4.20e-04 

Dalea candida Fabaceae White prairie 

clover 

5 DALCAN 5.08e-02 

Dalea purpurea Fabaceae Purple prairie 

clover 

5 DALPUR 9.64e-02 
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Chapter 2: Use of botanical gardens as arks for pollinators in the 

midwestern United States 

 

ABSTRACT  

Botanical gardens have contributed to plant conservation through the maintenance of 

both living and preserved plant specimens for decades. However, there is still a large gap 

in the literature with regards to understanding the potential conservation value botanical 

gardens could provide for local pollinators. We investigated how plant-pollinator 

community structure and diversity may differ between botanical gardens and native 

habitats by sampling and comparing between two environments: a restored native 

grassland patch within a local botanical garden and fifteen native, remnant temperate 

grassland sites in the Northern Great Plains. We found pollinator diversity within the 

restored native grassland patch was greater than 55% of total remnant temperate 

grassland transects throughout the entire flowering season, while plant diversity and 

network community metrics between the two environments remained similar throughout, 

except for connectance. Overall, our findings demonstrate the promising role restored 

native grassland patches in botanical gardens could play as reservoirs for local pollinator 

communities by supporting plant-pollinator interactions comparable to those found in 

native habitat remnants in the same region. 
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INTRODUCTION  

Biodiversity loss is a global crisis of increasing concern that many countries have 

attempted to address through numerous methods of preservation and conservation 

management strategies (Mutia 2009; Benedict and McMahon 2006; Hostetler et al. 2011; 

Bortree et al. 2013). The propagation and maintenance of botanical gardens 

is one strategy that has been implemented, particularly for plant conservation (Hurka 

1994; Primack and Miller-Rushing 2008; Powledge 2011; Miller et al. 2016; Chen and 

Sun 2018). In recent years, research has indicated botanical gardens and urban green 

spaces may serve as potential reservoirs for pollinators (Pinheiro et al. 2006; Levé et al. 

2019; Buchholz et al. 2020). However, there is still a gap in the literature with regards to 

understanding how botanical gardens support pollinators and preserve plant-pollinator 

interactions. For example, a literature search on Web of Science using the terms 

“botanical gardens and pollinator diversity” and “botanical gardens and plant diversity” 

resulted in 14 and 293 citations, respectively, demonstrating much greater focus on the 

contribution of botanical gardens to plant conservation and diversity than pollinators. 

Clearly, the potential conservation value botanical gardens hold could extend beyond 

plant conservation. These gardens could provide space for several resources that 

pollinators utilize (i.e., foraging and nesting resources), even in areas that would typically 

be considered resource-poor (e.g., cities) (Lewis et al. 2019).  

 

With approximately 1,775 botanical gardens worldwide (Botanic Gardens 

Conservation International, 2020), these sites could provide increasingly important 

conservation resources that can be utilized to alleviate the accumulating threats towards 
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pollinators (i.e., habitat loss and fragmentation, pesticide use, and invasive species 

introductions) (Kearns et al. 1998; Kremen et al. 2002; Steffan-Dewenter et al. 

2005). Habitat loss and fragmentation are two primary causes for pollinator decline (Potts 

et al. 2010; Vanbergen et al. 2013; Habel et al. 2019) and are expected to continue with 

increased urbanization and agricultural intensification (Foley et al. 2005; Lundgren and 

Fausti 2015; UN DESA, 2018). This is particularly concerning considering animal-driven 

pollination is essential to the reproduction of over 70% of flowering plant species (Potts 

et al. 2010) and 35% of crops globally (Klein et al. 2007; Vanbergen et al. 2013).   

 

With the space and habitat that is left, can we look to botanical gardens as a proxy 

for native habitat to provide refugia for pollinators? A few studies have indicated that 

urban green spaces and botanical gardens can positively influence pollinator abundance 

or diversity depending on total area, floral abundance, and degree of urbanization 

(Tommasi et al. 2004; Gotlieb et al. 2011; Fortel et al. 2014; Micholap et al. 2017). In the 

United States, there are even cities which support a greater diversity of native bees than 

neighboring rural areas (Hall et al. 2017; US Fish and Wildlife Service, 

2015). Furthermore, there is a rise in initiatives to promote expanding urban private and 

public garden space with the hopes of promoting and sustaining stable pollinator 

communities (e.g., The Million Pollinator Garden Challenge sponsored in part by 

the United States Botanic Garden Conservatory). With the increased interest in carving 

out urban spaces for pollinators, there is a need to assess the stability of plant-pollinator 

community structures in the context of botanical gardens (Spiesman and Inouye 2013). 

The stability of pollination services is dependent upon maintaining diverse and resilient 
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plant-pollinator communities (Klein et al. 2007). Network theory has been utilized to 

examine how the mutualistic interactions within plant-pollinator communities influences 

their structure and in a broader sense, interpret the mechanisms behind biodiversity and 

community resilience (Memmott et al. 2004; Bascompte et al. 2006; Blüthgen et al. 2008; 

Dupont et al. 2009; Hadley and Betts 2012; Spiesman and Inouye 2013; Soares et al. 

2017; Redhead et al. 2018). Using a network-based approach, we can assess how plant-

pollinator communities are structured in botanical gardens to determine if they may serve 

as supplementary resources for preserving plant-pollinator interactions.  

 

We focus our study in McCrory Gardens, a botanical garden located in Brookings, 

(eastern) South Dakota, a small city with a population of 24,000. Our goal is to assess the 

structure of plant-pollinator communities in botanical gardens and how they compare to 

natural habitats. The garden is located within the Prairie Coteau, a region containing 

some of the largest remaining tracts of tall-grass habitat in the Northern Great Plains, 

with temperate grassland remnants nestled within an actively transforming and working 

landscape (Bauman et al. 2016).  In the center of McCrory Gardens, we focused our 

sampling within a 1,600 m2 area designated as a restored native grassland patch that was 

established in 2018. This planted native grassland garden, embedded within a larger 

landscape of varying patches of natural and modified habitat, provides us a study system 

with which to compare how plant-pollinator communities within botanical gardens 

measure to those found in natural remnant habitats. Habitat loss and fragmentation is still 

a substantial threat to the temperate grasslands of the Northern Great Plains with 

documented rates of conversion from grassland to agricultural crops reaching ~1.0-5.4% 
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annually from 2006 to 2011 (Wright and Wimberly 2013).  A better understanding of 

plant-pollinator community structure in botanical gardens and their role in pollinator 

conservation will become increasingly important for future management decisions 

seeking to bolster pollination services.  

 

We measure the diversity of plant-pollinator communities within natural 

temperate grassland areas and a restored grassland patch in a botanical garden, 

then quantify plant-pollinator interactions using a network-based approach in order to 

answer the following questions: 1) How does the pollinator diversity found within a 

restored grassland patch located in a botanical garden compare to the diversity found 

within native temperate grassland sites? 2) Likewise, how does the diversity of the 

biotically-pollinated plant community within a restored grassland patch compare to that 

of native temperate grassland sites? And 3) What is the overall structure of plant-

pollinator community interactions within a restored grassland patch located in a botanical 

garden and how do they compare on average to plant-pollinator networks in native 

temperate grassland sites? These questions become increasingly relevant with the 

progressive loss of biodiversity as urbanization and agricultural intensification continues 

to encroach upon natural landscapes (Ramankutty et al. 1999; Hoekstra et al. 2005).   

 

MATERIALS AND METHODS 

Study area 

McCrory Gardens (long: -96.791080, lat: 44.309100) is a botanical garden located 

in Brookings, South Dakota, that is operated and maintained by South Dakota State 
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University (SDSU). The garden is located 300 m from an 18-hectare SDSU agricultural 

plot to the north and to the east, the garden is about 2 km from private farmland. Founded 

in the early 1960s, McCrory Gardens contains over 10 hectares of display gardens that 

showcases a variety of ornamental and native plant species. The garden’s origin began 

with a mission to maintain a research garden that displays and educates the public on 

plant species that were or are a part of the South Dakota landscape. In continuation with 

this original mission statement, the Prairie Centennial Garden was established in 2018 in 

the center of McCrory Gardens. This 1,600 m2 plot is a restoration native grassland 

garden with 85% of the plants grown from seed by the McCrory gardens staff (seeds 

provided by Prairie Moon Nursery in Winona, MN & Jelitto Perennial Seeds) and the 

remaining 15% of plants were relocated or reused from other areas within McCrory 

Gardens. Seed from Jelitto was not locally sourced but came from locations as close as 

Minnesota and as far as Colorado.  

 

To compare the diversity of insect pollinators and plants, and plant-pollinator 

community structure between the botanical garden and native temperate grassland 

remnants, we selected fifteen remnant temperate grassland sites within the Prairie Coteau 

region in eastern South Dakota. Within South Dakota, this region covers approximately 

17 counties and contains some of the most land cover remaining of native tall-grass 

prairie in the Northern Great Plains (Bauman et al. 2016). In eastern South Dakota, 

approximately 17% of the undisturbed grasslands within the Prairie Coteau region remain 

intact making this a valuable resource for tall-grass habitat in the Northern Great Plains. 

Remnant temperate grassland sites ranged in size from 8 to > 400 hectares and were 
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selected based on quality of the site as advised by local experts and managers (see 

Acknowledgements), as well as manifesting a range of site characteristics, including size, 

local landscape use, and proximity to other semi-disturbed grasslands (see Table 1 in 

chapter 1 for site details). 

 

DATA COLLECTION  

Field methods  

We conducted pollinator observations and floral surveys in the restored native 

grassland patch in McCrory Gardens and fifteen remnant temperate grassland sites within 

eastern South Dakota. We sampled a total of 10 transects within the restored native 

grassland patch in McCrory Gardens and 114 transects across all remnant temperate 

grassland sites throughout the entire growing season. Field methods used in this research 

are fully described in chapter two, including the distinct classification of flowering 

seasons used in our study. However, in brief, 30-minute pollinator observation surveys 

were conducted along randomly selected, 30x1 m transects where we recorded all plant-

pollinator interactions from within one meter of the transect line. We documented each 

pollinator and the associated biotically-pollinated plant species when an interaction 

occurred, and pollinator return visits. Pollinators were identified in situ to functional 

group, family, and genus, then to morphospecies in order to quantify insect diversity. 

Insect voucher specimens were collected in the field with an aspirator and net, then later 

identified to lowest taxonomic level for analyses. Specimens were identified using 

resources available through discoverlife.org, bugguide.net, and Key to the Genera of 

Nearctic Syrphidae (Miranda et al. 2013). Voucher specimens were verified for sampling 
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completeness using the help of experts and the Severin-McDaniel Insect Research 

Collection available at South Dakota State University.  

Floral surveys were conducted directly after insect pollinator observation surveys 

along the same transect with a 1 m2 quadrat. The quadrat was placed at each meter mark 

from 0 to 30 m where we documented the presence of each biotically-pollinated plant 

species, number of individuals per species, number of flowering units defined as a unit of 

one (e.g., Ranunculaceae) or a blossom (e.g., Asteraceae) requiring a small pollinator to 

fly in order to access another flowering unit per species, and percent cover within quadrat 

per species. We also quantified the symmetry of flowers (radial vs. bilateral), since 

symmetry is often related to the degree of pollinator specialization (Fenster et al. 2004, 

Fenster and Marten-Rodriguez 2007). Hence, a greater proportion of either may affect the 

parameters of network analyses at the remnant temperate grassland communities and the 

restored native grassland patch in McCrory Gardens. Plant voucher specimens were not 

collected in McCrory Gardens, but photographs were taken and then verified by head 

gardener, Chris Schlenker. In the remnant temperate grassland sites, plant voucher 

specimens were collected and identified using Van Bruggen (1985) and verified with the 

help of experts (see Acknowledgements).  

 

Pollinator and plant diversity  

Pollinator and plant Shannon diversity were calculated using the ‘vegan’ package, 

version 3.6.3, in R (R Core Team 2013; Oksanen et al. 2019). The Shannon index is 

calculated using the following formula: 
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H'= − ∑ pi  * ln pi 

Where pi is the proportions of each species found in a community and ln is the natural 

log. All diversity indices were natural log transformed.  Shannon is the only diversity 

index presented in this study as it accounts for abundance, richness, and evenness. 

Pollinator diversity was calculated at the functional, family, and genus level by transect 

and season. Values used in pollinator diversity did not include return visits recorded 

during observation surveys. Although we recorded morphospecies in the field, we found 

genus to be the lowest, most robust taxonomic level in the data set for insect pollinators 

that could be identified with accuracy. Approximately 99.5% of total insect pollinator 

samples collected and observed within McCrory Gardens were identified to genus. 

Samples that were not identified to genus were identified to next taxonomic level (family 

or functional group 0.5%) and given a catch-all classification which was used for 

pollinator genus analyses. For example, for a fly pollinator in the family Muscidae, we 

created a genus named Gen_Musci in the dataset in order to include these visitors in the 

analyses.  We found pollinator genus diversity to be correlated with functional group 

diversity and family diversity in both environments (Supplemental tables 1-2). Thus, we 

focus our results and comparisons on pollinator genus diversity. However, we provide the 

distribution data for all three categories of pollinator diversity for completeness. 

Statistical analyses for the remaining pollinator categories across seasons are provided in 

supplementary materials (Table 3).   

Likewise, plant diversity was calculated at the family, genus, and species level by 

transect and season using number of individuals recorded during floral surveys. We 

generated correlation plots for all plant diversity levels as well and found that plant 
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species diversity was correlated with family diversity and genus diversity (Supplemental 

tables 1-2). Thus, we focus on plant species diversity in our results and comparisons, but 

as above, we provide distribution data for the three categories of plant diversity for 

completeness. Statistical analyses for the remaining plant categories across seasons are 

provided in supplementary materials (Table 3).   

 

Network analysis  

We built quantitative visitation networks for each site using transects as our 

replicates to quantify plant-pollinator community structure. We calculated network 

metrics for each transect in order to statistically compare between the restored native 

grassland patch in McCrory Gardens and all remnant temperate grassland communities. 

We used transects as our replicates to compare network metrics between the two 

environments. We construct our network analysis based on the entire flowering season 

(May – October) because of limited sampling in the early and late seasons in both 

remnant temperate grassland sites and the garden. Networks were constructed using a 

matrix of interactions between plants and pollinators including unique and return visits 

recorded during pollinator observation surveys. Documenting return visits allows us to 

quantify plant-pollinator communities using weighted network values that also account 

for visitation frequency. For each network, we calculated network specialization (H2’), 

connectance and nestedness. We used Mann-Whitney U tests to compare network metrics 

between environments. We also provide the means of each network metric within a given 

season using transects as our replicates for the restored native grassland patch within 

McCrory Gardens and all remnant temperate grassland sites in supplementary materials 
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(Table 4). All network metrics were calculated using the ‘bipartite’ package in R 

(Dormann et al. 2009). 

 

Statistical Analyses  

We implemented Mann-Whitney U tests to compare pollinator genus diversity, 

plant species diversity and network metrics between remnant temperate grassland sites 

and the restored native grassland patch in McCrory Gardens using transects as our 

replicates. We compared these metrics across all three seasons since early and late season 

sampling were limited due to inclement flooding conditions. We used the ‘stats’ package 

in R to execute the Mann-Whitney U tests (R Core Team 2020).  Chi-square tests were 

implemented in Microsoft Excel to examine differences in floral morphology (radial vs. 

bilateral symmetry) between the restored native grassland patch in McCrory Gardens and 

remnant temperate grassland communities.  

 

RESULTS 

Pollinator community  

Within the restored native grassland patch in McCrory Gardens, we observed 10 

functional groups, 25 families, and 48 genera of pollinating insects (see Appendix A for 

full list). Among all 15 remnant temperate grassland communities, 215 insect specimens 

were collected representing 10 functional groups, 45 families and 79 genera (see 

Appendix B for full list). Across all three seasons, we found a significant difference in 

pollinator genus diversity between environments with the restored native grassland patch 
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in McCrory Gardens manifesting higher pollinator diversity (Genus: U =993, n1 = 114, 

n2 =10, p < 0.0002, Mean ± SE: Grassland Remnants = 1.19 ± 0.05, Garden = 1.85 ± 

0.10). Shannon diversity of pollinator genera within the restored native grassland patch 

ranged from 1.28 - 2.28, while the Shannon diversity of pollinator genera within remnant 

temperate grassland sites ranged from 0 – 2.31 across all three seasons (Fig. 1). Early 

season pollinator genus diversity within the restored native grassland patch was 1.77 with 

Syrphidae (54%), Muscidae (15%) and Vespidae (12%) comprising the majority of 

observations (Fig. 2). Within remnant temperate grassland sites, early season pollinator 

genus diversity ranged from 0 – 2.03 with Syrphidae (36%), Muscidae (20%), 

Chloropidae (14.5%), and Halictidae (14%) dominating most interactions. Mid-season 

pollinator genus diversity within the restored native grassland patch ranged from 1.28 - 

2.28 with Syrphidae (31%), Cantharidae (20%) and Tachinidae (9%) comprising the most 

observed interactions (Fig. 2). Mid-season pollinator genus diversity within remnant 

temperate grassland sites ranged from 0 – 2.31 with Apidae (27%), Syrphidae (25.7%), 

Cantharidae (12.5%), and Halictidae (11%) as the most common pollinators. During the 

late season, pollinator genus diversity within the restored native grassland patch in 

McCrory Gardens was 2.10 with Apidae and Syrphidae constituting nearly all 

interactions during this season with 68 and 25 percent, respectively (Fig. 2). Within 

remnant temperate grassland sites, late season pollinator genus diversity ranged from 0.3 

– 1.9 with Syrphidae and Halictidae constituting 58 and 28 percent of observations, 

respectively.  More results for remnant temperate grassland pollinator communities can 

also be found in chapter one. 
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Plant community  

We sampled a total of 7 families, 19 genera, and 23 species of biotically-

pollinated plants within the restored native grassland patch in McCrory Gardens (see 

Appendix C for full list). Among all 15 remnant temperate grassland communities, 100 

plant specimens were collected representing 24 families, 61 genera, and 87 species (see 

Appendix D for full list). Out of 23 biotically-pollinated plant species in the restored 

native grassland patch , we determined 4 species displayed bilateral symmetry while 19 

species displayed radial symmetry. Likewise, across remnant temperate grassland 

communities, we determined 25 species exhibited bilateral symmetry while 62 species 

exhibited radial symmetry. After conducting a chi-square test, we found no difference 

between environments with regards to proportion of floral morphology, χ2 (1 df, N = 110) 

= 1.17, p > 0.50. Across all three seasons, we found no statistical difference in plant 

species diversity between environments (Species: U =739, n1 = 114, n2 =10, p > 0.10, 

Mean ± SE: Grassland Remnants = 0.77 ± 0.05, Garden = 1.07 ± 0.21). Within the 

restored native grassland patch, Shannon diversity of biotically-pollinated plant species 

ranged from 0.25 – 1.96 throughout the entire sampling season (Fig. 3). 

 Likewise, Shannon diversity of biotically-pollinated plant species within remnant 

temperate grassland sites ranged from 0 -2 throughout the entire sampling season. Early 

season plant species diversity in the restored native grassland patch was 0.25 with 

Achillea millefolium as the most common species recorded on transects (Fig. 4). Within 

remnant temperate grassland sites, early season plant species diversity ranged from 0 – 

1.33 with Anemone canadensis, Gallium boreali and Fragaria virginiana as the most 

common species found on the transects. Mid-season plant species diversity within the 
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restored native grassland patch ranged from 0.27 - 1.96 with Coreopsis tictoria and 

Achillea millefolium as the most common species recorded on transects (Fig. 4). Mid-

season plant species diversity within remnant temperate grassland sites ranged from 0 – 2 

with Melilotus sp., Anemone canadensis, and Amorpha canescens as the most common 

species found on the transects (Fig. 4). Late season plant species diversity within the 

restored native grassland patch was 1.2 with Helianthus maximilianii as the most 

common species recorded on transects, while late season plant species diversity within 

remnant temperate grassland sites ranged from 0.17 – 1.5 with Symphyotrichum 

lanceolatum, Symphyotrichum ericoides and Heliopsis helianthoides as the most common 

species found on the transects (Fig. 4). More results for remnant temperate grassland 

plant communities can also be found in chapter one.  

 

Plant-pollinator network analysis  

Within the restored native grassland patch in McCrory Gardens, we observed 165 

unique plant-pollinator interactions and a total of 3,146 observations of pollinators 

visiting plants from May through October. The most common floral visitors throughout 

the entire sampling period in McCrory Gardens were Syrphidae (38%), Cantharidae 

(12%), and Apidae (11%). The plant species with the most interactions in McCrory 

Gardens throughout the sampling season include Achillea millefolium (50%), Helianthus 

maximilianii (8%), and Solidago rigida (7.7%). Network specialization (H2’) ranged 

from 0.26 - 0.64 throughout the entire sampling season for the restored native grassland 

patch, while network specialization ranged from 0.56 – 0.80 in the remnant temperate 

grassland communities (Supplemental table 4).  
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Within the restored native grassland patch, connectance ranged from 0.29 – 0.67 

and nestedness ranged from 17 – 29 across all three seasons (Supplemental table 4). 

Likewise, within the remnant temperate grassland communities, connectance ranged from 

0.40 – 0.50 and nestedness ranged from 25 – 34 across all three seasons (Supplemental 

table 4). We did not find a significant difference in H2’ between environments when 

using transects as our replicates (U = 423, n1 =92, n2 =10, p > 0.60, Mean ± SE: 

Grassland Remnants = 0.60 ± 0.03, Garden = 0.57 ± 0.06). Additionally, we found no 

significant difference in nestedness between environments (U = 495, n1 = 92, n2 = 10, p > 

0.60, Mean ± SE: Grassland Remnants = 26.4 ± 1.72, Garden = 28 ± 1.73), however, we 

did find the remnant temperate grassland sites to have significantly higher connectance 

than the restored native grassland patch (U = 250, n1 = 92, n2 = 10, p < 0.03, Mean ± SE: 

Grassland Remnants = 0.44 ± 0.016, Garden = 0.34 ± 0.04). Refer to chapter one for 

further details on network analysis for plant-pollinator communities in remnant temperate 

grassland sites.  

 

DISCUSSION 

Our study expands on the limited literature available exploring the extent to which 

botanical gardens can support pollinator communities and pollination 

services. Previous research has delved into how urbanization and impervious surfaces 

may impact pollinator movement (Fortel et al. 2014; Levé et al. 2019). Recent work 

has highlighted the potential conservation value of urban green spaces for pollinator 

communities, especially those found within cities (Micholap et al. 2017; Lewis et al. 

2019). We further develop these approaches by quantifying and comparing the 
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diversity and interactions of plant-pollinator communities within a restored native 

grassland patch centered in a botanical garden and remnant temperate grassland 

habitats in order to understand how these environments may differ with regards to plant-

pollinator community structure. We found that the restored native grassland patch in 

McCrory Gardens fell within similar ranges of Shannon diversity for both plant and 

pollinator communities in comparison to those found within remnant temperate 

grasslands. Network metrics were similar across seasons between communities, except 

for connectance. Below, we discuss and compare the diversity and network community 

structure between remnant temperate grassland habitats and the restored native grassland 

patch in McCrory Gardens.   

 

Comparing and contrasting diversity of the plant-pollinator communities 

Across all three seasons, pollinator diversity in all taxonomic groups within the 

restored native grassland patch overlapped with the mid to upper range of diversity 

reflected in the remnant temperate grassland  transect samples (Fig. 1). Pollinator 

diversity within the restored native grassland patch was greater than 55% of total remnant 

temperate grassland transects across the three sampling seasons. For both remnant 

temperate grassland communities and the restored native grassland patch, pollinator 

diversity was greatest in the mid and late seasons. These results for pollinator community 

diversity indicate the restored native grassland patch in the botanical garden can maintain 

a relatively diverse pollinator community comparable to the diversity found 

within remnant temperate grassland habitats  in the same region. Greater pollinator 

diversity from genus to functional group level could benefit botanical gardens and urban 
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green spaces by promoting community resiliency through functional redundancy (Kühsel 

and Blüthgen 2015).    

 

Likewise, floral community diversity within the restored native grassland patch 

overlapped with the mid to upper range of diversity reflected in the remnant temperate 

grassland transect samples across all three seasons. However, we noted the restored 

native grassland patch is less diverse than remnant temperate grasslands in the early 

season. Approximately 90% of the transects sampled in remnant temperate grassland sites 

had greater floral diversity in all taxonomic groups (e.g., family, genus, species) in the 

early season compared to the restored native grassland patch. However, when compared 

across all three seasons, we did not find a significant difference between environments. 

The increased floral genus and species diversity found within the restored native 

grassland patch in the mid and late season (Fig. 4) is likely due to the diversity within 

Asteraceae, as approximately 96% of the individuals we documented in the garden 

transects belong to this family. This may also explain why floral diversity in the restored 

native grassland patch is lower across all taxonomic groups in the early season, 

as the vast majority of asters we sampled bloomed in the mid and late seasons.   

 

Comparing and contrasting network metrics 

The greatest overlap in network metrics (i.e., nestedness, connectance, and 

specialization) between the restored native grassland patch and remnant temperate 

grasslands occurred during the mid-season. Across seasons, indices for nestedness and 

network specialization demonstrated no significant difference. Values for connectance 
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were significantly higher in the remnant temperate grassland sites than the restored native 

grassland patch. Connectance is often used in ecological networks to measure community 

complexity and is generally positively associated with conservation value (Dunne et al. 

2002; Thébault and Fontaine 2010; Tylianakis et al. 2010; Hagen et al. 2012). 

Communities with increased interaction complexity are expected to be more stable and 

robust to species loss in theory (Dunne et al. 2002). However, Heleno (et al. 2012) notes 

that connectance alone should not be used to determine conservation value as it is 

context-specific depending on the different conservation values of species in a network. 

Overall, we can say these results indicate that plant-pollinator community interactions in 

the restored native grassland patch are less complex than remnant temperate grassland 

sites.  The higher level of complexity in plant-pollinator communities within natural 

habitats may be attributed to the distinct phenological shifts in the flowering community 

across seasons, which have evolved with the local pollinator fauna over a longer 

evolutionary time scale (Gomez & Zamora 2006; Minckley & Roulston 2006; Craine et 

al. 2012). This temporal variability could explain how natural habitats maintain more 

complex interactions than their garden counterparts. Successful recruitment of native 

plants is an on-going challenge in temperate grasslands (Martin and Wilsey 2006; 

Gibson-Roy et al. 2007; Johnson et al. 2018) and may be an obstacle botanical gardens 

will have to overcome when seeking to maintain complex and stable plant-pollinator 

communities in restoration plots. Botanical gardens that wish to establish native plant 

restoration plots will likely need to consider a balance between aesthetics and diversity in 

order to increase the complexity of plant-pollinator community interactions. 
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Moreover, the landscape surrounding natural habitats may provide other resources 

(e.g., nesting resources) that some pollinators may require in order to thrive, particularly 

those whose foraging distance is shorter to other more generalized and mobile visitors 

(i.e., honey bees) (Beekman and Ratnieks 2000). The spatial variability of resources 

found within natural habitats is likely a factor attributing to the difference in connectance 

between environments, though landscape analysis for the garden community was beyond 

the scope of this chapter. In general, the restored native grassland patch within McCrory 

Gardens demonstrates similar plant-pollinator community structure to the remnant 

temperate grassland sites. Nested networks displaying a higher degree of connectance are 

considered more resilient and stable, making them important considerations for 

conservation value (Memmott et al. 2004; Okuyama and Holland 2008; Thébault and 

Fontaine 2010). The nested pattern found in the networks indicates a degree of interaction 

redundancy that likely contributes to community stability (Bascompte et al. 2003; Nielsen 

and Bascompte 2007). However, it appears that the remnant temperate grassland 

habitats within the Northern Great Plains support a greater degree of interaction 

complexity in their plant-pollinator communities. This could be concerning for 

maintaining stable pollination services in botanical gardens, as community complexity is 

associated with stable and robust communities. 

 

CONSERVATION IMPLICATIONS 

Our findings demonstrate the promising role botanical gardens could 

play as restoration reservoirs for local pollinator communities by supporting plant-
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pollinator interactions comparable to those found in natural habitat remnants in the same 

region. In the absence of large swaths of preserved habitat, small reservoirs have been 

notably valuable for wildlife conservation, though the context of the landscape is 

important when seeking to maximize regional insect diversity (Shafer 1995; Tscharntke 

et al. 2002). Though this study does not directly examine landscape effects which may 

explain some differences between environments, the restored native grassland patch 

located in McCrory Gardens demonstrated comparable measures of plant-pollinator 

community structure to natural habitats and greater pollinator diversity indicating the 

garden’s potential in serving as a beneficial patch for pollinator communities. Future 

work studying the influence of increased green spaces in urban areas in conjunction with 

conserving remaining patches of natural habitat will be invaluable in our understanding 

of how best to conserve pollinator communities and stable pollination services.   

 

Temperate grasslands are among the least protected habitat types in the world, 

with conversion outpacing conservation by eight to one (Hoekstra et al. 2005). In the 

United States, the temperate grasslands of the Northern Great Plains are a valuable 

resource for approximately 40% of transported honey bee colonies from May through 

October by providing abundant floral resources through regional blooms (USDA, 2014). 

However, the Great Plains has experienced considerable habitat loss due to landscape 

conversion with more than 96% of the grassland habitat of the Great Plains already been 

converted to cropland or other less diverse vegetation (Bauman et al. 2016). Botanical 

gardens have the potential to provide abundant floral resources to pollinator communities 
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within increasingly disturbed landscapes; however, the role of botanical gardens in 

pollinator conservation is critically understudied.  

 

Our aim for this study was to provide further understanding on the extent to which 

botanical gardens can serve as supplementary resources for pollinator communities 

within critically fragmented landscapes. More research focused on plant-pollinator 

interactions in botanical gardens, particularly in regions that experience distinct 

flowering shifts within the growing season, paired with sampling of plant-pollinator 

interactions in natural habitats could help us understand how effective botanical gardens 

may be as additional sources of habitat. Increasing sampling within distinct flowering 

seasons and environments could provide important context for conservation of pollination 

services on a wider scale. For example, within the restored native grassland patch in 

McCrory gardens, we found that floral diversity is similar to floral diversity in the 

remnant temperate grasslands, however, we see that floral diversity within the restored 

native grassland patch is primarily from Asteraceae. Extending sampling to include early 

season species could elucidate how early season pollinators may be affected by this gap 

in resources before Asteraceae species are blooming. Consequently, gardens could 

adjust management once these nuances are better understood.  Additionally, extending 

research across multiple years could provide valuable insight into how plant-pollinator 

communities may shift following the progression of native restoration gardens. 

Continued research tracking the influence and progression of green spaces on plant-

pollinator interactions over time could expand as initiative for private and public green 

spaces grows. Increasing urban garden areas may very well act similarly to habitat 



111 

 

corridors, which have been shown to be beneficial in improving wildlife conservation 

(Correa Ayram et al. 2016). By understanding the effectiveness of botanical gardens in 

supporting pollinator populations, we can view urban spaces as valuable conservation 

tools rather than barriers.   
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Figure Legends 

Figure 1. Distribution of Shannon diversity of pollinators at the functional, familial, and 

genera level between remnant temperate grassland sites in the Prairie Coteau near 

Brookings, SD and McCrory Gardens across the three sampling seasons (May – October 

2019). The black bars refer to transects conducted in McCrory Gardens while the white 

bars refer to transects conducted in the remnant temperate grassland sites. Distributions 

demonstrate diversity on the transect level and are overlayed (i.e., not stacked) for 

comparison between sites. Height of distribution bars refer to number of samples 

(transects) that fell within diversity range indicated on the x-axis. 

Figure 2. Comparing distribution of Shannon diversity of pollinators at the functional, 

familial, and genera level between remnant temperate grassland sites in the Prairie 

Coteau near Brookings, SD and McCrory Gardens for each sampling season in 2019 

(Early: May – June, Mid: July – August, Late: September – October). The black bars 

refer to transects conducted in McCrory Gardens while the white bars refer to transects 

conducted in the remnant temperate grassland sites. Distributions demonstrate diversity 

on the transect level and are overlayed (i.e., not stacked) for comparison between sites. 

Height of distribution bars refer to number of samples (transects) that fell within diversity 

range indicated on the x-axis. 

Figure 3. Distribution of Shannon diversity of biotically-pollinated plants at the familial, 

genera and species level between remnant temperate grassland sites in the Prairie Coteau 

near Brookings, SD and McCrory Gardens across the three sampling seasons (May – 

October 2019). The black bars refer to transects conducted in McCrory Gardens while the 

white bars refer to transects conducted in the remnant temperate grassland sites. 
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Distributions demonstrate diversity on the transect level and are overlayed (i.e., not 

stacked) for comparison between sites. Height of distribution bars refer to number of 

samples (transects) that fell within diversity range indicated on the x-axis. 

Figure 4. Distribution of Shannon diversity of biotically-pollinated plants at the familial, 

genera, and species level between remnant temperate grassland sites in the Prairie Coteau 

near Brookings, SD and McCrory Gardens for each sampling season in 2019 (Early: May 

– June, Mid: July – August, Late: September – October). The black bars refer to transects 

conducted in McCrory Gardens while the white bars refer to transects conducted in the 

remnant temperate grassland sites. Distributions demonstrate diversity on the transect 

level and are overlayed (i.e., not stacked) for comparison between sites. Height of 

distribution bars refer to number of samples (transects) that fell within diversity range 

indicated on the x-axis. 
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Appendices  

Appendix A 

The table below lists all of the pollinators observed and identified in the Prairie 

Centennial Garden within McCrory Gardens, Brookings, South Dakota in 2019 down to 

lowest taxonomic level. Insect pollinators that could not be identified to genus were 

placed in a catch-all genus that consisted of the first five letters of their family name. For 

example, for a fly pollinator in the family Muscidae, we created a genus named 

Gen_Musci in the dataset in order to include these visitors in the analyses. All insect 

pollinators could be identified down to family except for two non-syrphid fly visitors we 

named Gen_Myst which make up < 0.5 % of visitations. Table also includes number of 

total observed interactions of each pollinator from May through October 2019. 

Pollinators Family Functional 

Groups 

Number of total 

interactions from 

May through October 

Agapostemon spp. Halictidae Small bee 12 

Agapostemon sp. 1 Halictidae Small bee 1 

Agapostemon sp. 2 Halictidae Small bee 4 

Allographta obliqua Syrphidae Syrphid 9 

Andrena sp. 1 Andrenidae Small bee 11 

Andrena sp. 2 Andrenidae Small bee 3 

Andrena sp. 3 Andrenidae Small bee 42 

Andrena sp. 4 Andrenidae Small bee 5 

Andrena sp. 5 Andrenidae Small bee 4 

Anthophora terminales Apidae Small bee 9 

Apis mellifera Apidae Honey bee 25 

Archytas sp. 1 Tachinidae Non-syrphid fly 162 

Bombus spp. Apidae Large bee 80 

Bombus griseocollis Apidae Large bee 20 

Bombus impatiens Apidae Large bee 14 

Bombus bimaculatus Apidae Large bee 24 
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Bracon sp.  Braconidae Small wasp 1 

Ceratina sp. 1 Apidae Small bee 5 

Cerceris sp. 1 Crabronidae Small wasp 24 

Cerceris sp. 2 Crabronidae Small wasp 3 

Chauliognathus 

pensylvanicus 

Cantharidae Beetle 372 

Cisseps fulvicollis Erebidae Lepidopteran 5 

Crabronina sp. 1 Crabronidae Small wasp 11 

Danaus plexippus Nymphalidae Lepidopteran 36 

Diabrotica barberi Chrysomelidae Beetle 2 

Eristalis-BFBF Syrphidae Syrphid 23 

Eristalis transvera Syrphidae Syrphid 3 

Eristalis spp. Syrphidae Syrphid 28 

Gen_Antho spp. Anthocoridae Hemiptera 8 

Gen_Bomby spp. Bombyliidae Non-syrphid fly 1 

Gen_Calli spp. Calliphoridae Non-syrphid fly 153 

Gen_Chlor spp. Chloropidae Non-syrphid fly 10 

Gen_Chrysid spp. Chrysididae Small wasp 11 

Gen_Chrys sp. 1 Chrysomelidae Beetle 3 

Gen_Dolic spp. Dolichopodidae Non-syrphid fly 6 

Gen_Halic sp. 1 Halictidae Small bee 5 

Gen_Halic spp. Halictidae Small bee 2 

Gen_Ichne spp. Ichneumonidae Small wasp 2 

Gen_Mirid spp. Miridae Hemiptera 3 

Gen_Musci spp. Muscidae Non-syrphid fly 225 

Gen_Myst sp. 1 Gen_Myst Non-syrphid fly 3 

Gen_Myst sp. 2 Gen_Myst Non-syrphid fly 13 

Gen_Noctu spp. Noctuidae Lepidopteran 1 

Gen_Sarco spp. Sarcophagidae Non-syrphid fly 27 

Gen_Strat spp. Stratiomyidae Non-syrphid fly 2 

Gen_Syrph sp. 1 Syrphidae Syrphid 8 

Gen_Syrph spp. Syrphidae Syrphid 8 

Gen_Syrph sp. 2 Syrphidae Syrphid 16 

Gen_Syrph sp. 3 Syrphidae Syrphid 1 

Gen_Syrph sp. 4 Syrphidae Syrphid 1 

Gen_Vespi spp. Vespidae Large wasp 21 
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Halictus spp. Halictidae Small bee 52 

Helophilus sp. 1 Syrphidae Syrphid 133 

Hylaeus sp. 1 Colletidae Small bee 34 

Lasioglossum spp. Halictidae Small bee 3 

Lejops spp. Syrphidae Syrphid 7 

Megachile brevis Megachilidae Small bee 107 

Melissodes spp. Apidae Small bee 2 

Melissodes sp. 1 Apidae Small bee 23 

Melissodes sp. 2 Apidae Small bee 4 

Melissodes sp. 3 Apidae Small bee 3 

Melissodes sp. 4 Apidae Small bee 2 

Melissodes sp. 5 Apidae Small bee 137 

Merodon equestris Syrphidae Syrphid 2 

Papilio glaucus Papilionidae Lepidopteran 3 

Parancistrocerus sp. 1 Vespidae Small wasp 119 

Phyllotreta spp. Chrysomelidae Beetle 1 

Phyllotreta sp. 1 Chrysomelidae Beetle 1 

Phyllotreta vitatta Chrysomelidae Beetle 1 

Polistes spp. Vespidae Large wasp 2 

Polistes fuscatus Vespidae Large wasp 2 

Sphaerophoria sp. 1 Syrphidae Syrphid 2 

Sphecius speciosus Crabronidae Large wasp 5 

Sphecius spp. Crabronidae Large wasp 4 

Sphex pensylvanicus Sphecidae Large wasp 4 

Stratiomys sp. 1 Stratiomyidae Non-syrphid fly 41 

Stratiomys sp. 2 Stratiomyidae Non-syrphid fly 23 

Syritta sp. 1 Syrphidae Syrphid 92 

Tetraopes 

tetrophthalmus 

Cerambycidae Beetle 3 

Toxomerus spp. Syrphidae Syrphid 854 

Vanessa atalanta Nymphalidae Lepidopteran 12 
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Appendix B 

The table below lists all of the pollinators observed and identified in the Prairie Coteau 

region near Brookings, South Dakota in 2019 down to lowest taxonomic level. Insect 

pollinators that could not be identified to genus were placed in a catch-all genus that 

consisted of the first five letters of their family name. For example, for a fly pollinator in 

the family Muscidae, we created a genus named Gen_Musci in the dataset in order to 

include these visitors in the analyses. Table also includes number of remnant temperate 

grassland sites the pollinators were present and the number of total observed interactions 

of each pollinator from May through October 2019. 

 

Pollinators 

 

Family 

 

Functional Group 

Number of sites 

present 

Out of 15 total 

sties 

Number of 

total 

interactions 

from May 

through 

October  

Agapostemon spp. Halictidae Small bee 10 163 

Agapostemon sp. 1  Halictidae Small bee 3 8 

Agapostemon sp. 2 Halictidae Small bee 1 96 

Allographta spp.  Syrphidae Syrphid fly  1 1 

Andrena spp.  Andrenidae Small bee  3 8 

Apis mellifera Apidae Honey bee 7 1218 

Archytas sp. 1  Tachinidae Non-syrphid fly 6 70 

Augochlora spp. Halictidae Small bee 1 7 

Augochlorella sp. 1 Halictidae Small bee 1 3 

Boloria bellona Nymphalidae Lepidopteran 3 4 

Bombus bimaculatus  Apidae Large bee 2 5 

Bombus borealis Apidae Large bee 2 32 

Bombus griseocollis Apidae Large bee 9 332 

Bombus huntii  Apidae Large bee 1 2 

Bombus impatiens  Apidae Large bee 6 36 

Bombus pensylvanicus Apidae Large bee 5 64 
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Bombus spp.  Apidae Large bee  2 162 

Bracon spp. Braconidae Small wasp 1 4 

Ceratina spp. Apidae Small bee 3 9 

Cercyonis pegalla Nymphalidae Lepidopteran  4 12 

Chauliognathus 

pensylvanicus 

Cantharidae Beetle 14 850 

Cisseps fulvicollis Erebidae Lepidopteran 9 173 

Coleophora sp. 1 Coleophoridae Lepidopteran 1 2 

Coleophora sp. 2 Coleophoridae Lepidopteran 4 44 

Coleophora spp.  Coleophoridae Lepidopteran 1 2 

Colias philodice Pieridae Lepidopteran 5 6 

Cupido comyntas Lycaenidae Lepidopteran 2 5 

Danaus plexippus Nymphalidae Lepidopteran 8 11 

Diabrotica sp. 1 Chrysomelidae Beetle 2 11 

Enodia anthedon Nymphalidae Lepidopteran 3 6 

Eristalis transversa  Syrphidae Syrphid fly  3 11 

Eristalis-BFBF sp. 1 Syrphidae Syrphid fly  3 24 

Eristalis-BWFBF sp. 2 Syrphidae Syrphid fly  3 33 

Eristalis-FBF sp. 3 Syrphidae Syrphid fly  10 402 

Eristalis-FBFLA sp. 4 Syrphidae Syrphid fly  1 5 

Eristalis-OFBF sp. 5 Syrphidae Syrphid fly  7 77 

Eristalis-WFBF sp. 6 Syrphidae Syrphid fly  2 24 

Gen_Andre spp.  Andrenidae Small bee 2 14 

Gen_Antho spp.  Anthomyiidae Non-syrphid fly  4 14 

Gen_Bombyi spp. Bombyliidae Non-syrphid fly  2 4 

Gen_Calli spp.  Calliphoridae Non-syrphid fly 11 259 

Gen_Ceram spp.  Cerambycidae Beetle 3 5 

Gen_Chiro spp.  Chironomidae Non-syrphid fly  2 3 

Gen_Chlor spp. Chloropidae Non-syrphid fly  13 401 

Gen_Chrys sp. 1 Chrysomelidae Beetle 8 143 

Gen_Chrys spp. Chrysomelidae Beetle 3 35 

Gen_Chrysopid spp.  Chrysopidae Non-syrphid fly 1 1 

Gen_Cramb spp. Crambidae Lepidopteran 2 3 

Gen_Culic spp. Culicidae Non-syrphid fly  3 7 

Gen_Curcu spp. Curculionidae Beetle 9 36 

Gen_Dolic spp.  Dolichopodidae Non-syrphid fly  1 27 
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Gen_Elach spp. Elachisitidae Lepidopteran 1 1 

Gen_Fanni sp. 1  Fanniidae Non-syrphid fly  3 49 

Gen_Fanni spp. Fanniidae Non-syrphid fly  1 3 

Gen_Halic spp.  Halictidae Small bee 7 46 

Gen_Hespe spp.  Hesperidae Lepidopteran 5 10 

Gen_Ichne spp.  Ichneumonidae Small wasp  4 11 

Gen_Lampy sp. 1 Lampyiridae Beetle 1 2 

Gen_Megac spp.  Megachilidae Small bee 1 35 

Gen_Meloi sp. 1  Meloidae Beetle  1 2 

Gen_Meloi spp.  Meloidae Beetle 8 24 

Gen_Melyr spp.  Melyridae Beetle 1 7 

Gen_Mirid spp.  Miridae Hemiptera 3 8 

Gen_Musci sp. 1  Muscidae Non-syrphid fly  1 3 

Gen_Musci spp.  Muscidae Non-syrphid fly  13 755 

Gen_Noctu spp.  Noctuidae Lepidopteran 1 1 

Gen_Penta Pentatomidae  Hemiptera 3 8 

Gen_Pompi sp. 1 Pompilidae Small wasp  1 1 

Gen_Pompi spp. Pompilidae Large wasp  2 6 

Gen_Pyrgo sp. 1 Pyrgotidae Non-syrphid fly 1 1 

Gen_Sarco spp.  Sarcophagidae Non-syrphid fly  10 139 

Gen_Sphec spp.  Sphecidae Large wasp  1 4 

Gen_Sphin spp.  Sphingidae Lepidopteran 1 6 

Gen_Strat sp. 1 Stratiomyidae Non-syrphid fly  4 22 

Gen_Strat spp. Stratiomyidae Non-syrphid fly  3 33 

Gen_Syrph sp. 1 Syrphidae Syrphid fly  1 1 

Gen_Syrph sp. 2 Syrphidae Syrphid fly  2 15 

Gen_Syrph spp. Syrphidae Syrphid fly  1 10 

Gen_Tachi spp.  Tachinidae Non-syrphid fly  1 1 

Gen_Tephr spp. Tephritidae Non-syrphid fly  3 27 

Gen_Ulidi spp. Ulidiidae Non-syrphid fly  7 80 

Halictus  spp. Halictidae Small bee 10 542 

Helophilus sp. 1  Syrphidae Syrphid fly  5 24 

Helophilus spp. Syrphidae Syrphid fly  2 39 

Hemyda spp. Tachinidae Non-syrphid fly  1 1 

Heriades spp. Megachilidae Small bee 1 13 

Hylaeus sp. 1  Colletidae Small bee 2 13 
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Hylaeus spp. Colletidae Small bee 2 2 

Junonia coenia Nymphalidae Lepidopteran 1 1 

Lasioglossum spp. Halictidae Small bee 9 457 

Lithurgopsis spp. Megachilidae Small bee 1 1 

Megachile spp. Megachilidae Small bee 1 8 

Melissodes spp. Apidae Small bee 6 23 

Merodon equestris Syrphidae Syrphid fly  1 2 

Nomada spp. Apidae Small bee 1 6 

Parasyrphus sp. 1 Syrphidae Syrphid fly  3 88 

Parhelophilus spp. Syrphidae Syrphid fly  3 35 

Phyciodes pulchella Nymphalidae Lepidopteran 5 8 

Phyllotreta sp. 1 Chrysomelidae Beetle 3 110 

Pseudopanurgus spp. Andrenidae Small bee 2 2 

Speyeria idalia Nymphalidae Lepidopteran 2 2 

Sphaerophoria spp. Syrphidae Syrphid fly  5 54 

Stratiomys spp. Stratiomyidae Non-syrphid fly  3 3 

Syritta sp. 1 Syrphidae Syrphid fly  7 82 

Toxomerus spp. Syrphidae Syrphid fly  15 2125 

 

  



133 

 

Appendix C 

The table below lists all of the biotically-pollinated flowering plants identified in the 

Prairie Centennial Garden within McCrory Gardens, Brookings, South Dakota in 2019 

down to lowest taxonomic level. All species except Epilobium sp. were identified to 

species level. 

Species  Common Name  Family  Plant Code  

Achillea millefolium common yarrow  Asteraceae ACHMIL 

Allium stellatum prairie onion  Amaryllidaceae  ALLSTE 

Asclepias incarnata swamp milkweed  Apocynaceae ASCINC 

Asclepias tuberosa butterflyweed  Apocynaceae ASCTUB 

Coreopsis tictoria  plains coreopsis  Asteraceae CORTIC 

Dalea purpurea purple prairie clover  Fabaceae DALPUR 

Echinacea angustifolia  narrow-leaved coneflower  Asteraceae ECHANG 

Epilobium sp.  Willowherb Onagraceae EPILOBIUM 

Erigeron canadensis  Horseweed Asteraceae ERICAN 

Erigeron philadelphicus Philadelphia fleabane Asteraceae ERIPHI 

Eupatorium perfoliatum  common boneset Asteraceae EUPPER 

Gaillardia aristata common blanketflower Asteraceae GAIARI 

Gaillardia x grandiflora  mesa yellow Asteraceae GAIGRA 

Heliopsis helianthoides smooth oxeye Asteraceae HELHEL 

Helianthus maximiliani maximilian sunflower  Asteraceae HELMAX 

Liatris spicata  floristan white blazing star  Asteraceae LIASPI 

Liatris aspera button blazing star Asteraceae LIAASP 

Liatris ligulistylis meadow blazing star Asteraceae LIALIG 

Liatris punctata dotted blazing star Asteraceae LIAPUN 

Liatris pycnostachya prairie blazing star Asteraceae LIAPYC 

Linum flavum golden flax Linaceae LINFLA 

Lythrum salicaria  purple loosestrife Lythraceae LYSTAL 

Monarda fistulosa wild bergamot Lamiaceae MONFIS 

Rudbeckia fulgida var. 

sullivantii 

Goldstrum Asteraceae RFUSU 

Solidago gigantea late goldenrod Asteraceae SOLGIG 

Solidago rigida stiff goldenrod  Asteraceae SOLRIG 
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Symphyotrichum novae-

angliae 

new england aster Asteraceae SYMNOE 

Teucrium canadense  Canada germander Lamiaceae TEUCAN 

Veronicastrum 

virginicum 

culver's root  Plantaginaceae VERVIR 
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Appendix D 

The table below lists all of the biotically-pollinated flowering plants identified in the 

Prairie Coteau region near Brookings, South Dakota in 2019 down to lowest taxonomic 

level. All species except Agrimonia sp. were identified to species level. Average sugar 

contribution refers to average nectar sugar each plant species contributed per transect 

based on amount of sugar per inflorescence and number of inflorescences.  

Species Family Common name  Number of sites 

present 

Out of 15 total sites 

Plant code  

Achillea millefolium Asteraceae Common 

yarrow 

6 ACHMIL 

Agoseris glauca Asteraceae False dandelion 2 AGOGLA 

Agrimonia sp.  Rosaceae Agrimony 2 AGRIMONIA 

Allium stellatum Amaryllidaceae Prairie onion 7 ALLSTE 

Amorpha canescens  Fabaceae Lead plant 6 AMOCAN 

Anemone 

canadensis  

Ranunculaceae Meadow 

anemone 

9 ANCA 

Anticlea elegans Melanthiaceae Mountain 

deathcamas 

3 ANTELE 

Apocynum 

cannabinum 

Apocynaceae Prairie dogbane 1 APOCAN 

Artemisia 

absinthium 

Asteraceae Absinthe 

wormwood 

1 ARTABS 

Asclepias 

stenophylla  

Apocynaceae Slim leaf 

milkweed 

2 ASCSTE 

Asclepias syriaca Apocynaceae Common 

milkweed 

3 ASCSYR 

Astragalus agrestis Fabaceae Purple 

milkvetch 

5 ASTAGR 

Astragalus 

canadensis 

Fabaceae Canadian 

milkvetch 

1 ASTCAN 

Brickellia 

eupatorioides  

Asteraceae False boneset 1 BRIEUP 
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Carduus nutans Asteraceae Musk thistle 4 CARNUT 

Cerastium arvense Caryophyllaceae Prairie 

chickweed 

1 CERAVE 

Cirsium arvense Asteraceae Canada thistle 11 CIRARV 

Cirsium floodmanii Asteraceae Floodman’s 

thistle 

4 CIRFLO 

Dalea candida Fabaceae White prairie 

clover 

5 DALCAN 

Dalea purpurea Fabaceae Purple prairie 

clover 

5 DALPUR 

Daucus carota Apiaceae Queen Anne’s 

lace 

1 DAUCAR 

Desmodium 

illinoense 

Fabaceae Illinois tick 

trefoil 

1 DEIL2 

Doellingeria 

umbellata 

Asteraceae Flat-top aster 2 DOEUMB 

Echinacea 

angustifolia  

Asteraceae Purple 

coneflower 

2 ECHANG 

Erigeron 

philidelphicus 

Asteraceae Daisy fleabane 3 ERIPHI 

Erigeron strigosus  Asteraceae Prairie fleabane 2 ERISTR 

Euphorbia esula  Euphorbiaceae Leafy spurge 4 EUES 

Eupatorium 

maculatum 

Asteraceae Spotted joe-pye 

weed 

2 EUPMAC 

Fragaria virginiana Rosaceae Wild strawberry 2 FRAVIR 

Gaillardia aristata Asteraceae Common 

gaillardia 

1 GAIAIR 

Gallium boreale Rubiaceae Northern 

bedstraw 

4 GALBOR 

Gentiana andrewsii Gentianaceae Bottle gentian 1 GENAND 

Geum triflorum Rosaceae Prairie smoke 2 GETR 

Glycyrrhiza lepidota Fabaceae American 

licorice 

3 GLYLEP 

Grindelia squarrosa Asteraceae Curly-cup 

gumweed 

1 GRISQU 

Helenium autumnale Asteraceae Sneezeweed 3 HELAUT 
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Heliopsis 

helianthoides 

Asteraceae Smooth oxeye 8 HELHEL 

Helianthus 

maximiliani 

Asteraceae Maximilian 

sunflower 

3 HELMAX 

Helianthus nuttallii  Asteraceae Nutall’s 

sunflower 

5 HELNUT 

Helianthus 

pauciflorus 

Asteraceae Stiff sunflower 8 HELPAU 

Hypoxis hirsuta Amaryllidaceae Common 

goldstar 

3 HYPHIR 

Liatris ligulistylis Asteraceae Meadow 

blazing star 

3 LIALIG 

Linaria vulgaris  Plantaginaceae Yellow toadflax 2 LINVUL 

Lithospermum 

canescens 

Boraginaceae Hoary puccoon 5 LITCAN 

Lobelia siphilitica Campanulaceae Blue cardinal 

flower 

1 LOBSIP 

Lobelia spicata  Campanulaceae Pale spike 

lobelia 

2 LOBSPI 

Lycopus asper Lamiaceae Rough 

bugleweed 

2 LYCASP 

Lythrum alatum Lythraceae Winged 

loosestrife 

1 LYTALA 

Melilotus albus Fabaceae White 

sweetclover 

10 MEAL2 

Medicago lupulina Fabaceae Black medick 6 MELU 

Melilotus officinalus  Fabaceae Yellow 

sweetclover 

9 MEOF 

Medicago sativa  Fabaceae Alfalfa 5 MESA 

Monarda fistulosa Lamiaceae Wild bergamot 6 MONFIS 

Mulgedium 

pulchellum  

Asteraceae Showy blue 

lettuce 

2 MULPUL 

Oxalis violacea Oxalidaceae Violet wood-

sorrel 

4 OXAVIO 

Packera plattensis Asteraceae Prairie ragwort 1 PACPLA 
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Pediomelum 

argophyllum 

Fabaceae Silverleaf 

scurfpea 

5 PEDARG 

Phlox pilosa Polemoniaceae Downy phlox 2 PHLPIL 

Ratibida 

columnifera 

Asteraceae Upright prairie 

coneflower 

6 RATCOL 

Ratibida pinnata Asteraceae Gray-headed 

coneflower 

3 RATPIN 

Rosa acicularis  Rosaceae Wild rose 4 ROSACI 

Rudbeckia hirta Asteraceae Black-eyed 

susan 

2 RUDHIR 

Silene vulgaris Caryophyllaceae Bladder 

campion 

1 SILVUL 

Sisyrinchium 

campestre  

Iridaceae Prairie blue-

eyed grass 

3 SISCAM 

Sisyrinchium 

montanum  

Iridaceae Strict blue-eyed 

grass 

1 SISMON 

Solidago canadensis  Asteraceae Canada 

goldenrod 

1 SOLCAN 

Solidago gigantea Asteraceae Giant goldenrod 6 SOLGIG 

Solidago 

missouriensis 

Asteraceae Missouri 

goldenrod 

5 SOLMIS 

Solidago 

ptarmicoides 

Asteraceae Upland white 

goldenrod 

1 SOLPHA 

Solidago rigida  Asteraceae Stiff goldenrod 2 SOLRIG 

Sonchus arvensis Asteraceae Field sow 

thistle 

10 SONARV 

Stachys palustris Lamiaceae Marsh 

woundwort 

3 STAPAL 

Symphyotrichum 

ericoides  

Asteraceae White heath 

aster 

5 SYMERI 

Symphyotrichum 

lanceolatum 

Asteraceae Lance-leaf aster 3 SYMLAN 

Symphyotrichum 

novae-angliae 

Asteraceae New England 

aster 

1 SYMNOE 

Symphyotrichum 

sericeum 

Asteraceae Silky aster 1 SYMSER 
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Symphoricarpos 

occidentalis  

Caprifoliaceae Western 

snowberry 

4 SYOC 

Taraxacum 

officinalis  

Asteraceae Common 

dandelion 

5 TAROFF 

Tragopogon dubius Asteraceae Yellow salsify 2 TRDU 

Trifolium repens Fabaceae White clover 2 TRIREP 

Trifolium pratense Fabaceae Red clover 5 TRPR2 

Verbena stricta Verbenaceae Hoary vervain 2 VERSTR 

Verbascum thapsus Scrophulariaceae Common 

mullien 

1 VERTHA 

Verbena urticifolia  Verbenaceae White vervain 1 VERURT 

Viola nephrophylla  Violaceae Northern bog 

violet 

1 VIONEP 

Viola pedatifida Violaceae Prairie violet 2 VIOPED 

Zizia aptera  Apiaceae Heart-leaved 

golden 

alexanders 

5 ZIZAPT 

 


