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Abstract
Across agricultural areas of the Prairie Pothole Region (PPR), floral resources are primar-
ily found on public grasslands, roadsides, and private grasslands used as pasture or enrolled 
in federal conservation programs. Little research has characterized the availability of flow-
ers across the region or identified the primary stakeholders managing lands supporting pol-
linators. We explored spatial and temporal variability in flower abundance and richness 
across multiple grassland categories (i.e. general grassland, conservation grassland, and 
engineered pollinator habitat) in the PPR from 2015 to 2018 and used these data to esti-
mate the number of flowering stems present across the region on private and public land 
holdings. Both flowering plant abundance and richness were greatest on engineered pol-
linator habitat, but this land category encompassed < 0.01% of the total grassland area in 
the PPR. There was a steady decrease in flower abundance over the growing season across 
all land categories. We detected considerable variation in flower abundance and richness 
across grassland categories, indicating that not all natural or semi-natural covers provide 
similar value to pollinators. At a landscape scale, large land holdings such as privately-
owned grasslands and Conservation Reserve Program lands contributed the greatest num-
ber of flowers by an order of magnitude, though these lands collectively did not support the 
greatest abundance of flowers per unit area. Our research depicts spatial and temporal vari-
ation in pollinator resources across the region. Further, our research will assist managers 
and policy makers in understanding the role of public and private lands and conservation 
programs in supporting pollinators.
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Introduction

Plant-pollinator mutualistic networks serve as the foundation of many terrestrial food webs 
(Fontaine et al. 2005; Burkle and Alarcon 2011; Burkle et al. 2013). Managed and wild 
pollinators rely on the presence of floral resources within their foraging ranges to provide 
nectar and pollen as nutritional resources. In turn, pollinating insects and other animals 
facilitate sexual reproduction of 85% of flowering plants globally (Ollerton et  al. 2011). 
Habitat loss through agricultural expansion and intensification can fragment pollinator net-
works and reduce ecosystem function (Winfree et al. 2009, 2011; Potts et al. 2010).

The Prairie Pothole Region (PPR) of the United States has been identified as a particu-
larly important part of the country for supporting healthy honey bee colonies and a robust 
pollination industry nationally (Pollinator Health Task Force 2015; Smart et al. 2018). In 
this region, the states of North Dakota, South Dakota, Minnesota, and Montana host around 
30–40% of the national pool of honey bee colonies throughout the growing season (U.S. 
Department of Agriculture 2018). This area also supports diverse native pollinator commu-
nities and is included in the core migratory range of the iconic monarch butterfly (Danaus 
plexippus), several bumble bee species (e.g., Bombus pensylvanicus, B. affinis, B. terri-
cola) that are of conservation concern (Cameron et al. 2011; Oberhauser et al. 2017; Evans 
et al. 2018; Darby et al. 2020), and other native bee communities (Bendel et al. 2019; Lane 
et al. 2020). Additionally, native grasslands in the PPR harbor numerous species of upland 
birds and waterfowl (Best et al. 1995; Naugle et al. 2001; Niemuth et al. 2005), and play 
a critical role in carbon sequestration, nutrient cycling, and soil and water quality for the 
larger region (Whigham and Jordan 2003; Gleason et al. 2005; Seelig and DeKeyser 2006). 
Approximately 80–90% of the landmass in the PPR is privately owned, thereby highlight-
ing the importance of private lands in supporting pollinator health and ecosystem service 
delivery in the region (Samson and Knopf 1994).

Despite its importance as habitat for diverse wildlife and benefits for ecosystem services 
and processes, the PPR has experienced rapid changes in land use over the past few decades 
(e.g., Wright and Wimberly 2013; Lark et al. 2015). Such changes, and the resulting land-
scapes, negatively impact plant-pollinator networks and communities (Kremen et al. 2007; 
Kwaiser and Hendrix 2008; Evans et  al. 2018). Historical prairie, grasslands, wetlands, 
and rangelands have given way to row crops such as corn and soybeans, partly as a result 
of policies calling for increased biofuel crop production, rising commodity crop prices and 
changes in U.S. Farm Bill conservation programs (Claassen et  al. 2011; Rashford et  al. 
2011; Wright and Wimberly 2013). The move to biofuels to supplement fossil fuel con-
sumption entails numerous unintended environmental consequences (e.g., Pimentel 2003; 
Searchinger et al. 2008; Tillman et al. 2009), one of which is a decrease in potential suit-
able forage for both wild and managed pollinators (Koh et al. 2016; Otto et al. 2016, 2018).

Land use change and the importance of the PPR for pollinators has generated consider-
able interest among government and private entities in preserving remaining grasslands 
and restoring marginal cropland to pollinator forage lands. For example, federal funding 
was appropriated through U.S. Farm Bills for the U.S. Department of Agriculture (USDA) 
to develop multiple pollinator practices and initiatives via the Conservation Reserve Pro-
gram (CRP) and Environmental Quality Incentives Program (EQIP). These practices and 
initiatives were designed to enhance the value of private farmland to pollinators. As part 
of the 2008 Farm Bill, the USDA launched a new pollinator conservation practice within 
the CRP (Conservation Practice-42, Pollinator Habitat). In 2014, the USDA developed two 
initiatives within existing conservation programs to further enhance pollinator forage on 
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private lands in the Northern Great Plains as well as in the Upper Midwest part of the 
United States. In addition, private business and non-government organizations concerned 
with global food production have contributed funds to provide forage for bees. For exam-
ple, the Bee and Butterfly Habitat Fund (BBHF) was established in 2014 through private 
partnerships to restore pollinator habitat on private lands in agricultural areas of the mid-
western United States. Although the overarching goal of these multiple programs and prac-
tices is to promote forage for pollinators, the programs/practices are highly varied with 
respect to seed mix specifications and financial incentives given to landowners. In addition, 
many conservation grasslands throughout the PPR were not developed with the objective 
of providing pollinator habitat, but still have potential to contribute to pollinator conserva-
tion. For example, the U.S. Fish and Wildlife Service manages the National Wildlife Ref-
uge system that serves as wildlife habitat. Although some areas within the Refuge system 
may be managed specifically for pollinators, conservation of migratory birds is usually the 
primary goal. Many USDA conservation programs were not developed with pollinators as 
a primary goal, but nonetheless may provide pollinator habitat. Roadside ditches used for 
drainage control and remnant grasslands used as pasture also have the potential to pro-
vide habitat for bees (Hopwood et al. 2015), but these lands are not often managed for this 
objective.

Although the PPR is a priority area for pollinator conservation and forage enhance-
ment, relatively little work has been done to describe the abundance and richness of floral 
resources across the multiple land categories present on the landscape. Understanding the 
spatial and temporal variation in the availability of floral resources across the PPR can 
inform researchers who are modeling how land use change affects pollinators (Gallant 
et al. 2014; Koh et al. 2016; Thogmartin et al. 2017; Otto et al. 2018). Researchers inves-
tigating the effects of land use change often make assumptions about the ecological value 
of land categories without understanding how the variation in resources within categories 
may change across space and time. For example, in our previous assessment of how altera-
tion to the CRP national acreage cap would affect landscape suitability for honey bees, we 
assumed the quality of CRP grassland was constant across the multiple CRP conserva-
tion practices (Otto et al. 2018). Having information on the variability of floral resources 
among CRP practices would have improved the realism of our landscape model projec-
tions. Thogmartin et  al. (2017) used expert opinion and state-specific data of milkweed 
abundance on CRP, roadsides, and other land categories to develop monarch population 
models for the Eastern United States. Although this work has been instrumental in devel-
oping a national target for monarch conservation, the authors acknowledged considerable 
uncertainty in vegetation estimates across much of their study region. The seminal work 
on wild bees by Koh et al. (2016) applied indices of land cover quality to infer changes 
in bee abundance across the United States, but those indices did not consider variation in 
resource quality within natural and semi-natural land covers. In addition to being impor-
tant for research, understanding the resource value of different land categories can provide 
policy makers with the information needed to evaluate the costs and benefits of specific 
conservation programs and tailor policy changes to enhance existing programs for pollina-
tors. Lastly, natural resource managers are often tasked with creating wildlife habitat, but 
typically lack the means to determine whether the new habitats are having a desired effect. 
This is especially true for pollinator plantings, which cost additional time and money to 
establish relative to more general conservation grassland plantings.

Our objective was to quantify the variation in floral resources among multiple catego-
ries of grasslands in the PPR from 2015 to 2018. We considered the forage value for pol-
linators of three major classes of grasslands: those specifically seeded to provide pollinator 
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habitat (“Engineered Pollinator Habitat”), those that provide conservation cover not spe-
cific to pollinators (“Conservation Grassland”), and those that support a range of other uses 
(“General Grassland”). Specifically, we quantified floral resources on (1) private grasslands 
enrolled in pollinator habitat conservation programs including the CRP Conservation Prac-
tice 42-Pollinator Habitat and the Bee and Butterfly Habitat Fund (Engineered Pollina-
tor Habitat); (2) private grasslands enrolled in the USDA Conservation Reserve Program 
(excluding those participating in CP-42) and the USDA Environmental Quality Incentives 
Program, and public grasslands managed as wildlife habitat, including U.S. Fish and Wild-
life Waterfowl Production Areas and state-owned wildlife management areas (Conservation 
Grassland); and (3) private grasslands used for pasture, haying, or idle prairie, and road-
side ditches used for drainage control (General Grassland). We surveyed floral cover along 
transects to test for differences in flower abundance, richness, and community composi-
tion across the three major grassland classes and quantified temporal patterns in native and 
non-native flowers. Because of the importance of private lands and private land conserva-
tion programs to pollinator forage, we also investigated the variability in floral abundance 
and richness among the individual private land categories within the three major classes. 
We then scaled the results from our transect surveys in the PPR study area to quantify the 
potential annual floral resource availability of each grassland category across the region.

Methods

Study area

Our study area coincided with the PPR in the United States and was bounded to the north, 
east, and south by the extent of the region within North Dakota, South Dakota, and Min-
nesota (see Mann 1974), and to the west by the Missouri River (Fig. 1a, b), as delineated 
by the Commission for Environmental Cooperation (2010). We situated plant transects in 
association with apiaries (locations where beekeepers place their honey bee colonies) that 
were part of a concurrent multi-year study examining the impacts of land use/cover on 
honey bee colony health, productivity, and survival (Smart et al. 2018). We selected plant 
transect locations to occur within a 4.8-km radius of 38 study apiaries located in the PPR. 
Although honey bees can travel twice this distance, they are more likely to travel shorter 
distances if adequate forage is available (e.g., Ribbands 1951). Therefore, we selected a 
mid-range distance to demarcate potential forage areas around apiaries. We defined grass-
land/pasture as privately owned land that was not enrolled in a federal conservation pro-
gram and where the dominant cover was grass. We defined roadside ditches as areas > 1 m 
and < 10 m from the edge of a paved or gravel road (e.g., Fig. 1d). For safety reasons, we 
did not conduct surveys along state or interstate highways.

Wildlife Management Areas (WMA) are owned and administered by the North Dakota 
Game and Fish Department and are managed for the production of vertebrate wildlife. 
South Dakota and Minnesota have their own versions of WMA; however, we did not 
encounter any of these lands in our study area transects and thus omitted state-owned wild-
life areas in South Dakota and Minnesota from our analysis. Waterfowl Production Areas 
(WPA) are owned and administered by the U.S. Fish and Wildlife Service and are satellites 
of the National Wildlife Refuge system. They are primarily managed for waterfowl produc-
tion. The CRP and EQIP are programs administered by the USDA that target private lands. 
Landowners enrolled in the CRP receive an annual rental payment from the USDA to take 
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Fig. 1  Study area and example landscape near an apiary including the grassland categories we analyzed. 
The research was conducted in a the Prairie Pothole Region b within counties of the states of North Dakota, 
South Dakota, and Minnesota. Plant transects were surveyed on fields within a 4.8-km radius from study 
apiaries (Smart et al. 2018), and total area of each c land use category was quantified within the defined 
portion of the PPR, which included distinguishing d roadside ditches from adjacent land categories
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environmentally sensitive land out of crop production and establish a perennial cover. The 
EQIP provides landowners with financial assistance and technical support to implement 
conservation practices on their agricultural lands. The BBHF is a non-government organi-
zation that provides financial assistance for seed and technical support to landowners for 
establishing pollinator forage on lands previously in crop production (https:// www. beean 
dbutt erfly fund. org/).

The CRP contains numerous conservation practices that may be implemented based on 
landowner objectives and land characteristics (SI Table  1, and see https:// www. fsa. usda. 
gov/ progr ams- and- servi ces/ conse rvati on- progr ams/ index). Conservation Reserve Program 
practices have different seed mix options, and not all of the practices contain a forb com-
ponent in the specified planting mix. Similarly, the EQIP also has multiple practices, but 
three practices commonly found in our region are Conservation Cover (EQIP-327), Forage 
and Biomass Planting (EQIP-512), and Range Planting (EQIP-550; and see https:// www. 
nrcs. usda. gov/ wps/ portal/ nrcs/ main/ natio nal/ progr ams/ finan cial/ eqip/).

Floral transect surveys

We conducted our sampling to be reflective of the distribution and amount of private and 
public land in the PPR. We obtained spatial records of public land areas from state geo-
graphic information system portals (North Dakota: https:// gishu bdata. nd. gov/; South 
Dakota: http:// opend ata20 17- 09- 18t19 28024 68z- sdbit. opend ata. arcgis. com/; Minnesota: 
https:// gisda ta. mn. gov/) and worked with local USDA offices to determine where CRP and 
EQIP enrollments occurred. We overlaid the spatial data on private lands with the 2014 
National Agricultural Statistics Service Cropland Data Layer (U.S. Department of Agricul-
ture, National Agricultural Statistics Service 2018) to determine the distribution of grass-
lands intersecting private lands that were not enrolled in a federal conservation program. 
We then used a geographic information system to determine what public and private grass-
lands were within a 4.8-km radius of our 38 research apiaries to identify private and public 
fields we could potentially survey for flowers. We obtained permission from landowners to 
conduct field sampling on private grasslands.

For each survey, two field technicians used a Geographic Positioning System to navigate 
to the randomly selected starting point. Technicians then established a 2 m × 20 m transect, 
running north from the transect start location. Along roadside ditches, the transect ran par-
allel to the road. Transect boundaries were delineated with a meter tape across the center 
line and metal flags at the four corners. On each transect, technicians identified flowering 
plant taxa to species and quantified the flower abundance of each plant in bloom. Because 
of the potentially high numbers of flowers we could encounter in the field, we developed 
an index of flower abundance for use on all transects. Technicians counted the number of 
stems supporting one or more inflorescences and used this as an index of flower abundance 
(hereafter “floral stem abundance”). Although not a true census of the number of flowers 
per transect, our use of flowering stems provided a reliable index of flower abundance for 
comparisons across plant species, grassland categories, seasons, and years.

In 2015, we used a geographic information system to implement a stratified random 
selection of 906 transects for flower surveys in a subset of public and private grasslands. 
Grassland/pasture is, by far, the most extensive grassland category in the PPR, so to ensure 
that we sampled less abundant categories sufficiently for our analysis, we preferentially 
weighted the selection such that 40% of the transects were in CRP lands, 20% were in 

https://www.beeandbutterflyfund.org/
https://www.beeandbutterflyfund.org/
https://www.fsa.usda.gov/programs-and-services/conservation-programs/index
https://www.fsa.usda.gov/programs-and-services/conservation-programs/index
https://www.nrcs.usda.gov/wps/portal/nrcs/main/national/programs/financial/eqip/
https://www.nrcs.usda.gov/wps/portal/nrcs/main/national/programs/financial/eqip/
https://gishubdata.nd.gov/
http://opendata2017-09-18t192802468z-sdbit.opendata.arcgis.com/
https://gisdata.mn.gov/
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EQIP lands, 15% were in roadside ditches, 15% were in grassland/pasture, and 10% were 
in public (WMA and WPA) lands, with four additional transects conducted on BBHF lands 
as part of a parallel pilot project. In each of 2016 and 2017, we included 12 additional tran-
sects on private lands that were newly seeded with BBHF seed mixes (28 transects among 
all years). These BBHF transects represented a census of all BBHF sites available in the 
PPR at that time.

To the extent possible, we resampled the same transects in 2015 and 2016, however, 
some transect sites were inaccessible because of land conversion or our inability to con-
tact landowners. When replacing these “lost” transect sites, we targeted lands enrolled in 
USDA conservation programs that had vegetation cover we assumed was of nutritional 
value to pollinators, such as CRP pollinator habitat (CP-42) or EQIP conservation cover 
(Practice 327), forage and biomass planting (Practice 512), and range planting (Practice 
550). In 2017 and 2018, we reduced the number of transects by 60% and 40%, respectively, 
because of labor limitations, including discontinuing all WPA transects. Due to the relative 
scarcity of some of the Engineered Pollinator Habitat and Conservation Grassland, we also 
selected transect sites for sampling that were beyond the 4.8-km radius of our research api-
aries, but still within the local landscape.

We surveyed 2547 transects over 4 years: 906 in 2015; 975 in 2016; 407 in 2017; and 
259 in 2018. We visited some transects all 4 years, whereas we visited other transects in 
only one or two of the study years. This hybrid design was employed because (1) some 
fields were not available for sampling until later years; (2) some fields were converted from 
grassland to row crop before we completed the study, and/or; (3) we were unsuccessful in 
obtaining permission to survey private land in certain years. The scope of our fieldwork 
was reduced in 2017 and 2018, which required us to eliminate approximately half and then 
two-thirds of our transects, respectively.

Whenever possible, each transect was surveyed three times per year: early season (June 
16–July 15), mid-season (July 16–August 15), and late season (August 16–September 15) 
over the four years of the study. In certain cases, transects could not be surveyed three 
times per year because of weather or site accessibility. Across all years, our sampling 
design resulted in 7405 surveys among 2547 transects. Thus, our sampling effort was une-
qual across the three temporal replicates (SI Table 2). We defined each survey of a transect 
as an individual event; thus, the full complement of transect visits over the seasons and 
years of our study resulted in a dataset of 7405 surveys. We considered each of these sur-
vey incidents as statistically independent because sampling was carried out at random loca-
tions within each transect site (a field or roadside) and, more importantly, because of the 
dramatic changes in forb species that phenologically occurred over each growing season 
and among years.

Analyses of floral survey data

Prior to analysis, we grouped data from our transect surveys into three broad manage-
ment classes: Engineered Pollinator Habitat (BBHF, CP-42), Conservation Grassland 
(CRP [excluding CP-42], EQIP, WMA, WPA), and General Grassland (non-conservation 
grassland/pasture, road ditches). We described the floral resource community available to 
pollinators by identifying the most abundant native and introduced flowering plants. We 
examined the relationships between the main effects of grassland class and time of season, 
and the response variables of floral stem abundance per transect and species richness per 
transect. We tested for an interaction between grassland class and season in our generalized 
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linear mixed effect models and conducted Tukey contrasts to compare among main effect 
treatment groups (R Core Team 2020, package lme4). For both floral stem abundance and 
plant species richness responses, the data were highly zero-skewed, so we ran negative 
binomial generalized linear models. To control for annual fluctuation in flower abundance 
and richness, and transects located in the same field, we included both year and field as 
random effects. We visualized floral community composition differences between grass-
land classes and season of collection using principle coordinates analysis; furthermore, 
we statistically tested for differences in the community composition of grassland classes, 
season, and a grassland × season interaction using a permutational multivariate analysis of 
variance (PERMANOVA) with the adonis function of the R package vegan (Oksanen et al. 
2020). Because PERMANOVA can be sensitive to unbalanced study designs as well as 
groups with different dispersion, we combined individual transect surveys that occurred 
within the same sampled field.

Upscaling survey results to the study region

We obtained geospatial information from multiple sources to enable upscaling the field 
survey data for the grassland categories to the PPR study area. We compiled data on (1) 
CRP, (2) WMA, (3) WPA, (4) EQIP, (5) other grasslands (along with pasture land) not 
included in the first four categories, and (6) roadside ditches (e.g., see Fig. 1c, d). The CRP 
boundaries we used represented lands under contract in 2016, provided as digital polygons 
by the USDA, Farm Service Agency through a data-sharing agreement. The WMA data 
were digital polygons current as of 2018 that we acquired online for North Dakota (North 
Dakota Game and Fish Department 2018) and Minnesota (Minnesota Department of Natu-
ral Resources 2018). We did not survey Game Production Areas managed by South Dakota 
Game, Fish and Parks. We extracted WPA polygons from the Protected Areas Database 
of the United States, current as of 2016 (U.S. Geological Survey, Gap Analysis Program 
2016). We obtained proprietary county-level statistics on EQIP participation from the 
USDA Natural Resources Conservation Service. For grasslands outside these conservation 
types we used the Cropland Data Layer representing land cover in 2017 (U.S. Department 
of Agriculture 2018), which we downloaded for North Dakota, South Dakota, and Minne-
sota in raster format at a 30-m spatial resolution. We used the Cropland Data Layer primar-
ily to identify areas of grassland and pasture, but also to determine where roadside ditches 
(described further below) were likely to intersect cropland or other cover types that could 
provide potential additional acreage for pollinator habitat seed mixes.

To determine the total area in each land category, we compiled the data layers into a 
single raster map (30-m cell resolution). We lacked specific location data for the EQIP 
lands, so we subsequently estimated EQIP area mathematically (rather than spatially) by 
subtracting county EQIP total area from the total area of General Grassland cover in those 
counties (i.e., grasslands not in CRP, WMA, or WPA). In cases where only part of a county 
was contained within our study area, we prorated the EQIP area for the proportion of the 
county falling within the study area boundaries. For BBHF sites, we requested acreage sta-
tistics for our region directly from BBHF.

We knew of no mapped data for road ditches across our study area and therefore 
modeled the distribution of ditches based upon general guidance for two-lane road 
widths (e.g., see North Dakota Department of Transportation 2017; South Dakota 
Department of Transportation 2018; and Minnesota Department of Transportation 
2012) and ditch widths (Minnesota Department of Transportation 2001), aligned with 
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digital road vectors from a national transportation dataset (U.S. Geological Survey 
2018). Using centerline road vectors, we “constructed” road polygons based on 12-foot 
(3.66 m) guidance (U.S. customary units) for widths for each lane outward from the 
centerlines. As two-lane roads comprise the vast majority of transportation routes in 
the predominantly rural landscapes of the Dakotas and Minnesota, we used a width 
of 24 feet (7.32  m). We then delineated 10-foot (3.01  m) ditches along road edges, 
based upon an average width of ditches we measured from 20 transects in locations 
in the three states where we had conducted field studies. To estimate potential area in 
ditches that might support pollinator forage habitat, we intersected our modeled road-
side ditches with cropland areas or other non-conservation land cover that might pro-
vide additional habitat (note that we excluded developed areas and open water from 
this estimate).

We quantified the total area in each of the grassland categories (road ditches, CRP, 
WMA, WPA, EQIP, BBHF, and non-conservation grassland/pasture) across the PPR 
study area. We then applied our estimates of flower abundance and species richness 
from the field transect surveys to the total regional area of each grassland category to 
estimate total regional area of floral resources and species richness contributed by the 
different grassland programs and practices in the study region.

Results

We observed 269 taxonomically distinct flowering plant species growing on the sur-
veyed grassland categories, of which 196 species were classified as native and 73 were 
classified as introduced (U.S. Department of Agriculture 2020, SI Table 3). The most 
commonly encountered plant species were Medicago sativa, Melilotus officinalis, and 
Cirsium arvense, detected during 33%, 31%, and 21% of transect sampling events 
(n = 7405), respectively (Table 1). The most commonly encountered native plants were 
Rudbeckia hirta (566/7405 = 8% of transects), followed by Heliopsis helianthoides 
(6%), Symphyotrichum ericoides (6%), and Ratibida columnifera (6%).

Among all surveys, 81% of flowering stems counted were introduced species 
(Fig.  2). The greatest overall contributor of floral abundance was Medicago sativa, 
making up 48% of the flower counts, followed by Melilotus officinalis (13%) and 
Melilotus alba (4%). The native plants with the greatest flower abundances were 
Rudbeckia hirta (2% of observed flower abundance per transect), Heliopsis helian-
thoides (1.5%), and Symphyotrichum ericoides (1.4%). Among the surveyed catego-
ries, Conservation Grassland had the highest proportion of introduced taxa by total 
flower abundance among years (83%), followed by both Engineered Pollinator Habitat 
and General Grassland (each with 79%). However, when assessing the total number 
of taxa observed, all three major grassland classes had a higher percentage of native 
species relative to introduced species (General Grassland = 74%, Conservation Grass-
land = 72%, Engineered Pollinator Habitat = 64%).

Floral resources by major land class and season

We detected a significant interaction between grassland category and season with respect 
to the mean floral stem abundance per transect. Flowering stem abundance on Engineered 
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Pollinator Habitat was significantly greater than on the other two grassland classes exam-
ined in all three seasons (Fig. 3; Early season: Engineered Pollinator Habitat vs. Conserva-
tion Grassland: z = − 3.05, p = 0.05; Engineered Pollinator Habitat vs. General Grassland: 
z = 4.72, p = 0.0001; Conservation Grassland vs. General Grassland: z = 2.68, p = 0.16; 

Table 1  Top 10 flowering plants, their indigenous status, and mean flower abundance per transect for Engi-
neered Pollinator Habitat, Conservation Grassland, and General Grassland in the Prairie Pothole Region of 
the United States

Flower stem abundance data for the original grassland categories, including among Conservation Reserve 
Program (CRP) and Environmental Quality Incentives Program (EQIP) practices, are provided in SI Table 3
a Included Bee and Butterfly Habitat Fund and the CRP Conservation Practice 42-Pollinator Habitat
b Abundance of flowering plants blooming on 16 practices within the CRP, three practices within the EQIP, 
Wildlife Management Areas, and Waterfowl Production Areas
c Included road ditches, non-conservation grassland, and pastures

Major Grassland Class Plant species Status Mean floral stem 
abundance per 
transect

Engineered Medicago sativa Introduced 176
Pollinator Melilotus officinalis Introduced 30
Habitata Heliopsis helianthoides Native 13

Rudbeckia hirta Native 11
Bassia scoparia Introduced 7
Cirsium arvense Introduced 6
Dalea purpurea Native 5
Sonchus arvensis Introduced 5
Artemisia absinthium Introduced 5
Conyza canadensis Native 5

Conservation Medicago sativa Introduced 61
Grasslandb Melilotus officinalis Introduced 15

Melilotus alba Introduced 8
Cirsium arvense Introduced 4
Sonchus arvensis Introduced 3
Rudbeckia hirta Native 2
Medicago lupulina Introduced 2
Chenopodium album Introduced 2
Helianthus maximiliani Native 2
Monarda fistulosa Native 2

General Medicago sativa Introduced 34
Grasslandc Melilotus officinalis Introduced 19

Medicago lupulina Introduced 7
Trifolium pratense Introduced 3
Symphyotrichum ericoides Native 3
Melilotus alba Introduced 3
Ambrosia artemisiifolia Native 3
Convolvulus arvensis Introduced 3
Trifolium repens Introduced 2
Cirsium arvense Introduced 2
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Mid-season: Engineered Pollinator Habitat vs. Conservation Grassland: z = −  1.56, 
p = 0.83; Engineered Pollinator Habitat vs. General Grassland: z = 3.86, p = 0.004; Con-
servation Grassland vs. General Grassland: z = 3.55, p = 0.01; Late season: Engineered 
Pollinator Habitat vs. Conservation Grassland: z = −  0.15, p = 1.0; Engineered Pollina-
tor Habitat vs. General Grassland: z = 1.18, p = 0.96; Conservation Grassland vs. General 
Grassland: z = 1.58, p = 0.82). In general, differences in flowering stem abundance were 
most pronounced in the early season, with all land categories having nearly similar flower-
ing stem abundances by the late season. Flowering stem abundance was highest in the early 
season ( x = 195 ± 8 SEM flowering stems per transect) and lowest in the late season ( x 
= 87 ± 4 SEM), with the mid-season being of intermediate stem abundance ( x = 139 ± 6 
SEM). Introduced flowers were more abundant than native flowers across the three major 
classes of grassland we surveyed, and introduced flowers were most abundant during the 
early season, followed by the mid- and late seasons, respectively (SI Fig 1).

Mean plant species richness per transect (range 2.2–5.9 species) varied over grass-
land class by season (Fig.  4, Early season: Engineered Pollinator Habitat vs. Conserva-
tion Grassland: z = − 5.1, p < 0.0001; Engineered Pollinator Habitat vs. General Grassland: 
z = 5.39, p = 0.0001; Conservation Grassland vs. General Grassland: z = 0.66, p = 1.0; Mid-
season: Engineered Pollinator Habitat vs. Conservation Grassland: z = − 3.66, p = 0.008; 
Engineered Pollinator Habitat vs. General Grassland: z = 5.54, p < 0.0001; Conservation 

Fig. 2  Mean floral stem abundance per transect in the Prairie Pothole Region of the United States among all 
studied grassland categories, surveys, and years (2015–2018). Errors bars represent the standard error of the 
mean (SEM). Color depicts indigenous status (USDA PLANTS database, https:// plants. sc. egov. usda. gov/ 
java). We depict only plants that averaged at least 0.5 flowering stems per transect per year. The entire list 
of 269 taxa by grassland category, conservation practice type, and indigenous status is shown in SI Table 3

https://plants.sc.egov.usda.gov/java
https://plants.sc.egov.usda.gov/java
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Grassland vs. General Grassland: z = 2.84, p = 0.10; Late season: Engineered Pollinator 
Habitat vs. Conservation Grassland: z = −  2.53, p = 0.22; Engineered Pollinator Habitat 
vs. General Grassland: z = 3.14, p = 0.04; Conservation Grassland vs. General Grassland: 
z = 0.98, p = 0.99). Native and introduced species richness among the three major grassland 
classes by season are distinguished in SI Fig 3.

Floral community composition was not different among grassland classes (SI Fig 5; 
SS = 0.80, Mean SS = 0.40, F = 1.17, p = 0.23). There was some variance in community 
composition between seasons (SS = 4.40, Mean SS = 2.20, F = 6.42, p < 0.01), but this was 
dependent on an interactive grassland class × season factor (SS = 2.02, Mean SS = 0.51, 
F = 1.48, p = 0.02).

Fig. 3  Floral stem abundance per transect among the surveyed major grassland classes in the Prairie Pot-
hole Region of the United States. Letters denote significant differences (α ≤ 0.05) among the mean floral 
stem abundances of the classes within each season (early, mid-, and late) and errors bars represent the 
standard error of the mean. Engineered Pollinator Habitat includes transects surveyed on lands participat-
ing in the Conservation Reserve Program Conservation Practice-42 (Pollinator Habitat) and the Bee and 
Butterfly Habitat Fund. Conservation Grassland includes transects surveyed on lands participating in the 
Conservation Reserve Program (non-pollinator habitat practices) or the Environmental Quality Incentives 
Program, or lands managed as Wildlife Management Areas or Waterfowl Production Areas. General Grass-
land includes transects surveyed on all other (non-conservation) grasslands, pastures, and road ditches. A 
finer-scale breakdown of the grassland categories within these three major classes and flower abundance 
data are shown in SI Fig. 2. SEM standard error of the mean. n.s. not statistically significant
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Flower abundance and richness among land conservation practices on private lands

Our analysis of pollinator forage indicated significant variation in resource availability 
across grassland classes (Figs. 3 and 4). We further investigated variation in resource avail-
ability on private lands by quantifying flower abundance and richness of 12 CRP and 3 
EQIP practices and the Bee and Butterfly Habitat Fund (SI Fig 6). As expected, there was 
variation in flower abundance and species richness across multiple conservation practices. 
Conservation practices specifically designed as Engineered Pollinator Habitat (i.e., CP-42 
and Bee and Butterfly Habitat Fund) had among the highest flower abundance and richness.

Fig. 4  Floral species richness per transect among the three major classes of grassland in the Prairie Pot-
hole Region of the United States. Letters denote significant differences (α ≤ 0.05) in transect-level richness 
among the three classes and errors bars represent the standard error of the mean (SEM). Engineered Polli-
nator Habitat includes transects surveyed on lands participating in the Conservation Reserve Program Con-
servation Practice-42 (Pollinator Habitat) and the Bee and Butterfly Habitat Fund. Conservation Grassland 
includes transects surveyed on lands participating in the Conservation Reserve Program (non-pollinator 
habitat) and the Environmental Quality Incentives Program or lands managed as Wildlife Management 
Areas and Waterfowl Production Areas. General Grassland includes transects surveyed on all other (non-
conservation) grasslands, pastures, and road ditches. Data were log-transformed prior to analysis, but raw 
data are depicted in the figure. Finer-scale breakdown of the grassland categories and flower richness data 
within the three major grassland classes (land categories) by season are distinguished in SI Fig. 4
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Landscape flower abundance

We estimated floral resource abundance to be on the order of 213 billion flowering stems 
annually, at a rate of approximately 25,000 per hectare, across the grassland categories 
we surveyed (Table 2). Engineered Pollinator Habitat in our region had the highest flower 
abundance among grassland categories, but also the smallest spatial footprint (Fig.  5; 
Table  2), contributing just 0.1% of the estimated flower abundance in our region. The 
majority of flowers in the PPR landscape were contributed by the grassland/pasture cat-
egory of the General Grassland class (Table 2), even though this land category harbored 
less than half as many flowers per transect as Engineered Pollinator Habitat. For example, 
BBHF had the greatest flower abundance per transect (417 flowering stems per transect), 
but the smallest regional footprint among all land categories (880 hectares, Fig. 5), thereby 
limiting its regional flower contribution (estimated 91 million flowering stems; Table  2; 
Fig. 5). In comparison with BBHF, CP-42 (CRP Pollinator Habitat) had relatively lower 
average flower abundance (292 flowering stems per transect), but nearly double the total 
number of flowers regionally (166 million flowering stems, Table 2) because of the greater 
total area of CP-42 (2274 hectares). Grassland/pasture, the dominant grassland category 
included in our study, contained approximately 3.9 and 2.7 times less flower abundance 

Table 2  Area of surveyed land categories, estimated number of flowering stems, and estimated area of 
flowering plants within the Prairie Pothole Region of the United States study area

BBHF Bee and Butterfly Habitat Fund; CP-42 Conservation Practice 42 Pollinator Habitat; CRP Conserva-
tion Reserve Program; EQIP Environmental Quality Incentives Program; WMA Wildlife Management Area; 
WPA Waterfowl Production Area
a Total area of BBHF was determined at the state level only, from North Dakota, South Dakota, and Minne-
sota, and therefore some area may fall outside the PPR
b These values represent the total areas of all CRP in the study region, a subset of which were surveyed in 
the current study
c Areas of individual EQIP practices (practices 327, 512, and 550) were provided to us at the county level 
only; we included areas of those EQIP practices for all counties that at least partially fell within the PPR
4 Transect dimensions: 2 m × 20 m = 0.004 ha

Major grassland classes 
and associated categories

Area (ha) in 
study region

Mean flower 
abundance per 
 transect4

Mean flower 
abundance 
per ha

Estimated average flower 
abundance in study region 
annually (×  106)

Engineered Pollinator 
Habitat

3154

BBHFa 880 417 104,250 91
CP-42 2274 289 72,250 166
Conservation Grassland 1,534,022
CRPb (non CP-42) 1,035,726 105 26,250 27,188
EQIPc 75,296 175 43,750 3294
WMA 161,000 90 22,500 3623
WPA 262,000 78 19,500 5109
General Grassland 6,742,500
Roadside Ditch 242,500 89 22,250 5396
Grass/Pasture 6,500,000 107 26,750 173,875
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per transect than BBHF and CP-42, respectively, but nevertheless contributed 1,000 times 
more flowers in the region annually than did Engineered Pollinator Habitat.

Discussion

Understanding the role of grasslands managed for different purposes in shaping pollinator 
habitat in agroecosystems is important for achieving national goals for pollinator health 
(Pollinator Health Task Force 2015). This is particularly true in the PPR, where agri-
cultural expansion has largely eliminated native and semi-native grasslands (Wright and 
Wimberly 2013). To mitigate extensive conversion of grasslands to cropland, multiple gov-
ernment agencies and private interest groups have made concerted efforts in recent years 
to enhance the value of existing conservation covers for pollinators and to develop seed 
mixes specifically designed to benefit bees. Our work represents the first regional, multi-
year assessment of flower abundance, richness, and species composition that quantifies the 
outcomes from those efforts to improve pollinator forage at the local scale, estimates their 
impact across the current regional landscape, and suggests a way forward to enhance their 

Fig. 5  Total land area and estimated flower abundance per transect among surveyed grassland categories in 
the Prairie Pothole Region of the United States. Total land area is log transformed to better visually display 
the results. BBHF Bee and Butterfly Habitat Fund; CP-42 Conservation Practice 42 Pollinator Habitat; CRP 
Conservation Reserve Program; EQIP Environmental Quality Incentives Program; WMA Wildlife Manage-
ment Area; WPA Waterfowl Production Area; SEM standard error of the mean. Shapes denote major grass-
land classes surveyed
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impact. Our data provide evidence that despite similar overall floral composition, not all 
grasslands offer similar floral abundance or richness for pollinators, and we show that the 
floral resources within patches change over a growing season. Our data demonstrate that 
Engineered Pollinator Habitat contributes to a greater abundance and richness of flowering 
plants per unit area, particularly in the early season, than do grasslands managed for other 
purposes, but the overall spatial footprint of pollinator plantings remains small in the PPR 
and their flora are not compositionally different from other land-covers when considered 
at a broad scale. Thus, results from our study suggest a vast, but currently underutilized, 
potential for expanding pollinator habitat by augmenting grasslands managed for a variety 
of purposes (such as the various categories of Conservation Grassland and General Grass-
land that we studied) with pollinator-utilized forbs.

Landscape flower abundance

Our regional estimates of flower abundance and spatial coverage demonstrate existing 
contrasts between Engineered Pollinator Habitat, Conservation Grasslands, and General 
Grasslands. Whereas flower abundance was significantly higher in grassland categories of 
Engineered Pollinator Habitat, particularly in the early season, than in grassland catego-
ries of other major classes, the regional contribution of pollinator habitat to total flower 
abundance was relatively small. Conversely, categories of General Grassland had among 
the lowest flower abundances per transect, but contributed the greatest flower abundance 
when up-scaled spatially across the region. Our results can be applied to estimate changes 
in flower abundance from different scenarios of land use change. For example, Wright and 
Wimberly (2013) estimated 530,000 ha of grassland were lost from 2006 to 2011 in the 
Great Plains. Based on our flowering stem counts on grasslands, loss of this magnitude 
could have resulted in an estimated loss of 13 billion flowers annually. Although the loss of 
an individual patch of grassland may not have an appreciable impact on the availability of 
pollinator forage when viewed in isolation, such local changes add up to large-scale losses 
of grasslands regionally, as has been observed in recent years and likely has resulted in a 
considerable reduction in flowers across the region. Similarly, Otto et al. (2018) estimated 
130,000 ha of CRP land within 1.6 km of honey bee apiaries in North Dakota and South 
Dakota were converted to corn or soybeans from 2006 to 2012. Our estimates suggest this 
conversion in the Dakotas would have meant the loss of 3.4 billion flowering stems annu-
ally across the top-two honey-producing states in the nation (U.S. Department of Agricul-
ture 2019).

Our results highlight how the patchwork of grasslands managed for different purposes 
culminates in a landscape mosaic of varied forage and habitat resources for wild and man-
aged pollinators. Whereas an EQIP forage and biomass planting consisting of early season 
Medicago sativa may not support wild bees with specialized forage diets, this planting may 
be used by honey bees to make a valuable honey crop (Gallant et al. 2014; Otto et al. 2017). 
Similarly, a CRP CP-42 (Pollinator Habitat) planting with high floral richness may not 
be highly visited by honey bees in mid-July, but such patches will provide diverse native 
plants to support wild pollinators, such as native bees (Otto et al. 2017). Having diverse 
grasslands within a single landscape can support both a diverse wild pollinator community 
and a robust beekeeping industry (Evans et al. 2018; Darby et al. 2020; Lane et al. 2020). 
We did not observe compositionally different floral communities between our broad grass-
land classes; however, this is likely a result of sites with highly diverse floral assemblages 
still having high numbers of common, broadly-distributed species like Medicago sativa 
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and Melilotus spp. Conserving and enhancing this mosaic of pollinator forage lands may 
require the involvement of public and private land stewards and the strengthening of land 
conservation programs in the PPR. Given that > 90% of the total land area among the three 
surveyed states is privately owned, substantially improving forage for pollinators will likely 
require a concerted effort on the part of private landowners and those stakeholders who 
promote private land conservation (Samson and Knopf 1994).

Our findings fit within the broader literature highlighting the tremendous potential of 
multiple grassland categories to provide additional benefits to managed and native pollina-
tors through altered management or restoration (e.g., Orford et al. 2016; Sexton and Emery 
2020). Although many grasslands cannot be managed for the sole objective of providing 
pollinator habitat, there are cost-effective management actions that could be undertaken on 
all grasslands to provide significant regional impact (e.g., Senapathi et al. 2017). The road 
ditches, pastures, and non-conservation grasslands we surveyed (General Grassland) had 
limited flower abundance per transect, but were so extensive in area that they accounted for 
a majority of the floral resources. Small management actions that could be implemented 
across a large proportion of this general land category would have a profound impact on 
regional flower abundance. For example, patch burn grazing and altered grazing regimes 
that reduce grazing severity have been identified as management activities that result in 
the restoration and maintenance of plant communities and appropriate wildlife and pol-
linator habitat (Sjodin 2007; Black et al. 2011; Scasta et al. 2016). Were these techniques 
to be implemented across grasslands in the PPR, the impact of such management actions 
could be enormous. The site-specific effects of altered grazing may seem relatively mod-
est at the local scale, but the impact would be significant as a regional, collective effort. 
Road ditches offer another opportunity where slightly altered management practices have 
the potential to enhance pollinator forage across 242,500 ha in the PPR (Hopwood et al. 
2015; Pengyao et al. 2020; Phillips et al. 2020). Although not explicitly quantified in our 
study, we observed that mowing greatly reduced the availability of flowers in road ditches, 
particularly after July. Delaying or reduced frequency of mowing has been shown to benefit 
pollinators (Hudewenz et al. 2012; Buri et al. 2014) and would not only increase the for-
age value of road ditches for bees, but may also save money for local governments in areas 
where tall vegetation does not present safety concerns.

The CRP was originally implemented to reduce soil erosion on environmentally sensi-
tive farmland. Researchers have documented numerous, additional ecosystem services pro-
vided by the CRP (Gleason et al. 2011; Johnson et al. 2016; Ricigliano et al. 2019), and in 
our study we found the contribution to pollinator forage from different CRP practices was 
highly varied. There are multiple options that natural resource managers could consider 
to elevate the overall pollinator value of CRP lands, such as increasing the forb-to-grass 
seed ratio and including additional forb species in more traditional grass mixes. Our data 
showed that Engineered Pollinator Habitat (i.e., BBHF and CP-42) had the highest flower 
abundance during portions of the growing season, but lowest regional impact due to low 
total acreage. Establishing and maintaining high forb diversity plantings takes time and 
considerable management, and, as evidenced by our results, may not result in composi-
tionally different grasslands despite changes in floral richness or abundance. Furthermore, 
the cost of the seed mix often is higher than the cost of traditional grassland plantings. 
These factors combined may make pollinator plantings less attractive to landowners inter-
ested in enrolling large swaths of land. To address this issue, the USDA offers considerable 
cost-sharing to landowners enrolling in CP-42 Pollinator Habitat in addition to annual land 
rental payments, and the BBHF offers free seed to its enrollees. Both entities offer tech-
nical assistance to landowners for vegetation establishment and management. Ultimately, 
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increasing the regional impact of Engineered Pollinator Habitat may require greater land-
owner participation through cost-sharing and subsidizing, or a shift in land ethic towards 
conservation, but our data show these lands are providing more floral resources for bees 
than other land categories in our region.

Our estimates of flower abundance are lower than the actual abundance of flowers in 
the landscape because (1) we did not survey all categories of land cover, such as National 
Wildlife Refuges, Forest Service lands, and areas containing flowering trees and shrubs, 
and (2) we quantified stems supporting one or more inflorescences, rather than counting 
individual inflorescences per stem. A number of land covers that may provide forage for 
pollinators were omitted from this study. We did not collect data from National Grasslands 
(U.S. Forest Service), Bureau of Land Management lands, state school lands, power line 
rights-of-way, ditches along railroad tracks, wetland margins, field edges, public parks, and 
urban areas. We also did not sample within mass-flowering crops such as alfalfa, canola, 
and sunflower fields that serve as ephemeral, pulsed sources of pollen and nectar, particu-
larly for honey bees (e.g., Westphal et  al. 2003; Decourtye et  al. 2010). We focused on 
grasslands that were within the flight range of honey bees from target apiaries in the PPR. 
Emerging research suggests PPR wetlands and the surrounding terrestrial buffer zones are 
an under-studied and under-valued contributor to supporting the life histories of managed 
and wild pollinators (Evans et al. 2018; Vickruck et al. 2019). The Waterfowl Production 
Areas included in our study had limited floral resources for bees. These lands have tradi-
tionally been managed by the U.S. Fish and Wildlife Service as nesting cover for water-
fowl, but our study suggests there is ample opportunity to add pollinator value to these 
lands.

Temporal variation in flower abundance and richness

Among all surveyed grassland categories, we found the highest flower abundances 
occurred early in the growing season (June 15–July 15), followed by the mid- and late 
seasons, respectively. We did not conduct flower surveys prior to June 15 because of the 
near absence of herbaceous flowers in the study region at that time. Nevertheless, May and 
early June are important for managed honey bee colonies and native, emerging queen bum-
ble bees (Bombus spp.) that require dietary supplementation or access to floral resources 
very early in the season to initiate colony growth (Rotheray et al. 2017). Aside from forbs, 
flowers from woody plants and shrubs provide pollen and nectar for early-season bees dur-
ing May and the beginning of June. Indeed, pollen from woody plants is commonly col-
lected by honey bees during this time period in the region (Smart et al. 2017). Although 
we did conduct surveys in CRP practices planted with woody plants, we did not encounter 
many flowering species because they often were past bloom at the time of the survey. Such 
woody blooms are not distributed evenly in our region, being primarily restricted to field 
borders, shelterbelts, and riparian areas. Expanding our research to include woody plants 
in April and May would provide a better indication of resources available for bees at the 
beginning of the growing season and may provide insight into whether recent removal of 
woody shelterbelts in the PPR is impacting pollinators (Schaefer et al. 1987; Burke et al. 
2019). Likewise, though we detected changes in floral resources across the season the spe-
cies measured may not necessarily reflect the resources used or preferred by managed or 
native bees at each point throughout the season. Although woody plants historically were 
limited primarily to riparian areas in the PPR, they are nevertheless associated with species 
richness of wild bees and other wildlife (Yahner 1983; Haas 1995; Evans et al. 2018).
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The peak flower abundance we observed throughout mid-July coincides with an annual 
period of tremendous population growth within honey bee colonies and increased rate of 
honey production. Beekeepers managing approximately one million colonies across the 
region take advantage of this phenological pattern to prepare and position their honey bee 
colonies to maximize honey production (U.S. Department of Agriculture, National Agri-
cultural Statistics Service 2019). The main regional nectar flows result from the blooms 
of sweet clover (Melilotus spp.) and alfalfa (Medicago sativa) beginning in mid-June and 
potentially lasting through September. We observed that after flower abundance peaked in 
July there was a decline in abundance and richness throughout the late summer and fall. 
This time period is known to coincide with the emergence of many native bee species, 
production of bumble bee males and gynes, honey bee colony production of overwintering 
workers, and monarch butterflies preparing to migrate south. Therefore, providing floral 
resources in the late summer and early fall will support the health of the adult bees that will 
survive the overwintering period (Mattila and Otis 2007) and help fuel the monarch butter-
fly migration (Brower et al. 2006). Research has shown that diverse pollen diets of fall bees 
support nutritional and immune system function and are directly tied to colony overwinter-
ing survival (Smart et al. 2016; Alaux et al. 2017).

Our study provides managers with information about specific periods within the grow-
ing season when floral resources are most limited for pollinators. These periods could 
be targeted for floral resource enhancement, particularly for conservation programs and 
practices where flowers are limited at the beginning of the growing season (prior to our 
period of sampling when few foraging resources existed) and at the latter part of the sea-
son. Designing seed mixes that provide forage for bees can be logistically challenging and 
information on plants that provide known benefits to bees is often unavailable. Quantify-
ing bee utilization and preference of flowers was beyond the scope of our research but is 
important to consider when designing seed mixes (Williams et al. 2015; Simanonok and 
Otto 2020). Although planting mixes will need to be tailored to fit site-specific objectives, 
decision-support tools have been developed to assist natural resource managers in develop-
ing pollinator seed mixes (Otto et al. 2017; M’Gonigle et al. 2017). For example, Otto et al. 
(2017) demonstrated how publicly available, plant-pollinator interaction data can be used 
to design cost-effective seed mixes for honey bees and native bees under alternative man-
agement objectives.

Flower indigenous status

The ecological and economic implications of non-native species in natural and semi-natu-
ral systems is an important area of research (Schlaepfer et al. 2011; Bretagnolle and Gaba 
2015). Our quantification of flowers in the working landscape of the PPR provides natural 
resource managers with information on the abundance of non-native and potentially inva-
sive plants in the region. We define “non-native” as a species originating from somewhere 
outside the United States and “invasive” as a prolific species with the propensity to cause 
ecologic or economic harm. Across all grassland categories we surveyed, non-native plant 
species represented 81% of all flowers. Melilotus officinalis, M. alba, and Medicago sativa, 
all non-native species, were the most abundant forbs across our study and often are targeted 
by honey bees for pollen and nectar collection (Smart et al. 2017; Otto et al. 2017). Non-
native, invasive weeds such as Artemisia absinthium, Cirsium arvense, Euphorbia escula, 
and Sonchus arvensis, were also highly abundant on many of our transects. These highly 
abundant non-native species are likely a strong contributor to why floral communities are 
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relatively similar across grassland classes. Furthermore, these species can cause consid-
erable ecological damage and require significant investment to control. It is important to 
note, however, that weedy species are nonetheless important forage for both wild bees and 
honey bees (Bretagnolle and Gaba 2015; Smart et al. 2017). Although eliminating weeds in 
agroecosystems is a goal of natural resource managers, the reductions in flowers may have 
unintended consequences for pollinators, particularly in agroecosystems where natural land 
covers have already been converted. If elimination of weedy forbs is a management goal, 
enhancing weed removal areas with more desirable, native forbs would help replace the 
lost forage for bees.

Including non-native forb species in conservation seed mixes is a point of debate within 
the natural resource community. Although non-native plants play an undeniable role in 
supporting pollinator communities in human-altered ecosystems, their larger ecological 
impacts must also be considered before incorporating them in conservation plantings (Bar-
tomeus et al. 2008; Morales and Travest 2009; Valdovinos et al. 2009; Palladini and Maron 
2014). This is particularly true for non-native forbs that also exhibit invasive tendencies. 
Invasive species pose a serious, global threat to native biodiversity (e.g., Chornesky and 
Randall 2003; Bhowmik 2005, 2014). In our region, Melilotus officinalis, M. alba, and 
Medicago sativa are likely the most important species for supporting honey production by 
commercial honey bees. Melilotus spp. may also selectively increase the carrying capac-
ity of local landscapes for native bees (Tepedino et al. 2008) and serve as a central hub of 
native pollinator networks (Larson et al. 2014; Spellman et al. 2015). However, Melilotus 
spp. can outcompete native plant communities (Van Riper et  al. 2009), thereby degrad-
ing habitat quality for other wildlife. Melilotus spp. represent an interesting dilemma for 
natural resource managers because they are valued by beekeepers for honey production and 
provide known value to honey bees and other pollinators, yet they can also degrade native 
grasslands and reconstructed prairie through biological invasion.

Future directions

Our approach could be applied to estimate the carrying capacity of additional land catego-
ries in the PPR for supporting native bees and honey bees. Alternatively, results from our 
surveys could be applied to determine carrying capacity for particular pollinator species or 
for honey production. For example, Müller et al. (2006) estimated the number of flowers 
required to rear single larvae of different bee species. Further, pollen from between 20 and 
several 1000 flowers is required to rear a single solitary bee larva, and 120 kg of nectar and 
20 kg of pollen are harvested annually by a single temperate European honey bee colony 
(Seeley 1995; Müller et al. 2006). Such research could be combined with our estimates of 
plant species-specific flower abundances to estimate the number of wild bees supported 
by various grassland categories in the PPR. Beekeepers and policy makers have expressed 
interest in understanding the number of honey bee colonies that can be supported in the 
PPR. The estimated number of honey-producing colonies in North Dakota alone rose from 
245,000 in 1997 to 455,000 in 2017 (U.S. Department of Agriculture 1999, 2019). This 
increase in the number of honey bee colonies, combined with the decrease in available for-
age land in North Dakota, may lead to greater competition within and among honey bees 
and wild bees and could reduce profitability for beekeepers. Understanding the availability 
of floral resources for pollinators in this region is an important step in estimating the envi-
ronmental carrying capacity for honey bees and wild bees.
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