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Pollinators are important both ecologically and economically. Nonetheless, 
documented pollinator population decline threatens ecosystem functioning 
and human well-being. In response, conservation methods such as augmented 
pollinator habitat are becoming popular tools to combat pollinator losses. While 
previous research has shown added habitat can benefit bee communities, there are 
still aspects of the habitat implementation that require further research, particularly 
how this will impact bee communities in real-world settings beyond researcher-led 
efforts. In our study, we use a 2016 initiative mandating the planting of pollinator 
habitat on research stations across North Carolina, United States to act as an outdoor 
laboratory to investigate this exact question. From 2016 to 2018, we found significant 
increases in bee abundance and diversity. However, these increases depended on 
the quality of habitat, with areas of higher flower cover and diversity supporting 
larger, more diverse bee communities. Although the habitats positively supported 
bee communities, we  found that resources within the habitats were lower later in 
the sampling season, highlighting the need of developing seed mixes that include 
late season resources. Weedy plants were documented to establish within the 
habitats, demonstrating the need for regular upkeep and maintenance of pollinator 
habitat in order to appropriately support bee communities. It is likely that planting 
pollinator habitat will not be a one-size-fits-all conservation solution, as bee species 
can respond differently to some habitat characteristics. Future long-term studies 
on pollinators will be important as natural fluctuations in bee populations may limit 
findings and many knowledge gaps on native bees still persist.
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1. Introduction

Extreme losses of global biodiversity and animal biomass are receiving increasing attention 
(Dirzo et al., 2014; Ceballos et al., 2015). Insects have been the subject of several studies on this 
topic (e.g., Wagner, 2020) with staggering losses documented across the globe (Fox et al., 2014; 
Hallmann et al., 2017; Lister and Garcia, 2018). These losses will result in serious consequences to 
human well-being, as insects are integral parts of food-webs and provide critical ecosystem services 
such as decomposition, nutrient cycling, pest control, and pollination services (Losey and Vaughan, 
2006; Dirzo et al., 2014; Noriega et al., 2018; Dainese et al., 2019; Goulson, 2019). The ecosystem 
service that has arguably received the most attention—in research, the public sphere, and politically 
(Wilson et al., 2017)—is pollination, and thus pollinators have gained prominence in empirical 
research and conservation biology [reviewed by Vasiliev and Greenwood (2020) and Silva et al., 
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(2020)]. As pollinators are critical in both natural areas (Ollerton et al., 
2011) and agricultural systems, there have been growing efforts to 
support pollinator populations to limit further population and 
diversity losses.

A large focus for pollinator conservation efforts has been to 
protect and augment foraging habitat. Previous research from across 
the globe has shown that increased habitat—whether in natural areas, 
hedgerows, or planted flower plots—can support pollinator 
populations (Morandin and Kremen, 2013; Blaauw and Isaacs, 2014; 
Williams et al., 2015; Widhiono and Sudiana, 2017; Buhk et al., 2018). 
However, much remains to be understood about implementing such 
habitat. It has been shown that the benefits to pollinators from habitat 
implementation can change depending on the specific context 
(Kremen et al., 2018), scale (Scheper et al., 2015; Wood et al., 2015), 
and insect group of interest (Antonio Sanchez et al., 2019). Moreover, 
different plants can affect results (Warzecha et al., 2018; Mallinger 
et al., 2019) and even pollinator health (Giacomini et al., 2018), leading 
to efforts to develop seed-mix recommendations through empirical 
research. Of further curiosity is how researcher-led habitat 
implementation may differ when compared to real-world scenarios. 
As has been noted in citizen science projects, participant effort can 
differ from person-to-person, over time, and in response to external 
factors (Lewandowski and Oberhauser, 2017; Lynch-O’brien et al., 
2021). While some areas of the world, particularly Europe, have 
government organized and endorsed programs (Rotchés-Ribalta et al., 
2021) that may result in more uniform and sustained efforts of habitat 
implementation, the United States does not have such programs on a 
large-scale. It is critical that we investigate all aspects surrounding this 
conservation method further to ensure its effectiveness, limit any 
unintended consequences, and prevent wasted time and resources 
during implementation.

In 2016, the North Carolina Department of Agriculture & 
Consumer Services (NCDA&CS) mandated that all NCDA&CS and 
NC State University Experimental Agricultural Research Stations plant 
pollinator habitat as part of a program titled “Protecting NC 
Pollinators.” To our knowledge, this is the first state-wide 
government-led program of its kind in the United States. As part of the 
initiative, each research station allocated one or more areas for 
pollinator habitat and have continuously maintained it since. We used 
this ‘outdoor laboratory’ to investigate how adding pollinator habitat 
into the agroecosystem affects the pollinator community in a real-world 
setting beyond researcher-led efforts. Previously at the same habitats, 
we documented the effect of added habitat on soybean yield (Levenson 
et al., 2022) and investigated interspecific pathogen occurrence among 
various bee species within the habitat (Levenson and Tarpy, 2022a). 
Here we explore how different aspects of the habitat affected pollinator 
community composition through two main research questions: 1. How 
does the pollinator community as a whole respond to newly established 
habitat? and 2. How do environmental factors affect different aspects of 
the pollinator community?

2. Materials and methods

2.1. Site description

All research stations (hereafter referred to as “stations”) are at least 
4.02 kilometers apart, with an average distance of 57.8 km (SD ± 36.2 km) 
(Table 1). These stations are distributed across three geographic regions 

of the state: coastal, piedmont, and mountains (Supplementary Table S1). 
While all stations planted the pollinator habitats (hereafter referred to as 
“habitat”) in fall 2015 or early spring 2016, the size and within-station 
location of the habitat varied across sites as each station was 
independently responsible for habitat establishment and maintenance. 
The habitat was seeded using commercially available seed mixes from 
American Meadows1—including the southeast seed mixes, zinnias, 
cosmos, sunflowers, and buckwheat—and was reseeded every 1–2 years 
(Supplementary Tables S2, S3). Although the habitat was actively 
maintained by the stations, many weed species appeared in the habitat 
throughout the duration of the study (Supplementary Table S3). While 
many stations planted multiple habitat plots throughout the property, 
we only sampled at one per station. The sampling location at each station 
remained the same throughout the duration of the study with the 
exception of one station that moved the sampling location in 2017 due to 
a major rainstorm event (new sampling plot was 225 meters away). The 
sampled habitats were between 0.1 and 1 acres (Supplementary Table S1).

2.2. Sampling methods

Sampling occurred at 16 stations across 3 years (2016–2018) 
utilizing two sampling methods: bee bowls and hand netting. At all 16 
stations, three bee bowls per side (one painted blue, one yellow, and one 

1 americanmeadows.com

TABLE 1 Reports station name, NCDA number assignment, coordinates of 
the sampling habitat location, and whether hand net sampling occurred at 
a given station.

Station Latitude Longitude Hand Net 
Sampling

1. Border Belt 34.41299 −78.7925 Yes

3. Castle Hayne 34.32306 −77.9171 No

16. Caswell 35.28005 −77.6124 Yes

2. Central Crops 35.66792 −78.5105 Yes

4. Clinton 35.02558 −78.2787 Yes

5. Cunningham 35.30539 −77.5797 No

19. Lake Wheeler 35.72580 −78.6751 Yes

6. Mountain 35.48539 −82.9685 Yes

7. Mountain 

Horticulture

35.41842 −82.5584 Yes

8. Oxford 36.30438 −78.6155 Yes

9. Peanut Belt 36.13140 −77.1733 Yes

10. Piedmont 35.69722 −80.6220 Yes

11. Sandhills 35.19546 −79.6840 Yes

18. Umstead 36.15644 −78.7688 No

14. Upper 

Mountain

36.39970 −81.3096 Yes

15. Upper 

Piedmont

36.37823 −79.6905 No

All stations participated in bee bowl sampling. More information about the research stations 
can be found at https://www.ncagr.gov/research/locations.htm.
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white) were placed 5-meters apart along the perimeter of the habitat; bee 
bowl color order within each side was randomized. Following the 
protocol from Droege (2008), these samplings occurred once a month 
for 4 months [hereafter referred to as ‘season’ and categorized into 
spring, early summer, late summer, and fall] from 9 am to 3 pm during 
peak bloom at the habitat (roughly May – September) on days when 
temperatures were above 15°C. At the end of the sampling day, the 
contents of all bowls were combined into one falcon tube filled with 75% 
isopropyl alcohol and stored at 4° C until further processing.

At 12 stations, additional samples were collected using hand netting 
as close as possible to the same day as each bee bowl sample (Table 1). 
During these netting samplings, 2–3 people collected along haphazard 
transects (Hayes et al., 2019) throughout the habitat for 1 h. The time of 
day the sampling occurred shifted for each event in order to avoid any 
temporal bias. Each specimen collected was placed into an individual 
1.7 mL centrifuge tube, transported back to the lab on ice, and then 
stored at −20°C until further processing. At each netting sampling 
event, a measure of flower cover and flower diversity was taken. As 
described in Levenson and Tarpy (2022a), ‘cover’ measured the 
percentage of the habitat in bloom at the time of sampling and was 
scored as low (0–30%), medium (31–50%), or high (50% or higher); 
‘diversity’ measured the number of different plant species in bloom at 
the time of sampling and was scored as low (100–80% of the habitat in 
bloom with one flower species), medium (79–60%), or high (59% or 
less) (Figure 1 and Supplementary Table S1).

2.3. Identification of samples

Samples were identified using Discover Life (Ascher and Pickering, 
2016) and Levenson and Youngsteadt (2019), keeping samples on ice 
throughout the identification process to allow for subsequent analysis in 

associated research projects. We identified samples to the lowest level of 
identification possible, with most specimens identified to species except 
for specimens in the genera Andrena and Lasioglossum. All samples are 
stored in the Tarpy Laboratory at North Carolina State University.

To answer research question two – How do environmental factors 
affect different aspects of the pollinator community? – we categorized each 
genus by size (small, medium, large), nesting material (ground, cavity, 
wood/stem), and pollinator type (generalist, specialist, parasitic) 
(Supplementary Table S4). Information to make these categorizations 
was drawn from Mitchell (1960), Michener (2007), Gibbs (2011), Ascher 
and Pickering (2016), Levenson and Youngsteadt (2019), and Fowler 
and Droege (2020). While these categorizations could differ between 
some species within each genus, categories were selected to represent 
most–if not all–species within a given genus.

2.4. Statistical analysis

As bee bowl sampling yielded much smaller and less diverse sample 
sizes of the bee communities, we did not use these data during analysis 
and only report our findings from this sampling method below 
descriptively. Instead, we used our hand netting dataset only for analysis. 
All analyses were conducted in RStudio (version 4.1.3, R Core 
Team 2022).

2.4.1. How does the pollinator community as a 
whole respond to newly established habitat?

We ran models using the lme4 package with the glmer function (Bates 
et al., 2015) followed by a post-hoc Tukey’s analysis using the multcomp 
package (Hothorn et al., 2008). We conducted χ2 contingency analyses in 
base R. To evaluate bee abundance response to the planted habitat, we used 
a generalized linear mixed model with a negative binomial distribution 

A B C

D E F

FIGURE 1

Examples of various levels of plot cover (A–C) and plot diversity (D–F). Picture A (Central Crops 2018) represents a low flower cover, Picture B (Mountain 
2018) represents medium flower cover, and Picture C (Peanut Belt 2018) represents high flower cover. Picture D (Border Belt 2018) represents low flower 
diversity, Picture E (Caswell 2018) represents medium flower diversity, and Picture F (Mountain 2016) represents high flower diversity.
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and included season, year, flower cover, flower diversity, the acreage of the 
sampled habitat, the number of habitat plots planted per station, and the 
number of managed honey bee hives present as predictor variables 
(Supplementary Table S1); as well as region as a random effect. To evaluate 
genus richness response to the planted habitat, we used the same model as 
described above but with a Poisson distribution. These models were 
selected using AIC criterion. During the model selection process, 
we explored using genus richness versus species richness as a response 
variable. Outputs and conclusions did not change between the two 
variables; thus, we conducted all analyses using genus richness to preserve 
replication and sample size. To test for changes in the habitat itself over the 
course of the study, we conducted χ2 contingency analyses comparing 
flower cover and diversity across the sampling season and sampling years.

2.4.2. How do environmental factors affect 
different aspects of the pollinator community?

We used fourth corner analysis (Dray and Legendre, 2008; Grab, 
2018) to compare specific bee traits, habitat characteristics, and 
environmental factors of the study using the mvabund (Wang et al., 
2012) and lattice (Sarkar, 2008) packages. To best fit the data, we used 
the negative binomial family, where appropriate, and ran 1,000 bootstrap 
replications. Information used during this analysis is reported in Table 1 
and Supplementary Tables S1, S4, S5. Again, data was analyzed at the 
genus level. Variables that were not found to significantly impact the 
pollinator community under 2.4.1 were removed for this analysis.

3. Results

In total, we collected 16,038 bees: 11,896 from hand netting and 
4,142 from bee bowl sampling (Supplementary Table S5). We found 38 
different genera across the entire state of North Carolina (with at least 
one new genus found each year of sampling) and 128 different species 
(Figure 2). However, the actual number of species is likely higher as not 
all specimens were identified down to species. Three genera–Halictus 
(30%), Lasioglossum (22%), and Bombus (17%)–together accounted for 
69% of all collected samples; Apis mellifera only accounted for about 4% 
of the collected samples. A few species were rare within our study, only 
being documented at one location or even one sampling event (e.g., 
Nomia nortoni was only found at Border Belt, Melitoma taurea at one 
time point at Mountain, one individual of Augochloropsis metallica at 
one time point at Mountain Horticulture, and one individual of Perdita 
bradleyi at one time point at Sandhills; Figure 2).

3.1. How does the pollinator community as a 
whole respond to newly established habitat?

We found that bee abundance increased over time (Table 2), with the 
most bees collected in 2018 (Z (127) = 4.58, p < 0.001; Tukey = b) as 
compared to the reference year of 2016. Most bees were collected in the 
early summer (Z (127) = 2.10, p < 0.05; Tukey = a) compared to all other 
sampling time points with spring as the reference season. Flower cover 
of the habitat significantly influenced bee abundance, with the fewest 
bees found at low flower cover (Z (127) = −5.71, p < 0.001; Tukey = a) with 
high flower cover as the reference level. Flower diversity showed a similar 
trend but was not significant. The sampling habitat acreage, number of 
habitat plots planted per station, and the number of honey bee colonies 
stocked per station had no influence on bee abundance (all p > 0.08).

Bee genus richness also increased over time (Table 3); however, it 
was highest in 2017 (Z (128) = 3.00, p < 0.005; Tukey = b), then 2018 (Z 
(128) = 2.75, p < 0.05; Tukey = b), and lowest in 2016 (Tukey = a). Genus 
richness decreased across the sampling season with the lowest richness 
found in the fall (Z (128) = −2.00, p < 0.05; Tukey = a) as compared to the 
reference season of spring. Flower cover and flower diversity both 
significantly influenced genus richness, with the lowest richness found 
at low flower cover (Z (128) = −2.89, p < 0.005; Tukey = a) and low flower 
diversity (Z (128) = −2.08, p < 0.05; Tukey = a); high flower cover was the 
reference level for both variables. Habitat acreage, number of habitat 
plots planted per station, and the number of honey bee colonies stocked 
per station had no influence on bee genus richness (all p > 0.22).

Both flower cover and flower diversity within the habitat was found 
to significantly change across the sampling season [χ2 (6) = 15.2, p < 0.05] 
and [χ2 (6) = 13.3, p < 0.05], respectively) with both measures decreasing 
across the sampling season. Neither flower cover nor diversity 
significantly changed across years of the study [χ2 (4) = 1.02, p = 0.91 and 
χ2 (4) = 2.39, p = 0.67, respectively].

3.2. How do environmental factors affect 
different aspects of the pollinator 
community?

Much of the variation in bee community functional traits was 
influenced by variables beyond the planted habitat. Most of the variation 
in the bee community and its trait categories changed across the state 
when comparing stations (Figure 2) and regions (Figure 3), respectively. 
Bee community functional traits also changed across the sampling 
season with more ground nesting and parasitic bees, but less small bees, 
detected in early summer. While there were some changes in traits 
across years of the study, these effects were minimal.

Characteristics of the planted habitat effected a small number of bee 
community functional traits. Fewer ground nesting bees were detected 
when flower cover was high. At low flower diversity, more cavity nesters 
and specialist pollinators were detected.

4. Discussion

Overall, the planting of pollinator habitats on these agricultural 
research stations positively supported the bee communities over time; 
we saw a significant increase in abundance and genus richness within 
the habitat over the course of our study. While the small acreage of 
the habitats may limit our ability to detect signals that could 
be  extrapolated to global impacts of pollinator habitat, our study 
confirms the more localized effects of small habitat plots within finite 
landscapes and that pollinator communities are positively affected by 
their establishment. While the habitat supported bee communities 
over time, we found the quality of the habitat was critical to their 
success. Habitat with higher flower cover supported higher bee 
abundance and richness, as has also been documented in previous 
research (summarized in Kowalska et  al., 2022). Similarly, higher 
flower diversity supported a higher genus richness. It is encouraging 
that even small acreages of habitat (1 acre or less) can positively 
support local bee communities, suggesting that any amount of habitat 
restoration is better than none and thus efforts should be made to 
support bee communities wherever and however possible, especially 
in agroecosystems.
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We found that flower cover and flower diversity at the habitat 
significantly changed across the sampling season, with both of these 
measures generally decreasing over time, findings which are mirrored 

in Morandin and Kremen (2013). Since late-season resources are 
extremely important for bee populations (Couvillon et al., 2014; Park 
and Nieh, 2017), adding more plant species that flower later in the 

FIGURE 2

Map of the bee abundance and genus richness results for each station across all 3 years. Pie charts represent relative abundance collected at each station 
and display the most commonly occurring genera across each year. The entire dataset for each year is shown along the right-hand side. The top three 
genera–Halictus (30%), Lasioglossum (22%), and Bombus (17%)–accounted for 69% of all collected samples.

TABLE 2 Output from generalized linear mixed model and Tukey’s post-hoc analysis with abundance as the response with a negative binomial distribution.

Variable Mean Std. dev. Estimate p-value Tukey

Year 2016 60.28 45.01 a

2017 97.23 44.29 0.54 <0.001 b

2018 97.60 55.15 0.55 <0.001 b

Season Spring 90.06 43.61 ab

Early summer 103.71 48.87 0.29 0.036 a

Late summer 75.94 53.26 −0.07 0.652 b

Fall 70.49 53.49 0.06 0.667 ab

Flower cover Low 57.05 46.05 −0.69 <0.001 a

Medium 105.07 54.96 −0.13 0.315 b

High 105.07 39.23 b

Flower diversity Low 68.14 47.53 −0.22 0.076 a

Medium 84.08 46.72 −0.14 0.339 a

High 105.70 50.43 a

Other Habitat acreage 0.03 0.203

Number of habitat plots 0.44 0.266

Number of managed honey 

bee hives

−0.00 0.320

The mean habitat acreage was 0.34 acre (std. dev. = 0.17), mean number of plots was 3.13 (std. dev. = 2.31), and the mean number of managed honey bee colonies was 9.23 (std. dev. = 20.60). The 
reference level for each variable is shown in grey.
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FIGURE 3

Output from fourth corner analysis showing correlations between habitat characteristics and bee functional traits. Positive correlations are shown in red 
negative correlations are shown in blue. Larger numbers show stronger correlations.

year to seed mixes used in pollinator habitat establishment would 
be  particularly beneficial; especially considering late-season is 
precisely the time of year when we documented the fewest resources. 

While we  did not detect a significant change in these habitat 
measurements over the years of our study, we documented many 
plant species that likely naturally established within the habitat and 

TABLE 3 Output from generalized linear mixed model and Tukey’s post-hoc analysis with genus richness as the response with a Poisson distribution.

Variable Mean Std. Dev. Estimate p-value Tukey

Year 2016 6.51 2.84 a

2017 8.40 2.78 0.23 0.003 b

2018 8.17 3.00 0.21 0.006 b

Season Spring 8.54 2.80 ab

Early summer 8.86 3.05 0.08 0.338 b

Late summer 7.17 2.89 −0.11 0.223 ab

Fall 6.20 2.42 −0.19 0.045 a

Flower cover Low 6.25 2.96 −0.22 0.004 a

Medium 8.86 2.47 −0.01 0.867 b

High 8.65 2.59 b

Flower diversity Low 6.41 2.87 −0.16 0.038 a

Medium 7.75 3.07 −0.09 0.330 a

High 9.20 2.31 a

Other Habitat acreage 0.17 0.495

Number of habitat plots 0.01 0.390

Number of managed honey bee hives −0.00 0.358

The means and standard deviations for the ‘other’ variables are as reported under Table 2. The reference level for each variable is shown in grey.
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were not a part of the seed mixes used by the NCDA&CS 
(Supplementary Table S3). While some of these flowering plants may 
also play a key role in supporting bee communities, many are 
considered weedy or invasive. It is known that fast-growing, high-
propagating plant species establish during times of disturbance 
(González-Rivero et al., 2016), such as establishing pollinator habitat 
(Piqueray et al., 2019; Kowalska et al., 2022). This is of concern when 
establishing pollinator habitat, as these plants may outcompete other 
flowering species that are desired to have establish within planted 
pollinator habitat. In our study, several research station managers had 
difficulties with grasses and other weeds from soil seed banks 
overtaking the habitat. If left unmanaged, this could aid in the spread 
of unwanted plants or eventually no longer support bee communities, 
depending on how the plant community within the habitat shifts 
overtime. This underscores the need to continuously maintain planted 
pollinator habitats to ensure bee communities are sufficiently 
supported with quality resources (see also Kennedy et al., 2013) and 
that unwanted plant species are not spread.

We found that much of the variation in bee communities, as 
measured by functional traits, was from environmental factors beyond 
the habitat (e.g., location and time of year). However, we did document 
that flower cover and flower diversity had an impact on some community 
measures. This suggests that planting pollinator habitat will not be a 
‘one-size-fits-all’ solution for all bee species, even though bee 
communities as a whole were supported in our study. Since analyses in 
this study were conducted using specimen identifications at the genus 
level, it will be  important for future work to look at specimen 
identifications at the species level. As reported in Levenson (2021), there 
is evidence that different species will respond differently to habitat 
characteristics. Specifically, it was noted that managed Apis mellifera 
responded oppositely to flower diversity compared to the overall wild 
bee community, potentially due to differences in their foraging behavior. 
Thus, if a specific bee species is the focus of a particular conservation 
effort, we  suggest that planted habitat should be  tailored to better 
support the functional traits of said species.

Future research would benefit from continued long-term studies 
on bee communities, particularly studies conducted over a longer 
period of time than our 3-year study. While we were not testing for 
global increased abundance over time, there is some evidence of 
fluctuations across years, something that is expected to naturally occur 
in communities (Franzen and Nilsson, 2013). As such, longer-term 
monitoring in the future will reveal the true trajectory of these 
communities despite natural fluctuations. Continuous monitoring of 
bee populations should be a priority, as changes in the landscapes can 
have immediate impacts on bees (as shown here). Additionally, there 
were several species within this dataset that were only documented at 
one station or during one sampling event. Without wide-spread, long-
term monitoring we will not be aware of which bees are present in an 
area, let alone which populations are being threatened. As our 
agricultural system becomes more reliant on pollinators (Aizen et al., 
2009) but pressures on their populations intensify (Goulson et al., 
2015; Koh et al., 2016), resources toward conserving bee populations 
will only become more important. Although, North Carolina was the 
first state in the US to implement a government-led program such as 
this, our findings should serve as encouragement for future 
government initiatives across the country to restore habitat in 
agricultural systems and to support monitoring programs of such 
habitat. Findings from this study should be used to better design and 
implement habitat in future plantings so as to best support 
pollinator populations.
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