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Green infrastructure on rooftops in urban areas can enhance important ecosystem

services. In addition to mitigating water runo� and regulating building temperatures,

green roofs can provide food and nesting resources for wildlife. Rooftop gardens

can also be utilized to cultivate food crops, giving them the potential to attenuate

instances of food insecurity which are commonplace in many urban areas. Given that

many crops depend on bee pollination, it is imperative to characterize the rooftop

bee community. Therefore, we sampled three urban food roofs near downtown St.

Louis, MO during the 2017 and 2018 growing seasons. We found 38 bee species

utilizing the rooftop farms. We then compared the rooftop bee communities to those

of two nearby ground-level community gardens. The roofs had lower abundances

of Bombus species than the ground-level sites while non-native cavity nesters in the

genus Megachile were overrepresented. These results indicate that the rooftop bee

communities represent a nested subset of the species found at ground level. This has

important implications for the management of green roofs for growing crops, as this

shift in bee community structure may play a role in determining which crops can be

adequately supported with pollination services.
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Introduction

Cities aiming to combat the negative impacts of impervious surfaces, including stormwater

runoff, polluted water and air, and the urban heat island effect employ green infrastructure

methodologies that marry engineering solutions with natural processes (Parker and Zingoni de

Baro, 2019). One cost-effective solution, green roofs, can mitigate flooding events, help regulate

building temperature, and lessen the impact of pollutants entering storm drains (Getter and

Rowe, 2006). Green roofs also improve the aesthetics of urban landscapes, and can serve as

public recreational spaces as seen from New York City’s High Line, and Denmark’s CopenHill.

Additionally, green roofs have been found to provide habitat to a variety of birds (Wang et al.,

2017; Belcher et al., 2018), arthropods (Madre et al., 2013; Wooster et al., 2022), and pollinators

(Colla et al., 2009; Tonietto et al., 2011).

Although there have been many investigations into plants suitable for green roofs (e.g.,

Dvorak and Volder, 2010), a review of the literature examining bees on green roofs shows a

relative paucity of research (Hofmann and Renner, 2018). Furthermore, most of the literature

focuses on managed honeybees, with only a third of the papers (n = 8) focusing on wild bee

species diversity. A positive conclusion by Hofmann and Renner (2018) was that green roofs

may have the potential to host a large diversity of wild bee species. Primarily, the bee species

found on green roofs tend to be pollen generalists, cavity nesters, and medium sized (MacIvor

and Lundholm, 2011; Tonietto et al., 2011). Alternatively, in a more recent study conducted in

Geneva, Switzerland, Passaseo et al. (2021) found the functional trait diversity among green roof

bees was representative of the ground-level bee community. More research on a variety of green

roof habitats could further elucidate the extent to which these spaces are being used by bees, and

how their management can contribute to pollinator conservation.
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The bee community on roofs is also influenced by the

characteristics of the roofs themselves. In a study of wild bee diversity

of green roofs in Vienna, Austria, bee diversity and abundance were

positively correlated with percent of flower coverage (Kratschmer

et al., 2018). Bee diversity also increased with the overall flower

diversity, and as with other studies, cavity nesting bees were

dominant. However, ground nesting bees increased in abundance and

diversity as the amount of fine substrate soil on the roof increased

(Kratschmer et al., 2018).

An emerging trend in green roof management is growing food

crops (Cristiano et al., 2021). These so-called “food roofs” could be

a tool to address food security via urban agriculture (Specht et al.,

2014). Additionally, in many cities the soil is contaminated with

harmful compounds such as lead, making certain crops grown in

these soils unsafe to eat (Byers et al., 2020). Thus, importing clean

soil to structures like roofs to grow crops can ensure that the food is

safe to consume (Brown and Jameton, 2000).

The success of food roofs will depend in part on whether

insect pollinators that visit the crops are both diverse and abundant

enough to provide adequate pollination services. Previous research

has suggested that green roof arthropod communities exhibit lower

abundances and species richness when compared to nearby ground-

level habitats (Wang et al., 2022). Thus, it is possible that decreased

bee diversity may result in diminished pollination rates for animal-

pollinated crops on green roofs (Ksiazek et al., 2012). Many crops,

such as members of the families Cucurbitaceae (e.g., melon, squash,

cucumber) and Solanaceae (e.g., tomato, pepper, eggplant), require

insect pollination for fruit set (Stoner, 2020; Cooley and Vallejo-

Marín, 2021). Most Solanaceae also require sonication for pollen

release, which can only be performed by certain bee taxa including

Bombus and some Halictidae (Cardinal et al., 2018). This will be

critical in highly urbanized areas where the amount of impervious

surface around roof gardens is extensive and therefore the distances

between potential source habitats are greater. Furthermore, for

potential pollinators to find these green roofs they must also be

capable of ascending to high elevations. This represents a type of

FIGURE 1

Map of collection locations in downtown/midtown St. Louis, Missouri. Food roofs sites are represented as blue circles, and ground-level community

gardens are represented as orange squares.

environmental filtering that selects for stronger flyers, which tend

to be larger bodied bees like members of the genera Bombus and

Xylocopa (Wojcik and McBride, 2012).

The goals of this study were 2 fold: (1) to document the bee

community diversity of three urban food roofs in downtown St.

Louis, MO; and (2) to compare the bee diversity of food roofs to

nearby community gardens with similar crop diversity.

Materials and methods

Study sites

The three roof sites were in the downtown area of St. Louis,

Missouri, USA (Figure 1). These rooftop farms were installed and

maintained by the non-profit organization Urban Harvest STL.

Food Roof Farm (FRF) was established in 2015 and featured a

greenhouse, vegetated walls, and raised garden beds. The building is

two stories (9m), with a roof footprint of 790 m2. The surrounding

500m is 87% impervious surface at 1-meter resolution (East-West

Gateway Council of Governments, 2017). During the time of study,

FRF housed a large mix of native and non-native flowering plants

including edible herbs, legumes, vegetables, and Missouri natives

including Echinacea spp., Asclepias spp., and Rudbeckia spp.

The Kerr location was established in 2006 as a green roof using

sedum Green Roof BlocksTM, which are small self-contained units

prefilled with growing substrate. Later, Urban Harvest STL partially

converted the space into a food roof with the addition of modular

Smart Pots
R©
, which are circular fabric pots. The building is one story

(5m) and the roof footprint is 165 m2. It is adjacent to theMississippi

river (35% water within 500m) and is surrounded by abandoned

industrial buildings and overgrown lots. The surrounding 500m is

50% impervious surface at 1-meter resolution. During the time of

study, Kerr was growing vegetables such as squashes, tomatoes, and

peppers, and herbs including basil and thyme, while still maintaining

large amounts of sedum.
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TABLE 1 Species lists for roof locations.

FRF Kerr Zack

Taxon Status Nest 2017 2018 2017 2018 2018

Andrenidae

Calliopsis andreniformis N G 0 0 0 1 0

Apidae

Bombus griseocollis N CL/G 2 3 0 1 2

Bombus impatiens N CL/G 1 0 0 0 2

Bombus pensylvanicus N CL/G 0 2 0 2 0

Ceratina calcarata N P 4 3 3 0 0

Ceratina strenua N P 0 0 6 8 0

Melissodes bimaculatus N G 14 47 0 0 2

Triepeolus lunatus N K 1 0 0 0 0

Xylocopa virginica N CV 5 4 2 0 1

Colletidae

Colletes latitarsus N G 0 0 0 1 0

Hylaeus affinis/modestus N CV 0 0 0 1 0

Hylaeus illinoisensis/spA N CV 0 0 1 0 0

Hylaeus leptocephalus I CV 0 1 0 0 0

Hylaeus mesillae N CV 42 16 0 0 0

Halictidae

Agapostemon virescens N G 0 9 6 73 6

Augochlorella aurata N G 0 0 0 2 0

Augochloropsis metallica N G 0 0 0 12 0

Halictus confusus N G/CL 2 2 8 7 0

Halictus ligatus N G/CL 1 14 13 12 0

Lasioglossum bruneri N G 0 0 0 1 0

Lasioglossum hitchensi N G 0 0 4 1 0

Lasioglossum imitatum N G 1 1 13 14 0

Lasioglossum sp1 N G 4 1 0 0 0

Lasioglossum sp2 N G 1 0 1 0 0

Lasioglossum tegulare N G 6 12 3 1 0

Lasioglossum zephyrus N G 0 0 2 4 0

Megachilidae

Anthidium manicatum I CV 16 14 2 2 20

Anthidium oblongatum I CV 4 9 0 3 13

Coelioxys octodentatus N K 5 2 2 0 3

Heriades carinata N CV 1 0 0 0 0

Heriades leavitti/variolosa N CV 5 4 4 2 1

Megachile apicalis I CV 1 3 0 0 0

Megachile brevis N CV 5 2 0 0 0

Megachile concinna I CV 17 11 0 5 15

Megachile exilis N CV 10 7 0 0 0

Megachile mendica N CV/G 8 6 0 0 2

Megachile rotundata I CV 76 45 6 6 24

Megachile texana N G 41 37 1 3 16

Status denotes whether the species is native (N) or introduced (I) to the region. Nest denotes the nesting strategy of G (ground), CL (colony), CV (cavity), K (kleptoparasite), or P (pith).
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The Zack location was established in 2018 using Recover Aerated

Media Modules (RAMMs), which are portable fabric pots filled with

growing media that are supported by plastic crates. The building is

four stories (16m) and the footprint is 315 m2. The surrounding

500m is 70% impervious surface at 1-meter resolution. The sampling

of this food roof was done during its first active year, during which it

was used to grow many herbs and vegetables, a few natives including

Asclepias spp., and a variety of non-native ornamental flowers.

Sampling methodology

In 2017, we sampled FRF and Kerr 10 times between May

and August. In 2018, each of the three roofs were sampled

eight times each between June and August. Sampling occurred

roughly weekly between the hours of 9:30 and 14:00 on days

that ranged from sunny to partially cloudy. All pollinator

sampling was performed via targeted aerial netting. FRF was

sampled for 90min during each visit whereas Kerr and Zack

were sampled for 60min. Sampling effort was comparable

given the area covered by each garden. Honeybees, Apis

mellifera, were not intentionally collected and were excluded

from analyses. Bees were identified to species level by Nina

Fogel and Michael Arduser utilizing regional taxonomic keys

(Arduser, 2020; Ascher and Pickering, 2021). All specimens

were pinned, labeled, processed, and housed in the insect

collection of the biology department at Saint Louis University

(catalog numbers jkr0001-jkr0889).

Rooftop species diversity analysis

To determine if there was a difference in species richness

between the roofs, we utilized the “iNext” package (Hsieh

et al., 2016) in the R computational environment (R Core

Team, 2022). We used coverage-based rarefaction curves

(Chao and Jost, 2012) to interpolate and extrapolate the data

to obtain relevant metrics utilizing Hill numbers (Roswell

et al., 2021). For Hill numbers (denoted as q), q = 0 is

richness, q = 1 is the Shannon–Weiner diversity index, and

q = 2 is equivalent to Simpson’s diversity index (Roswell et al.,

2021).

We used coverage-based extrapolation in the rarefaction analysis

with 95% confidence intervals to determine differences among sites.

Since we lacked sampling data from Zack in 2017, we only compared

specimens from 2018. An analysis of both years for the other two sites

is provided in Supplementary material.

Comparison to ground-level sites

To determine if the roof community was a subset of the ground-

level community, we compared the aggregated roof data to that

of the two nearest community gardens. The community gardens,

City Seeds (planted area ∼2,300 m2) and Fresh Gatherings (planted

area ∼550 m2), are located an average distance of 1.7 and 3.2 km

away from the food roofs, respectively (Figure 1). Both ground

locations contained comparable crops to those found in the food

roofs. They also have similar surrounding impervious surface cover

at 500m using 1-meter resolution; 82% for City Seeds, and 62%

for Fresh Gatherings. The sites were sampled weekly during the

summer months in 2015 and 2016 following the same protocol as

the roofs. All ground and roof sites were located in the contiguous

downtown/midtown area of St. Louis city. Furthermore, all sites were

at least 1 km apart and therefore the data are spatially independent

due to the small foraging distance of most bees (Greenleaf et al.,

2007). Because the abundances of individual species vary year-

over-year, and the sampling years differ from the roof and ground

locations, we focused on the relative abundances at the genus level

for our ground to roof comparisons. Singletons and doubletons

were removed. A correlation test, using Kendall’s tau, was used

to determine similarity between the pooled ground and pooled

roof locations.

Additionally, we created a dendrogram of Euclidean distance

and Ward’s clustering using the “hclust” and “dist” functions in the

vegan package (Oksanen et al., 2019). The general expectation is that

if roofs are not a challenge for bees to reach, then dissimilarities

should be based on random sampling error, and cluster distances

should be similar among all locations. Alternatively, if some bee

taxa lack the ability to reach the roofs (or locate the resources

on them), then dissimilarities will emerge, and food roofs should

cluster together.

Results

There was variation in the bee abundance and community

composition between the roofs. We collected a total of 889

individuals, from 17 genera and 38 species (Table 1). FRF had

273 collected individuals in 2017 and 255 in 2018; Kerr had 77

collected individuals in 2017 and 162 in 2018; and Zack had

107 collected individuals from 2018. Six introduced cavity nesting

species accounted for 40% of the collected roof specimens. Of

FIGURE 2

Species accumulation curves for the three roof sites for 2018. The

solid lines denote rarefaction whereas the dotted lines are

extrapolation. Confidence intervals are 95%.
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FIGURE 3

A comparison of community makeup at ground-level and roof-level by genus. The dendrogram indicates that the sites are grouped distinctly into two

communities based on site type. The disparity in proportions of Megachile and several Apidae genera are the largest contributors to the di�erence in

community composition.

the 60% of collected bees that are native, 22% (n = 117) nest

above ground.

In 2018, the year that we have data for all three sites, there were

differences in the species composition for the three roofs (Figure 2).

We used diversity indices estimates based on coverage following

Roswell et al. (2021). We found FRF had 26 observed species (q= 0),

a q = 1 of 13.92 ± 0.91, and q = 2 of 9.6 ± 0.83. Kerr had 22

observed species (q = 0), a q = 1 of 8.55 ± 0.93 and q = 2 of

4.3 ± 0.61. Zack had the lowest diversity, with 13 observed species

(q = 0), a q = 1 of 8.26 ± 0.71, and q = 2 of 6.78 ± 0.65.

However, it is a possibility that the low diversity on Zack is because

we sampled during the first season it was constructed, and thus

there was low colonization, as compared to innate characteristics of

the location.

The rooftop bee community differed significantly from the

ground-level community (tau = 0.415, z = 2.488, p = 0.012).

Roofs had a greater percentage of leaf-cutter bees (Megachile

spp.), and decreased abundances of large bees including Bombus

spp., Melissodes spp., and Xylocopa virginica, as well as fewer

sweat bees in the genus Halictus (Figure 3). Additionally, the roof

community was lacking the Cucurbitaceae specialists Peponapis

pruinosa and Xenoglossa strenua, which were both present in

the nearby ground sites. Only 12.6% of the ground specimens

were introduced species. Cluster analysis further corroborated these

results, with the two ground sites forming a cluster separate from the

three roof sites (Figure 2). Furthermore, FRF and Zack were more

similar to each other in community composition than they were

to Kerr.

Discussion

The overall community structure of the food roofs does not

represent a random assortment drawn from the city’s species pool

(Camilo et al., 2017). The high abundance and diversity of non-

native species is not surprising given that previous research has found

urbanization to be positively correlated with introduced species

(Fitch et al., 2019; Gruver and CaraDonna, 2021). Additionally, green

roofs have been found to have a higher percentage of non-native

cavity nesting species than nearby ground-level habitats (Tonietto

et al., 2011), which is consistent with our findings. It has been posited

that cavity-nesting bees may be pre-adapted to flying at greater

heights due to their nest searching behaviors (MacIvor, 2016), which

may help explain why these species are more commonly observed in

rooftop gardens.

Most non-native species tend to be generalists that can exploit a

broad range of resources. Thus, the traits they exhibit allow them to

take advantage of human-dominated landscapes (Russo et al., 2021).

Introduced species can outperform natives’ physiological thermal

maxima allowing them to exploit resources when the natives cannot

(da Silva et al., 2021). Thus, it is possible that the non-native species

observed in the roof gardens can outperform the natives through an

enhanced ability to ascend to rooftop elevations or tolerate the novel

conditions located therein.

It is unclear from the literature whether green roofs filter for bees

with larger or smaller body sizes. In this case, elevation does seem

to represent a challenge. In our study, the food roof bee community

differs greatly from the ground-level sites due in part to the absence
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of large bees. Large-bodied members of the family Apidae, especially

members of the genera Bombus, Svastra, and Xylocopa were absent

or had decreased abundances compared to nearby ground-level

gardens. MacIvor et al. (2015) found that smaller bodied bees were

significantly less common than medium to large-bodied bees on

Sedum planted roofs and found the two most abundant species were

Megachile rotundata and Bombus griseocollis. Alternatively, Ksiazek

et al. (2012) found that bees with smaller body sizes dominated

the specimens collected on Chicago green roofs. Determining which

specific environmental filters and/or species traits are being acted

upon will require further investigation.

The managers of the food roofs reported no observed pollination

deficits. However, while it is easy to determine if pollination

is grossly insufficient (due to low yield or misshapen fruits), it

can be harder to assess if yields could further improve with

additional pollination services (Webber et al., 2020). The roofs

had a paucity of Bombus and Xylocopa, which are thought to

be the main pollinators of many crops in the region because of

their large size and ability to sonicate flowers (Cooley and Vallejo-

Marín, 2021). However, other sonicating genera such as Melissodes,

Agapostemon and the large, non-sonicating Megachile texana may

be filling the gap (Cardinal et al., 2018). Many of the crops

present were obligate outcrossers that require bees for pollination.

Some crops, like those in the family Solanaceae, require specialized

pollinators, while others require a great number of individual visits.

Thus, the amounts and types of pollination deficits, as well as

the need for specific types of pollinators must be addressed in

future research.

As the number of green roof managers opting to grow

bee-pollinated crops increases, understanding the potential

limitations to attracting sufficient bee diversity becomes

more relevant. It is important for organizations seeking

to grow crops on roofs to understand that there may be

pollination deficits, especially in dense urban areas. Thus,

green roof managers should ensure that there are resources

for pollinators all season, especially when crops are not

in bloom.
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