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Abstract
Current declines in the abundance and diversity of bees and other pollinators has created uncertainty in their ability to reliably 
deliver pollination services. Recent studies examining urban bee diversity have provided conflicting results, with some studies 
identifying parts of cities with high bee diversity and others documenting reduced diversity with high levels of urbanization, 
with potential effects on surrounding agricultural areas. However, these studies have not specifically investigated pollination 
services, or examined the influence of local habitat conditions on these services. We surveyed urban gardens and city parks 
across the metropolitan region of Toledo, Ohio (USA) to understand how urbanization (impervious surface) and local habi-
tat characteristics (herbaceous cover, floral abundance and color, tree abundance, canopy cover, soil moisture, garden size) 
impact bee communities (abundance, diversity, composition) and pollination services (visitation frequency). We collected 
729 bees representing 19 genera and 57 species. We found that bee community composition was strongly associated with 
percent impervious surface. Bee abundance declined with increased canopy cover and impervious surface, while declines in 
bee diversity with increasing impervious surface were greatly reduced by increases in floral resources. Visitation rates were 
positively correlated with bee abundance and diversity, declining with increased impervious surface, but increasing with 
floral resource availability. These results suggest that increasing floral resources at high impervious sites may counteract the 
negative effects of impervious surface on bee diversity and pollination services in cities similar to Toledo, OH.
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Introduction

The global significance of pollinators has been well estab-
lished—bees and other pollinating animals provide impor-
tant pollination services that benefit ~ 87% of flowering 
plants (angiosperms) worldwide (Ollerton et  al. 2011), 

including 1500 agricultural crops (Klein et al. 2007). Pol-
lination can increase the quality, quantity, and stability of 
agricultural yields (Allen-Wardell et al. 1998; Ricketts et al. 
2008), and the estimated global value of pollination services 
is $117 billion annually (Costanza et al. 1997). However, 
there is strong evidence that wild and managed pollinators 
are in decline globally (Potts et al. 2010), and anthropogenic 
modification of natural landscapes via habitat loss, frag-
mentation, and land use intensification is a primary driver 
behind these declines (Ricketts et al. 2008; Potts et al. 2010). 
But evaluating how anthropogenic landscape modification 
affects pollination can be difficult to assess, because pollina-
tion is influenced by a myriad of environmental conditions 
that vary across spatial scales.

In general, pollination services are strongly associated 
with the availability of floral and nesting resources. Multiple 
studies have found positive effects of floral resource avail-
ability on pollination (Kells et al. 2001; Blaauw and Isaacs 
2014). For instance, Blaauw and Isaacs (2014) found that 
increased wildflower abundances near crop fields improved 
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pollination and crop yields, and even lead to profit gains. 
Nesting resource availability (e.g., bare ground, pre-existing 
cavities) also influences pollination through changes in bee 
community structure (Potts et al. 2005). Others have found 
declines in pollination with increased distance from natural 
areas (Ricketts et al. 2008). Land-use intensification (e.g., 
urbanization) may also influence pollination, but few have 
investigated pollination across intensification gradients out-
side of traditional agricultural systems. Much of our under-
standing of pollination comes from traditional agriculture, 
but urban agriculture is an increasingly important sector of 
the global food supply (Hodgson et al. 2011).

Currently, over half of the global human population 
lives in urban regions (Pickett et al. 2011), and over 80% 
of the United States population is considered urban (United 
Nations 2018). The amount of terrestrial land classified as 
urban is expected to triple by 2030 (Seto et al. 2012), trans-
forming rural regions into residences and infrastructure for 
an increasingly urban human population. The overall impact 
urbanization has on species and ecosystem services is dif-
ficult to assess because there is a great deal of variation in 
the spatial heterogeneity and development intensity within 
and among cities (Lin and Fuller 2013), and between shrink-
ing and growing cities (Haase 2008). But a number of stud-
ies over the past decade have shown that bee community 
responses to urbanization are often mediated by local and 
landscape habitat conditions (Ahrne et al. 2009; Hernandez 
et al. 2009; Fortel et al. 2014; Quistberg et al. 2016; Glaum 
et al. 2017; Hall et al. 2017). Floral resource availability 
is consistently found to be a strong predictor of bee abun-
dance (Lowenstein et al. 2014; Pardee and Philpott 2014) 
and diversity (Lowenstein et al. 2014; Pardee and Philpott 
2014) in cities. Quistberg et al. (2016) found that larger 
urban greenspaces harbor more bee individuals and species, 
and that ground cover (e.g., mulch, leaflitter) influenced the 
types of bees present (e.g., cavity nesting taxa). But few 
studies simultaneously consider the effects of urbanization 
and local habitat features on both diversity and pollination 
services (but see Potter and Lebuhn 2015).

Despite the importance of pollination in urban greens-
paces (e.g., city parks and urban gardens), surprisingly few 
studies have explicitly measured pollination services in cit-
ies (Lowenstein et al. 2014, 2015; Theodorou et al. 2016). 
Lowenstein et al. (2014) measured pollination services in 
residential yards in Chicago (USA), and found a positive 
correlation of bee abundance and diversity on visitation 
frequency, but they did not examine drivers of these pat-
terns and did not examine highly urbanized parts of the city. 
Others have also identified the positive effect bee diversity 
has on fruit set in pollinator-dependent plants (Kremen et al. 
2002), suggesting a direct relationship between bee diversity 
and pollination. However, the factors that drive bee diver-
sity are not always directly associated with pollination. For 

instance, Lowenstein et al. (2014) found a positive associa-
tion of floral richness with bee diversity, but not pollina-
tion (e.g., visitation frequency). Thus, additional studies are 
needed to investigate how local habitat characteristics influ-
ence both bee diversity and pollination across urbanization 
gradients in cities.

In this study, we investigated how habitat characteristics 
(herbaceous cover, floral abundance and color, tree abun-
dance, canopy cover, soil moisture, garden size) in city 
parks and urban gardens influenced the abundance, diver-
sity, and community composition of bees, and the visitation 
frequency of insect pollinators. We divided this overarching 
question into two parts: (1) How does urbanization influ-
ence bee communities (abundance, diversity, composition) 
and pollination services (visitation frequency)? (2) How do 
local habitat features within urban gardens and city parks 
influence or alter the effects urbanization has on bee com-
munities and visitation frequencies? We expected to see 
changes in bee community composition with urbanization, 
with concomitant declines in abundance and diversity, likely 
due to changes in the availability and quality of habitat (e.g., 
highly urban areas have less greenspace and are hotter). We 
also predicted positive correlations between bee abundance 
and flower abundance, due to increased resource availabil-
ity. But we were uncertain whether positive effects of flo-
ral resources would be sufficient to counteract the negative 
effects of impervious surface or of the relative importance of 
other local habitat factors on pollination services.

Methods

Sampling location

We sampled bees from a total of 30 sites (parks and gardens) 
in the metropolitan region of Toledo, OH, USA (Fig. 1). 
This 620-km2 region is home to a half-million people, and 
its network of over 150 community gardens and 125 city 
parks was utilized for sampling locations (Burdine and 
Taylor 2017). We selected our 30 sites by overlaying a grid 
across a map of metropolitan Toledo in ArcGIS, and each 
grid cell (2 km × 2 km) was numbered. We then used a ran-
dom number generator to select which grid cells to include 
in the study, and within each of those selected grid cells, 
we identified a single park or garden to sample using a ran-
dom number generator. Parks or gardens ranged in size from 
0.001 to 0.46 km2.

Sampling methods

We collected bees using elevated pan traps once per month 
between June and August in 2016. Sampling was restricted to 
sunny days with temperatures above 22 °C. We constructed 
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the elevated pan traps by placing a 175-ml plastic bowl (yel-
low, blue, or white) atop 1-m PVC pipe (Tuell and Isaacs 
2009). Bowls were painted with Krylon  ColorMaster® spray 
paint to enhance visibility, and each bowl was filled with 
a water and soap mixture. On sampling days, we placed 9 
elevated pan traps (three yellow, three blue, three white) 
along a transect at the center of each site and left them in the 
field for 24 h. During collection, the contents of all nine pan 
traps were combined into a single container for transport to 
the lab, and in the lab, bees were separated from the other 
bycatch insects. Once sorted, bees were preserved in ethanol 
prior to pinning, and identified to species or morphospecies. 
We identified species using a synoptic collection from Par-
dee and Philpott (2014), and the Discover Life bee species 
guides (Ascher and Pickering 2016).

Local habitat characteristics

We measured local habitat characteristics at each site during 
sampling events. All characteristics were measured with the 
center of each site as the focal point, corresponding to the pan 
trap locations. We calculated canopy cover when facing each 
cardinal direction away from the site’s center using a densi-
ometer. We also counted the number of trees within 25 m of 
the site’s center. Additionally, we walked a 10-m transect out 
from the center of each site and counted the total number of 
flowers in bloom within 1 m of the transect line, and recorded 
their color. We measured floral color as a predictor as others 
have done (Pardee and Philpott 2014; Quistberg et al. 2016), 
since bees can have preferences for specific flower colors 
(Campbell et al. 2010). We calculated groundcover by ran-
domly placing four quadrats (1 m × 1 m) along each transect, 

and estimated the percentage of herbaceous vegetation, 
woody vegetation, and bare ground cover (similar to Lagucki 
et al. 2017). We also took four measurements of volumetric 
soil moisture along the transect using a soil moisture meter 
(Delta-T Devices SM150), as a proxy for water availabil-
ity. Water drinking behavior has been commonly observed 
in honeybees, and there is evidence that honeybees may be 
vulnerable to desiccation in cities (Burdine and McCluney 
2019). Additionally, extremely high soil moisture levels may 
adversely impact certain bees (e.g., ground nesters). Thus, we 
focused on highly localized factors (within 25 m) that could 
influence bee abundance, diversity, community composition, 
and pollination given variation in the degree of urbanization 
surrounding each garden or park.

To assess the urbanization of the surrounding landscape, 
we estimated percent impervious surface within a 300-m 
radius of each site’s center, using the National Land Cover 
Databases’ dataset for 2011 Percent Development Impervi-
ousness (Homer et al. 2015).

Visitation rates

We estimated pollinator visitation rates at the center of each 
site, during each sampling event, by placing five flowering 
plants: (1) tomato (early girl variety), (2) purple headed cone 
flower (Echinacea purpurea), (3) brown-eyed susans (Rud-
beckia triloba), (4) bergamot (Monarda fistulosa), and (5) 
foxglove (Penstemon digitalis). We selected these five plants 
because they are attractive to pollinators and are commonly 
found in Toledo parks and gardens (Pardee and Philpott 2014; 
Burdine and Taylor 2017). We counted the total number of 
individual insect pollinators that visited the plants over a 

Fig. 1  Map of study sites 
overlaid with percent impervi-
ous surface in Toledo, Ohio, 
USA. Impervious surface was 
calculated within a 300-m 
radius around each site. Regions 
of dark red are high impervious 
surface, and lighter shades of 
red are low impervious surface. 
Map constructed using data 
from the 2011 NLCD Percent 
Developed Impervious layer 
(Homer et al. 2015)
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20-min timespan (similar to Lowenstein et al. 2014). We used 
these measures to calculate a visitation rate for each site (vis-
its/hour), which others found to be well correlated with fruit 
production (Garibaldi et al. 2013).

Statistical methods

We conducted all statistical tests using the program R. The cor 
function in R was used to examine collinearity between our 
environmental factors; for co-correlated factors (R > 0.5), we 
dropped one of the factors from statistical analyses (Table S5). 
We used this cut-off for the level of correlation to constrain the 
potential model set. We examined the effects of environmen-
tal factors on community composition with a Type II PER-
MANOVA (adonis.II) using the “RVAideMemoire” package. 
We also utilized non-metric multidimensional scaling (meta-
MDS) within the “vegan” package to display differences in 
community composition, and associations with environmen-
tal factors. We used Bray–Curtis distances for all community 
composition analyses.

We used generalized linear models (glm) to examine rela-
tionships among environmental factors and dependent variables 
(abundance, diversity, visitation frequency). Prior to statisti-
cal analysis, we combined the three sampling periods (June, 
July, August) by totaling the number of bees captured. Models 
were developed by first establishing a list of candidate models 
that contained each potential predictor independently (exclud-
ing co-correlated variables, Table S1). Then, we took the 
model(s) with the lowest AIC values (models within two AIC 
units were considered equivalent) and combined the models 
to test whether the combined model was a better fit (two AIC 
units lower). We chose this process instead of model averaging 
approaches because they can be problematic with interactive 
models (Cade 2015; Harrison et al. 2018). We also tested for 
interactions between various site-level environmental factors 
and impervious surface to examine potential modifiers of any 
potential urbanization effect. Assumptions of normality and 
equal variance were assessed by examining plots of residu-
als and data transformations were used when necessary. We 
tested for spatial autocorrelation using the “ape” package in R 
(Paradis et al. 2004), and our results showed no spatial autocor-
relation in the dependent variables (Table S3). We also tested 
whether site type (urban garden vs. city park) had an impact 
on the dependent variables (abundance, diversity, visitation 
frequency), and found no significant differences (Table S4).

Results

Summary statistics

We collected a total of 729 bees representing 19 genera 
and 57 species from 30 sites. The majority of bees sampled 

were females (84.2%). The most common genera in order of 
abundance were the sweat bee Lasioglossum (48.4%), the 
long-horned bee Melissodes (8.8%), the striped sweat bee 
Agapostemon (7.57%), the mining bee Halictus (7.02%), 
and the sweat bee Augochlora (6.88%). The most diverse 
genera in order of number of species were the sweat bee 
Lasioglossum (13 species), the long-horned bee Melissodes 
(7 species), the bumblebee Bombus (5 species), and the leaf-
cutter bee Megachile (5 species). Across sampling periods, 
we collected between 2 and 19 species per site.

Community Composition

We found impervious surface to be the only environmen-
tal variable significantly associated with bee commu-
nity composition (PERMANOVA F1,21 = 1.99, p = 0.01; 
Table 1). Nonmetric dimensional scaling plots (Fig. 2b) 
indicated that Lasioglossum imitatum was positively 
associated with urbanization, and four species were nega-
tively associated with urbanization: Bombus bimaculatus, 
Lasioglossum fatiggi, Hylaeus annulatus, and Hylaeus 
illinoisensis.  

Overall abundance and diversity

We found several local factors to be strongly associated 
with the overall abundance and diversity of bees. The most 
parsimonious model for bee abundance was an additive 
model with abundance declining with increased canopy 
cover and impervious surface (AIC = 247.11; R2 = 0.27; 
Fig. 3a, b; Table 2). We identified two additional mod-
els with similar AIC values that were correlated with bee 
abundance. One model included the interaction of canopy 
cover and impervious surface (AIC = 248.31, R2 = 0.30, 
Fig. 4a; Table 2) and the second model included canopy 
cover, but not impervious surface (AIC = 248.37, R2 = 0.18, 

Table 1  Results comparing bee community composition with envi-
ronmental variables from our PERMANOVA analysis

Bold indicates significance at α = 0.05

Source df SS MS F P

Impervious surface 1 0.58 0.58 1.99 0.01
Area 1 0.16 0.16 0.55 0.95
Soil moisture 1 0.30 0.30 1.03 0.43
No. trees 1 0.27 0.27 0.92 0.55
No. purple flowers 1 0.26 0.26 0.88 0.59
No. total flowers 1 0.11 0.11 0.38 0.99
Canopy cover 1 0.23 0.23 0.77 0.74
Herbaceous cover 1 0.18 0.18 0.63 0.88
Residuals 21 6.15 0.29
Total 29 8.63
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Fig. 3a; Table 2). For bee diversity, the most parsimonious 
model included the interaction of impervious surface and 
purple flower abundance (AIC = 31.96; R2 = 0.5; Fig. 4b; 
Table 2), with diversity declining with impervious surface, 
but only when purple flowers were not abundant. We iden-
tified an additional model with similar AIC that included 
the interaction of total flower abundance and impervious 
surface (AIC = 33.48; R2 = 0.48; Table 2), showing a similar 
pattern. 

Visitation rates

The most parsimonious model for visitation rates was 
an additive model with visitation declining with imper-
vious surface, but increasing with flower abundance 
(AIC = 255.59; R2 = 0.67; Fig. 3c, d; Table 2), explaining 
67% of the variation in visitation. In addition, we found a 
positive correlation between visitation rates and bee abun-
dance (R = 0.49) and diversity (R = 0.44).

Discussion

Overall, our results indicate that bee diversity and pollina-
tion services decline with increased urbanization, but local 
habitat features can modify the effects of urbanization. More 
specifically, abundant flowers (all or purple) can help to 
prevent urbanization-related declines in diversity and pol-
lination services. Although these results might have been 
expected from other research, mostly outside cities, showing 
positive effects of flowers (Kells et al. 2001; Blaauw and 
Isaacs 2014) on bee abundance, diversity, and pollination, 
they are in contrast with another recent study which does 
not indicate that flowers can rescue urban bees (Hamblin 
et al. 2018). Although there are many potential mechanisms 
underlying the differences observed between that study 
and ours, background climate may be one important factor. 

Table 2  Results displaying the 
best-fit model for each response 
metric, along with the null 
model

For each response metric, we considered models within 2 AIC units to be equivalent

Model K AICc ΔAICc Weight LL R2

Abundance
  ~ Canopy cover + Impervious surface 4 247.11 0.00 0.46 − 118.75 0.267
  ~ Canopy cover × Impervious surface 5 248.31 1.20 0.25 − 117.91 0.298
  ~ Canopy cover 3 248.37 1.26 0.25 − 120.72 0.176
  ~ Null 2 251.86 4.76 0.04 − 123.71 –

Diversity
  ~ No. purple flowers ×  Impervious surface 5 31.96 0.00 0.68 − 9.73 0.500
  ~ No. total flowers × Impervious surface 5 33.48 1.52 0.32 − 10.49 0.476
  ~ Null 2 46.41 14.45 0.00 − 20.98 –

Visitation Frequency
  ~ No. Total flowers + Impervious surface  4 255.59 0.00 1.00 − 122.99 0.667
  ~ Null 2 284.86 29.27 0.00 − 140.21 –

Fig. 2  Nonmetric multidimensional scaling (NMDS) analysis for bee 
species sampled in Toledo, Ohio (USA). a Each bee species is repre-
sented by a single point, and all environmental factors are represented 
by arrows. b Impervious surface was the only environmental factor 
significantly associated with community composition. Specific taxa 
that were positively or negatively correlated with impervious surface 
are labeled
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Hamblin et al. (2017) found that differences in thermal tol-
erance between species strongly drove abundance of bees 
along a gradient of urban-related warming in Raleigh, NC, 
an already warm southeastern city. This contrasts with a 
recent study finding that three species of bees in urban parts 
of Toledo, OH, a cooler city, are not near their thermal lim-
its, and thus are unlikely to be influenced by urban-warming 
(Burdine and McCluney 2019). Thus, flowers may be unable 
to rescue bees from urban-warming in already warm cli-
mates, but may be sufficient to reduce declines in cooler cit-
ies. Other explanations are possible; in general, more work 
is needed to better identify regional differences in both the 
effects of urbanization and the potential for mitigation of 
urbanization via floral resources, or other factors. But here, 
we show that improved floral resources can mitigate urban-
related declines in pollinators and pollination services in 
Toledo, OH.

Impervious surface

Impervious surface was the only habitat characteristic associ-
ated with community composition. In particular, we found a 
positive association of impervious surface on Lasioglossum 

imitatum, a solitary and ground nesting species. Normandin 
et al. (2017) provide evidence that this species can be abun-
dant in certain urban habitats (e.g., cemeteries). On the other 
hand, we identified 11 species that were exclusively present at 
low impervious sites (< 25%), and one species present only at 
high impervious sites (> 50%). Multiple studies have identi-
fied changes in bee community composition across urbani-
zation gradients (Bates et al. 2011; Fortel et al. 2014), and 
degraded nest site availability with increasing impervious sur-
face may explain changes in composition (Cane et al. 2006).

Canopy cover

We found a negative association between canopy cover and 
bee abundance, and the association was stronger at low 
impervious sites. Others have identified canopy cover as a 
significant predictor of bee abundance in non-urban sys-
tems (Jha and Vandermeer 2010), and particularly for soli-
tary species. There are examples of other arthropod taxa 
responding negatively to canopy cover in cities (Philpott 
et al. 2014; Lagucki et al. 2017). Matteson and Langellotto 
(2010) found that shading from buildings in New York 
City reduced sunlight availability in urban greenspaces, 

Fig. 3  Panel figure display-
ing associations between 
environmental factors and bee 
abundance (a, b), and visitation 
rate (c, d)
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negatively impacting species richness of bees. Increased 
shade may prevent bees from maintaining optimal body 
temperatures by passive basking in greenspaces (Matteson 
and Langellotto 2010), and this may explain why canopy 
cover associations were stronger at low impervious sites 
(reduced heat island effects). Increased shade in urban 
regions can also reduce floral abundance, and Matteson 
et al. (2013) show that this can indirectly impact insect 
pollinators.

Flower abundance

Others have identified the importance of floral availability 
in maintaining diverse bee assemblages in cities (Matteson 
and Langellotto 2010; Pardee and Philpott 2014; Quistberg 

et al. 2016), but here we find this pattern occurs across sites 
with both high and low impervious surface, with flowers 
restricting declines in bee diversity and pollination that 
would otherwise be seen in cities. Lowenstein et al. (2014) 
shows that increased floral diversity can mitigate any poten-
tial negative effects of urbanization, even in densely popu-
lated regions, and visitation frequencies may even increase 
with urbanization. Potter and LeBuhn (2015) also identified 
positive correlations between floral resource density and 
pollination services across urban garden sites. However, 
increasing floral resources is less effective in warmer cit-
ies like Raleigh, NC (Hamblin et al. 2018). We expected to 
find a positive relationship between flower abundance and 
visitation frequencies, and the strength of the relationship 
(R2 = 0.57) suggests that increased flower availability might 
strongly help to prevent declines in pollination services at 
high impervious sites.

Caveats

Our research has several methodological limitations. First, 
by only using pan traps to sample bees we may have under-
sampled certain taxa. Others have shown that pan traps can 
underrepresent larger bees (Roulston et al. 2007), but we 
still collected many large bees (e.g., honeybees, bumble-
bees) and this method of capture was constant across all 
sampling sites, providing robust metrics of relative differ-
ences between sites. Second, visitation rates may not always 
reflect pollination. Visitors are not necessarily pollinating 
flowers, and others have suggested combining measures of 
visitation with an estimate of pollinator effectiveness (King 
et al. 2013). However, there are instances within agricul-
tural systems, such as those studied here, where visitation 
rates have been shown to be a good metric of pollination 
(Garibaldi et al. 2013), but more work is needed in urban 
agricultural systems. Third, we included both urban gardens 
and city parks as samping sites because both are greenspaces 
embedded within urban landscapes. Even though these site 
types are different types of greenspaces, we did not detect 
different effects based on site type (see Table S4).

Conclusions

We show that negative effects of urbanization on bee com-
munities and pollination services can be altered by local 
habitat characteristics (flower abundance, canopy cover). 
More specifically, increasing the total number of flowers 
could be an important strategy for improving pollination 
services, independent of whether the garden is embedded 
within a highly impervious habitat.

Fig. 4  Panel figure displaying interaction plots. (a) Relationship 
between impervious surface and bee abundance when canopy cover 
is at a high (+ 1 SD), low (-1 SD), or medium level (mean). (b) Rela-
tionship between impervious surface and bee diversity when purple 
flower abundance is at a high (+ 1 SD), low (-1 SD), or medium level 
(mean)
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