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Abstract

Long-term and widespread monitoring programs are essential to understanding the role of human-dominated landscapes
in supporting wild bee populations. Urbanization results in increased impervious surfaces throughout the landscape, frag-
mentation of green space, and a loss of naturally occurring floral vegetation. All of these changes have a negative impact on
pollinator diversity. The objective of this study was to assess the abundance and richness of wild bee species throughout a
small city in northwest Pennsylvania and identify how management of land throughout the city may influence bee communi-
ties. Seventeen sites across a land use gradient, moving from areas with large open spaces and mainly permeable surfaces, to
sites in the city center consisting of mainly impermeable surfaces, were sampled over a 2-year period. During this time, 106
known species were identified with four state records and 1 undescribed species. Bee species richness was greatest at sites
with the largest amount of permeable surface and naturally-occurring, native vegetation. Richness decreased on the college
campus and city center where landscapes were highly managed and impermeable surfaces were most abundant. While floral
richness was not related to bee abundance and richness, the number of open blooms near traps did have a positive impact on
bee species richness. Overall, this survey revealed considerable richness never before recorded for northwest Pennsylvania,

suggesting the importance of conservation management in homeowner and community yard space.
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Introduction

Declines in Apis mellifera (the Western honeybee) amount-
ing to an estimated 59% loss of colonies from 1947 to 2005
(NASS; Potts et al. 2010) have catalyzed research interest in
wild bee populations. Wild bees, here understood as unman-
aged bees, are represented by nearly 4000 species native to
North America and 20,000 species globally (Mader et al.
2011). The contribution of these species to pollination
requires further research and is likely far greater than previ-
ously recognized (Klein et al. 2007). Yet, like A. mellifera,
populations of wild bees too are in decline, with models
estimating a 23% loss in wild bee pollinators in the United
States from 2008 to 2013 (Koh et al. 2015; Potts et al. 2010).
Wild bee declines are attributed to a number of interactive
factors including climate change; introduction of exotic,
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alien species of plants, pathogens, and pests; loss of forage;
and land-use change including habitat loss and subsequent
fragmentation from agricultural intensification and urbaniza-
tion (Ellis et al. 2010; Goulson et al. 2015; Potts et al. 2010).
Efforts focused on populations within intensified agricultural
settings seek to quantify the economic value of wild bees
in commercial pollination (Klein et al. 2007; Kremen et al.
2002; Losey and Vaughan 2006) and to determine ways in
which wild bees can be utilized to bolster honeybee services
in these areas (Garibaldi et al. 2013; Winfree et al. 2007).
Additionally, there is also growing interest in how wild bee
communities are altered within intensified urban settings, as
human populations continue to skyrocket and urban areas
expand (UN World Urbanization Prospects). In the United
States, for example, 82% of residents live in urban areas, and
this number is expected to grow (US Census Bureau, n.d.).

Urbanization is closely associated with habitat destruc-
tion, one of the leading causes of general species extinction
(Czech et al. 2000; Pimm and Raven 2000). As the natural
landscape is appropriated for urban development, expanses
of impervious surfaces, such as roads, sidewalks, parking
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lots, and residential, commercial, and industrial buildings,
replace the natural or semi-natural landscape and fragment
what remains. Moreover, urbanization also disturbs natural
vegetation by replacing native vegetation with exotic and
ornamental flora in urban green spaces such as gardens and
lawns (Smith et al. 2005). Together, these alterations of the
landscape negatively affect bee abundance and richness
(Potts et al. 2010). In an assessment of pollinator assem-
blages including bees and hoverflies on an urban—rural land-
use gradient in the UK, Bates et al. (2011) found a decrease
in species richness and abundance towards the urbanized
landscape. Since its publication, others have observed a sim-
ilar trend in various urban settings (Fortel et al. 2014; Geslin
et al. 2016). In an analysis of 23 different studies, Ricketts
et al. (2008) observed a general trend correlating declines in
wild bee richness with distance and isolation from habitat.
Winfree et al. (2009) in an analysis of 54 studies found that
anthropogenic disturbance had a significant negative effect
on unmanaged bee abundance and richness. Likewise, in a
global assessment of 284 publications, Newbold et al. (2015)
found that land-use change negatively affected bee diver-
sity and abundance to varying degrees. Collectively, these
findings corroborate concerns that wild bee abundance and
diversity declines with habitat destruction and conversion
(Potts et al. 2010).

Wild bees are particularly susceptible to habitat and land
use change because they are dependent on nest substrate
and proximal forage availability. O’Toole and Raw (2004)
categorize bees into three main nesting guilds: belowground
nesters, aboveground nesters, and cleptoparasites, bees that
lay eggs in the nests of other bees (Fortel et al. 2016; Potts
et al. 2003). The majority of wild bees are belowground
nesters, which build their nests by excavating tunnels in
the soil or occupying pre-existing soil cavities (e.g. aban-
doned rodent dens). Aboveground nesters, nest in cavities
or structures above the soil, including cavities in rocks and
wood, pithy plant stems, and abandoned tunnels and cavities
created by other insects. With the exception of most bum-
blebees, 90% of wild bees are solitary within the spectrum
of social behavior (Mader et al. 2011), and typical forage
ranges usually remain within approximately 500 m of the
nest site, although some estimates suggest that it can be
greater (Gathmann and Tscharntke 2002; Greenleaf et al.
2007; Zurbuchen et al. 2010). When bees were sampled from
urban parks and gardens in New York City, the majority
of individuals collected were cavity-nesters while less than
25% of individuals were soil nesters (Matteson et al. 2008),
contrasting comparative samples from rural, un-urbanized
areas where soil-nesters predominated (Giles and Ascher
2006). These findings are attributed to the increased nest-
ing site availability for cavity-nesters in urban areas, such as
trees, wood piles, sheds, homes, and fences, coupled with a
degradation of adequate soil substrate, through compaction
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and frequent disturbance from activities like mowing and
traffic (Cane et al. 2006; Matteson et al. 2008).

Urbanization also contributes to local declines in pol-
linators by limiting floral resources (Winfree et al. 2011).
Several studies have demonstrated that bee abundance is
associated with origin of floral resources (i.e. native or non-
native), with increased bee abundance where native vegeta-
tion is the predominant resource (Frankie et al. 2005; Hein-
rich 1975; Pardee and Philpott 2014). Native vegetation is
also positively associated with the presence of native polli-
nators throughout an ecosystem (Frankie et al. 2005). Floral
specialists, specifically, can be negatively impacted by the
lack of native vegetation in urban environments, which have
been replaced with non-native, ornamental species (Frankie
et al. 2005, 2009; Hernandez et al. 2009). Together, the soli-
tary lifestyle of most wild bees in conjunction with their
limited forage ranges tie wild bees to their nesting sites and
make them dependent on proximal forage availability.

The impact of land-use on the abundance and richness
of bee communities is often captured by contrasting com-
munities in adjacent rural or suburban areas at the landscape
scale (Cane et al. 2006; Matteson et al. 2008) or across the
landscape scale using the ratio of impervious and pervious
surfaces as a proxy for urbanization (Fortel et al. 2014; Ges-
lin et al. 2016). Within the small city of Meadville, Pennsyl-
vania, four distinct management regimes exist making this
an interesting case study for how wild bee communities vary
across land use. The objectives of this study are to evaluate
bee species abundance and richness across an urban—rural
gradient (Meadville, Pennsylvania, Pop. 13,265, US Cen-
sus data) from more natural areas dominated by native flora
and pervious surfaces, to a city center where ornamental
plantings and impervious surfaces are much more common.
While the scale of this study is significantly smaller than pre-
vious studies identifying how land use impacts bee commu-
nities, (Ahrné et al. 2009; Banaszak-Cibicka and Zminorski
2012; Cane et al. 2006; Fortel et al. 2014, 2016; Matteson
et al. 2008) the data provides an important understanding of
how various land use in small towns may impact wild bees.

Methods and materials
Study sites

The study was conducted at 17 sites located across Mead-
ville, Pennsylvania (41.6414°N 80.1514°W), a small city
in Crawford County. Sites were placed at least 100 m apart
and ran north to south across the study area in volunteered
spaces. The entire study area spanned approximately
2.5 km, measured from the farthest two study sites. Sites
were clustered into four distinct groups (fields, house yards,
campus, and city center) based on qualitative assessment
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and quantitative metrics (Fig. 1). Qualitative assessment
included geographic location and surrounding landscape
descriptions while quantitative assessment employed GIS
to evaluate land use cover at each of the site groupings.

Site descriptions and groupings

The sites hosted various habitat features, including flower
beds, vegetable gardens, hedges, trees, and open lawn with
varying degrees of shade. They were grouped by their land
use characteristics and geographic location. Farthest north
in the study region, four sites were clustered together to form
the fields group (0.33 km?). These sites were located at Rob-
ertson Athletic complex, an Allegheny College owned plot
of land that houses various athletic fields, including baseball
diamonds, soccer and practice fields, and a synthetic turf
football field. Sports fields are surrounded on all sides by
a buffer of grass, which borders a temperate deciduous for-
est largely composed of red maple, sugar maple, red oak,
ash, and beech (Rich Bowden, personal communication).
Sampling arrays at these sites were placed in these grassy
transitional spaces adjacent to the forests, which are man-
aged minimally during the summer months. The second
group, house yards (0.28 km?), located slightly southeast
of the fields group, was situated in a residential area. The

Fig. 1 Study region. a Individual sampling sites grouped together to
form four discrete clusters: (a) fields, (b) house yards, (c) campus, (d)
city center (moving from the top of the map to the bottom). b Land
use assignments in sampling groups displaying impervious surfaces

four sites in this cluster were placed in either the front or
back yards of privately owned single-family housing units.
Sampling arrays were placed along the borders of the yards
to avoid disturbance. The third group, campus (0.32 kmz),
included four sites placed on the campus of Allegheny Col-
lege and one site located on a college-owned house located
in a residential area south of the main campus. These sites
were distributed around flowerbeds and vegetable gardens.
Finally, the southernmost site grouping consisted of four
sites located in the city center of Meadville (city center
0.30 km?). Sampling arrays were placed in yards and flower-
beds of businesses and public spaces out of the way of heavy
foot traffic. None of the sites in this study were sprayed with
pesticides or had a history of pesticide application, and no
area was watered throughout the course of the study.

GIS analysis

GIS (acrGIS, version 10.4.1, Esri, Inc.) was used to quan-
tify the ratio of impervious surfaces to pervious surfaces
(Geslin et al. 2016). Using GPS, the exact location of each
site was recorded and superimposed on satellite and aerial
images of the study region. To delineate a border around
each group, individual sites in the groups served as the ver-
tices of the largest polygon that could be drawn using the

(red—roads and sidewalks, yellow—buildings) and impervious sur-
faces (dark green—trees and forests, light green—grass, dirt, and
mulch). Scale is in km. (Color figure online)
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sites in each group. The polygon was buffered at 100 m in
which land use was digitized at a scale of 1:1000 (Fig. 1a).
Remote sensing was used to categorize the land use into
one of four land use types: impervious—building rooftops,
impervious—roads and sidewalks, pervious—trees and for-
est, or pervious—grass, mulch, or dirt (Fig. 1b). These land
use assignments were used to calculate the relative propor-
tion of impervious and pervious surfaces that characterized
each of the site groupings. In 2016, one of the campus sites
was moved approximately 15 m; all land use analyses are
based on the 2015 location, and no other sites were altered
in placement from year to year.

Bee sampling methods

Bees were collected over two years during the months of
June, July, and August in 2015 and May, June, July, August,
and September in 2016. Collection methods included vane
traps and bee bowls. A single blue vane trap containing
70% ethanol was suspended from a 1 m tall garden hook at
the center of each sampling array. Bee bowls were placed
within a 5 m radius from the vane trap. Bee bowls con-
sisted of a small plastic bowl (3.25 oz, SOLO™, Urbana,
IL) painted with fluorescent white or yellow paint (Sargent
Art®, Hazleton, PA), filled with water containing a few
drops of unscented dish soap (Dawn®, Cincinnati, OH). Bee
bowls were affixed to wooden stakes and hammered into the
ground at the bloom height of surrounding flowers, which
varied by site and date. Two yellow and two white bee bowls
were placed at each site (Leong and Thorp 1999). The traps
were retrieved after 48 h.

In the lab, sample contents were poured through a mesh
sieve, washed gently with soapy water (ECOS®, Addison,
IL), rinsed with deionized water, and transferred to 70%
ethanol. Bees were then sorted from non-bees (Triplehorn
and Johnson 2005), those smaller than 5 mm in length from
head to abdomen were disregarded, and remaining bees were
dried (Metropolitan Vacuum Cleaner Co, Inc., Oakland, NIJ),
and pinned. Bees were identified to genus using taxonomic
keys (Arnett 2000; Ascher and Pickering 2012) by P. Hick-
man, E. Moretti, and K. Moyer and were then identified to
species where possible by E. Moretti and P. Hickman using
the online taxonomic key DiscoverLife (Ascher and Pick-
ering 2012). Sam Droege of the USGS Bee Inventory and
Monitoring Lab assisted with species identification and con-
firmed species decisions. Hylaeus modestus and H. affinis
(Family Colletidae) observations were grouped together
as one species (Hylaeus affinis/modestus) because the two
cannot currently be resolved decisively (Lerman and Milam
2016). Likewise, several individuals of the Nomada sp. were
categorized as N. bidentate grp. because the genus is cur-
rently undergoing taxonomic revisions (S. Droege, personal
communication).
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Following Fortel et al. (2014), Lerman and Milam (2016)
and Matteson et al. (2008), species were compiled in a list
with respect to ecological characteristics. Characteristics
were compiled from existing species lists, primary literature,
and DiscoverLife (discoverlife.org). Bees were classified
based on origin (native or exotic to North America) follow-
ing Giles and Ascher (2006), pollen specificity (generalist or
specialist) and nesting behavior (soil, cavity, soft or rotting
wood, or pithy stems). For clarity in analysis, nesting behav-
ior was further simplified to aboveground or belowground
following O’Toole and Raw (2004). Cleptoparasitic species
were grouped according to the nesting behavior of the spe-
cies being parasitized.

Floral sampling

During each sample, angiosperms currently in bloom were
identified to species within a 5 m radius of the center of the
sampling array using the Peterson Field Guide to Wild Flow-
ers of Northeastern/North-central North America (Peterson
and McKenny 1968). Recorded angiosperms were catego-
rized as being native, established alien, or unnatural based
on Peterson and McKenny (1968) and the USDA Plants
Database (https://plants.usda.gov/java/). Native and estab-
lished alien species were considered naturally occurring if
they can exist in nature without anthropogenic involvement.
Unnatural species refer to those that were planted and would
not be present in the environment otherwise; such species
include ornamental hybrid plant varieties and garden herb
cultivars. To determine if floral composition influenced bee
abundance and richness, sites were categorized as predomi-
nantly natural or unnatural based on percentages of natural
and unnatural species in bloom, or no blooms if none were
present at that site. The total number of open blooms were
counted at each site and collection date, if a species had
greater than 100 blooms then the number was estimated.

Data analysis

To determine if our sampling efforts provided a sufficient
measurement of species richness, a sample-based rarefaction
curve was calculated (Gotelli and Colwell 2001) using the
software EstimateS (Colwell 2013). Samples from all sites
and years were randomized without replacement and the
cumulative number of different species tabulated. This pro-
cedure was repeated for 100 randomizations. The software
provided estimates of rarefied species richness (Syj,o1a0)>
which is the expected species accumulation curve.

Bee abundance was calculated as the total number of
individual bees, and species richness was measured as the
total number of species collected. “Singletons” were identi-
fied as species represented by only a single individual (Hin-
ners et al. 2012). Individuals not identified to species were
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not included in richness analyses but were included in total
abundance. For analysis of richness and abundance across
the study region and analysis of nesting behavior, managed
bees (i.e. Apis mellifera) were not included. To determine
if mean bee abundance and richness, varied by year, site
grouping, or the interaction (site grouping X year), 2-way
ANOVAS were employed (JMP®, SAS Institute Inc., Ver-
sion 12.0.1, 2015); p <0.05 was considered significant.
Tukey’s HSD tests were used to separate means between
sites and site groupings.

For floral analysis, the bee species community was
assessed by calculating the proportion of natives/exotics
and pollen specialists/generalists at each site grouping. Lin-
ear regression was used to evaluate relationships between
bee abundance and richness and floral richness. One-way
ANOVAs were conducted to determine the variation in bee
abundance and richness as influenced by bloom abundance
and floral species composition (JMP®, SAS Institute Inc.,
Version 12.0.1, 2015); p <0.05 was considered significant.
Tukey’s HSD tests were used to separate means between
sites and site groupings.

Results
Bee fauna

Over the two sampling years, 1603 individuals were col-
lected (350 bee specimens in 2015 and 1253 specimens
from 2016; Table 1). The collection represented five families
(Andrenidae, Apidae, Colletidae, Halictidae, and Megachi-
lidae), 24 genera, and 106 known species. Halictids made
up the majority of the collection, representing 1094 (68%)
of the individuals collected and 38 (36%) species. This was
followed by bees of the species Apidae, which made up 298
(19%) individuals and 25 (24%) species. Over the course of
the study, the only managed bees (not considered wild) col-
lected were Apis mellifera, which constituted 41 individuals
(2.6% of the total collection). Fifty-three of the individuals
collected could not be identified to species; however, nine
genera were represented. The unknowns also included one
Lasioglossum undescribed in the literature (S. Droege, per-
sonal communication). The majority of species collected
(84%) were represented by fewer than 16 individuals and
thus each constituted < 1% of the sample (Fig. 2). “Single-
tons,” made up 38% of the species collected. The species
accumulation curve did not reach an asymptote indicat-
ing that all species in the environment were not collected
(Fig. 3). The Chao2 species richness estimator predicts that
152 species are actually present in the sampled area, sug-
gesting that 71% of the species were observed in the study.

The five most common bee species collected were L.
ephialtum (17% of total), L. hitchensi (7%), Augochlora

pura (6.6%), L. zonulum (5.6%), and Agapostemon vires-
cens (4.4%). Lasioglossum ephialtum and L. zonulum were
the only species found at all of the collection sites. The col-
lection also included four state records for Pennsylvania,
confirmed by S. Droege and J. Gibbs, Hylaeus pictipes,
Lasioglossum michiganenense, Lasioglossum smilacinae
and Chelostoma rapunculi.

Variation by site categories

Quantitative analysis of pervious to impervious surfaces
demonstrate the transition from majority pervious surfaces
found at the fields group (88% pervious, 12% impervious) to
majority impervious surfaces found in the city center (15%
pervious, 85% impervious) moving north to south across the
study region (Fig. 4). The house yards group was also domi-
nated by pervious surfaces (68% pervious, 32% impervious);
while the campus group was almost equally pervious (47%)
and impervious (53%). At each site, the majority of impervi-
ous surfaces were sidewalks and roads (Table 2). In the field
sites and campus sites, tree/forests made up the majority of
pervious surfaces, while in the house yards and city center,
pervious surfaces were evenly split between trees/forests and
grass, mulch, and dirt (Table 2).

Abundance

Excluding Apis mellifera, 549 individuals were collected
from the fields sites (35% of all individuals collected), 332
from the house yards (21%), 320 from campus (20%), and
361 from city center (23%). A significantly greater number
of bees were collected in 2016 than 2015 (F=11.73, df=1,
p=0.0008; Fig. 5). Abundance did not vary significantly
between site groupings (F=2.33, df=3, p=0.08) or site
grouping*year (F=0.70, df =3, p=0.55).

Species richness

A total of 106 species were collected during the 2-year sur-
vey. Seventy-one species were collected at the field sites, 51
species at the house yards, 66 at campus sites, and 53 at city
center sites. Mean species richness per site per sampling date
at the site groupings differed between years (F=8.82, df =1,
p=0.004) and site groupings (F=4.39, df=3, p=0.006),
with no year by site grouping interaction (Fig. 6). Fields sites
had the greatest mean species richness per site per sampling
date (7.8 +0.8) with campus (4.7 +£0.5) and city center sites
(4.8 +0.7; Fig. 6) having significantly fewer species.

Nesting behavior

Of the 1539 individuals identified to species that had a
determined preferential nest substrate, 399 (26%) were
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Table 1 Bee species and ecological characteristics of bees collected in Meadville, PA from 2015 and 2016

Family Species Abund® % Indiv® % Pres® (n=17) Orig® Pollen® Nest' Nest location®
(n=1603)

Andrenidae  Andrena alleghaniensis (Viereck, 1907) 2 0.12 12 N P S B
Andrena asteris (Robertson, 1891) 2 0.12 12 N O S B
Andrena bisalicis (Viereck, 1908) 1 0.06 6 N O S B
Andrena carlini (Cockerell, 1901) 6 0.37 35 N P S B
Andrena cornelli (Viereck, 1907) 4 0.25 24 N O S B
Andrena crataegi (Robertson, 1893) 1 0.06 6 N P S B
Andrena cressonii (Robertson, 1891) 3 0.19 18 N P S B
Andprena illini (Bouseman and LaBerge, 1979) 1 0.06 6 N P S B
Andrena imitatrix (Cresson, 1872)/morrisonella 1 0.06 6 N P S B

(Viereck, 1917)

Andrena miserabilis (Cresson, 1872) 1 0.06 6 N P S B
Andrena nasonii (Robertson, 1895) 9 0.56 41 N P S B
Andrena perplexa (Smith, 1853) 8 0.50 24 N P S B
Andrena placata (Mitchell, 1960) 1 0.06 6 N (0] S B
Andrena rugosa (Robertson, 1891) 1 0.06 6 N P S B
Andrena sp. 1 0.06 6
Andrena tridens (Robertson, 1902) 1 0.06 6 N P S B
Andrena vicina (Smith, 1853) 3 0.19 18 N P S B
Calliopsis andreniformis (Smith, 1853) 7 0.44 18 N P S B

Apidae Anthophora terminalis (Cresson, 1869) 12 0.75 47 N P SW A
Apis mellifera (Linnaeus, 1758) 41 2.56 65 E P H A
Bombus bimaculatus (Cresson, 1863) 1 0.06 6 N P H N/A
Bombus fernaldae (Franklin, 1911) 1 0.06 6 N P [C1] N/A
Bombus impatiens (Cresson, 1863) 35 2.18 82 N P Cl B
Bombus perplexus (Cresson, 1863) 7 0.44 24 N P Cl1 B
Bombus vagans (Smith 1854) 9 0.56 41 N P Cl B
Ceratina calcarata (Robertson, 1900) 44 2.74 71 N P P A
Ceratina dupla (Say, 1837) 5 0.31 18 N P P A
Ceratina mikmagqi (Rehan and Sheffield, 2011) 19 1.19 24 N P P A
Ceratina sp. 1 0.06
Ceratina strenua (Smith, 1879) 9 0.56 24 N P P A
Melissodes bimaculatus (Lepeletier, 1825) 12 0.75 53 N P S B
Melissodes denticulatus (Smith, 1854) 5 0.31 24 N (0] S B
Melissodes desponsus (Smith, 1854) 7 0.44 18 N (0] [S] B
Melissodes illatus (Lovell and Cockerell, 1906) 1 0.06 6 N O S B
Nomada articulata (Smith, 1854) 5 0.31 12 N P [S] B
Nomada (Scopoli) bidentate grp. 7 0.44 24 N P [S] B
Nomada cressonii (Robertson, 1893) 8 0.50 29 N P [S] B
Nomada denticulata (Robertson, 1902) 1 0.06 6 N P [S] B
Nomada imbricata (Smith, 1854) 13 0.81 12 N P [S] B
Nomada maculata (Cresson, 1863) 2 0.12 12 N P [S] B
Nomada pygmaea (Cresson, 1863) 5 0.31 12 N P N/A N/A
Nomada sayi (Robertson, 1893)/illinoensis (Rob- 1 0.06 6 N P [S] B

ertson, 1900)

Apidae Nomada sp. 5 0.31
Peponapis pruinosa (Say, 1837) 37 2.31 71 N O S B
Xylocopa virginica (Linnaeus, 1771) 5 0.31 29 N P w A

Colletidae Hylaeus affinis (Smith, 1853)/modestus (Say, 25 1.56 47 N P C A

1837)
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Table 1 (continued)

Family Species Abund® % Indiv® % Pres® (n=17) Orig® Pollen® Nest' Nest location®
(n=1603)

Hylaeus annulatus (Linnaeus, 1758) 3 0.19 12 N P C A
Hylaeus hyalinatus (Smith, 1842) 36 2.25 41 E P C A
Hylaeus leptocephalus (Morawitz, 1871) 2 0.12 12 E P C A
Hylaeus mesillae (Cockerell, 1896) 5 0.31 24 N P C A
Hylaeus pictipes (Nylander, 1852) 13 0.81 18 E P C A
Hylaeus sp. 2 0.12 12

Halictidae Agapostemon virescens (Fabricius, 1775) 71 4.43 53 N P S B
Augochlora pura (Say, 1837) 106 6.61 82 N P SW A
Augochlorella aurata (Smith, 1853) 59 3.68 18 N P S B
Augochloropsis metallica-fulgida (Fabricius, 2 0.12 12 N P S B

1793)

Halictus confusus (Smith, 1853) 75 4.68 76 N P S B
Halictus ligatus (Say, 1837) 30 1.87 65 N P S B
Halictus rubicundus (Christ, 1791) 13 0.81 29 N P S B
Halictus sp. 2 0.12
Lasioglossum admirandum (Sandhouse, 1924) 9 0.56 29 N P S B
Lasioglossum bruneri (Crawford, 1902) 2 0.12 12 N P S B
Lasioglossum cinctipes (Provancher, 1888) 10 0.62 29 N P S B
Lasioglossum coeruleum (Robertson, 1893) 8 0.50 82 N P SW A
Lasioglossum coriaceum (Smith, 1853) 44 2.74 82 N P S B
Lasioglossum cressonii (Robertson, 1890) 16 1.00 35 N P SW A
Lasioglossum ellisiae (Sandhouse, 1924) 1 0.06 6 N P S B
Lasioglossum ephialtum (Gibbs, 2010) 278 17.34 100 N P S B
Lasioglossum gotham (Gibbs, 2011) 11 0.69 41 N P S B
Lasioglossum hitchensi (Gibbs, 2012) 112 6.99 88 N P S B
Lasioglossum illinoense (Robertson, 1892) 14 0.87 41 N P S B
Lasioglossum imitatum (Smith, 1853) 17 1.06 47 N P S B
Lasioglossum leucozonium (Schrank, 1781) 15 0.94 53 E P S B
Lasioglossum lineatulum (Crawford, 1906) 4 0.25 24 N P S B
Lasioglossum michiganense (Mitchell, 1960) 2 0.12 12 N P [S] B
Lasioglossum nymphaearum (Cockerell, 1916) 2 0.12 12 N P S B
Lasioglossum obscurum (Robertson, 1892) 2 0.12 6 N P [S] B
Lasioglossum oenotherae (Stevens, 1920) 7 0.44 24 N O S B
Lasioglossum pectorale (Smith, 1853) 1 0.06 N P S B
Lasioglossum perpunctatum (Ellis, 1913) 1 0.06 N P S B
Lasioglossum pilosum (Smith, 1853) 5 0.31 24 N P S B
Lasioglossum quebecense (Crawford, 1907) 11 0.69 29 N P S B
Lasioglossum smilacinae (Robertson, 1897) 1 0.06 6 N P S B
Lasioglossum sp. 38 2.37
Lasioglossum subviridatum (Cockerell, 1938) 5 0.31 24 N P S B

Halictidae Lasioglossum tegulare (Robertson, 1890) 9 0.56 29 N P S B
Lasioglossum trigeminum (Gibbs, 2011) 1 0.06 6 N P S B
Lasioglossum versans (Lovell, 1905) 1 0.06 6 N P S B
Lasioglossum versatum (Robertson, 1902) 12 0.75 59 N P S B
Lasioglossum weemsi (Mitchell, 1960) 5 0.31 29 N P S B
Lasioglossum zephyrum (Smith, 1853) 1 0.06 6 N P S B
Lasioglossum zonulum (Smith, 1848) 90 5.61 100 E P S B
Sphecodes sp. 1 0.06 6

Megachilidae Anthidium manicatum (Linnaeus, 1758) 2 0.12 12 E P C A
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Table 1 (continued)

Family Species Abund® % Indiv® % Pres® (n=17) Orig® Pollen® Nest' Nest location®
(n=1603)

Anthidium oblongatum (Illiger, 1806) 10 0.62 35 E P C A
Chelostoma philadelphi (Robertson, 1891) 9 0.56 35 N P C B
Chelostoma rapunculi (Lepeletier, 1841) 4 0.25 12 E (0] C
Hoplitis sp. 1 0.06 6
Megachile addenda (Cresson, 1878) 1 0.06 6 N P S B
Megachile brevis (Say, 1837) 3 0.19 18 N P C N/A
Megachile campanulae (Robertson, 1903) 6 0.37 12 N P C A
Megachile centuncularis (Linnaeus, 1758) 2 0.12 12 N P C A
Megachile latimanus (Say, 1823) 1 0.06 6 N P S B
Megachile mendica (Cresson, 1878) 3 0.19 12 N P C A
Megachile montivaga (Cresson, 1878) 1 0.06 6 N P C A
Megachile relativa (Cresson, 1878) 6 0.37 12 N P C A
Megachile rotundata (Fabricius, 1787) 10 0.62 24 E P C A
Megachile sp. 2 0.12 12
Megachile texana (Cresson, 1878) 2 0.12 12 N P C A
Osmia bucephala (Cresson, 1864) 1 0.06 6 N P C/P A
Osmia cornifrons (Radoszkowski, 1887) 1 0.06 6 E P C A
Osmia georgica (Cresson, 1878) 1 0.06 6 N P w A
Osmia pumila (Cresson, 1864) 3 0.19 18 N P C/Pp A
Osmia taurus (Smith, 1873) 1 0.06 6 E P C A
Stelis lateralis (Cresson, 1864) 1 0.06 6 N P [C] A

The five most abundant species are listed in bold

#Abundance: the total number of specimens collected in 2015 and 2016 across all sites

5% Individuals: the percentage of the total number of individuals identified as this species (n=1603)

“% Present: the percentage of sites with this species (n=17)

4Origin: species are classified as either native (N) or exotic (E) to North America following Giles and Ascher (2006)

Pollen specificity: each species is classified as either oligolectic (O; pollen specialist, collecting from a specific plant family or genus exclu-
sively) or polylectic (P; pollen generalist)

fNest substrate: classification of preferred nest substrate for each species following Lerman and Milam (2016). Soil (S), cavity (C), pre-existing
cavity (C1), soft/rotting wood (SW), wood (W), pith (P); nest substrate in brackets ([]) indicates a parasitic host

£Nest location: nesting habits are further distinguished as aboveground (A) or belowground (B) where applicable
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Fig.3 Sample-based rarefaction curve combining both years of sam-
Fig.2 Frequency of species in the collection (n=106) pling and all three sampling methods
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Fig.4 Land use of site group- 100
ings. Land use was assessed 90
using GIS at each of the site
groupings. Impervious surfaces o 80
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. s 70
houses, and pervious surfaces 5
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mulch, and dirt O 50 OPervious
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$ 40 OlImpervious
£ 30
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Fields

Table 2 Impervious and pervious surface breakdown at site group-
ings

Group % Impervious % Pervious
Building Roads and Grass, mulch, Trees and
rooftops sidewalks and dirt forests
Fields 1.5 10.5 36.0 52.1
House yards 14.7 17.3 33.1 34.9
Campus 18.5 34.0 15.6 31.8
City center 32.7 52.5 6.6 8.2
30
25
§ 02015
g2 B2016
5
215
<
& 10
(]
=
5
0
Fields House Yards Campus City Center

Site Groupings

Fig.5 Mean abundance of wild bees at site groupings. Mean
abundance of bees was calculated as the average number of indi-
viduals collected at each site during each sampling date per group
(fields, house yards, and city center: n=32; campus: n=40; error
bars =SEM). Average abundance differed by year (p =0.0008) but not
by sampling group

aboveground nesters (31 species) and 1140 (74%) were
belowground nesters (71 species) (Table 1). Average abun-
dance of belowground nesters per site per sampling date did
not differ between the site groupings (Fig. 7a), but richness
did vary significantly (F=4.27, df =3, p=0.007; Fig. 7b).

House Yards Campus
Site Groupings

IL

City Center

02015
@2016

[

Mean Species Richness
O =~ N W OO N 0 © O

Fields House Yards  Campus

Site Groupings

City Center

Fig.6 Mean species richness. Mean species richness calculated as
the average number of species collected at each site in each sampling
month per group (fields, house yards, and city center: n=32; campus:
n=40; error bars=SEM). Average richness differed significantly by
group (p=0.0056). Differences determined via Tukey HSD

Field sites had significantly greater mean richness of below-
ground nesters per site per sampling date (5.5 +0.5) than
sites in the house yards (3.7 £ 0.6), campus (3.5+0.4), and
city center groups (3.3+0.5). In total, 47 spp. of below-
ground nesters were collected from sites in the fields group,
35 spp. from the house yards, 41 spp. from campus, and
33 spp. from city center. Of the species collected from the
house yards, campus, and city center, 80, 70, and 72% of
species, respectively were also present in the fields. There
were 10 spp. of belowground nesters only found at the fields
sites, in contrast to 2 found exclusively at the house yards, 6
found only at campus sites, and 4 exclusive to the city center.
Aboveground nester abundance (F=3.72, df =3, p=0.013,
Fig. 7a) and richness (F=2.66, df =3, p=0.050, Fig. 7b)
did differ across the sites. Both abundance and richness of
aboveground nesters differed significantly between field sites
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Fig.7 a Mean abundance and b richness of belowground and above-
ground nesters. Means calculated as the average number (a) and
number of species (b) of belowground nesters and aboveground nest-
ers, respectively, collected at each site in each sampling month per
group (fields, house yards, and city center: n=32; campus: n=40;
error bars=SEM). Mean abundance differed significantly across site
groupings for aboveground nesters (p=0.0132) but not for below-
ground nesters

and campus (Fig. 7a, b). Of species collected at campus sites
61% were also identified in the field sites.

Floral resources and bee fauna

Linear regression analyses did not indicate strong positive
relationships between floral species richness and bee species
richness (r>=0.031) or abundance (r*>=0.020). Mean bee
richness was significantly greater when > 100 open blooms
were counted at the site (F=5.80; df=2; p=0.004); how-
ever, the same pattern was not observed for bee abundance
(F=1.73; df=2; p=0.18). When sites were categorized
based on the percentage of vegetation that was natural, non-
natural or had no blooms, there was no significant differ-
ence in the abundance of native bee species (F=0.91; df=2;
p=0.41) or exotic bee species (F=1.13; df=2; p=0.33),
or the richness of native species (F=0.55; df=2; p=0.58)

@ Springer

or exotic species (F=0.65; df=2; p=0.53) between these
categories.

The most frequently collected genus, Lasioglossum spp.,
consists primarily of pollen generalists (Table 1). Ninety-
one percent of species collected were pollen generalists and
9% pollen specialists. Eighty-nine percent of species col-
lected were native, and 11% exotic. Field sites were mainly
composed of native species (92%) where naturally occurring
flora was most abundant. All other site groupings were com-
posed of fewer native plant species with 82% of the vegeta-
tion in house yards being native, 84% on campus, and 87%
in city center. Communities of bees in house yards had the
greatest proportion of exotic species (18%) when compared
to the bee communities in fields (8%), on campus (16%)
and in city center (13%). Bee communities at the field sites
had the greatest proportion of floral specialists (11%), which
was not surprising considering that the host plants of these
species, i.e. asters and goldenrod, occurred more frequently
at those sites. Pollen-generalists comprised the majority of
the wild bee community trapped in the city center (98%)
with only 2% of that community deemed pollen-specialists.
The most common pollen-specialist was Peponapis pruinosa
(Say, 1837), which was most frequently collected on campus
likely within range of gardens containing cucurbits, its host
plant group.

Discussion
Abundance and richness

The most recent assessment of bees in PA suggests 371
known species recorded in the state and 60 species recorded
for Crawford County (Donovall and vanEngelsdorp 2010).
This current survey reports 106 species within a single town
in Crawford County, demonstrating an important assessment
of local bee fauna that will contribute to ongoing monitoring
efforts in the US. Continued sampling throughout this area
and increases in the sampling area are needed to appropri-
ately estimate diversity.

Abundance is notoriously challenging to predict and is
commonly variable in surveys of bees (Hinners et al. 2012;
Williams et al. 2001). Bee abundance was significantly
greater in 2016 than 2015. There was no dramatic differ-
ence in the average temperature or precipitation between the
two sampling seasons. Cane and Payne (1993) posited that
year-to-year variation could be impacted by climatic effects,
such as winter severity, as well as nesting and forage suc-
cess of the prior year, all of which influence brood survivor-
ship. Potts et al. (2003) also observed a greater correlation
between bee abundance and the floral resources available
the year prior to sampling. The winter prior to summer 2016
was milder than the winter before summer 2015, which may
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account for the variation in abundance by year (nrcc.cornell.
edu). Other studies have suggested that floral availability
the year before may be an indicator of bee abundance (Cane
and Payne 1993; Tepedino and Stanton 1981); however, we
are unable to determine if that is the case in this study. Bee
abundance in general fluctuates annually, regionally, and
locally (Cane and Payne 1993) with bees emerging at dif-
ferent times of the year depending on their forage needs and
overwintering habits (Wilson and Carill 2016). Likewise,
throughout the summer months, species vary in when they
are most active. As an example, in this collection Nomada
were collected exclusively in the months of May and June.
Bees of this genus are restricted to only a few months of
early to late spring activity in contrast to others, like those of
the genus Bombus, which are active throughout early spring
into late summer (Wilson and Carill 2016).

Differences in species richness were identified across the
study region. Mean richness was greater within the fields
group than on campus and in the city center. In addition to
having the greatest species richness, the fields group had
the most species unique to those sites (16), compared with
campus (9), house yards (5) and city center (4). Richness
estimates suggest that additional species are likely present
throughout the sampled area. Additionally, Bombus griseo-
collis, a species common to the area (S. Droege, personal
communication), was absent from the collection both sam-
pling years. Pan-trapping methods disproportionally attract
Halictid bees (Cane et al. 2000), the most abundant group
captured in the bee bowls, while under-collecting honey
bees, Colletes, and bumble bees (Roulston et al. 2007). For
future studies, sampling at floral resources using hand net-
ting would be useful to capture additional species, specifi-
cally pollen-specialists (Roulston et al. 2007; Stephen and
Rao 2005; Westphal et al. 2008; Williams et al. 2001; Wil-
son et al. 2008).

Site groupings and nesting behavior

Several studies throughout the literature report a decrease
in the abundance of belowground nesters and an increase in
the number of aboveground nesters relative to the amount
of impervious surfaces (Cane et al. 2006; Geslin et al. 2016;
Matteson et al. 2008; Winfree et al. 2009); however, this
pattern was not observed in our study. The close proximity
of our sites is likely to fault for the inability to observe this
pattern. Wild bees forage at around 500 m away from their
nesting sites (Gathmann and Tscharntke 2002), so the loca-
tions of the collection sites where bees were captured while
foraging may not necessarily reflect their nesting locations.
Nevertheless, it remained important to evaluate this factor in
relation to the land use groupings, as it is evaluated through-
out the literature. Matteson et al. (2008) and Cane et al.
(2006) suggested that landscapes dominated by impervious

surfaces and structures, such as sheds, homes, fences, etc.,
and degradation of soil quantity and quality would provide
nesting sites for cavity nesters. The field sites had the least
amount of impervious surface and greater richness of below-
ground nesters. Aboveground nester abundance and richness
was significantly greater at field sites than campus sites, but
did not differ significantly from other site groupings. The
decrease in aboveground nesters on campus may have been
the result of management to remove potential substrates for
aboveground nesters, such as pithy stems and rotting wood.

The need for further analysis of local features is best
demonstrated by the field sites, which hosted the greatest
richness of both aboveground and belowground nesters.
This site was characterized by pervious surfaces (88%),
including a majority of continuous forested areas (52.1%),
as well as naturally-occurring vegetation and very little
human management. Pardee and Philpott (2014) observed
that bee abundance of all species, including belowground
nesters, was positively correlated with woody vegetation.
Woody vegetation is an excellent source of nesting substrate
for aboveground nesters, which preference hollow and pithy
stems as well as rotting wood with preexisting cavities. How-
ever, woody vegetation and herbaceous cover also imply a
decrease in grass cover, which inhibits belowground nesters
who preference mulch and open dirt substrates for nesting
(Mader et al. 2011). For this reason, forest cover can also
promote belowground nesting bees.

Floral resources and bee fauna

This survey did not reveal a strong correlation between flo-
ral species richness and bee richness and abundance. It is
likely that the 5 m radius used for sampling flora was not
great enough to provide a complete assessment of the floral
resources available in these spatially heterogeneous sam-
pling regions. The study did reveal an association between
greater bee richness and greater bloom presence. Sites varied
in the type of flora available to foraging bees, with naturally-
occurring angiosperms being most common at the field sites.
Bees collected from the field sites were represented by the
greatest proportion of floral specialists compared to the other
site groups, which was not surprising considering that the
host plants of these species, including asters and goldenrod,
occurred more frequently at the field sites. A correlation
between naturally-occurring angiosperms and increased bee
species richness has been reported in the literature (Lerman
and Milam 2016; Pardee and Philpott 2014).

Native bee species composed the greatest proportion
of the community at the field sites where native, naturally
occurring vegetation was most common in the landscape.
This finding supports the commonly observed pattern that
native flora attracts native pollinators (Frankie et al. 2005;
Heinrich 1975). Native bee species comprised most of the
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bee communities at all site groupings with exotic bees
comprising 18% of the community at house yards, 16% of
the community on campus, 13% in city center, and 8% at
the fields. Several studies report a greater abundance of
exotic bees in urbanized landscapes (Fetridge et al. 2008;
Giles and Ascher 2006; Matteson et al. 2008) possibly
due to the increased presence of non-native and ornamen-
tal vegetation. Similarly, in this study, pollen-generalists
constituted the greatest proportion of bees collected in city
center sites. Pollen-specialists are often found near their
host plants (Cane and Payne 1993); however, for many
specialists collected during this survey, the host species
was not observed within a 5 m radius of the traps. For
instance, cucurbits were not recorded at many of the sites
were the most commonly collected floral specialist, Pep-
onapis pruinosa, was collected. This may be the result
of the sampling scheme, suggesting that the range of the
floral assessments at each site was too limited (Minckley
et al. 1999).

Conclusions

This survey of Meadville, PA bees suggests that human-
dominated landscapes like small towns can host numerous
and diverse bee species. The species richness and abundance
seen across the study region demonstrates the importance
and relevance of managing personal yards and municipal,
communal green spaces for wild bees. While the scale of this
study is significantly smaller than previous studies identify-
ing the role of land management and impervious surfaces in
structuring communities, it demonstrates the importance of
various management throughout small towns in providing
niches for a variety of bee species. These data provide a
baseline for future studies of bee species richness throughout
northwest Pennsylvania and provide an interesting view of
bees in small towns, which are largely understudied.
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