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abundance and diversity and bee life-history traits 
including sociality, nesting preference, and body size.
Methods  We surveyed wild bees and blooming 
plants in power line corridors from 2013 to 2015. We 
calculated landscape composition surrounding sites 
at multiple scales and gathered bee trait information 
from the literature. We assessed differences in bee 
communities owing to landscape context with gener-
alized linear models.
Results  We collected 125 wild bee species and 
observed a rare plant-pollinator relationship within 
power line corridors. We found greater bee abun-
dance and species richness throughout a complex, 
resource-rich landscape, while mass-flowering low-
bush blueberry fields enhanced bee species richness 
only in a simple, resource-poor landscape. Landscape 
composition and blooming plant diversity varied 
with landscape context, though only landscape com-
position influenced bee communities. Solitary and 
ground-nesting species were more sensitive to land-
scape context than social or cavity-nesting species.
Conclusions  Power line corridors provide crucial 
refugia for crop pollinating wild bees in agricultural 
landscapes with resource-poor natural habitat, while 
bees may selectively forage in power line corridors 
within agricultural landscapes containing resource-
rich natural habitat. We found high-quality forage 
within corridors; quantifying nesting resources could 
clarify corridor use by wild bees.

Abstract 
Context  Power line corridors have been repeat-
edly assessed as habitat for wild bees; however, few 
studies have examined them as bee habitat relative to 
nearby crop fields and surrounding landscape context.
Objectives  We surveyed bee communities in power 
line corridors near to and isolated from lowbush 
blueberry fields in two landscape contexts in Maine, 
U.S.A. We examined the influences of blooming plant 
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Introduction

Lowbush blueberry (Vaccinium angustifolium Aiton) 
is a North American native plant that is commercially 
harvested in Maine, U.S.A., and New Brunswick, 
Prince Edward Island, and eastern Quebec, Canada. 
Lowbush blueberry requires insect pollination to set 
fruit, and Maine lowbush blueberry growers invest 
heavily in managed pollinator species (Hanes et  al. 
2015; Asare et al. 2017). Managed pollinators are typ-
ically honeybees (Apis mellifera L.) and sometimes 
include commercial bumble bees (Bombus impa-
tiens Cresson) (Drummond 2012). However, more 
than 100 wild bee species, some of which are more 
efficient pollinators than managed species (Kevan 
et  al. 1990; Javorek et  al. 2002; Drummond 2016; 
Asare et  al. 2017), have been observed in blooming 
crop fields (Bushmann and Drummond 2015). By 
increasing reliance on wild bee pollination, growers 
could reduce costs, though wild bees require consist-
ent access to diverse floral resources throughout the 
growing season to provide pollination services (Kre-
men et al. 2002). Growers may be hesitant to supple-
ment their crop fields with wildflowers for pollinators 
given uncertainty regarding the return of investment 
on crop yield (Hanes et al. 2015). Many of the most 
abundant wild bee pollinators of lowbush blueberry 
are small-bodied with short foraging distances typi-
cally less than 500  m (Bushmann and Drummond 
2015; Groff et  al. 2016), meaning that supplemen-
tal wildflower plantings should be located within 
the maximum foraging distances of crop-pollinating 
wild bees to be beneficial. These distances are linked 
to bee body size (Greenleaf et al. 2007). In lowbush 
blueberry, wild bee foraging distance ranges from 
less than 100  m for small sweat bees (Family Hal-
ictidae) to approximately 1 km for very large bumble 
bees (Groff et  al. 2016). Field margins and planted 
floral strips have been explored as floral resources 
for lowbush blueberry pollinators beyond crop bloom 
(Venturini et al. 2017; McCallum and McLean 2017), 
and natural habitat surrounding crop fields may also 
provide these resources (Groff et  al. 2016; Du Clos 
et al. 2020).

Another potential source of floral resources 
beyond lowbush blueberry bloom are power line 
corridors, which are managed as open, herb and 
shrub-dominated early-successional habitat to pre-
vent trees and tall shrubs from reaching power lines. 
This early succession condition provides nesting and 
floral resources for wild bees (Russell et  al. 2005, 
2018; Steinert et  al. 2020) and a consistent source 
of bee habitat in forest-dominated landscapes, which 
often have few other forage resources for wild bees 
(Hill and Bartomeus 2016; Eldegard et  al. 2017; 
Steinert et  al. 2018, 2020). The plant communities 
within power lines create novel habitat comparable to 
extensively studied semi-natural grasslands (Hill and 
Bartomeus 2016; Eldegard et  al. 2017; Russo et  al. 
2021), though they are sensitive to environmental 
context, particularly site productivity (Eldegard et al. 
2017; Steinert et  al. 2018; Sydenham et  al. 2020). 
Although power line corridors have been assessed as 
wild bee habitat (Russell et  al. 2005, 2018; Wagner 
et  al. 2014a, b, 2019; Sydenham et  al. 2015, 2016, 
2017; Steinert et  al. 2020; Russo et  al. 2021), few 
studies have assessed their bee communities relative 
to surrounding landscape context (but see Sydenham 
et al. 2020).

In Maine’s forest-dominated lowbush blueberry 
production landscape, the late spring mass-flowering 
crop provides substantial floral resources for wild 
bees over a three- to four-week period from early-mid 
May to early-mid June (Bushmann and Drummond 
2015). Though wild bees can be found in crop fields 
with little available floral resources post-crop bloom 
(Du Clos et al. 2020), a consistent source of food for 
blueberry-pollinating wild bees outside of crop fields 
for the remainder of the growing season has yet to 
be identified. Mass-flowering crops can promote the 
density and diversity of wild bees in nearby semi-
natural habitats that provide floral resources pre- and 
post-crop bloom (Westphal et  al. 2003; Diekötter 
et al. 2013; Holzschuh et al. 2013; Kovács-Hostyan-
ski et  al. 2013); however, other studies have found 
diluted wild bee abundance and reduced wild plant 
pollination in the surrounding landscape (Holzs-
chuh et al. 2011, 2016; but see Magrach et al. 2018). 
Early season mass-flowering crops lead to greater 
bee abundance in both nearby semi-natural habitat 
and late season flowering crops when there is more 
semi-natural habitat in the surrounding landscape 
(Diekötter et al. 2010; Riedinger et al. 2014); further, 
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bee density is greater in blooming crop fields the fol-
lowing year (Riedinger et  al. 2015). Therefore, both 
local- and landscape-scale effects determine how bees 
use habitat near mass-flowering crop fields. Broadly, 
more complex landscapes with more semi-natural 
habitat and greater heterogeneity promote bee abun-
dance and species richness (Steffan-Dewenter 2003; 
Holzschuh et al. 2007; Ricketts et al. 2008).

The distribution of life-history traits of wild bees 
in power line corridors, including body size, social 
habit, and nesting preference, can provide an assess-
ment of habitat quality (Russell et  al. 2018; Stein-
ert et  al. 2020). Diversity in social habit (solitary 
or social) and nesting preference (cavity or ground 
nesting) is reduced in agricultural land when com-
pared to natural habitat (Williams et  al. 2010; For-
rest et al. 2015); further, trait diversity also decreases 
when there is less natural habitat in the surrounding 
landscape (Martins et al. 2015). Wild bee communi-
ties with diverse life-history traits increase fruit and 
seed set of apples (Malus domestica Borkh; Martins 
et  al. 2015), a specialty crop with a pollinator com-
munity in northeastern North America similar to that 
of lowbush blueberry (Stubbs et al. 1992; Bushmann 
and Drummond 2015). Assessing life-history traits 
of wild bees observed in power line corridors may 
clarify the role of this habitat in supporting pollinator 
communities within Maine’s lowbush blueberry pro-
duction landscape.

Here, we investigate power line corridors as semi-
natural bee habitat relative to nearby mass-flowering 
lowbush blueberry fields in two landscape contexts 
in Maine. We examine body size, social habit, and 
nesting preference of wild bee species observed in 
power line corridors. We expect bee communities to 
be more diverse and abundant in corridors near mass-
flowering crop fields owing to population spillover 
post-crop bloom; additionally, we expect greater bee 
abundance and diversity in corridors within a more 
complex landscape that provides more semi-natural 
habitat for bees pre- and post-crop bloom. Further-
more, we expect differences in life-history traits of 
bee communities in power line corridors, including 
body size, social habit, and nesting preference. Spe-
cifically, in power line corridors near lowbush blue-
berry fields, we expect more wild bee species exhibit-
ing traits associated with common lowbush blueberry 
pollinators (Bushmann and Drummond 2015) includ-
ing a diversity of body sizes, a solitary habit, and a 

preference for ground nesting. We surveyed bee com-
munities throughout the growing season and over 
multiple growing seasons to assess seasonal and 
annual changes in diversity and abundance. Addition-
ally, we surveyed blooming plant abundance and spe-
cies richness in power line corridors to assess local-
scale effects on bee communities.

Methods

Study area and spatial data

The Maine lowbush blueberry production landscape 
covers a substantial swath of coastal Maine, U.S.A 
(44–45° N, 67.5–69.5° W), and consists of two major 
growing regions with contrasting landscape contexts 
(Fig. 1). We evaluated the landscape context of each 
growing region and determined the patterns differed 
in Du Clos et al. (2020). The Downeast region (Han-
cock and Washington counties) contains the largest 
(0.05–1800 ha, average field size 21.4 ha) and most 
intensively managed lowbush blueberry fields in 
a matrix dominated by managed coniferous forest. 
Non-blueberry agriculture and developed land cover 
are scattered and comprise little of this relatively 
homogeneous, rural landscape. In contrast, the Mid-
coast region (Knox, Sagadahoc, and Waldo counties) 
is heterogeneous, containing smaller (0.05–15.6  ha, 
average field size 8.26 ha), less intensively managed 
lowbush blueberry fields interspersed with other agri-
culture, including pasture, orchards, and small, diver-
sified farms. Developed land in small towns is more 
prevalent in the more complex Midcoast region than 
the simpler Downeast region. The matrix in the Mid-
coast region is deciduous forest-dominant and less 
intensively harvested.

We developed a land cover map of the Maine low-
bush blueberry production landscape that combines 
the 2004 Maine Landcover Dataset (https://​www.​
maine.​gov/​megis/​catal​og/​metad​ata/​melcd.​html) with 
ancillary data on roads, railroads, and wetlands. Full 
details on the classification of this map are provided 
in Groff et al. (2016) and Du Clos et al. (2020). The 
prepared map has 10  m pixel size and eight land 
cover classes representing different floral and nesting 
resources for wild bees: (1) agriculture/pasture, con-
sisting of small, diversified farms, orchard crops, or 
pasture; (2) lowbush blueberry fields; (3) coniferous 

https://www.maine.gov/megis/catalog/metadata/melcd.html
https://www.maine.gov/megis/catalog/metadata/melcd.html
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forest; (4) deciduous/mixed forest; (5) deciduous/
mixed forest edge; (6) emergent wetland, an aggrega-
tion of forested wetland and scrub-shrub land cover; 
(7) wetlands/water; and (8) urban areas.

Field sampling

We conducted surveys during the 2013–2015 grow-
ing seasons. In 2013, we conducted a pilot study for 
which we sampled six power line corridor sites in the 
Downeast region; three were isolated from (≥ 1 km) 
and three were near (within 150–300  m) lowbush 
blueberry fields. In 2014 and 2015, we expanded 
sampling efforts, establishing six study sites in both 

the Downeast and Midcoast growing regions (12 sites 
total each year) within power line corridors 30–40 m 
wide; in each region, three sites were isolated from 
and three sites were near to lowbush blueberry fields. 
Sites were distributed within growing regions so that 
they could all be sampled on the same day, and all 
sites were at least 2.5 km apart (range 2.5–13.7 km, 
mean 6.1 km) to minimize overlap in bee communi-
ties (Du Clos et al. 2020). We relocated one isolated 
site Downeast owing to lost access between 2013 and 
2014. We sampled the same isolated sites in both 
growing regions in 2014 and 2015 and sampled dif-
ferent near sites if the nearby crop field was in a non-
bloom year (i.e., no bloom or subsequent fruit). This 

Fig. 1   Extent of the Downeast and Midcoast growing regions 
within the Maine, USA, lowbush blueberry production land-
scape. Map insets display representative landscape contexts of 
the a Downeast (light gray) and b Midcoast (dark gray) grow-

ing regions. Bar charts indicate proportion of eight land cover 
types in the Downeast (top) and Midcoast (bottom) growing 
regions
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led to the relocation of two Downeast sites in 2014, 
one Downeast site in 2015, and one Midcoast site in 
2015. Two of the three near sites sampled Downeast 
in 2013 were resampled in 2015. We followed this 
approach as lowbush blueberry fields are managed so 
that they bloom and produce a fruit crop every other 
year (Yarborough 2009). In total, we sampled 16 sites 
in power line corridors, nine near and seven isolated 
from lowbush blueberry fields. Nine sites were sam-
pled in the Downeast growing region, and seven sites 
were sampled in the Midcoast growing region.

We sampled sites in early (27 May-12 June), mid-
(7–18 July), and late (7 Aug-21 Sept) season each 
year to capture seasonal variability in bee commu-
nities. Sampling occurred on days that maximized 
bee activity with clear or bright cloudy skies, mini-
mal wind, and early morning temperatures > 13  °C 
(Bushmann and Drummond 2015). Average air tem-
peratures during our sampling periods were 17.9 °C, 
18 °C, and 17.2 °C, respectively (NOAA 2022). We 
surveyed wild bee diversity and abundance by plac-
ing a set of three bowl traps (one each in fluorescent 
blue, yellow, and white; New Horizons Supported 
Services, Inc.) every 10  m along a 150  m transect 
placed in the center of the corridor. Each bowl con-
tained approximately 85  ml of water and a drop of 
dish soap to break water tension. After 24 h, captured 
bees were removed from the traps, and we walked 
along the transect for one person-hour, live-netting 
foraging bees observed on blooming flowers. Netting 
occurred on the same day at all sites in each growing 
region. In the early season, the same two collectors 
conducted netting, and in the mid- and late season, 
the same three collectors conducted netting to reduce 
collector bias. The one person-hour period was either 
20 or 30 min depending on the number of collectors. 
Using both bowl traps and live netting captures a 
more complete bee community (Wilson et al. 2008). 
All collected specimens were cleaned and stored 
in ethanol (bowl-trapped) or frozen (netted) until 
pinned. We obtained species-level verifications from 
Dr. Sara Bushmann, George Stevens Academy; Sam 
Droege, U.S. Geological Survey Native Bee Inven-
tory and Monitoring Lab; Dr. Jason Gibbs, Univer-
sity of Manitoba; and Dr. Robert Jean, Environmental 
Solutions and Innovations, Inc. Specimens are stored 
at the Maine State Museum in Augusta, ME, U.S.A. 
We gathered nesting preference, social habit, and 
body size of each species from the literature.

We established two 25  m long transects paral-
lel to our bee sampling transect at 10 m and 100 m 
to record blooming plant abundance and species 
richness in the power line corridors. We conducted 
blooming plant surveys after collecting bowl traps 
during each sampling period at all sites in 2014 and 
2015; this protocol was implemented after our 2013 
pilot study. For each blooming patch intersecting each 
transect up to 1  m on either side, we recorded spe-
cies, patch size in m2 and percent bloom. Reference 
specimens of each blooming species were collected 
and pressed to confirm species identification, and all 
identifications were confirmed by a botanist (Dr. Ali-
son C. Dibble, University of Maine).

We calculated landscape composition surround-
ing our corridor transects at four spatial scales (100, 
250, 500, and 1000 m) by measuring the percentage 
of each land cover type present (PLAND) in Fragstats 
4.2 (McGarigal et  al. 2012). Landscape pattern at 
these spatial scales has been shown to influence wild 
bee abundance and species richness (Steffan-Dewen-
ter et al. 2002).

Statistical analyses

We conducted all statistical analyses in R v.3.5.0 
(R Core Team 2019). Bee communities are known 
to vary widely across and within growing seasons, 
therefore we evaluated annual and seasonal differ-
ences in bee abundance and species richness with 
Kruskal–Wallis tests and determined seasonal differ-
ences post-hoc with Dunn’s test of multiple compari-
sons with package dunn.test (Dinno 2017). We tested 
for temporal autocorrelation with the Durbin-Watson 
test with package car (Fox and Weisberg 2011). We 
tested for spatial autocorrelation with Mantel tests on 
bee abundance and species richness at all focal spa-
tial scales (100, 250, 500, and 1000 m) with package 
ade4 (Dray and Dufour 2007). Owing to our different 
sampling scheme in 2013, we conducted all bee com-
munity data analyses on specimens collected in 2014 
and 2015.

We compared landscape composition and bloom-
ing plant availability at our sampling sites across 
growing regions and site types. We compared the per-
centage of all eight land cover types at all four spatial 
scales with Mann–Whitney U tests. Blooming plant 
abundance was aggregated over the entire growing 
season. We multiplied patch size by percent bloom for 
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each species, then summed those values for a cumula-
tive value. We calculated blooming plant species rich-
ness as the total number of blooming species counted 
over the growing season. We used linear regression 
to model blooming plant abundance and species rich-
ness by growing region and site type, as the plant data 
were normally distributed and homoscedastic.

We sorted bee species into four body size classes 
based on mean body length: small (< 6  mm), 
medium (6–9 mm), large (9–12 mm), and extra-large 
(> 12 mm) (Russell et al. 2018) to represent bees that 
forage within our four focal spatial scales. We did not 
include males or queens owing to inconsistencies in 
intraspecies body size or specimens with an undeter-
mined sex or species identification in our body size 
analyses. Bees were labeled as ground or cavity nest-
ing, though we did not include Bombus spp., which 
may nest above or below ground (Kells and Goulson 
2003), kleptoparasitic species, or bees with an unde-
termined species identification in our nesting prefer-
ence analyses. Lastly, bees were labeled as social or 
solitary, and we did not include kleptoparastic species 
or bees with an undetermined species identification 
in our social habit analyses. We assessed possible 
associations between these traits with Cramér’s V, a 
correlation coefficient for categorical variables, with 
package DescTools (Russell et  al. 2018; Signorell 
et al. 2021).

We assessed differences in bee communities 
across growing regions and site types with general-
ized linear models (GLMs) calculated with package 
MASS (Venables and Ripley 2002) and determined 
significant relationships with post-hoc analysis of 
deviance. We modeled the influence of site type, 
growing region, and a type by region interaction on 
bee abundance and species richness overall and with 
respect to nesting preference, social habit, and body 
size (Table S1). Models of overall bee abundance and 
species richness had negative binomial error distri-
butions owing to overdispersion, whereas, with the 
exception of solitary bee species richness, models of 
abundance and species richness by life-history traits 
had Poisson error distributions. We then determined 
if landscape composition or blooming plant avail-
ability across growing regions or site types influenced 
bee communities with GLMs and analysis of devi-
ance of bee abundance and species richness. We tar-
geted this series of models to explain the overall and 
life-history-associated bee community model results, 

only modeling significant relationships with site char-
acteristics (Table S2). We modeled bee communities 
associated with the percent of each land cover type at 
each spatial scale; solitary bees were modeled with 
a negative binomial error and all other models were 
based upon Poisson error distributions.

Results

Bee community summary

Over three sampling years, we collected 2121 bee 
specimens representing six families, 27 genera, and 
125 species. We collected 1177 bees representing 
107 species in sampling sites near lowbush blueberry 
fields and 944 bees representing 98 species in sites 
isolated from lowbush blueberry fields. Generally, 
we collected more bees in power line corridor sites 
near lowbush blueberry fields. The number of species 
was greater in power line corridor sites near lowbush 
blueberry fields in the Downeast growing region, 
while species numbers were similar across sites near 
to or isolated from lowbush blueberry fields in the 
Midcoast growing region (Table  1). A summary of 
sampling effort is provided in Table S3.

The most abundant bee species collected was the 
sweat bee Lasioglossum cressonii (Robertson) (535 
individuals collected). Other common bees included 
the bumble bees Bombus ternarius (Say) (249) and 
B. vagans (Smith) (159) and the sweat bee Augochlo-
rella aurata (Smith) (193). Uncommon bee genera 
included Colletes and Osmia, both of which contain 
species associated with lowbush blueberry. We col-
lected two specimens of Macropis nuda (Provancher), 
a rare solitary bee that specializes on oils produced 
by Lysimachia spp., a plant group we found through-
out our sites in both growing regions. We also col-
lected one new bee species state record for Maine, 
represented by one specimen of Melitta americana 
(Smith). This species is a rare specialist of Vaccinium 
spp., particularly cranberry; our specimen was col-
lected Downeast, where wild cranberry (Vaccinium 
macrocarpon Aiton) is abundant (Jones et al. 2014). 
A complete list of bee species, their size class, and 
the site types and growing regions in which they were 
collected is presented in Table S4.

We found no spatial autocorrelation of bee com-
munities within growing regions across sampling 
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years. Bee abundance and species richness changed 
throughout the sampling season (Kruskal–Wal-
lis abundance χ2 = 19.19, df = 3, p < 0.001, richness 
χ2 = 23.30, df = 3, p < 0.001). Bees were less abun-
dant and less species rich in the late season than 
early or mid-season, with no significant differences in 
abundance or species richness between early and mid-
season. We found annual differences in bee communi-
ties between 2013 and 2014 (Dunn’s test abundance 
Z = − 2.14, p = 0.01) and 2013 and 2015 (abundance 
Z = 3.44, p < 0.001, richness Z = −  2.40, p = 0.001), 
with no differences between 2014 and 2015. Addi-
tionally, bee abundance was temporally autocor-
related when 2013 data were included in analyses 
(Durbin-Watson test statistic = 1.36, p = 0.03), though 
species richness was not (D-W = 1.77, p = 0.28). We 
found no temporal autocorrelation in our data for bee 
abundance (D-W = 2.07, p = 0.72) or species richness 
(D-W = 2.16, p = 0.98) between 2014 and 2015. This 
supports our decision to conduct community analyses 
on specimens collected in 2014 and 2015.

Blooming plant availability

We observed 62 blooming plant species within our 
corridor sites between 2014 and 2015, 10 of which 
were non-native. Blooming plant species richness was 
greater in the Midcoast region, where we recorded 
51 species, than in the Downeast region, where 
we recorded 31 species (F(1,22) = 13.11, p = 0.001). 
There was no significant difference in blooming plant 
abundance between growing regions, and no differ-
ence in blooming plant abundance or species rich-
ness between corridor sites near to or isolated from 

lowbush blueberry fields. Eleven blooming plant spe-
cies were recorded exclusively Downeast, whereas 31 
occurred exclusively Midcoast. Downeast-exclusive 
species tended to be ericaceous and bog associated; in 
contrast, Midcoast-exclusive species were often dis-
turbance-associated. A full list of floral species and 
the growing regions in which they were observed is 
provided in Table S5.

Landscape composition

We found more coniferous forest and wetland land 
cover at all spatial scales surrounding corridor sites 
in the Downeast growing region than in the Mid-
coast region (Table S6). In contrast, we found more 
deciduous/mixed forest, more urban land cover, and 
more deciduous/mixed forest edge and agriculture/
pasture around corridor sites in the Midcoast grow-
ing region than in the Downeast region (Table  S3). 
Corridor sites near lowbush blueberry fields were 
surrounded by more lowbush blueberry land cover at 
all spatial scales. We also found more coniferous for-
est around our sites isolated from lowbush blueberry 
fields at larger spatial scales (Table S6). We did not 
find a difference in the amount of lowbush blueberry 
surrounding corridor sites between growing regions.

Bee communities by growing region and site type

We found significant differences in both bee abun-
dance (df = 1,21, deviance = 3.94, p = 0.05) and spe-
cies richness (df = 1,21, deviance = 16.24, p < 0.001) 
between the two growing regions. Differences in bee 
communities across site types were not significant. 

Table 1   Summary of wild bees collected at each power line corridor site type (near to or isolated from lowbush blueberry fields) by 
growing region (Downeast or Midcoast) by year in Maine, U.S.A, 2013–2015

Midcoast Maine was not sampled in 2013
na not applicable

Downeast Midcoast Overall
Near Isolated Total Near Isolated Total Near Isolated Total

2013 Abundance 147 78 225 Abundance na na na Abundance 147 78 225
Richness 39 27 52 Richness na na na Richness 39 27 52

2014 Abundance 203 147 350 Abundance 278 219 497 Abundance 481 366 847
Richness 45 27 52 Richness 49 57 73 Richness 73 64 92

2015 Abundance 245 225 470 Abundance 304 275 579 Abundance 549 500 1049
Richness 50 36 64 Richness 60 60 78 Richness 80 72 95
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However, we found a significant type x region inter-
action for bee species richness (df = 1,21, devi-
ance = 5.21, p = 0.02). Bee species richness was 
significantly different between corridor sites near to 
and isolated from lowbush blueberry in the Downe-
ast growing region (df = 1,10, deviance = 7.24, 
p = 0.007), while we found no difference in bee spe-
cies richness between site types in the Midcoast 
growing region (Table 2).

Bee life‑history traits and corridor context across 
growing regions

We found little association between body size and 
nesting habit (Cramér’s V = 0.13), moderate asso-
ciation between nesting habit and sociality (Cramér’s 
V = 0.25), and moderate to strong association between 
sociality and body size (Cramér’s V = 0.43). Strong 
associations are represented by Cramér’s V > 0.6; 
therefore, we analyzed all traits. We found significant 
differences in medium (df = 1,21, deviance = 15.10, 
p < 0.001) and extra-large sized (df = 1,21, devi-
ance = 14.59, p = 0.008) bee species richness by 
growing region (Fig.  2). Medium sized bee species 
richness is greater in the Midcoast growing region, 
where it is associated with more deciduous/mixed 
forest edge (df = 1,22, deviance = 7.88, p = 0.004) 
and less coniferous forest (df = 1,22, deviance = 8.65, 
p = 0.003) surrounding corridor sites (Fig. S1a, b). 
Extra-large sized bee species richness is also greater 
in the Midcoast region, where it is influenced by 
more agriculture/pasture surrounding corridor sites 
(df = 1,22, deviance = 4.11, p = 0.042) (Fig. S2a). 

Extra-large sized bee species richness was also posi-
tively influenced by blooming plant abundance (m2 
per transect) (df = 1,22, deviance = 17.79, p = 0.042) 
(Fig. S2b).

We found significant differences in the species 
richness of social bees (df = 1,21, deviance = 7.12, 
p = 0.007) and solitary bees (df = 1,21, devi-
ance = 10.97, p < 0.001) between growing regions. 
Solitary bee species richness was greater in the Mid-
coast region, where it is associated with less conifer-
ous forest and wetland and more agriculture/pasture 
and deciduous/mixed forest edge surrounding corri-
dor sites (Fig. 3a; Table S7a). We found a significant 
site type by growing region interaction for the species 
richness of solitary bees (df = 1,20, deviance = 6.98, 
p = 0.008) owing to an interactive effect of lowbush 
blueberry land cover surrounding our corridor sites 
at 250 (df = 1,20, deviance = 7.54, p = 0.006), 500 
(df = 1,20, deviance = 6.46, p = 0.01), and 1000  m 
(df = 1,20, deviance = 8.68, p = 0.003). Lowbush 
blueberry had a negative association with solitary bee 
species richness in the Midcoast region and a positive 
association in the Downeast region (Fig.  4), though 
as a single variable, the amount of lowbush blue-
berry surrounding corridor sites did not significantly 
influence solitary bee species richness (Table  S7a). 
Furthermore, we found that greater blooming plant 
abundance in corridor sites was associated with 
greater solitary bee species richness (df = 1,22, devi-
ance = 6.62, p = 0.01) (Fig. S3a). Social bee species 
richness was also greater in the Midcoast region, 

Table 2   Wild bee abundance and species richness (± stand-
ard error) in power line corridor sites near to and isolated from 
lowbush blueberry fields in Downeast and Midcoast Maine, 
U.S.A, 2014–2015 (Fig. 1)

**The values are significantly different at p < 0.01

Near lowbush blueberry Isolated from 
lowbush blue-
berry

Abundance
 Downeast 448 (± 12.6) 372 (± 6.8)
 Midcoast 582 (± 12.6) 494 (± 8.8)

Species richness
 Downeast** 71 (± 2.3) 47 (± 1.6)
 Midcoast 76 (± 2.6) 80 (± 2.2) Fig. 2   Bee species richness in power line corridor sites in two 

Maine, USA, lowbush blueberry growing regions within four 
body size classes: small (< 6  mm), medium (6–9  mm), large 
(9–12  mm), and extra-large (> 12  mm) (Russell et  al. 2018), 
2014–2015. **significant at p < 0.01 and ***significant at 
p < 0.001
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increasing with less coniferous forest cover and more 
agriculture/pasture (Fig.  3a; Table  S7b) in the sur-
rounding landscape.

Ground nesting (df = 1,21, deviance = 9.98, 
p = 0.001) and cavity nesting (df = 1,21, devi-
ance = 4.45, p = 0.034) bee species richness was 
greater in corridors in the Midcoast region (Fig. 3b). 
Less coniferous forest and more agriculture/pasture 

influenced ground nesting bee species richness at 
multiple scales surrounding corridors, whereas more 
deciduous/mixed forest edge and urban area and less 
wetland were influential at small scales surrounding 
corridors (Table S7c). Greater blooming plant abun-
dance in corridor sites led to greater ground nest-
ing bee species richness (df = 1,22, deviance = 7.93, 
p = 0.004) (Fig. S3b). We found greater cavity nesting 
bee species richness in corridor sites surrounded by 
less coniferous forest, more deciduous/mixed forest 
edge, and more wetland (Table S7d).

We found significant differences in bee species 
richness associated with body size (df = 1,10, devi-
ance = 13.00, p = 0.05), social habit (df = 1,10, devi-
ance = 4.85, p = 0.027; Fig.  5a), and nesting prefer-
ence (df = 1,10, deviance = 5.43, p = 0.019; Fig.  5b) 
between corridor sites near to and isolated from 
lowbush blueberry fields in the Downeast growing 
region. Large sized (500  m scale; df = 1,10, devi-
ance = 4.73, p = 0.03), solitary (all spatial scales; 
Table  S8a), and ground nesting (all spatial scales; 
Table S8b) bee species richness were positively asso-
ciated with surrounding lowbush blueberry land cover 
at sites near crop fields. Ground nesting bee species 
richness decreased in both near and isolated sites with 
greater coniferous forest cover surrounding corridors 
at 500 and 1000 m, whereas greater emergent wetland 
land cover at 1000  m led to increased species rich-
ness of ground nesting and solitary bee species rich-
ness. Finally, more deciduous forest in the 1000  m 
surrounding corridor sites near lowbush blueberry 
fields reduced solitary bee species richness, and inter-
estingly, there was no effect of coniferous land cover 
on bee species richness at any spatial scale surround-
ing near sites (Table S8a, b). We found no significant 
differences in bee life-history traits between site types 
in the Midcoast growing region. All modeling results 
are summarized in Tables S9a and b.

Discussion

Bee communities in Maine power line corridors

Power line corridors provide ample pre- and post-
bloom habitat for crop-pollinating wild bees in 
Maine’s two major lowbush blueberry production 
regions. We collected 125 of the 278 recorded wild 
bee species in the state (Dibble et  al. 2017) and 

Fig. 3   Species richness of a social and solitary wild bees and 
b ground and cavity nesting wild bees in power line corridor 
sites in Downeast and Midcoast Maine, USA, 2014–2015. 
*significant at p < 0.05, **significant at p < 0.01, and ***sig-
nificant at p < 0.001
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Fig. 4   Interactive effect of percent lowbush blueberry sur-
rounding power line sampling sites at three spatial scales on 
solitary bee species richness in the Midcoast (gray circles, 

dashed line) and Downeast (black triangles, solid line) grow-
ing regions of the Maine, USA lowbush blueberry production 
landscape, 2014–2015

Fig. 5   Species richness 
of a social and solitary 
and b ground and cavity 
nesting wild bees in power 
line corridor sites in sites 
isolated from and near to 
lowbush blueberry fields 
in Downeast and Midcoast 
Maine, USA, 2014–2015. 
*significant at p < 0.05
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observed diverse and abundant blooming plants in 
corridors throughout the growing season. Bee spe-
cies richness, but not abundance, was affected by 
local and landscape scale characteristics of corridor 
sites in our study landscape (Table  S9a, b). In the 
heavily forested Downeast region, where bee habi-
tat is relatively scarce outside of lowbush blueberry 
fields and bee species richness in power line corri-
dors was low, corridors with abundant forage may 
serve as refugia, providing more food for bees than 
is available in the surrounding landscape. Diverse 
and abundant bee communities have been docu-
mented in power line corridors in the forested land-
scape of southeastern Norway and in seismic lines 
in the boreal forests of Alberta, Canada, supporting 
our results (Steinert et al. 2020; Nelson et al. 2021). 
In contrast, the greater bee species richness found 
in Midcoast corridors may reflect the surround-
ing landscape diversity, where bee habitat is more 
prevalent. Bees may selectively forage in corridors 
with more abundant flowers along with other habi-
tat types, including agriculture/pasture, deciduous/
mixed forest edge, and urban areas (Krimmer et al. 
2019; Du Clos et al. 2020).

Our findings suggest the intermediate landscape-
complexity hypothesis may apply, which states that 
conservation efforts (in this case, power line veg-
etation management) may be more beneficial in 
structurally simple landscapes over more complex 
landscapes (Tscharntke et  al. 2012; Krimmer et  al. 
2019), especially if the conservation activity creates 
quality habitat (Kleijn and vanLangevelde 2006). 
Power line corridors in Maine are not managed for 
conservation purposes; however, the habitat result-
ing from current management practices appears 
to have the same effect as conservation directed 
management techniques such as Integrated Vegeta-
tion Management (IVM; Russell et  al. 2005, 2018; 
Russo et  al. 2021) by supporting bee communi-
ties Downeast where there are few other sources of 
bee habitat (Du Clos et  al. 2020). These practices 
work in concert to maintain early-successional 
treeless habitat; Wagner et  al. (2019) found corri-
dors managed with mowing only, without pesticide 
spot treatments, reduced bee abundance. Remov-
ing some woody debris from power line corridors 
after mowing may further enhance bee communities 
(Steinert et al. 2020).

Life‑history traits

We observed that species richness of solitary bees 
and ground nesting bees was influenced by proxim-
ity to a mass-flowering crop and surrounding land-
scape composition. Common pollinators of our focal 
crop, lowbush blueberry, are often solitary and nest 
underground (Bushmann and Drummond 2015). 
Our findings contrast with Russell et al. (2018), who 
found greater diversity of cavity nesting bees in cor-
ridors that are managed long term to maintain early-
successional habitat, owing to nesting resources 
in dead wood and woody shrubs. Nesting habitat 
assessments of similar land cover in Maine suggest 
that dead wood and woody shrubs should be plenti-
ful in corridors and that suitable soil for ground nest-
ing should be limited (Du Clos 2019); however, the 
bee communities we observed in our study, which 
were dominated by ground nesting species, indicate 
the opposite. We observed, but did not quantify, both 
cavity and ground nesting resources within power line 
corridors in Maine, and they varied widely in amount 
and quality across our sites. These findings align with 
Steinert et  al. (2020), who found ample cavity nest-
ing resources in corridors but few cavity nesting bees; 
further, removal of woody debris from corridors, a 
likely source of cavity nests, unexpectedly enhanced 
cavity-nesting bees in their study. Owing to their rela-
tive rarity compared to ground-nesting bees, less is 
known about cavity-nesting bees in semi-natural hab-
itat such as that found in power line corridors, though 
they appear to be sensitive to changes in environmen-
tal and landscape context (Williams et al. 2010; For-
rest et al. 2015; Harrison et al. 2018). Surveying nest-
ing resources (tree snags, soft-pith stem resources, 
bare soil, soil moisture and texture) in corridors dur-
ing future research and perhaps targeting cavity-nest-
ing bees may clarify these relationships (Russell et al. 
2018).

Blooming plants in power line corridors and other 
linear landscape features may support greater social 
bee species richness (Kallioniemi et  al. 2017; Rus-
sell et  al. 2018; Russo et  al. 2021); however, our 
work revealed a link between blooming plant abun-
dance and solitary bee species richness, not social 
bee species richness. Solitary bee species richness 
responded to more local and landscape scale habitat 
characteristics in our study than all other life-history 
traits. Social bee species vary widely in body size 
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and therefore foraging range (Greenleaf et al. 2007), 
and larger social species can travel longer distances 
to obtain sufficient resources. In contrast, smaller 
solitary bees may be more dispersal-limited and 
thus more susceptible to limited resource availability 
(Sydenham et  al. 2017). Blooming plants in nearby 
power line corridors may be the only accessible for-
age for solitary bees after crop bloom, particularly 
in the coniferous forest-dominant Downeast growing 
region. Additionally, the number of singleton solitary 
species occurring in our study sites may contribute to 
the observed effects of local and landscape resources 
on solitary bee species richness. Finally, species 
richness as a measure of diversity overlooks poten-
tial relationships between habitat resources and bee 
communities. Further analyses using functional traits 
(e.g., bumble bee tongue length) may provide more 
insight into how bees use and are distributed across 
our study landscape (Martins et al. 2015; Sydenham 
et al. 2015, 2016, 2017; Steinert et al. 2020).

Blooming plants

Our work demonstrates that power line corridors con-
tain enough blooming plants to provision wild bee 
populations post-lowbush blueberry bloom through 
the remainder of the growing season (mid-June 
through October). Blooming plants are often cor-
related with bee species richness (Potts et  al. 2003; 
Ebeling et al. 2008; Russo et al. 2021). In our study, 
blooming plant abundance but not species richness 
in corridor sites influenced bee species richness. 
Available forage in corridors may be comparable to 
grasslands (Hill and Bartomeus 2016), though in the 
Maine lowbush blueberry production landscape, cor-
ridor forage is more similar to wooded or emergent 
wetlands (Dibble et  al. 2018; Du Clos et  al. 2020). 
Further, wooded or emergent wetlands and early suc-
cession vegetation occurs in power line corridors 
throughout the New England states (Connecticut, 
Rhode Island, Massachusetts, Vermont, New Hamp-
shire, and Maine, USA) (Wagner et  al. 2014a, b; 
2019). Indeed, we observed a similar progression of 
blooming plant communities in Maine corridors as 
that found in southern New England (Wagner et  al. 
2019): ericaceous flowers in the early season, bram-
bles (Rubus spp.), in the mid-season, and goldenrods 
(Solidago spp.) in the late season. Power line cor-
ridors in the Maine lowbush blueberry production 

landscape support rare wild bee species. We found 
two specimens of the native loosestrife specialist 
Macropis nuda (Provancher). Native loosestrifes in 
southern New England power line corridors were 
attributed to the rediscovery of one of North Ameri-
ca’s rarest wild bees, Epeoloides pilosulus (Cresson), 
which parasitizes Macropis spp. (Wagner and Ascher 
2008; Wagner et al. 2019).

We found more herb-dominated plant communi-
ties in the Midcoast region and more ericaceous-dom-
inated plant communities in the Downeast region; a 
similar trend in corridors within Norway boreal for-
est suggests that herb-dominant communities promote 
wild bee diversity (Sydenham et  al. 2016, 2017). 
However, the role of ericaceous-dominant early suc-
cessional vegetation in corridors is noteworthy. Eri-
caceous plant species have poricidal anthers with 
unique morphology that often inhibits generalist bees 
from obtaining pollen (Bell et  al. 2009). Addition-
ally, certain suites of bee species (e.g., Andrena spp. 
and Bombus spp.) are morphologically and behavio-
rally adapted to extracting pollen from and pollinat-
ing ericaceous flowers (Javorek et  al. 2002; Drum-
mond 2016); many of these bee species show floral 
constancy on ericaceous flowers, including our focal 
mass-flowering crop, lowbush blueberry (Stubbs 
et al. 1992, 1997; Bushmann and Drummond 2015). 
In our corridor surveys, 80% of the bee species 
we collected were ericaceous affiliated (Table  S3). 
Indeed, Wagner et al. (2019) found greater wild bee 
diversity associated with greater ericaceous plant 
cover in power line corridors in southern New Eng-
land. Additionally, Sydenham et al. (2015) concluded 
that ericaceous-dominant plant communities in Nor-
way power line corridors contain more spring emerg-
ing bees, large-sized bees, and social bees, indicating 
that this plant community may support particular bee 
functional traits. While our work identified blooming 
plants available to wild bees, quantifying all vegeta-
tion by type (trees, shrubs, herbs, grasses) would pro-
vide a more complete assessment of corridor habitat 
(Wagner et al. 2014b; Russell et al. 2018).

Landscape context and mass‑flowering crops

In both the simple Downeast and complex Midcoast 
growing regions, we found that bee species richness 
decreased in power line corridors surrounded by 
more coniferous forest, which offers little forage and 
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has low bee abundance (Groff et  al. 2016; Eldegard 
et al. 2017; Du Clos et al. 2020). Differences in land-
scape composition across the lowbush blueberry pro-
duction landscape explain many of our results. In a 
mixed-use, primarily forested landscape, agricultural 
and urban land cover promote bee species richness 
(Winfree et al. 2007), as they do in the complex Mid-
coast growing region (Du Clos et al. 2020). Addition-
ally, urban and agricultural land cover in Maine con-
tain different bee species than found in the forested 
matrix (Du Clos et al. 2020; also see Harrison et al. 
2018), contributing to the greater species richness 
we observed in power line corridors in the Midcoast 
growing region. Urban land cover in Maine’s lowbush 
blueberry production landscape is generally classi-
fied as exurban along an urban–rural land use gradi-
ent (Kaminski et al. 2021), meaning there is plenty of 
green space and natural area that provides bee habi-
tat. Although we found more wetland land cover in 
landscapes of the simple Downeast growing region 
than the complex Midcoast growing region, we do 
not have evidence that wetlands influence Maine bee 
communities (Du Clos et al. 2020). Rather, it is low-
bush blueberry fields that have an important influence 
on bee communities in corridors Downeast, an effect 
that is amplified by the dominance of coniferous for-
est in the surrounding landscape.

We found a positive influence of surrounding 
lowbush blueberry land cover on bee species rich-
ness in power line corridors near lowbush blueberry 
fields in the more homogeneous Downeast but not 
the heterogeneous Midcoast growing region. In fact, 
bee species richness decreased with increasing low-
bush blueberry surrounding corridor sites Midcoast, 
contrary to our expectation. A similar contextual 
response to a mass-flowering crop has been observed 
on plant reproductive success associated with planted 
floral strips in southern Sweden; reproductive success 
increased near planted strips in homogeneous land-
scapes, whereas it decreased near planted strips in 
heterogeneous landscapes (Herbertsson et  al. 2018). 
Our work supports the growing consensus that lin-
ear landscape features (e.g., floral strips, field edges, 
hedgerows, corridors) relative to a mass-flowering 
crop support different bee communities based on 
landscape context. Previous work has assessed bee 
communities of hedgerows in agriculturally-intense 
landscapes (Sardiñas and Kremen 2015; Garratt 
et  al. 2017) and bumble bees in edge habitat across 

two landscape contexts in Sweden (Kallioniemi et al 
2017). Conservation plantings, which are often lin-
ear, have a greater influence on bee communities in 
resource-poor landscapes than in more complex areas 
(Krimmer et  al. 2019). Here, we reveal contextual 
influences on bee communities of power line corri-
dors within heavily forested landscapes.

Conservation value of power line corridors in Maine

Power line corridors in Maine’s lowbush blueberry 
production landscape lie within a forest-dominant 
matrix. In the Midcoast growing region, the forest is 
transitional between the hardwood forests of southern 
New England and the boreal forest that dominates the 
Downeast growing region. Our work reveals that the 
open habitat provided by corridors in Maine contains 
early-successional vegetation typical of boreal for-
est and transition zones, including ericaceous spe-
cies that many lowbush blueberry pollinators can use 
pre- and post-crop bloom. Owing to their constancy 
throughout Maine’s lowbush blueberry production 
landscape and the variety of floral resources found 
within, power line corridors may serve as refugia for 
both generalist and ericaceous-specialist pollinators, 
potentially benefitting lowbush blueberry pollination 
with little to no effort from crop growers. When man-
aged for an early-successional vegetation community, 
power line corridors may be a beneficial, but over-
looked, source of wild bee habitat in forest-dominant 
landscapes.
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