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a b s t r a c t
Biofuel cropping systems are considered a potential source of renewable energy and an integral component of a sustainable energy policy. The type of biofuel crop selected for production has the capacity
to substantially alter landscape composition, affecting biodiversity conservation and ecosystem services.
To understand how increasing production of perennial grasses for biofuels may affect pollinators and
pollination services, we identiﬁed 20 agricultural ﬁelds that varied in their proportion of surrounding
grassland cover. Bees and pollination services were measured at each site to determine how bee abundance, diversity, and community composition responded to increasing proportions of grassland, and to
quantify how pollination services changed as the proportion of grassland increased in the landscape.
Bees were collected from sentinel sunﬂowers, and pollination services were measured by comparing
seed set from open and closed sunﬂowers at each site. Landscape composition had a signiﬁcant effect
on bee abundance, diversity, and community composition with a greater abundance of bees and a more
diverse bee community found visiting ﬂowers at sites with more of the surrounding landscape in perennial grassland. In contrast, the bee community in low grassland sites was dominated by Apis mellifera,
suggesting that pollination in these landscapes may be more sensitive to declines in this species. Despite
these differences, the level of sunﬂower pollination was similar across sites, even though the bee community responded to changes in landscape composition. Increasing grassland cover through the addition
of perennial biofuel plantings would be expected to support a more diverse bee community and a greater
abundance of bees, yielding reliable pollination services.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Biofuel cropping systems are one alternative to non-renewable
energy sources and are seen as an integral component of a sustainable energy policy. In the United States, an annual target of 35
billion gallons of ethanol by 2022 has been proposed, including a
mandate that 57% of this capacity come from renewable fuels such
as bioenergy crops (Tyner, 2008). Annual crops such as corn and
perennial crops such as mixed grasslands are being investigated as
potential bioenergy crops. Large scale changes in land cover are a
potential consequence of future expansion of bioenergy crop production, which may have signiﬁcant impacts on biodiversity. As
a result, biofuel production systems are being compared for their
ability to produce biomass while also conserving biodiversity and
the provision of multiple ecosystem services (James et al., 2010;
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Landis and Werling, 2010; Wu et al., 2012; Jarchow and Liebman,
2012).
Incorporating perennial biofuel crops such as native grasslands
into agricultural landscapes has the potential for signiﬁcant effects
on biodiversity and the ecosystem services provided to agricultural
systems. Empirical studies have consistently found that increasing plant diversity positively impacts arthropod diversity (Siemann
et al., 1998; Knops et al., 1999; Koricheva et al., 2000; Scherber
et al., 2010), and recent research on biofuel cropping systems also
revealed that annual and perennial biofuel crops differentially support beneﬁcial arthropods (Werling et al., 2011). In particular, the
abundance and diversity of pollinators were higher in perennial
biofuel crops (e.g. prairie and switchgrass) compared to the annual
bioenergy crop corn (Gardiner et al., 2010). Developing bioenergy
cropping systems that are productive yet support diverse pollinator communities may offer a strategy for energy production that
concurrently conserves biodiversity and promotes ecosystem services that are valuable to agricultural and semi-natural landscapes.
In agricultural landscapes across the United States, crop pollination
is valued at $3 billion per year (Losey and Vaughan, 2006), while
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globally approximately 87% of ﬂowering plants rely on pollination
for fruit and seed set (Ollerton et al., 2011). Although the value of
pollination services provided to natural systems has yet to be quantiﬁed, it is expected to exceed the value provided to agricultural
systems (LeBuhn et al., 2013).
The selection of bioenergy crops for expanded production has
the potential to affect pollinators by modifying the diversity and
composition of agricultural landscapes. At the local (ﬁeld) scale,
bioenergy crops in the Upper Midwest region of the United States
will range from monocultures of annual crops, such as corn, to
diverse mixtures of perennial grasses and forbs. The selection of
bioenergy crops will substantially affect plant diversity at local
scales, inﬂuencing the availability of pollen, nectar, and nesting
habitat which are primary drivers of pollinator abundance and
diversity (Holzschuh et al., 2011; Stanley and Stout, 2013; Nicholls
and Altieri, 2013). At larger spatial scales, the addition of bioenergy
crops will also change landscape composition. Rising corn prices
have recently spurred the conversion of marginal lands into annual
bioenergy crops such as corn, which has expanded monoculture
plantings and lowered landscape diversity (Wright and Wimberly,
2013). In contrast, adding diverse perennial grassland mixtures
could increase landscape diversity and augment the amount of
semi-natural habitat needed to support beneﬁcial organisms. Agricultural systems with higher proportions of semi-natural habitat
and greater diversity of land use are positively correlated with bee
abundance and diversity (Holzschuh et al., 2007; Klein et al., 2012;
Kennedy et al., 2013). Furthermore, the proportion of semi-natural
habitat in the landscape surrounding pollinator-dependent crops
seems integral to maximizing pollination due to the food and nesting resources available to support native bee populations (Winfree
et al., 2007; Klein et al., 2012; Holzschuh et al., 2012). These results
suggest that diverse perennial bioenergy cropping systems have
the potential to facilitate pollinator conservation and increase pollination services across broad spatial scales.
Understanding how the expansion of different biofuel cropping
systems will shape landscape composition and subsequently affect
biodiversity and ecosystem services will be critical to developing a
sustainable bioenergy policy. Our aim in this research was to determine whether pollinators and pollination services vary in response
to the amount of perennial grasslands in the surrounding landscape. We selected 20 agricultural ﬁelds along a gradient of low to
high amounts of perennial grassland in the surrounding landscape
to sample bees and measure pollination services. We predicted that
(1) bee abundance and diversity would be positively correlated
with the amount of perennial grassland, (2) bee community composition would change across the gradient of low to high grassland
cover, and (3) pollination services would increase as the proportion
of grassland increased in the landscape surrounding ﬁelds.

2. Methods
2.1. Study sites
To measure the effect of landscape composition on bees and pollination services, we identiﬁed 20 soybean ﬁelds in Michigan, USA
that varied in their proportions of surrounding perennial grassland
and were at least 3 km apart (Fig. 1). Soybean ﬁelds were used as
study sites because they occur in various landscape contexts, and
the soybean crop, a monoculture intensively managed for weeds,
limits variability (e.g. plant diversity, management practices) at
the ﬁeld scale. In addition, the soybean plant has self-pollinating
ﬂowers, meaning it does not require insect pollination but visitation by bees can improve yield (Free, 1993; Milfont et al., 2013).
A preliminary analysis of landscape variables was performed at
500 m, 1000 m, 1500 m, and 2000 m, and the strongest response

Fig. 1. Location of the 20 Michigan soybean ﬁelds used to sample bees and
measure pollination services. Symbols represent the proportion of grassland measured in the 1500 m surround study sites (circles—high grassland cover; hollow
triangles—intermediate grassland cover; solid triangles—low grassland cover).

to landscape variables was found for the 1500 m scale. The 2012
cropland data layer (CDL, 30 m resolution) was used to characterize the area of annual and perennial habitats within a 1500 m radius
of each site (USDA, 2013). Research examining the effect of landscape composition on bees often combines semi-natural area into
one variable (Kennedy et al., 2013, but see Woodcock et al., 2013;
Le Feon et al., 2010, 2013). Because we were interested in the effect
of increasing perennial grassland biofuel crops on bees, natural
area was classiﬁed separately as either grassland or forest, allowing the relative importance of these variables to be determined. The
CDL was reclassiﬁed prior to analysis to include the original cropland classes in addition to classes for grassland (combined areas of
clover, pasture, hayﬁelds, shrubland, and perennial grasslands), forest (deciduous, coniferous, and mixed forest combined) and urban
(open, low, moderate, and high intensity urban combined). The
classes included in the grassland category were not under biofuel
production but served as a surrogate for what would be expected
if perennial biofuel production was expanded across Michigan. The
classes included in the grassland variable were combined because
each represents a perennial habitat that contains ﬂoral resources
and experiences few agricultural disturbances, making the nesting
and food resources similar across classes. After reclassiﬁcation, we
used ArcGIS 10.0 to create 1500 m buffers around the center of each
site. The “Calculate Area” tool was then used to determine the proportion of grassland, forest, urban, and crops within each buffer.
In addition to calculating land cover percentages, we also quantiﬁed landscape diversity represented by Simpson’s diversity for the
1500 m surrounding sites using the reclassiﬁed layer (McGarigal
et al., 2012).
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2.2. Sentinel plant production
The effect of grassland cover on pollination services was measured using sentinel sunﬂower plants deployed to soybean ﬁelds.
Sunﬂowers, Helianthus annuus, variety Sunspot, were grown in
6 pots in the greenhouse under 24 h light and a temperature
of 26.7 ± 2 ◦ C. Sunﬂowers were fertilized every 7–14 days using
Peters Professional® water soluble fertilizer (20–20–20). Different
sunﬂowers were used to measure bee visitation and pollination
services (see methods below). Once disk ﬂowers began to bloom,
plants were transported to ﬁeld sites.

3

ﬂower during both the July and August pollination trial but was
not in ﬂower during the September trial.
Pollination services were quantiﬁed across ﬁelds by measuring
sunﬂower seed set, determined by weighing fully developed seeds
removed from heads. Seed set was averaged across open (n = 4) and
closed (n = 4) plants to obtain the average seed set for open and
closed sunﬂowers per ﬁeld for each sampling date. For each site,
the averaged open seed weight was then subtracted from the averaged closed seed weight, which accounted for non-insect sources
of pollination such as pollination due to handling or transportation.
2.5. Data analysis: Community composition

2.3. Bee visitation
The abundance and diversity of bees at each site was determined
by performing timed collections on sentinel sunﬂowers. For timed
collections, we established two sampling stations that were at least
50 m from ﬁeld edges and 20 m apart. At each sampling station, we
placed two sunﬂower plants with open ray and disk ﬂowers. Bee
sampling was conducted simultaneously at each station with one
observer per station using a hand-held vacuum (Bioquip, Rancho
Dominquez, CA) to collect pollinators visiting the ﬂower head. Bees
at each station were collected over a 30 min period and only ﬂower
visitors that made contact with disk ﬂowers (i.e. anthers and/or
stigmas) were collected. Each ﬁeld (n = 20) was surveyed 3–5 times
in the weeks preceding or following a pollination trial (see methods on measuring pollination services). Agronomic practices used
to control weed and insect pests prevented access to ﬁelds on some
dates, resulting in unequal numbers of samples collected across
sites. Each ﬁeld was surveyed at least once in the morning and
once in the afternoon with sampling occurring on sunny days with
temperatures above 24 ◦ C. All collected bees were returned to the
lab for species-level identiﬁcation, using the online key to Bees of
Eastern North America at www.discoverlife.org in addition to published species-level keys (Rehan and Shefﬁeld, 2011; Gibbs, 2011).
Bee abundances were averaged across all collection periods for each
ﬁeld and square root transformed before analysis to improve normality. Bee diversity was quantiﬁed among sites using Simpson’s
diversity index (Clarke and Warwick, 2001).
2.4. Measuring pollination services
At each ﬁeld, sunﬂowers were deployed at the two sampling
stations located a minimum of 50 m from a ﬁeld edge and 20 m
apart. Each station received a total of four sunﬂowers: two covered
sunﬂowers, (hereafter referred to as closed) which prevented visitation by pollinators, and two open sunﬂowers that allowed access
by pollinators (hereafter referred to as open). The heads of closed
sunﬂowers were covered with a 1 m × 1 m exclusion bag made from
nylon mesh (white no-see-um netting, Quest Outﬁtters, Sarasota,
FL). A Styrofoam cage (∼0.03 × 0.03 × 0.03 m), which was attached
to a plant stake, was built to ﬁt around the head of the sunﬂower to
prevent the ﬂower from moving pollen by inadvertently touching
the exclusion bag. Sunﬂowers were deployed to ﬁeld sites over the
course of 2–3 days and remained in the ﬁeld for seven days. Cotton
wicks running from each potted sunﬂower to a water source were
used to water sunﬂowers while in the ﬁeld. After seven days, sunﬂowers were returned the greenhouse where plants were treated
with Bacillus thuringiensis (Dipel, Valent BioSciences, Libertyville,
IL) to prevent feeding damage by Lepidopterans and then monitored weekly for insect pest and disease problems. Sunﬂowers
remained in the greenhouse until seeds matured, and sunﬂower
heads could be collected and dried. Three pollination trials were
conducted during the 2012 ﬁeld season, with one occurring in early
July, early August, and mid-September. The soybean crop was in

Bee community composition was compared among sites using
non-metric multidimensional scaling (NMDS). The abundance of
each bee species collected from each site was averaged across
the 2012 season. The similarity between sites was then quantiﬁed using the zero-adjusted, Bray–Curtis coefﬁcient (Clarke et al.,
2006), which alleviates multivariate heteroskedasticity when zeros
are present for many of the species. The resulting similarity matrix
is the basis for creating a NMDS ordination, in which sites are
ranked based on their similarity to each other. Sites with similar
bee communities are placed closer together in ordination space,
and as the distance between sites increases, sites become more
dissimilar in composition. In order to statistically test for differences in bee composition between sites, a categorical variable was
required, and sites were classiﬁed based on their proportion of
surrounding grassland. Sites surrounded by a proportion of grassland less than 0.05 were classiﬁed as low grassland, sites with
intermediate proportions of grassland (0.06–0.29) were medium
grassland sites, and sites with greater than 0.3 were categorized
as high grassland. Statistical signiﬁcance was determined between
sites (i.e. low, medium, high grassland) using analysis of similarity
(ANOSIM), which performs pairwise comparison between classes
(Clarke and Warwick, 2001). ANOSIM cannot detect differences
in both the composition and variability of communities between
treatments. To determine whether treatment differences were due
to composition or variability, we performed a permutation test to
determine differences in multivariate dispersion across treatments
(PERMISP module for dispersion about the median in PRIMER;
Anderson et al., 2008), which indicated variability in composition
was not different across treatments (P = 0.11). As a result, any differences in the bee communities across treatments were due to
differences in composition. Finally, the percent contribution each
species made to differences in community composition was quantiﬁed using “SIMPER” analysis in PRIMER (Clarke and Warwick,
2001). This analysis is performed using the standard Bray–Curtis
coefﬁcient, which is slightly different than the zero-adjusted coefﬁcient used in the ANOSIM. As a result, we determined the level
of correlation between the zero-adjusted and standard similarity
matrices using RELATE in PRIMER (Spearman’s  = 0.82, P = 0.001;
Clarke and Gorley, 2006), which indicated the two similarity matrices were correlated and permitted the use of the SIMPER analysis.
All community composition analyses were performed using the
PRIMER-E software (Clarke and Gorley, 2006).
2.6. Data analysis: Modeling bee abundance, bee diversity, and
seed set
The relationships between landscape variables and bee abundance, bee diversity, and seed set were evaluated using a
model-selection approach. First, a principal components analysis
(PCA) was used to reduce the number of landscape variables used
in model selection (Supplementary data A), by identifying variables that were correlated with each other (Legendre and Legendre,
1998). PC1 had high positive factor loadings of grassland and
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Table 1
Model selection statistics for i = 7 models predicting bee abundance and bee diversity as a function of proportion grassland (grass), proportion forest, and Simpson’s landscape
diversity (land diversity) in the 1500 m surrounding sites. The overall best model and competing models (AICc ≤ 2) are bolded.
i

1
2
3
4
5
6
7

Bee abundance

Explanatory variables

Grass + forest + land diversity
Grass + forest
Grass + land diversity
Forest + land diversity
Grass
Forest
Land diversity

Bee diversity

AICc

Wi

R2

AICc

Wi

R2

1.98
0
4.17
7.57
2.62
5.87
18.00

0.20
0.54
0.067
0.012
0.14
0.029
<0.001

0.62
0.63
0.54
0.46
0.54
0.46
<0.001

3.77
1.77
5.60
1.80
3.97
0
6.27

0.069
0.18
0.027
0.18
0.062
0.45
0.020

0.27
0.27
0.21
0.27
0.11
0.27
0.004

forest and negative factor loadings of crop, while PC2 had a positive loading of landscape diversity and a negative loading for urban
cover (Supplementary data A, Fig. A1). From the PCA analysis, the
landscape variables used in model evaluation included: grassland,
forest, and landscape diversity. Although some correlation existed
between grassland and forest, we included both variables in the
model set because both foraging and nesting habitat are important
to bees and are differentially provided by grassland and forest habitats. In evaluating seed set, we also wanted to determine the effect
of bee abundance and diversity. A preliminary analysis using backward selection indicated that landscape diversity and bee diversity
produced models with high AICc values and were consistently
the ﬁrst variables dropped during model selection. As a result of
this preliminary analysis, we constructed a second set of models
using the proportion grassland, proportion forest, and bee abundance as explanatory variables (seven possible models; Table 2).
Available degrees of freedom prevented the inclusion of interaction terms in our model sets. As a result, all variable combinations

except interactions were used to construct our model set (seven
possible models; Tables 1 and 2).
Using a model-selection approach, AICc-values were calculated
for each model from which we quantiﬁed AICc differences, AICc
(Burnham and Anderson, 2002). Models with AICc < 2 are considered competing models and strongly supported by the data.
From AICc values, we also calculated model weights, i, and variable
weights (Burnham and Anderson, 2002). Model weights are used to
indicate the importance of a model with increasing weights indicating the likelihood a particular model as the overall best model. By
summing the weights of all models containing a particular variable,
the relative importance of each model variable was determined,
with higher weights indicating increased importance of the variable (Anderson et al., 2000). We also examined R2 values to evaluate
which models explained the most variation in the data. AICc and
R2 values were determined in R version 3.0 (R Development Core
Team, 2013).

3. Results
3.1. Community composition

Fig. 2. Ordination of bee community composition using non-metric multidimensional scaling (NMDS) shows that communities are different between sites with
high and low grassland in the 1500 m surrounding sites (stress = 0.17). Each symbol
represents a site and sites close together in ordination space have similar community
composition.

Overall, 248 bee pollinators of sunﬂower including 37 bee
species were collected during 75 h of observation (Supplementary
data B, Table B1). Bee community composition was signiﬁcantly
different across the gradient of low to high grassland cover. A
NMDS ordination indicated bee communities were signiﬁcantly
different between sites with high and low grassland cover (Fig. 2,
ANOSIM, r = 0.55, P = 0.001) but were similar between sites with
intermediate and low and between intermediate and high grassland cover (intermediate vs low: r = 0.22, P = 0.057; intermediate
vs high r = 0.076, P = 0.26). A total of 15 bee species contributed to
the assemblage similarity among high grassland sites with Halictus
ligatus Say, Apis mellifera Linnaeus, Agapostemon virescens (Fabricius), and Augochlorella aurata (Smith) contributing to over 80% of
the similarity in assemblage composition. In contrast, only six bee
species contributed to community composition among low grassland sites with A. mellifera contributing to ∼80% of the similarity in
assemblage composition (Supplementary data C, Table C1).

Table 2
Model selection statistics for i = 7 models predicting seed set for the months of July, August, and September 2012 as a function of proportion grassland (grass), proportion
forest, and bee abundance (beeN) in the 1500 m surrounding sites. The overall best model and competing models (AICc ≤ 2) are bolded.
I

1
2
3
4
5
6
7

July seed set

Explanatory variables

Grass + forest + beeN
Grass + forest
Grass + beeN
Forest + beeN
Grass
Forest
BeeN

August seed set

September seed set

AICc

Wi

R2

AICc

Wi

R2

AICc

Wi

R2

1.12
4.67
0.0
3.21
2.79
3.12
2.61

0.22
0.031
0.41
0.17
0.076
0.063
0.083

0.28
0.02
0.25
0.01
0.02
0.004
0.03

1.92
0.0
7.91
1.39
7.12
0.86
6.41

0.15
0.38
0.007
0.19
0.011
0.25
0.016

0.36
0.36
0.05
0.32
0.003
0.27
0.04

1.41
10.92
0.0
5.14
9.52
9.12
4.68

0.29
0.002
0.59
0.045
0.005
0.006
0.057

0.49
0.03
0.47
0.29
0.002
0.02
0.24
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Fig. 3. Bee abundance averaged across the 2012 season increased with the proportion of grassland within the 1500 m surrounding sites (r = 0.54, P = 0.002).

3.2. Bee abundance, bee diversity, and seed set
Among all possible models, bee abundance was best explained
by the amount of grassland and forest in the surrounding landscape
(Table 1). The overall best model, which included grassland and
forest, accounted for 54% of the model weights and explained 59%
of the variation in the data. Variable weights identiﬁed grassland,
with a weight of 0.96, as the most inﬂuential variable explaining
bee abundance and having a positive relationship with abundance
(Fig. 3; r = 0.54, P = 0.002). Forest had the second highest variable
weight at 0.79 followed by landscape diversity with a weight of
0.28. In contrast to abundance, bee diversity was best explained by
the amount of forest in the surrounding landscape. The overall best
model included only forest, accounted for 45% of the model weights,
and explained 23% of the variation in bee diversity (Table 1). In
all competing models, forest was positively correlated with bee
diversity (Fig. 4; r = 0.27, P = 0.018). Variable weights for bee diversity were 0.89 for forest, 0.35 for grassland, and 0.30 for landscape
diversity.
Model results explaining seed set were variable across months.
In July, the overall best model explaining seed set, which included
the proportion of grassland and bee abundance, accounted for
39% of the model weights and explained 15% of the variation in
July seed set (Table 2). The variable weights indicated forest had
the lowest variable weight of 0.42 while bee abundance and the

Fig. 4. Bee diversity calculated using the Simpson’s diversity index using bees collected during the 2012 season increased with the proportion of forest in the 1500 m
surrounding sites (r = 0.27, P = 0.018).

Fig. 5. August seed set (measured in grams, g) showed a positive correlation with
the proportion of forest in the 1500 m surrounding study sites ((A) r = 0.27, P = 0.018).
In contrast, seed set in the month of September was positively correlated with the
average number of bees (square root transformed) collected at each site over the
course of the 2012 season ((B) r = 0.23, P = 0.04).

proportion of grassland had similar variable weights of 0.79 and
0.74, respectively. Interestingly, when bee abundance, the variable with the highest weight, was the only variable in the model
it was not signiﬁcantly correlated with July see set (r = 0.03;
P > 0.05). However, July seed set was negatively correlated with
bee abundance but only when grassland was also in the model
(Supplementary data D, Fig. D1). In August, the overall best model
explaining seed set included the proportions of grassland and forest. The overall best model accounted for 38% of the model weights
and explained 29% of the variation in August seed set (Table 2).
Several competing models were present and in each model seed
set was positively correlated with the proportion of forest (Fig. 5A;
r = 0.27, P = 0.018). The proportion of forest had the highest variable weight at 0.96 followed by the proportion of grassland with
a weight of 0.55 and bee abundance with a weight of 0.36. The
model results explaining seed set in September were similar to the
results found in July. Again, the overall best model included the
proportion of grassland and bee abundance with only one competing model, the full model (Table 2). The overall best model
accounted for 59% of the model weights and explained 40% of
the variation in September seed set. Variable weights identiﬁed
bee abundance with a weight of 0.98 as the most inﬂuential variable explaining September seed set followed by the proportions
of grassland and forest (weights 0.89 and 0.34, respectively). Seed
set was signiﬁcantly positively correlated with bee abundance
in September (Fig. 5B, r = 0.23, P = 0.04). Seed set was also compared in sites surrounded by high and low proportions of grassland
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(hereafter, high grassland, n = 7 and low grassland, n = 8) with
ANOVA, but no signiﬁcant difference in seed set was found between
these different landscape contexts in July, August, or September
(F1,14 ≤ 0.24, P > 0.05, across all months).

4. Discussion
This study highlights the role of grasslands in supporting bees
and pollination services across agricultural landscapes and their
potential importance within a sustainable biofuels policy. Here,
we ﬁnd that (1) bee abundance was positively correlated with the
amount of grassland in the surrounding landscape, (2) bee diversity increased as the amount of forest increased in the landscape
surrounding sites, (3) community composition was different in
landscapes with high and low proportions of grassland, and (4) pollination services were similar between high and low grassland sites,
and best explained late in the season by higher bee abundance. A
biofuels policy that promotes expanding perennial biofuel production would be expected to increase bee abundance, support a more
diverse pollinator community, and perhaps improve the reliability
of pollination services.
Bee abundance was positively correlated with grassland, the
most inﬂuential variable explaining abundance. Because bees
require both food and nesting resources, grassland habitats may
provide resources across the season that are not available in other
natural habitats or that are complementary to the resources provided by other habitats. Complementary habitat use has been
documented for foraging bees, where bees follow the spatiotemporal patterns in ﬂoral resources across the landscape (Mandelik et al.,
2012). In this system, diverse grassland habitats may offer a reliable
source of pollen and nectar that locally enhances bee abundance
by attracting and retaining pollinators transitioning from depleted
foraging habitats, such as ﬂowering crops once bloom is completed.
Bees transitioning into grassland habitats to forage as resources in
neighboring habitats decline may account for the higher abundance
of bees observed in sites surrounded by more grassland.
In contrast, forest habitats may compliment grassland habitats
by offering bees opportunities for nesting, contributing to the positive correlation between bee diversity and forest cover. Increased
bee diversity is often positively correlated with forest cover (Priess
et al., 2007; Brosi, 2009; Jha and Vandermeer, 2010), because forests
provide nesting resources for stem and cavity nesting bees (Brosi
et al., 2007). In this study system, forest habitat may provide nesting
sites for stem- and cavity-nesting bees not available in grassland
habitats. Furthermore, forests may also offer soil nesting bees easier access to nesting sites as grassland habitats are often covered
with thick thatch layers that may discourage nesting. For example, in this study Bombus, Megachild, and Ceratina species are all
stem and cavity nesting bees likely utilizing forest habitats for nesting resources (Supplementary material B, Table B1). As a result, the
availability of nesting sites in forests may locally increase bee diversity as well as contribute to the regional pool of species across the
landscape. As a consequence, forests may serve as the source habitat for overwintering and nesting bees that once emerged disperse
into nearby grasslands to forage. Thus, grassland habitats provide
ﬂoral resources that attract bees from neighboring nesting habitats building bee abundances within a season, while forests offer
nesting resources that maintain bee diversity across the landscape.
While our study adds to the growing body of research that demonstrates the importance of grassland and forest habitat for bees,
increasing perennial grasslands as part of a sustainable biofuels
policy may speciﬁcally beneﬁt bee abundances in resource-limited
agricultural landscapes.
The proportion of grassland in the surrounding landscape also
affected bee community composition, with distinct communities

found in sites surrounded by low and high proportions of grassland.
We found bee community composition in low grassland sites contained fewer species compared to high grassland sites, and these
communities were dominated by the honey bee, A. mellifera. This
non-native species contributed to 80% of the similarity in community composition among low grassland sites, supporting previous
research that found agricultural intensiﬁcation and the associated
loss of resource rich habitat can shift pollinator communities to
ones dominated by common bee taxa (Brosi et al., 2007; Carre
et al., 2009). Furthermore, recent meta-analyses found managed
honey bee visitation to ﬂowers is less affected by isolation from
semi-natural habitat than that of wild bees (Winfree et al., 2009;
Garibaldi et al., 2011). Honey bees may be less affected by declines
in semi-natural area because they have a larger body size than many
solitary bees species allowing larger foraging ranges (Greenleaf
et al., 2007; Gathmann and Tscharntke, 2002; Steffan-Dewenter
and Kuhn, 2003). Honey bees may also be more common in agricultural landscapes because farmers are actively placing and managing
hives in these landscapes (Garibaldi et al., 2011). Although stocking soybean ﬁelds with A. mellifera is not practiced in Michigan,
two study sites were adjacent to neighboring properties with managed colonies of A. mellifera and located in a region of Michigan
where A. mellifera are used to pollinate crops (personal observation
A. Bennett). The decline of solitary bee species in low grassland
sites is likely affected by the loss of food and nesting resources and
increased foraging distances between resource rich habitats, while
the abundance of A. mellifera in these sites is potentially attributable
to their larger foraging ranges and presence of managed hives.
Although bee community composition was signiﬁcantly different between sites surrounded by low and high proportions of
grassland, no differences were found for seed set. The lack of statistical difference in seed set between sites surrounded by high and
low proportions of grassland suggests both bee communities were
providing similar levels of pollination. While not directly tested,
several mechanisms may explain the pattern we observed. First,
communities in high and low grassland sites shared relatively high
abundances of bee species that were effective pollinators of sunﬂower such as A. mellifera and H. ligatus, both generalist bees that
visit a wide variety of ﬂowers (Moure and Hurd, 1987; Cane and
Sipes, 2006). Second, native bees have higher visitation rates to
native plants compared to cultivars (Comba et al., 1999; Corbet
et al., 2001; Morandin and Kremen, 2013). The use of a cultivar
as our sentinel plant may have lowered visitation rates especially in high grassland sites where community composition was
more diverse producing similar pollination rates. Third, while sites
surrounded by higher proportions of grassland were positively correlated with bee abundance, pollinators that prefer Asteraceae may
not have increased, producing the similar rates of seed set observed
across sites. Finally, the proportion of grassland, approximately 30%
of the land cover in high grassland sites, may not have been high
enough to produce signiﬁcant differences between high and low
grassland sites.
Although seed set was not different between sites with high
and low proportion of grassland, results from the linear regression
models indicated bee abundance was the most important variable explaining seed set in both July and September. However, we
found seed set increased with bee abundance in September, but
was negatively correlated with bee abundance in July. In July, the
soybean (Glycine max) crop was in ﬂower, and the mass ﬂowering
may have increased competition between the sunﬂowers and the
soybean ﬂowers for pollination services, modifying the relationship between bee abundance and seed set. Despite the fact soybean
ﬂowers are not very showy, these ﬂowers are one of the few
resources available in agricultural dominated landscapes in midsummer and a number of wild bees do visit their ﬂowers (Milfont
et al., 2013). Research has found mass ﬂowering crops, such as
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canola, can increase wild bee abundance (Hanley et al., 2011;
Holzschuh et al., 2013), but the effect of seed set on nearby plants is
mixed. In some examples, mass ﬂowering crops facilitate pollination of nearby plants, whereas in other cases reduce pollination
through increased competition (Cussans et al., 2010; Holzschuh
et al., 2011). Because July seed set was negatively correlated with
bee abundance and positively correlated with grassland, this suggests that the mass ﬂowering of the soybean crop may be locally
increasing bee abundance but concurrently having a negative effect
on seed set through increased competition or modiﬁcation of pollinator behavior. For example, Apis and Bombus species exhibit a
foraging behavior, ﬂoral constancy, where they preferentially visit
the same ﬂower species (Hill et al., 1997; Gegear and Laverty, 2005).
This behavior could locally increase bee abundance while reducing
visitation and seed set to sentinel sunﬂowers. Because local factors
such as ﬂower abundance and diversity are known to inﬂuence pollinators and pollination services (Klein et al., 2003; Potts et al., 2003;
Ghazoul, 2006; Frund et al., 2010), the relative importance of local
and landscape variables may change over the course of the season,
highlighting the need to consider the temporal dynamic between
scales.
In contrast to July and September, seed set in August was best
explained by the proportion of forest in the surrounding landscape.
Although the positive correlation between seed set and forest cover
in August was unexpected, shifts in the bee community over the
course of the season may explain the increased importance of
forest habitat in August. The activity period of many bee species
changes across the season (Wolf and Ascher, 2008), and Richards
et al. (2011) observed that bee abundance in grasslands of the same
region peaked in July followed by a sharp decline in August and a
rebound of some bee groups, such as Halictidae by September. In
our study, the bee community present in August may have shifted
to a community composed of bees accessing forest habitat for nesting resources, leading to the increased importance of forest cover.
Unfortunately, the number of bees collected did not provide enough
data to allow an analysis of community composition across months,
which could have detected changes in the bee community and their
associated nesting habitats across the season.
5. Conclusions
As demand for renewable sources of energy increase, biofuel
crop production is expected to expand, providing a unique opportunity to reshape the composition of agricultural landscapes. Our
results demonstrated increasing proportions of grassland habitat
were positively correlated with higher bee abundance and that
increased bee abundance positively affected pollination services
delivered to a pollination-dependent plant. Policy to encourage
perennial grass production could signiﬁcantly increase the proportion of grassland cover across the landscape, and our results suggest
that increasing grassland cover positively impacted bee abundance
and community composition. Programs designed to beneﬁt native
bee conservation will need to consider existing regional land use
while providing incentives to expand the production of perennial
grassland crops. A multifaceted biofuels policy that includes practices to encourage pollinators may ultimately help offset declining
bee populations and ensure pollination services to nearby agricultural crops and native plant communities.
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