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Abstract
Restored habitats require long-term management to maintain biodiversity and ensure ecosystem functions. Management
strategies are often developed for plant communities, including through seeding and disturbance management, but these actions
are taken with a focus on plant dynamics and with little knowledge of the effects on non-plant organisms. Wild bees are often
expected to respond to such management actions via their effects on local ﬂoral resource availability, but management may
also affect bees by altering survival and nesting independently of plant community responses. Working in restoration plantings
within a large, actively managed tallgrass prairie preserve, we separated the effects of management and landscape context on
bee community abundance and richness from the effects of these covariates on bees mediated through the abundance and richness of the local ﬂowering plant community. We found that bees responded primarily to disturbance management (via bison)
and the amount of prairie and forest habitat in the landscape, indicating that across landscapes with relatively abundant ﬂowers
and nest-sites, these landscape-level resources are more important than local ﬂoral resources for structuring bee communities.
In contrast, ﬂoral communities responded to restoration age and prescribed burning. Because bees respond to different factors
and at a different landscape scale than local plant communities, we conclude that management designed for plants is not sufﬁcient for pollinators. Landscape level restoration may therefore require targeted habitat design and management to successfully
restore functionally important animals.
© 2020 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.
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Introduction
Habitat restoration often relies on active, ongoing management to maintain target conditions (Hobbs &
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E-mail address: srgrifﬁn108@gmail.com (S.R. Grifﬁn).

Norton, 1996; Suding, Spotswood, Chapple, Beller, &
Gross, 2016). Restoration projects in habitats such as grassland generally focus on the seeding and reestablishment of
plants with the assumption that non-plant organisms will
colonize and persist on their own (Williams, 2011;
Young, 2000). Thus, long-term management strategies are
primarily designed to aid the recovery of plant communities
(Hobbs & Norton, 1996). Plant-focused restoration
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management regularly employs methods that disrupt aspects
of both the abiotic and biotic environment, including burning, introduction of large grazers, supplemental seeding, and
herbicide (Harmon-Threatt and Chin, 2016). Such methods
may be useful to maintain nutrient cycling (Wan, Hui, &
Luo, 2001), prevent dominance by certain plants like C4
grasses (Pywell et al., 2007), and ensure higher plant diversity (Veen, Blair, Smith, & Collins, 2008). However, these
plant-focused strategies rarely take animals into account,
despite the fact that animals may respond to restoration practices differently than plants (Hobbs & Norton, 1996) due to
differences in resource requirements and mobility. Many
animals are of considerable conservation interest and provide ecological functions important to the long-term success
of restoration projects (Handel, 1997; Palmer, Ambrose, &
Poff, 1997; Suding et al., 2016; Young, 2000). Thus, to
maintain ecological integrity, restoration management must
protect biodiversity more broadly.
One group that can beneﬁt from habitat restoration are
the wild bees (Apoidea), the focus of our study. Bees are
ecologically important due to their role as the predominant pollinators of ﬂowering plants (Winfree, 2010), but
bees are suffering worldwide declines caused by loss of
natural
habitats
and
other
global
changes
(Goulson, Nicholls, Botias, & Rotheray, 2015;
Potts et al., 2010; Powney et al., 2019). It is well-established that restoration beneﬁts wild bees by reintroducing
ﬂoral resources and nesting habitats into otherwise inhospitable landscapes (Tonietto & Larkin, 2018). Restored
habitats
are
rapidly
colonized
by
bees
(Exeler, Kratochwil, & Hochkirch, 2009) and can foster
high bee abundance and richness only a few years following initial restoration (e.g. Exeler et al., 2009;
Grifﬁn et al., 2017; Tonietto et al., 2017; Williams, 2011). In turn, pollination by bees is likely essential to the recovery of plant communities within most
restored habitats (Handel, 1997). However, by altering
aspects of abiotic environments in addition to biotic
environments, plant-focused management may have unintended effects on bees (Buckles & Harmon Threatt, 2019; Harmon-Threatt & Chin, 2016; Tonietto
& Larkin, 2018). An understanding of how management
affects bee communities would allow restoration practitioners to better design recovery plans that incorporate
this important group.
Due to the reliance of bees on ﬂowers as their main source
of food and nutrients, bee communities are thought to be primarily driven by the availability of ﬂoral resources
(Potts, Vulliamy, Dafni, Ne’eman, & Willmer, 2003; Roulston & Goodell, 2011; Vaudo, Tooker, Grozinger, & Patch,
2015) and thus expected to be affected by management
actions indirectly through their positive or negative effects
on the local community of ﬂowering plants. As a result, conservation efforts for bees focus on improving the abundance
and richness of local ﬂoral communities (Scheper et al.,
2015; Vaudo et al., 2015; Williams et al., 2015;
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Winfree, 2010). However, in addition to changing the availability of food resources, management actions such as prescribed burning or grazing may have additional effects on
bee communities by altering bee survival or nesting habitats
(Buckles & Harmon Threatt, 2019; Harmon-Threatt &
Chin, 2016). For example, burning or grazing could kill
stem nesting bees and change soil conditions or availability
for ground-nesting species (Buckles & Harmon Threatt, 2019). Few studies have disentangled the drivers of
bee community dynamics in restored habitats (Tonietto &
Larkin, 2018), and the relative importance of local ﬂoral
resources versus management factors operating independently on bee communities remains largely unknown. This
distinction may have widespread implications for the value
of current management practices; if bees respond primarily
to ﬂoral communities, plant-focused management may be
sufﬁcient to restore both groups, but if bees respond to management independently of the ﬂowering plants, bees may
require targeted management for restoration success.
In addition to responding to management and local conditions within restoration areas themselves, bee communities
are likely to be affected by the larger landscape context surrounding the restored habitat (Scheper et al., 2015). Bees are
known to be sensitive to agricultural land-use, and often
show lower abundance and richness with increasing distance
from natural habitats (Garibaldi, Aizen, Klein, Cunningham,
& Harder, 2011; Kennedy et al., 2013; Ricketts et al., 2008).
In a restoration context, this could mean that habitat patches
surrounded by higher proportions of agriculture and lower
natural habitat may have fewer bees and bee species than
restorations embedded within high-quality natural habitats.
Diversity of natural habitats may further affect bee communities; increased landscape heterogeneity may increase the
diversity of bee communities by adding to the range of ﬂoral
and nesting resources available to bees (Steffan-Dewenter, 2003).
The aim of our study was to identify restoration practices
and landscape composition that lead to increased abundance
and diversity of wild bees. Our focal ecosystem, tallgrass
prairie, is a critically endangered ecosystem with less than
1% of the original remnant prairie remaining in North America (Samson & Knopf, 1994). We studied wild bees and
ﬂowering plants across 14 restoration plantings in an intensively managed, large-scale tallgrass prairie preserve. We
hypothesized that ﬂoral communities would be strongly
affected by current methods of restoration management.
Due to the strong association between bee communities and
their ﬂoral resources (Potts et al., 2003; Roulston & Goodell, 2011; Vaudo et al., 2015), we hypothesized that bee
abundance and richness would be primarily determined by
that of ﬂowering plant communities rather than other effects
of management. Further, based on the known sensitivity of
bee communities to land-use context (Kennedy et al., 2013),
we hypothesized that higher proportions of natural habitats
in the landscape would increase bee abundance and
richness.
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Materials and methods
Study sites
We conducted our research within restored prairies in The
Nachusa Grasslands (41°890 N, 89°340 W), one of the largest
prairie restoration projects in North America (Gerla, Cornett,
Ekstein, & Ahlering, 2012; Rowe, 2010). Managed by The
Nature Conservancy (TNC) in north-central Illinois,
Nachusa is composed of over 1400 ha of tallgrass prairie
and other natural habitats including oak savanna and wetlands (Hansen & Gibson, 2014). Since restoration efforts
began in 1986, TNC has converted over 120 patches of agricultural land into high-diversity tallgrass prairies ranging in
size from 3 to 60 ha (Hansen & Gibson, 2014). The goal of
these restoration efforts is to establish a large, interconnected
tract of tallgrass habitat that supports high levels of prairie
biodiversity.
The Nachusa Grasslands is actively managed by a team of
TNC restoration ecologists and volunteers to ensure maximum diversity of native plants. In the initial phase of restoration, cleared areas were tilled and seeded with mixes of
native prairie plants obtained from remnant prairie patches,
existing restoration plantings, and local nurseries. Following
initial restoration, land managers assessed restoration plantings yearly and planned targeted management for each site.
All plantings received prescribed burning every 1 3 years,
a rate which was chosen to encourage plant growth and
diversity. As needed, grasslands also received supplemental
seeding of underrepresented native plants and targeted
removal of exotic species through herbicide treatments. In
addition, to increase grazing intensity and thus limit the
growth of grasses, a herd of North American Bison (Bison
bison (L.)) was introduced in 2014 to a subset of the prairie
plantings (see map of Nachusa Grasslands, Fig. 1). Initially
composed of 52 individuals, the herd was increased to 95
individuals by 2017. The landscape surrounding the
Nachusa Grasslands at the time of the study was almost
entirely agricultural and planted with corn and soybean row
crops.
We sampled pollinator communities across 14 restoration
plantings over the course of three summers: 2015, 2016, and
2017. We selected restoration plantings that were rated as
high-quality by the Nachusa Grasslands land managers (B.
Kleiman, Nachusa Grasslands Project Director, pers.
comm.), and differed in their management and site characteristics. The plant communities of our selected plantings
were representative of typical restoration plantings across
the prairie preserve. Plantings ranged in size from 4.46 to
25.32 ha and were distributed across the landscape such that
plantings of similar ages were not spatially clustered (Mantel
r=-0.12, p value=0.86). Over the course of our three-year
study, our plantings ranged in age from 2 to 29 years since
initial planting. Because prescribed burning is conducted at
different plots in different years, we had a mix of burned
and unburned plantings every year of the study. Bison were

conﬁned to a subset of plantings (Fig. 1). A detailed description of age, burn history, bison grazing history, and surrounding landscape of each planting is given in Table S1.

Bee sampling
We sampled bee communities at each of the 14 restoration
plantings using bee bowl arrays and blue vane traps, two
trapping methods which use bright coloration to attract and
collect bees (see Grifﬁn et al. 2017 for a full description of
trapping methods). We placed three bee bowl arrays each
consisting of three bowls (ﬂuorescent yellow, ﬂuorescent
blue, and white; Appendix A: Fig. 1A) and one blue vane
trap (Appendix A: Fig. 1B) in each planting. Bowl arrays
and the blue vane traps were raised to the height of dominant
vegetation and spaced 10 m apart along a 30 m transect positioned 60 m from a non-prairie edge (agricultural land or forest). Sample transects within restoration plantings were
located between 0.42 and 5.02 km from each other across
the prairie landscape.
We sampled bees approximately every 2 weeks throughout the summer from May to September, including 8 sample
rounds in 2015 and 2016, and 6 rounds in 2017. Each sample round consisted of placing traps at every planting on the
morning of warm, sunny days and collecting all traps 24 h
later. Specimens were collected from traps directly into ethanol and pinned in the lab. All specimens were identiﬁed to
species by JG, SG, and Laura Rericha-Anchor (Cook
County Forest Preserve) based on taxonomic revisions (see
Appendix A: Taxonomic references) and comparison to
identiﬁed specimens collected at Nachusa and held at
Rutgers and Michigan State Universities. See Appendix A:
Table 2 for a full list of collected bee species. All specimens
are deposited in the lab of Nick Haddad at the W.K. Kellogg
Biological Station, Michigan State University.

Floral sampling
Tallgrass prairie vegetation at the Nachusa Grasslands is
dominated by a diversity of perennial forbs and C4 grasses
including big bluestem (Andropogon gerardii) and Indian
grass (Sorghastrum nutans) (Hansen & Gibson, 2014).
Plants bloom between early April to October, with peak
bloom in July and August.
To characterize the local community of ﬂowering plants
and measure ﬂoral resources across the growing season, we
conducted counts of inﬂorescences at every restoration
planting within 2 3 days after sampling bees. At each planting, we haphazardly selected eight 1£1 m areas by randomly throwing a quadrat square 2 4 m from each of the
four points along the 30 m transect used for bee arrays and
the blue vane, repeating throws twice at each of the four
points for a total of 2464 quadrats sampled throughout the
three-year study. Within each of the 8 quadrats for each plot,
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Fig. 1. Map of the Nachusa Grasslands. Land within the boundary lines is composed of a mix of remnant tallgrass prairie, restored prairie,
oak savannah, wetlands, forest, and other habitats. The dotted area indicates the area over which bison can roam, as of 2017. Dark grey
patches indicate prairie restoration plantings used in our study.

we counted the total number of inﬂorescences of each forb
species, only including open, functional inﬂorescences with
unwilted petals and fresh anthers and/or stigmas. We
counted the inﬂorescences of any ﬂowering plants where the
stem was rooted in the quadrat. Methods of counting were
determined for each plant species depending on aspects such
as size and structure that could affect how bees interact with
the inﬂorescence, in order to standardize ﬂoral “units” wherever possible. See Appendix A: Table 3 for a full list of
counting methods used per observed plant species.

Quantifying landscape context
Bees are known to be sensitive to the amount and type of
natural habitats in a landscape, (Kennedy et al., 2013), so
we quantiﬁed landcover within a 500 m radius of each site,
a distance that covers the typical foraging range of most bee
species (Greenleaf, Williams, Winfree, & Kremen, 2007)
and minimizes overlap between our sites. We used pixel
data from Landsat imagery in the Global Forest Change land

cover data set (Hansen et al., 2013) to ﬁt a RandomForests
model, which applies RandomForests algorithms to classify
pixels by land use type (‘randomForest’ package in R, Liaw
& Wiener, 2002). We only included four landcover categories in our classiﬁcations (prairie, forest, agriculture, and
water) due to the simpliﬁed nature of our study landscape.
From this dataset, we selected two landscape variables for
our analysis: % prairie and % forest within 500 m of each of
our focal sites. Percent prairie represents the amount of prairie habitat in the surrounding landscape, and was correlated
with prairie habitat cohesion (a measure of habitat connectivity; r=0.74, p<0.0001) and the mean area of prairie
patches (r=0.42, p=0.005) within a 500 m radius of our
study sites. This indicates that areas with higher % prairie
were less fragmented and had larger patches of prairie habitat overall. Forest represents the only other natural habitat
across this simpliﬁed landscape, and likely harbours different ﬂoral and nesting resources for bees than prairie
(Mallinger, Gibbs, & Gratton, 2016). Percent forest was positively correlated with habitat diversity (Shannon’s Diversity
Index, SHDI) within 500 m of our study sites (r=0.64,
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p<0.0001). This is likely because there is signiﬁcantly less
forest across our study landscape than the two dominant
habitats in our landscape, prairie and agriculture. See
Appendix A: Table 1 for values of % prairie and % forest
within 500 m for each site. Agricultural landcover was not
included as a study variable because both % prairie and %
forest had a negative correlation with the amount of agriculture in the surrounding landscape (r=-0.54, p=0.0002 and
r=-0.7, p<0.0001 respectively). % prairie and % forest were
not correlated with each other (r=-0.22, p=0.16). See Supplement for additional information about the calculation of
fragmentation indices, and Appendix A: Table 4 for a visual
representation of correlations between landcover variables.

Analysis
To test the hypothesized causal relationships between restoration management methods, landscape context, local ﬂoral communities, and bee communities, we used piecewise
structural equation models (piecewise SEMs; Lefcheck, 2015; Shipley, 2009, 2013). Though piecewise
SEMs are conceptually similar to classical path analysis in
that they examine the multivariate relationships between
variables, piecewise SEMs differ in that they do not use
global estimation from a single variance-covariance matrix.
Rather, they solve individual linear models and then piece
the models together to form a full path model. Piecewise
SEM therefore allows for different paths to have non-normal
sampling distributions and can accommodate datasets with
smaller sample sizes (Lefcheck, 2015).
To create our piecewise SEMs, we ﬁrst deﬁned the
response variables, management factors, and landscape variables of interest based on our knowledge of the tallgrass
prairie study system. We used two response variables to

characterize our ﬂowering plant and bee communities: abundance and richness. We calculated abundances by separately
summing counts of inﬂorescences and bees across all sampling rounds within a given planting per year. Because richness estimates may be affected by the number of individuals
and species collected (Chao & Jost, 2012), we calculated
species richness by rarefying richness estimates for each
planting within a year to the lowest level of sampling coverage across the collection of plantings using the iNEXT package (Hsieh, Ma, & Chao, 2016). We identiﬁed two
management variables used by restoration managers to
shape plant communities within tallgrass prairie restorations:
presence of bison and burning regime. The presence of bison
and burning were binary factors indicating whether each of
the two treatments had been applied at a restoration planting
each year. We also included the age of restorations in our
analysis, because restored prairies often experience
decreases in overall plant richness over time (Camill et al.,
2004; M. J. Hansen & Gibson, 2014; McLachlan & Knispel, 2005). Restoration age was deﬁned as the number of
years since the planting was initially seeded. To represent
landcover at the landscape level, we also included the two
landscape variables identiﬁed above: % prairie within 500 m
of the sampling transect for each planting and % forest
within 500 m. See Appendix A: Table 5 for a visual representation of correlations between all variables used in SEM
analysis.
We constructed a full causal path model based a priori on
our hypothesized relationships between our identiﬁed management variables, landscape context, ﬂoral communities,
and bee communities (Fig. 2). We then ﬁt component models to each of the four response variables (ﬂoral abundance,
ﬂoral richness, bee abundance, and bee richness) according
to their relationships with management factors, landscape
context, and each other within our full causal path model.

Fig. 2. Conceptual path diagram of all hypothesized links among local management, landscape context, local ﬂoral communities and bee
communities across the restored prairie plantings. “Local management & Landscape context” include local aspects of restoration management
such as restoration age, presence of bison, and prescribed burning as well as landscape context such as % forest and % prairie within 500 m,
and are hypothesized to affect bee abundance and richness either through a direct connection or through their effects on ﬂoral abundance and
richness.
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All management and landscape factors were included in
each component model, with restoration planting and year
included as random effects. The two abundance models
were created with quasipoisson distributions (base R; R core
team 2016), while the two rareﬁed richness models were created with normal distributions (nlme package;
Pinheiro et al., 2019). Once we had created our full path
model, we used a multi-step, informed model selection process to determine a best-ﬁt global model. To do this, we ran
the full model and used the p-values for the path coefﬁcients
to identify the least important paths within our full model
set. We then removed the weakest path and reassessed the
overall ﬁt of the SEM using Shipley’s test of d-separation
(Lefcheck, 2015; Shipley, 2009, 2013), which identiﬁes
paths that are missing from the hypothesized relationships in
the full model. If no paths were missing and the test of dseparation remained non-signiﬁcant, we calculated the overall value of Akaike’s information criterion corrected for
small sample sizes (AICc) based on Fisher’s C statistic generated from the tests of d-separation (Shipley, 2013). Lower
AICc scores indicate an improvement in model ﬁt; if the
model ﬁt decreased by DAICc  2, then we permanently
removed the non-signiﬁcant path and proceeded with the
model selection process. If the removal of any path in
this way violated the conditions of removal, such as creating missing paths or increasing the AICc score, the
path was added back into the full model. In this way, we
removed all non-signiﬁcant paths one by one until we
determined a best-ﬁt model. Tests of d-separation and
extraction of coefﬁcients were conducted using the R
package ‘piecewiseSEM’ (Lefcheck, 2015), and all statistical analyses were conducted in R version 3.2.4 (R Core
Team 2016).

Results
We captured a total of 5557 wild bee individuals representing 102 bee species (Table S2), ranging from 101 to 323
individuals (22 to 35 species) per planting in 2015, 57 to
221 bees (16 to 38 species) per planting in 2016, and 65 to
221 bees (18 to 30 species) per planting in 2017. We
counted a total of 33,282 inﬂorescences across all sites, representing 84 ﬂowering plant species. We found a single outlier in these ﬂoral data, a count of 4593 inﬂorescences in site
(a) in 2015 (Z-score=4.56), which was driven primarily by
high abundance of the two ﬂowering plant species Achillea
millefolium and Erigeron annuus. To account for this outlier
without dropping this planting from our analysis, we
replaced the abundance value with the mean ﬂoral abundance from all other plantings in 2015. With this change
incorporated, ﬂoral abundance within the sites ranged from
43 to 2274 inﬂorescences (5 to 34 species) per planting in
2015, 16 to 2055 inﬂorescences (2 to 27 species) per planting in 2016, and 42 to 893 inﬂorescences (7 to 27 species)
per planting in 2017.
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Our best-ﬁt model (Fig. 3; Fisher’s C= 18.76, p= 0.984,
AICc= 151.11) had no missing paths and yielded a substantially better ﬁt than our full model with all hypothesized
links between variables (AICc= 3360). The best-ﬁtting
model retained no links between local ﬂoral variables and
bee variables, and bee and ﬂowering plant communities
responded to different management and landscape factors
(Fig. 3). Bee abundance was increased by % prairie within
500 m of the sample location (unstandardized coefﬁcient=0.02, SE=0.004, p=0.0009; Fig. 4A), and bee richness
was positively affected by the % forest within 500 m of the
sample location (unstandardized coefﬁcient=0.12, SE=0.04,
p=0.02; Fig. 4B). Bee abundance was also decreased by the
presence of bison (unstandardized coefﬁcient=-0.35,
SE=0.11, p=0.003; Fig. 4C). Restoration age negatively
affected local ﬂoral abundance (unstandardized coefﬁcient=0.09, SE=0.01, p=0.0008; Fig. 5A) and local ﬂoral richness
(unstandardized coefﬁcient=-0.66, SE=0.1, p<0.0001;
Fig. 5B). Local ﬂoral abundance was positively affected by
burning (unstandardized coefﬁcient=0.46, SE=0.18, p=0.02;
Fig. 5C). The % forest within 500 m was retained in the
component model for ﬂoral abundance, but had a non-significant effect (unstandardized coefﬁcient=-0.01, SE=0.01,
p=0.07).

Discussion
By disentangling the effects of restoration management
and landscape context on bees from those mediated by the
local ﬂoral community, we found that the composition of
the landscape and presence of bison, not local ﬂoral resources within habitat patches, were the primary determinants of
wild bee abundance and richness across tallgrass prairie
restorations. Thus, bees may not be affected by restoration
management primarily through their interactions with the
local community of ﬂowering plants, as is often assumed.
Our study shows that bees can instead respond to management and landscape context independently from the local
habitat patch and will therefore require targeted management
strategies to maximize bee abundance and diversity.
We found that higher proportions of prairie habitat in the
landscape increased bee abundance. This ﬁnding reﬂects the
high sensitivity of bees to agricultural land-use, in which
landscapes with more natural habitat often contain more bee
species and individuals (Kennedy et al., 2013). In our study,
the dominant non-prairie landcover type was row-crop agriculture, which was largely devoid of ﬂoral resources for
bees. Thus, higher proportions of prairie surrounding our
focal plantings likely represented increased ﬂoral resources
at the landscape level, providing more foraging options and
supporting higher bee populations (Kennedy et al., 2013;
Williams & Kremen, 2007). Higher percentages of natural
land like prairie in agricultural landscapes may also increase
the availability of nesting habitats (Kennedy et al., 2013;
Winfree, 2010), which are likely a limiting resource for bees
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Fig. 3. Best-ﬁt path diagram of the links between management variables, landscape context, local ﬂowering plant communities, and bee communities retained in our best-ﬁt piecewise structural equation model. Arrows indicate directionality of connections between variables, with
black arrows indicating a positive effect and red arrows indicating a negative effect. Arrow thickness indicates the signiﬁcance level of the
path. Dashed lines indicate non-signiﬁcant relationships preserved in the best-ﬁt model.

(Roulston & Goodell, 2011). Further, because higher
% prairie was correlated with higher connectivity and
larger patch sizes in our study, areas with more prairie
may experience increased bee movement and dispersal
(Ponisio, Valpine, M’Gonigle, & Kremen, 2019), as well as
greater protection and buffering from toxic agrochemicals
(Park et al., 2015). Regardless of the speciﬁc mechanism of
increased bee abundance, our results provide evidence for
the importance of increasing habitat extent when managing
restorations for bees.

Bee communities also responded to the second landscapescale variable in our analysis, % forest, by showing
increased richness in areas with more forest in the surrounding landscape. Previous studies have shown that landscapes
with higher habitat diversity can support more species by
increasing the number of available niches (Mallinger et al.,
2016). For example, forests can contain different types of
ﬂowers and nesting resources than prairies, allowing occupation by a different suite of bees than are typically found in
open grasslands (Mallinger et al., 2016). Thus, restorations

Fig. 4. The relationships between bee abundance, bee richness, and management variables included in the best-ﬁt structural equation model.
(A) Number of bee individuals per transect per year plotted against % prairie within 500 m from the sampling points, and (B) Number of bee
species per transect per year plotted against % forest within 500 m from the sampling points. Trend lines were predicted from models with
only % prairie and % forest within 500 m included as ﬁxed effects, respectively. (C) Arithmetic means (§ SE) of number of bee individuals
per transect per year in restoration plots vs. bison treatment.
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Fig. 5. The relationships between ﬂowering plant abundance, ﬂowering plant richness, and management variables included in the best-ﬁt
structural equation model. (A) Number of inﬂorescences per transect per year and (B) number of ﬂowering plant species per transect per year
plotted against age of the restoration plot. Trend lines were predicted from models with only age included as a ﬁxed effect. (C) Arithmetic
means (§ SE) of number of ﬂowering plant species per transect per year in restoration plots vs. ﬁre treatments.

located near patches of forest, which in our simpliﬁed landscape are the only non-prairie natural landcover, likely experience higher richness due to visitation by bees from both
habitat types. These ﬁndings indicate that increased habitat
diversity, represented by % forest in our study system, can
lead to more bee species across restored landscapes.
Bee communities responded directly to only a single management factor in our study, the presence of bison within
restorations. Though bison were originally introduced to the
restored prairies as a form of management for plants, their
presence had a direct, negative relationship with bee abundance rather than affecting them through the ﬂoral community. One likely explanation for this pattern is that the
presence of bison reduced bee nesting by changing soil conditions within restorations. Bison can change the physical
properties of the soil by directly disturbing the ground with
their hooves, trampling vegetation, or compacting soil
through the creation of wallows (Knapp et al., 1999;
Veen et al., 2008). Bison are also known to impact the
chemical properties of soil through the deposition of nutrient-rich urine and grazing, both of which can alter decomposition rates and amount of leaf litter (Knapp et al., 1999).
Such changes to the soil may prevent ground-nesting bees
from establishing new nests or reduce the viability of existing nests. The effects of bison on soil conditions may be
especially pronounced in habitat restorations like the
Nachusa Grasslands, where bison are conﬁned to a limited
space and therefore revisit speciﬁc parts of the landscape
more commonly than if they had unlimited space to roam.
Contrary to our expectations based on previous analyses
(Roulston & Goodell, 2011; Tonietto & Larkin, 2018;
Vaudo et al., 2015) we found no links between local ﬂoral
resources and restored bee communities. These differences in
ﬁndings are likely the result of differences between landscape
context and the scale at which bees, who can forage several
hundred meters (Greenleaf et al., 2007), are responding to the
ﬂoral community. Previous studies examined bee communities of relatively small, isolated restorations (e.g. Blaauw and

Isaacs, 2014; Morandin and Kremen, 2013), while our study
was at a large, interconnected complex of restored and remnant prairies. Bees in a landscape of high-quality restored
prairie habitat like at the Nachusa Grasslands may not be limited by local resources due to their ability to forage across
long distances. Bees may instead respond to ﬂoral availability
at larger spatial scales, a possibility supported by our ﬁndings
that bees responded strongly to the % prairie within 500 m of
the sample location. In contrast, local ﬂoral resources may be
more limiting in smaller, more isolated restorations in which
bees are not able to access resources in the greater landscape
(Scheper et al., 2015), causing bees to exhibit greater
responses to local ﬂoral communities.
In contrast to the bee communities, inﬂorescences in
restored prairies showed the greatest response to habitat age,
a factor which did not affect bees. As prairie age increased,
ﬂoral abundance and richness decreased, with the lowest
levels of both experienced in the oldest restored plantings.
Similar decreases in plant richness over time have been previously described at the Nachusa Grasslands (Hansen &
Gibson, 2014) and many other restored prairies (e.g.
Camill et al., 2004; McLachlan and Knispel, 2005), and are
primarily the result of gradual dominance and replacement
of forb species by C4 grasses (Camill et al., 2004). Preventing decreases in overall plant richness and forb abundance
remains a central challenge in grassland restoration.
Only one of the plant-focused management practices
examined in our study, prescribed burning, had discernible
effects on the ﬂowering plant community. Prescribed burning increased ﬂoral abundance within restorations, reﬂecting
the known short-term effects of prescribed burning; ﬁre
clears away dead vegetation and creates an inﬂux of
nutrients into the soil, thus stimulating new plant establishment, plant growth, and ﬂower development (Veen et al.,
2008). In the long-term, ﬁre is also known to decrease forb
abundance and plant richness by further encouraging dominance by ﬁre-tolerant grasses (Collins & Smith, 2006).
However, because all restoration plantings in our study were

152

S.R. Grifﬁn et al. / Basic and Applied Ecology 50 (2021) 144 154

intermittently burned following establishment, we were
unable to separate the long-term effects of ﬁre from those of
overall restoration age.
Given the large size of the restoration landscape used in
our study, our ﬁndings are especially relevant for other
large-scale restoration projects. As in other endangered ecosystems, most remaining patches of historic tallgrass prairie
exist as small, low-quality fragments (Samson &
Knopf, 1994; Taft, Hauser, & Robertson, 2006). Large-scale
restoration to reconnect these fragmented habitats and create
natural prairie landscapes can support high levels of biodiversity (Gerla et al., 2012; Rowe, 2010). The conservation
community has increasingly recognized the importance of
such restoration efforts at a landscape-scale, leading to an
increase in large restoration projects across many ecosystems including grasslands (Gerla et al., 2012; Rowe, 2010).
In the face of worldwide bee declines (Goulson et al., 2015;
Potts et al., 2010; Powney et al., 2019), these large-scale
restored areas will undoubtably be important to wild bee
recovery. Our study shows that an emphasis on increasing
the extent and diversity of natural habitats and developing
bee-focused management will make these large-scale restorations even more effective at protecting bee communities.
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