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Abstract

Native bees are an ecologically diverse group of pollinators in global decline
due at least in part to invasive species, pesticides, and habitat loss. Although
guidelines exist for land managers to restore pollinator habitat, these “best
management practices” (BMPs) include other pollinator taxa that may have
different requirements than bees, do not give particular attention to rare bee
species, or describe practices that are impractical for land managers. Using
co-production science, our team of land managers and researchers sampled
bee communities in 100 wildlife openings on six National Forests (NF) within
the Great Lakes Basin of the United States during 2017-2019. We found that
bee communities responded to site factors and management practices, includ-
ing prescribed fire, mechanical methods (e.g., felling, brushhogging, mowing),
herbicides, and pollinator plantings. Bee abundance, diversity, and rarity were
strongly related to soil properties, landscape context, and the plant community,
including small-statured woody species, which collectively informed our
BMPs. For instance, mechanical treatments were most beneficial for openings
with clayey or organic soils while prescribed fire was most effective in open-
ings with well-drained soils. Our BMPs highlight effects of treatment combina-
tions, including negative effects on rare species when herbicides were
combined with plantings and positive effects on abundance and rare species
when prescribed fire was combined with mechanical treatments. Since our
BMPs were generated in collaboration with land managers, they better con-
form to their needs and constraints, contributing to more effective native bee
conservation.
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1 | INTRODUCTION

Bees (Hymenoptera: Apoidea: Anthophila), the primary
pollinators of angiosperms, are a diverse taxon of roughly
20,000 species worldwide with over 4,000 species in the
United States (Gallai et al., 2009; Klein et al., 2007
Michener, 2007). Bees are globally in decline due to
changes in land-use, invasive species, climate change,
pesticides, pathogens, and other anthropogenic activities
(Bartomeus et al., 2013; Dicks et al., 2021; Goulson
et al., 2015; Potts et al., 2010). Recent initiatives have
focused conservation efforts and recommendations on
bee communities of forest openings following findings of
abundant and diverse bee communities (Hanula
et al., 2016; Johansson et al., 2020; Milam et al., 2020;
Milberg et al., 2021; Roberts et al., 2017). Flowering
plants and nesting substrate in small openings and near
forest edges may supplement bee species within adjacent
forests by providing additional resources (Roberts
et al., 2017), but many studies have discovered bee com-
munities of forest openings to have a composition distinct
from those of the adjacent forests (Milam et al., 2020;
Ulyshen et al., 2023). While overlap in species use of
open-canopy (herein “open”) and forest habitat is well
documented (e.g., Harrison et al., 2018; Milam
et al., 2020) there is strong evidence of both forest- and
open-associated bee communities within forested land-
scapes (reviewed in part in Ulyshen et al., 2023). For
instance, many plant and invertebrate species require
resources only found in open habitats and are therefore
open-habitat specialists (Fowler, 2016a & 2016b; Milam
et al., 2020), including many bumblebee species with
declining populations (Bartomeus et al., 2013; Cameron
et al.,, 2011). In the United States, even the federally
endangered Bombus affinis relies on open habitat for for-
aging and possibly nesting resources, especially after
spring ephemerals of adjacent forests have senesced
(Hepner et al., 2023; Mola et al., 2021; USFWS, 2018).
Open habitats are therefore an important component of
the landscape required to maintain a taxonomically and
functionally diverse bee community in forested land-
scapes of the eastern United States.

Contemporary forests lack the dense shrubby and
herbaceous habitat characteristics of forest openings
required by many bee species due to recent anthropo-
genic disruptions of historical disturbance regimes (Fettig
et al.,, 2022; Nowacki & Abrams, 2008). Precolonial
forests of the eastern United States, for instance, were
characterized by a heterogeneous mix of closed- and
open-canopy habitat (Hanberry & Abrams, 2018;
Hanberry et al., 2020). Forests within this region are now
predominantly characterized by closed-canopy conditions
with open-canopy communities like barrens, grasslands,

wetlands, and sand dunes scarce and restricted in extent
(Banaszak & Twerd, 2018; Exeler et al.,, 2009; Fettig
et al., 2022; Kalhorn et al., 2003; Milam et al., 2020;
Nowacki & Abrams, 2008; Tucker & Rehan, 2019). Thus,
habitat restoration for forest-opening bee communities to
correct this deficit will enhance regional bee conservation
outcomes (Lettow et al., 2018; Mathis et al., 2021; Proctor
et al., 2012; Roberts et al., 2017).

Current management recommendations for native
bees in open habitats are often based on studies of multi-
ple pollinator taxa including birds, butterflies, and flies,
or non-native or domesticated bee species (e.g., honeybee
(Apis mellifera) or blue orchard bee (Osmia lignaria),
respectively) that may not reflect the conservation needs
of wild bee communities (Iwasaki & Hogendoorn, 2021;
USDA-USFS, 2015). While conservation efforts that pro-
mote a broad breadth of pollinator taxa are important to
restore and sustain ecosystem processes and function, the
unique yet diverse life history attributes of native bees
require a unique set of management practices focused on
foraging and nesting resources (Harmon-Threatt, 2020;
Miiller et al., 2006). For instance, 83% of nonparasitic
native bees in North America use soil as a nesting sub-
strate (Harmon-Threatt, 2020), yet most other pollinators,
including most domesticated bees, typically do not
depend on soil properties as a nesting substrate for devel-
oping offspring. Consequently, there is a need for best
management practices (BMPs) for forest openings specific
to native bees to improve the collective conservation out-
come for pollinator communities.

The ambiguity on how to evaluate bee community
health may add to the confusion of what management
strategies to implement. The USDA states that pollinator
health, including that of native bees “.. should be
assessed as a comprehensive multilevel measure of the
vigor, resilience, and ecological functionality...” (Lopez-
Uribe et al., 2020; USDA, 2022). However, most reviews
on the topic demonstrate that studies typically only con-
sider simple metrics of the bee community, such as abun-
dance and species richness (Glenny et al., 2022; Hanula
et al, 2016; Kral-O'Brien et al, 2021; Ulyshen
et al., 2023). These metrics ignore the species composition
of bee communities, thus conferring equal weight to both
common generalists and rare specialists. As a result, the
management recommendations for native bees may iden-
tify practices that promote high richness of common and
widespread species yet fail to support rare species that
are geographically scarce and often have distinctive eco-
logical characteristics (Violle et al., 2017). This can be a
difficult task as the qualities of a “rare” species are still
being defined (Kondratyeva et al., 2019). In the context of
conservation, “rarity” should ideally identify those spe-
cies with populations more vulnerable than other species,
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and thus deserve the highest priority for management
intervention to ensure their persistence (Flather &
Sieg, 2007). Many characteristics are associated with the
vulnerability of species, including specialized behaviors
(e.g., clepto-parasitism, preferred nest substrate and for-
age species), which collectively may be indicative of
greater functionality within the bee community and
broader ecosystem (Sheffield et al, 2013; Simpson
et al., 2022). Phylogenetic uniqueness may not be corre-
lated with recorded specialized behaviors, yet clearly
indicate species vulnerability through the apparent loss
of closely related species (Cadotte & Davies, 2010). Thus,
including a comprehensive metric that identifies species
that are the most different, or unique, of such characteris-
tics and weighs them to emphasize unique trait combina-
tions should be considered in addition to abundance and
diversity metrics to evaluate the overall health of bee
communities (Cunningham-Minnick et al, 2022;
Kondratyeva et al., 2019).

There is also a lack of information on how multiple
management practices affect native bees, as studies typi-
cally only evaluate one, and uncommonly two, bee com-
munity metrics including bee species richness and
abundance (Glenny et al., 2022; Hanula et al., 2016; Kral-
O'Brien et al., 2021; Ulyshen et al., 2023). For example,
gap creation due to logging results in more bees in gaps
(Hanula et al., 2016) and pollinator plantings generally
support higher bee species richness (Kral-O'Brien
et al., 2021). Prescribed burning typically increases bee
community abundance and species richness, but these
effects may be site dependent (Glenny et al., 2022; Hanula
et al., 2016; Tonietto & Larkin, 2018). Alternatively, mow-
ing and grazing often produce negative effects (Glenny
et al., 2022; Hanula et al., 2016; Tonietto & Larkin, 2018).
Fewer studies incorporate the entire suite of management
practices employed for habitat management, or even con-
sider combinations of management practices. For instance,
invasive shrub removal combined with pollinator plant-
ings consistently increased bee abundance and diversity
(Glenny et al., 2022), and many studies suggest a positive
and potentially synergistic interaction between burning
and mechanical (e.g., logging/thinning) practices (Glenny
et al., 2022; Hanula et al., 2016). Collectively, there is
much support throughout the literature that bee commu-
nities, or at least bee abundance and species richness,
respond positively to most management practices
employed to create (logging), maintain (prescribed fire,
mechanical or hand removal of invasive shrubs), or
enhance (pollinator plantings) forest openings, yet data on
their interactions is lacking. Land managers often employ
a variety of practices sequentially, such as herbicides fol-
lowed by planting, on sites restored for conserve pollinator
habitat (USDA-USFS, 2015).

Ajournal of the Society for Conservation Biclogy

Management recommendations may further misalign
with the implementation of conservation practices due to
the science-practice gap, or a lack of communication and
understanding between researchers and land managers
regarding region-specific approaches to habitat restora-
tion, appropriate metrics or spatial scales, or available
funds and labor, whereby findings and recommendations
from the research community cannot be readily con-
verted into management practices (Bertuol-Garcia
et al., 2018; Lott et al., 2021; Vane-Wright et al., 1991).
Therefore, to achieve the most applicable BMPs for the
conservation of native bee communities in forest open-
ings within our study region, we adopted a co-production
approach whereby “managers, policy makers, scientists,
and other stakeholders first identify specific decisions to
be informed by science, and then jointly define the scope
and context of the problem, research questions, methods,
and outputs, make scientific inferences, and develop
strategies for the appropriate use of science” (Beier
et al., 2017). This approach is intended to increase the
conformity of research findings to the needs of resource
managers through building a partnership on shared
interests for a conservation outcome that is feasible and
most appropriate to the invested land managers and their
ongoing management regimes (Beier et al., 2017; Caro
et al., 2023; Fazey et al., 2013; Naugle et al., 2020). We
employed this co-production framework to yield collected
bee samples that were then analyzed in terms of abun-
dance, diversity, and species rarity (a metric of support
for rare species as defined by an index we developed sep-
arately in Cunningham-Minnick et al., 2022) to deter-
mine how prescribed fire, herbicide, mechanical and
planting treatments, individually and in combination,
affected the bee community. From these results, we
developed spatially explicit BMPs for the conservation of
native bee communities in forest openings of the Great
Lakes Basin, a region comprising 760,000 km? land area
(Figure 1).

2 | METHODS

In this project, the co-production science partners
included conservation practitioners within Region 9 of
the United States Department of Agriculture—Forest Ser-
vice (USFS), as well as six National Forests within USFS
Region 9 (Chequamegon-Nicolet, Finger Lakes, Hiawa-
tha, Huron-Manistee, Ottawa, Superior), herein referred
to collectively as “Region 9.” The other parties in this
co-production effort were academic researchers with the
USDA Forest Service Northern Research Station (NRS)
and the Department of Environmental Conservation at
the University of Massachusetts-Amherst (UMass). The
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Paper workflow beginning from study sites to the final best management practices (BMPs) document. Staff of the six

National Forests (NF) within the Great Lakes Basin (a) sampled bees at 100 established sites with timed netting and colored pan traps (bee
bowls) using a standardized protocol (b1) and netted bees on flowers opportunistically throughout the study period (b2). We analyzed data

collected from the standardized protocol by evaluating the abundance, diversity, and support for rare species of the bee community with

hierarchical models that incorporated group-level information to identify dependencies and differences among groups (c1). Initially, we fit

environmental covariates at multiple scales (c2). Then, we individually tested the addition of four categories of experimental treatments

(prescribed fire; herbicide; pollinator plantings; mechanical; any management) in addition to variables representing any treatment, each in

four different formats: If applied in the last 20 years; if it was the last treatment applied; years since a treatment was applied (also considered

nonlinear effects); frequency of a treatment category applied in the last 20 years (also considering nonlinear effects), as well as two-way

interactions (c3). We then evaluated the effects of environmental covariates on the composition of the bee, as well as plant, communities

with distance-based redundancy analyses (d1). With knowledge on how the bee community composition changed along environmental

gradients, we then determined which of these effects were most likely due to environmental effects on the plant community while inferring

the role of management practices on bee and plant communities through a co-correspondence analysis that considered experimental

treatments (d2). Recorded bee-flower occurrences from opportunistically netted bees, along with bees recorded on flowering plants from

standardized netting events (b2), were included in network analyses to describe the role of woody plants within openings (e1). We simplified

our collective results into four categories based on relationships at the plot (i.e., soil texture), opening (i.e., opening size), and landscape

(i.e., distance to forest edge, connectivity) scales (f1) and identified ranges for each category that represented different environmental-

environmental or environmental-management relationships (f2). We then scored bee responses to environmental and experimental

treatment variables from +2 to —2 (f3) and summed these scores across the four categories (f4) yielding a standardized site score between
0 and 8 for each metric: abundance—A, diversity—D, rarity—R (g1). Now knowing the expected deficiencies of the bee community at any
given site, we condensed statistically significant patterns of treatment effects and their interactions from models of improved fit (g2) to tailor

best management practices for bees of forest openings (g3).

need and basic study design of the project was conceived
by Region 9, who also secured funds from the Environ-
mental Protection Agency (EPA) Great Lakes Restoration
Initiative (GLRI). Staff at the NRS and UMass provided
suggestions for the study design, drafted sampling proce-
dures for bees and vegetation, and then traveled to each
National Forest to provide trainings on bee ecology and
conservation and field sampling. During these trainings,

Region 9 staff provided comments on the draft protocols
and recommended changes to working copies of field
data forms drafted by NRS and UMass, which were final-
ized by the last field training. Researchers at NRS and
UMass helped troubleshoot issues with field sampling,
and later Region 9 staff assisted with identifying relevant
site metrics and management practices to include in the
analyses. This back-and-forth collaboration was
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facilitated by emails, conference calls, and webinars, and
led to the development of a standardized sampling proto-
col that was directed at a range of conditions and man-
agement practices relevant to the study sites.

2.1 | Study design

2.1.1 | Study system

The study system of the Great Lakes States Pollinator
Project included 100 openings ranging 0.3—>900 ha in
size located between 42.5 and 47.8° N, —92.1 and
—76.7° W and represented a variety of habitats including
wetlands, barrens, grasslands, pasture, and scrublands
within a matrix dominated by coniferous, deciduous, or
mixed forests that varied in composition depending on
the geographic location of the site within the six National
Forests of the Great Lakes Basin (Figure 2). Personnel at
each National Forest selected up to 10 openings each year
(2017-2019) to include in the study that either had a his-
tory (prior 20 years) of being unmanaged (reference) or
encompassed a range of land management practices
(herein “experimental treatments”) of interest and rele-
vance to them, such as prescribed fire, herbicide (spot,
blanket), mechanical methods (mowing, brushhogging,
mastication, felling, logging), pollinator plantings (seed-
ing or transplants of pollinator-friendly plants), or combi-
nations of these treatments (Figure 3). To ensure the
results of this study were responsive to the needs of the

FIGURE 2
within National Forests (green polygons)
of the Great Lakes Basin (red line),
including Finger Lakes National Forest

Sites (white circles)

magnified (yellow inset).

A jJournal of the Society for Conservation Biology

participating National Forests, each of which has differ-
ent restoration and conservation goals and challenges for
the opening and larger landscape, we did not restrict the
selection of openings, the specific sampled location cho-
sen within each opening, nor the management practices
(experimental treatments) employed at candidate open-
ings. We employed appropriate statistical approaches to
address the unbalanced design, sampling, and ongoing

Herbicide Plantings

Mechanical

FIGURE 3 Venn diagram of experimental treatment
combinations of the 78 managed openings (100 openings total) in
the last 20 years, where each ellipse represents a different treatment
category and overlapping ellipses represent treatment
combinations. Due to active management during the 3-year study
period, some sites had multiple combinations of experimental
treatments depending on the sample, which is reflected here. The
22 reference (unmanaged) openings are not included.

.Hiawatha

°%
.

i° Huron-
. *. Manistee

Finger Lakes

Souras: Esil, Meser, Ezrlister Geographics, and the GIS User Community
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management regimes (Table S1) within and across
National Forests, which we discuss at great depth in the
Analysis section. Though some of these inconsistencies
allowed us to better describe responses of the bee com-
munities to features in the landscape. For instance, since
National Forest personnel were free to sample the bee
community close or far from the forest-opening edge, we
were able to address how distance from the forest edge
affected the bee community depending on opening size
and other opening conditions. Slightly different locations
of site centers at the same site across sampling points,
which were accounted for in our statistical analysis, fur-
ther provided more variation within a site that strength-
ened the understanding of these spatial relationships in
models.

2.1.2 | Sampling

The bee community was sampled within each opening
up to three times per year (late spring, summer, and fall)
for 3years (2017-2019) using standardized methods
including 21 evenly spaced pan traps (96 ml) that alter-
nated in colors of blue, yellow, or left white (herein “bee
bowls”) and timed netting for a total of 492 combined
samples of bee bowls and netting. A sampling event
therefore consisted of a set of bee bowls deployed for 24 h
as well as netting for 30 min during bee bowl deployment
within the 15-m radius circular plot within the forest
opening (Droege et al., 2010; Figure S1). National
Forest personnel also opportunistically netted bees out-
side of timed netting events, which we analyzed sepa-
rately from timed netting and bee bowl sampling data.
During opportunistic netting, netters were suggested to
target plant genera in bloom with known or suspected
specialist relationships with bees unlikely to be included
in the standardized sampling, including Apocynum, Cea-
nothus, Chelone, Geranium, Ilex, Kalmia, Lysimachia,
Monarda, Pontederia, Physalis, Salix, and Zizia. All cap-
tured bees were returned to UMass, then washed, pinned,
and identified to species by Michael Arduser, Robert
Jean, and JM using published keys (e.g., Gibbs, 2011;
Gibbs et al, 2013; LaBerge, 1973, 1980, 1986;
Mitchell, 1960, 1962; Onuferko, 2018; Oram, 2018) and
the online source Discoverlife.org (Ascher &
Pickering, 2020). Specimens were deposited in museum
collections in the state in which they were encountered:
Michigan—A.J. Cook Arthropod Research Collection at
Michigan State University, Minnesota—University of
Minnesota Insect Collection, New York—Native Bee
Biology & Systematics Lab at Cornell University,
Wisconsin—University of Wisconsin Green Bay.

2.2 | Analysis

2.2.1 | Bayesian hierarchical models

To determine how management practices affected differ-
ent aspects of bee communities in forest openings, we
built generalized additive mixed effects models relating
environmental variables at multiple scales, as well as
experimental treatment variables, to three responses of
the bee community derived from standardized sampling
data. All analyses were conducted in the R statistical lan-
guage (R Core Team, 2021).

Modeling framework

All models were conducted using a Bayesian approach to
infer model coefficients while accounting for the spatial
and temporal clumpiness of our data. Specifically, we
performed analyses in an Integrated Nested Laplace
Approximation with Stochastic Partial Differential
Equation (INLA-SPDE) framework with the inla function
in the INLA package (Lindgren & Rue, 2015; Martins
et al., 2013; Rue et al., 2017), which employs graph theory
in the creation of mesh surfaces of triangles to produce
spatially-explicit models that can account for spatiotem-
poral autocorrelation in the data (Huang et al., 2017).
Few ecological studies have incorporated hierarchical
Bayesian models with spatiotemporal autocorrelation
terms in their analyses due to excessive computation, but
the INLA-SPDE framework allows for the non-Gaussian
likelihood families typical of ecological responses and
requires much less processing time compared to other
Bayesian methods such as Monte Carlo Markov Chains
(Engel et al., 2022; Huang et al., 2017; Lezama-Ochoa
et al., 2020). Models of each response employed negative
binomial error distributions and non-informative priors.

Bee response variables

To ensure our findings were comprehensive, we included
three metrics to characterize bee responses to environ-
mental variables: bee abundance, species diversity, and
species rarity. We considered bee abundance to broadly
represent the quantity of pollination services, as more
bees are generally associated with more pollination ser-
vices (Blaauw & Isaacs, 2014). To address the range of
support provided by habitat at sites to different bee spe-
cies, we evaluated Shannon's diversity, a metric which
represents the effective number of species within the
community (Jost, 2006). Finally, we modeled bee species
rarity to ensure that the response variables included the
conservation importance of individual bee species. We
employed the Species Originality and Rarity Index
(SpORtI; Cunningham-Minnick et al., 2022) which is the
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most comprehensive rarity index developed to date due
to its inclusion of numeric rarity, geographic rarity, phe-
nological rarity, phylogenetic originality, and functional
originality as weights for each species in the dataset
(Cunningham-Minnick et al., 2022). Employing SpORtI,
we generated a rarity score for each sample that repre-
sented how well that site supported rare bee species
(Table S2).

Environmental covariates

Bees are highly mobile animals with diverse life-history
requirements that are relevant to their habitat needs and
conservation. Therefore, we generated a suite of environ-
mental variables that represented the availability of dif-
ferent nesting and food resources at scales of the plot
(15-m radius circle), opening (0.3-900 ha), and landscape

TABLE 1

Ajournal of the Society for Conservation Biclogy

(100-1000 m radius circles centered on plot) (Table 1).
We did not have information on the exact size or configu-
ration of the managed portion of the opening for every
experimental treatment, and thus did not include it in
our analyses. At the plot scale, National Forest personnel
recorded the presence of exposed soil and woody debris
within 1 m of each bee bowl at each sampling event
(Figure S1), which were then converted into variables
representing the proportion of the plot with exposed soil
or wood nesting substrates, respectively. Similarly, the
abundance and species of flowering stems within 1 m of
bowls (N = 21) were recorded per sampling event to rep-
resent potential local food sources. Due to some cases of
uncertain identification, we used plant genus (160 genera
were identified across plots) to derive six variables repre-
senting different aspects of the flowering plant

Environmental and management variables included in INLA-SPDE models for model selection in determining best fit for

describing bee abundance, diversity, and species rarity. The Contiguity Index (LaGro, 1991) and Contagion Index (O'Neill et al., 1988) were
calculated as CONTIG and CONTAG, respectively, in the FRAGSTATS software version 4.2.1 (Ene & McGarigal, 2023; McGarigal &
Marks, 1995) on the geospatial data layer created representing opening habitat.

Plot Opening
Flower Coverage Area

Flower Richness Edge Length
Flower Diversity (Shannon) Edge Length:Area

Flower Diversity (Simpson) Distance To Edge

Flower Community (NMDS 1) Average % Sand Top 25 cm

(100 m)

Stand. Dev. Sand Top 25 cm
(100 m)

Flower Community (NMDS 2)

Total Basal Area
Trees Present
Proportion Exposed Soil

Proportion Dead Wood

Proportion Top 25 cm Sand
Soil Texture Rating by Teams
Soil Drainage Class
Weather—Time of Day (PCA 1)

Weather—Temp and Wind
(PCA 2)

Landscape® Management
Deciduous Forest Cov Opening Managed
Evergreen Forest Cov Plot Managed®

Herbaceous Cov Management Frequency®

Wetlands Cov Yrs Since Last

Management®

Roads Length Last Management?

Landscape Diversity

Proportion Opening
Opening Edge Density
Contiguity of Open Area®

Contagion (Aggregation of Open
Area)

#All cover predictors were relative cover. All landscape variables included linear predictors at 100, 250, 500, 750, and 1000 m. Deciduous Forest Cov, Evergreen
Forest Cov, Herbaceous Cov, and Wetlands Cov also included quadratic predictors with the exception of Evergreen Forest at 100 m which did not meet the

criterium of >5% total cover.

All CONTIG predictors included MN (mean), AM (area-weighted mean), RA (range), and CV (coefficient of variation) at the class and landscape scales.
°Plot Managed, Management Frequency, and Yrs Since Last Management each represent five predictors that describe any, prescribed fire, mechanical,

herbicide, and planting management.

dLast Management included if the last management practice was prescribed fire, mechanical, herbicide, planting, or the union of combinations of two or three
management practices at the plot scale. The union of all four management practices was not included since this is the equivalent to the Plot Managed

predictor.



8 of 31 Wl LEY— Conservation Science and Practice -

CUNNINGHAM-MINNICK ET AL.

Ajoumal of the Society for Conservation Biology

community, including plot coverage, genus richness,
Shannon diversity, and Simpson diversity. We also
included the loadings of each of the two axes in a non-
metric multi-scaling ordination fit in two dimensions
(k=2) from Bray-Curtis dissimilarities applied to a
square-rooted matrix of genus cover as two variables to
represent composition dissimilarity among sites. Flower-
ing trees are an important food source for native bees
near forest edges early in the year (Cunningham-
Minnick & Crist, 2020; Urban-Mead et al., 2021), or may
conversely depress food availability by suppressing herba-
ceous flowering plants (Proctor et al., 2012). Therefore,
species identity and diameter at breast height (DBH)
were recorded of trees with DBH greater than 12.5 cm
within the boundaries of the 15-m radius circular plot.
Unsurprisingly, large mature trees were not common in
managed openings, so we created covariates that
addressed the presence or absence of trees in the plot, as
well as their total basal area.

We used outside databases and the expertise of NF
personnel to identify environmental covariates from
remote-sensed data at scales up to 1 km from the center
of the plot, which includes the typical foraging distance
of most bees (Zurbuchen et al., 2010). These included
plot-scaled conditions such as the soil drainage and pro-
portion of the top 25 cm of soil that was sand (texture)
extracted from the Soil Survey Geographic Database
(SSURGO; USDA-NRCS, 2020). Ranked categories of soil
drainage in the SSURGO database (very poorly, poorly,
somewhat poorly, moderately well, well, somewhat
excessively, and excessively drained) were transformed
into ordinal data (0-6, respectively) and treated as a con-
tinuous variable. Though highly correlated, soil texture
and soil drainage may indicate different properties rele-
vant to use by bees. For instance, different bee species are
reported to exhibit soil texture preferences for nesting,
and different drainage properties may foster different
plant communities, which in turn provide specific food
resources (Harmon-Threatt, 2020). We focused on the
properties of the top 25 cm of soil since this depth likely
includes the nesting depth of most bee species (Cane &
Neff, 2011). We included soil variation at the opening
level by also considering soil characteristics within 100 m
of the plot center weighted by area of each soil type, as
well as its standard deviation. However, the value gener-
ated by SSURGO is an expected value, and thus subject
to model uncertainty. For this reason we created an addi-
tional soil texture variable based on the detailed field
knowledge of the sites, including soil maps and databases
for each sampled plot, queried from Region 9.

Patch-scale variables, including the size (area) and
shape (total edge length in kilometers; edge length to
area in hectares ratio) of the opening, as well as

landscape variables (diversity and composition of decidu-
ous forest, evergreen forest, wetland, and herbaceous
vegetation) were characterized using aerial imagery and
Land-Use Land-Cover data layers from 2016 (layers freely
available as .img files at https://www.mrlc.gov/data),
respectively, in ArcGIS v10.8.2. Finally, we calculated
two metrics representing the connectivity of open habitat:
contiguity, which describes the spatial connectedness of
landscape elements (Contiguity Index; LaGro, 1991) and
aggregation (Contagion Index; O'Neill et al., 1988), which
describes the degree of clumping of attributes by evaluat-
ing the dispersion and interspersion of open patches
within a landscape with the software FRAGSTATS v4.2.1
(McGarigal & Marks, 1995). To generate these metrics we
created a data layer to map forest openings in the land-
scape by overlaying the LULC data layers, specifically
tree canopy cover, impervious surface, and road length.
We cross-validated the accuracy of our resulting layer
with digitized openings on the Hiawatha NF, centrally
located among our study sites and, we reasoned, more
likely to exhibit representative values. We estimated the
opening metric using natural breaks in the canopy cover
values (32, 57, 67, and 77%) and selected 67% canopy
cover by comparing 95% confidence intervals of predic-
tion accuracy among the natural breaks. This validation
process suggested our opening data layer, used herein to
describe properties of “open area” within the landscape,
had an accuracy of 84 + 3%. We calculated all landscape
metrics within 100, 250, 500, 750, and 1,000 m of plot
centers.

Treatment variables

Region 9 personnel provided information on all experi-
mental treatments applied to each opening within the
last 20 years. To account for multiple treatment types, we
divided practices into four broad categories and devel-
oped variables describing treatment frequency (pre-
scribed fire: <5, herbicide: <8, mechanical: <9, plantings:
<6, combined: <10), the most recent treatment, if the
treatment had been applied, and the years since the most
recent treatment. We included both linear and nonlinear
predictors for treatment frequency and years since the
last application of each treatment using natural splines
with up to six knots in the mgcv package (Wood, 2011).
We chose natural splines, rather than for instance
B-splines, because of their lower tendencies for the curve
to oscillate between data points, which can overfit the
data, and thus artificially amplify treatment effects
(Hastie, 1992).

Non targeted variation
To increase precision in the estimated effects of experi-
mental treatments and their interactions with
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environmental factors on the bee community, we also
included fixed covariates describing the local weather
conditions, an offset term to account for differences in
sampling effort, random effects to address repeated as
well as unbalanced sampling, and a spatiotemporal auto-
correlation term to account for similarities in metrics due
to sampled locations being closer in space and time.
Weather influences bee foraging activity and thus cap-
tures, so we used the first two axes of a principal compo-
nents analysis on variables known to characterize or
influence weather (latitude and longitude, temperature,
cloudiness, relative wind speed, time of day, and day of
year; Table S3). Measurements of temperature, cloud
cover, and wind speed were missing from 29%, 24%, and
19% of sample points, respectively. We imputed missing
values by deriving predicted values of generalized addi-
tive models of extracted data from nearby weather sta-
tions (Tables S4-S6; Horel et al, 2002). Fitted
relationships from each of the three models (temperature,
cloud, and wind responses) were then used to predict the
missing values within our dataset.

Similarly, since variation in sampling effort may
affect our estimates, we included an offset term for sam-
pling effort (E) in all models that accounted for the num-
ber of netters, minutes netted, total hours bee bowls were
deployed, and number of bowls tipped over (lost) with
the following formula:

Ei = [Ty/24(1-B/21) + (N x T,,/30)] /2

where B is the number of bee bowls that were not active
at the time of collection, T} is the length of time (hours)
bowls remained active, N is the number of netters, and
T, is the length of time (minutes) that a single netter was
collecting bees. Since the protocol called for 21 bee bowls
to be deployed for 24 h and total netting time of 30 min
within each plot, this simple formula allowed sampling
effort to be greater than (>1) or less than (<1) expected
while ensuring that effort between bowls and netting
were weighted equally in the calculation of sampling
effort E; per sample i. Thus, E = 0 if all bee bowls were
lost and no netting took place, E=1 if all bowls
were active for 24 h and a total of 30 min of netting
occurred.

We allowed the intercept of all models to vary with
year and site (opening) to account for repeated sampling
at each site and within different years. We nested the ran-
dom effect of site within National Forest to also account
for legacy (management regimes, biogeography, etc.) dif-
ferences among National Forests. This error structure
also addressed the unbalanced design of the resultant
data as previously described. Finally, we included a spa-
tiotemporal autocorrelation term within all models to

Ajournal of the Society for Conservation Biclogy

account for the fact that any two samples closer in space
and time (via month) than any two other samples are
likely to be more similar due to, for instance, foraging
distances (geographic space) of bee species or the co-
presence and turnover of local bee-plant communities.

Model selection

Models were built in a two-step process. First, we mod-
eled the influence of site, landscape, and weather vari-
ables on bee community metrics; once these were
constructed, we added experimental treatment variables
using a similar variable screening process described
below, since informing management was a key objective
of our study. To model the influence of site and weather
characteristics, we successively added terms and evalu-
ated them based on the Deviance Information Criterion
score (DIC), a common Bayesian model comparison
method (Lezama-Ochoa et al., 2020). Once the addition
of a term did not increase model fit by >2.00 DIC units,
no more terms were added to that model. We limited
models to eight terms to reduce risk of overfitting models
in later phases of the model building process.

Models were initially fit with a coarse SPDE mesh to
reduce computation time, and then all models >4.00 DIC
units of the top model were refitted with a SPDE mesh of
finer resolution (Figure S2) to decrease computation time
of the model selection process. Each refitted model took
15-20 min of computation time with an AMD Ryzen
95900HX CPU @ 3.3 GHz and RAM of 32.00 GB run in
parallel across 12 threads using the “num.threads” option
in the inla.setOption function. New DIC scores were then
calculated on refitted models, and Widely Applicable
Information Criterion (WAIC) scores were calculated for
the best model of each response (Vehtari et al., 2017).
Finally, we evaluated linear and nonlinear terms for each
bee community metric, including all potential two-way
interactions with environmental and other management
terms. The strength of relationships was designated as
strong, moderate, or weak if the probability of the magni-
tude of the mean posterior distribution being greater than
zero was >95%, >90%, or <90%, respectively. We consid-
ered only strongly and moderately supported relation-
ships, with the addition of weakly supported terms if
there was a strongly supported interaction term with
another covariate. Finally, terms of top models were eval-
uated for multicollinearity with the check. collinearity
function in the performance package (Liidecke
et al., 2021) on generalized additive mixed models
(GAMMs) using the glmmTMB package without the spa-
tiotemporal autocorrelation term, since inla-type models
are not supported.

Experimental treatment variables were added individ-
ually to the best model of each response, along with two-
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way interactions with environmental covariates and
other treatment variables in a different experimental
treatment category, and DIC and WAIC scores were cal-
culated. Up to 20 models with strongly or moderately
supported terms, as before, with a better fit (ADIC and
AWAIC <0 compared to best model of only environmen-
tal covariates) were retained and considered in the devel-
opment of the BMPs.

2.2.2 | Multivariate analysis of bee and plant
community composition

Relationships between bee species composition, the plant
community, and predictor variables were analyzed using
distance-based Redundancy Analyses (dbRDA) on a
square-rooted relative abundance (bee) or cover (plant)
matrix of Bray-Curtis dissimilarities using the vegan
package (Oksanen et al., 2020). The abundance (bees)
and flower cover (plant) matrices were standardized by
site (divided by site total). Environmental and manage-
ment terms that were moderately and strongly supported
in INLA models were used to inform and build dbRDA
models to each the bee and plant dissimilarity matrices
separately in a stepwise fashion, where a term was not
kept unless it was both significant to the model as deter-
mined by likelihood ratio tests with the anova function
and improved model fit from the reduced model as evalu-
ated by AIC.

We used co-correspondence analysis (CoCA) to deter-
mine how environmental factors and management prac-
tices structured bee and plant communities with the coca
function in the cocorresp package while invoking the
“predictive” option (Simpson, 2009) on the Bray-Curtis
dissimilarity matrices. Significance of the first two axes
was determined via 999 permutation tests with the randt-
est.coca function derived in Alric et al. (2020). We then
regressed strongly supported covariates from the best
INLA models across responses using the env.fit function
in the vegan package on each CoCA axis. This process
identified how environmental and management factors
were affecting bee community composition irrespective
of influences of the plant community on the bee commu-
nity (Alric et al., 2020; Simpson, 2009).

2.2.3 | Plant-pollinator network analysis

Network analysis can be a useful tool for informing con-
servation and restoration decisions because it provides
information on community function and stability in
response to management (Fisogni et al., 2021; Kaiser-
Bunbury & Bliithgen, 2015; Walton et al., 2021). We
described the contribution of interactions between 4,115

bees (1,172 from standardized netting, 2,943 from opportu-
nistic netting) of 188 species with 83 plant genera to inves-
tigate the role of small-statured shrubs and trees within
forest openings by comparing networks that included the
herbaceous, woody, or entire plant community. We used
the specieslevel function with indices “species strength”
(Bascompte et al., 2006), “weighted closeness” (Gonzalez
et al., 2010), “effective partners” (Bersier et al., 2002), and
“d” (Bliithgen et al., 2006) to address the relevance, inde-
pendence, generality, and specialization of species within
the network, respectively, using the bipartite package
(Dormann et al., 2008). We also compared five measures
of network structure (networklevel function) among all
three networks (Dormann et al., 2009), including
“nestedness,” “connectance,” “interaction evenness,”
“links per species,” and “H2” to describe the organization,
observed versus possible, diversity of, specialist bee-
generalist plant (Almeida-Neto et al, 2008;
Dormann, 2011), and overall specialized (Bliithgen
et al., 2006) interactions of each network, respectively. Sig-
nificance of each metric describing networks was deter-
mined by calculating a Z-score and associated p-value
from comparisons against 5,000 weighted null models ran-
domly generated using the “r2dtable” method (function)
from the stats package (R Core Team, 2021), which keeps
margin totals of species-abundance matrices constant
while randomizing matrix contents. Since networks serve
the sole objective of establishing the general importance of
woody plants within openings in supporting the bee com-
munity, we do not discuss in thorough detail the bee-plant
relationships or implications associated with the findings
of each considered metric.

3 | RESULTS

We collected 14,176 bees of 234 species in forest openings
through standardized sampling (bee bowls and timed net-
ting) in addition to 3,246 bees of 175 species by opportu-
nistic netting, for a total of 17,422 bees representing
261 species sampled (Table S7). Abundance, diversity,
and species rarity of bee communities differed by
National Forest (Figure S3), though there were many
general patterns of native bee responses to local and land-
scape factors, as well as treatments, across National
Forests.

3.1 | Local and landscape effects

GAMMs demonstrated that bee abundance was positively
affected by bare ground, flowering plant diversity, sandier
soils, and edge to area ratio (Table 2; Table S8). Bee abun-
dance was negatively affected by the amount of
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TABLE 2 Summary statistics for posterior distributions of the regression coefficients for the fixed effects explaining bee abundance,
diversity, and rarity in focal models, including basic range description, mean and Credible Interval, statistical significance of the term as the
probability of the magnitude of the coefficient () being greater than zero and the corresponding support for the term (S—strong (> 0.95),
M—moderate (> 0.90), or W—weak (< 0.90)) in the model. Model 0 represents the best model following model selection (lowest DIC) of
environmental covariates. Experimental treatment variables were then individually added in separate models, where a term and its two-way
interactions with other treatment and environmental covariates were considered. Thus, models with IDs greater than zero include the listed
terms in addition to all terms within Model 0. Models are separated by shading. This table includes best-fitting models with experimental
treatment terms from unique combinations of treatment categories (fire, mechanical, herbicide, pollinator planting). For example, Model 1
(Years Since Fire x Variability in Opening Habitat Contiguity) shares the treatment category but is a better fit (1.75 DIC and 3.4 WIAC
units) than Model 5 (Fire Treatment x Variability in Opening Habitat Contiguity), although the interpretation of each treatment term
within categories is different in some respects. See Table S8 for a full list of models that were incorporated into the best management
practices document. All terms in models are accounted for by one degree of freedom.

Covariate range Model
Response  Covariate (low—high) p (mean) 95% Crl P(@) >0 Support ID ADIC AWAIC
Abundance PCA2 weather High/low—Ilow/high 0.186 0.080-0.290 1.000 S 0 0.00 0.00
(temperature/wind
speed)
PCAL1 weather (time Late—early 0.096 0.009-0.184 0.985 N 0
of day)
Soil texture ranking Sandy—Clayey —0.208 —0.316-—0.100  1.000 S 0
(1-5)
Proportion of soil Low—high 0.438 0.161-0.720 0.999 S 0
exposed
Edge length to km:ha 0.455 —0.029-0.948 0.967 S 0
opening area ratio
Variability in opening ~ Low—high —0.161 —0.336-0.015 0.964 S 0
habitat contiguity
(250 m)
Flowering plant Low—high 0.072 —0.088-0.231 0.811 w 0
diversity (Shannon)
Years since fire —0.023 —0.035-—-0.011  1.000 S 1 —-16.73 —17.93
Variability in opening —0.127 —0.310-0.053 0.917 M 1
a1} ol gmisy ~0033  —0054-—0012 0999 S 1
(250 m) x years since
fire
Years since pollinator —0.029 —0.043-—-0.015  1.000 S 2 —15.80 —17.03
planting
Herbicide 0.034 —0.038-—0.108  0.820 w 2
frequency x years 0.011 0.004-0.018  0.998 S 2
since pollinator
planting
Treatment applied to 0.007 —0.228-0.240 0.525 w 4 —15.04 —13.72
opening
Soil texture —0.205 —0.322-—0.088  1.000 S 4
il < e 0265 0.073-0464 0997 S 4
applied to opening
Last treatment —0.207 —0.417-0.002 0.974 S 6 —14.55 —14.33
mechanical
Variability in opening —0.115 —0.309-0.077 0.880 w 6
habitat contiguity ~0487  —0866-—0.110 0994 S 6
(250 m) x last
treatment mechanical
Soil texture —0.237 —0.353--0.122  1.000 S 6
ranking x last 0.191 0.015-0.373  0.983 S 6
treatment mechanical
Years since fire (d.f. NA NA NA NA 7 —13.60 —14.07
=5)

(Continues)
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(Continued)

Covariate

Last treatment
herbicide

Soil texture
ranking x last
treatment herbicide

Years since pollinator
planting

Last treatment
mechanical x years
since pollinator
planting

Fire treatment

Mechanical
treatment X fire
treatment

PCA2 weather
(temperature/wind
speed)

Soil drainage rank

Total coverage of
flowering plants

Contiguity of open
habitat (100 m)

Deciduous forest cover
(750 m) squared

Proportion of
landscape open
habitat (250 m)

Length of opening
edge (km)

Years since fire
Contiguity of open
habitat

(100 m) x years since
fire

Planting frequency
Contiguity of open
habitat

(100 m) x planting
frequency
Treatment frequency
(df.=1)

Last treatment
mechanical

Mechanical treatment
Soil drainage

rank x mechanical
treatment

PCA2 weather
(temperature/wind
speed)

PCA1 weather (time
of day)

Covariate range
(low—high)

High/low—low/high

Very poor—excessive

Low—high

Low—high

Low—high

Low—high

Short—long

High/low—Low/high

Late—early

f (mean)

0.322

—0.202
0.614

—0.028

—0.124
—0.032

0.342
0.031
0.718

0.095

0.089

—0.274

—1.542

0.312

0.614

—0.020

—0.017
—1.167
0.117

0.066
—1.521
—0.744

0.290

—0.158

—0.062
0.094
—0.131

0.217

0.043

95% Crl

—0.009-0.664

—0.313-—0.090
0.240-0.996

—0.041--0.014

—0.309-0.063
—0.062-—0.002

0.144-0.540
—0.140-0.204
0.330-1.105

0.030-0.159

0.030-0.151

—0.438-—0.109

—2.546-—0.566

0.067-0.564

0.204-1.036

—0.045-0.004

—0.026-—0.007
—2.126-—0.232
0.029-0.205

—0.030-0.161
—2.50--0.560
—1.590 to 0.083

0.100-0.481

—0.313--0.005

—0.212-0.086
0.035-0.156
—0.235--0.028

0.102-0.331

—0.054-0.140

P(@p) >0

0.972

1.000
0.999

1.000

0.905
0.982

1.000
0.635
1.000

0.998

0.998

0.999

0.999

0.994

0.998

0.948

1.000
0.993
0.995

0.913
0.999
0.961

0.998

0.979

0.795
0.999
0.993

1.000

0.807

Support
S

Model
ID

10

10

10

13

13
13

14
14
14

10

11
11
11

ADIC

—12.23

—10.47

—10.04

0.00

—7.97

—3.61

—3.26

—2.73

—1.80

0.00

AWAIC

—11.99

—10.75

-9.21

0.00

—8.15

—3.50

—3.39

—2.85

—2.19

0.00
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TABLE 2 (Continued)
Covariate range
Response Covariate (low—high) p (mean)
Flowering plant Low—high 0.209
diversity
Landscape cover Low—high 0.339
diversity (100 m)
Edge length (km) to Low—high 0.678
opening area (ha) 1613
ratio x landscape
cover diversity
(100 m)
Herbaceous cover Low—high 0.564
(250 m) A2
Years since fire —0.021
Mechanical 0.043
frequency x years 0027
since fire
Planting frequency 0.052
Herbicide —0.007
frequency x planting _0174
frequency
Last treatment fire or 0.290
planting
Mechanical 0.042
frequency x last 0.386
treatment fire or
planting
Mechanical frequency —0.008
Edge length (km) to 0.441
opening area (ha) —0.856
ratio x mechanical
frequency
Years since planting —0.006
Landscape diversity 0.374
(100 m) x years since —0.050

Model
95% Crl P@) >0 Support ID ADIC AWAIC
0.036-0.382 0.991 S 0
0.085-0.594 0.996 S 0
0.045-1.316 0.982 S 0
—3.137--0.107  0.982 S 0
0.254-0.873 1.000 S 0
—0.033--0.009 1.000 S 1 —13.31 —12.03
—0.044-0.129 0.833 W 1
—0.039--0.014 1.000 S 1
—0.072 t0 0.176  0.792 w 5 —5.56 —5.86
—0.078-0.065 0.578 w 5
—0.289-—-0.059  0.998 S 5
0.085-0.496 0.997 N 8 —4.39 —4.23
—0.146-0.130 0.825 w 8
0.159-0.610 0.999 S 8
—0.099-0.082 0.571 w 12 —3.11 —3.16
—0.217-1.102 0.905 M 12
—1.434--0.291 0.999 S 12
—0.021-0.009 0.797 W 14 —2.68 —2.46
0.120-0.630 0.998 S 14
—0.089-—0.011 0.994 S 14

planting

variability in the connectivity of open habitat within
250 m of the plot. However, we will discuss this relation-
ship in terms of contiguity of openings within 250 m of
the plot (r = —0—.91; Figure S4) herein for simplicity
and practicality reasons while recognizing that the vari-
ability variable was a better fit. Modeling also showed
that bee diversity was higher in sites with the following
conditions: sandy excessively drained soils, lesser conti-
guity of open area within 100 m, more open area within
250 m, and more deciduous forest cover within 750 m.
There was lower bee diversity at sites with high coverage
of flowering plants and openings with greater edge to
area ratio. Finally, modeling with SpORtI indicated that
rare bees were positively associated with sites of high
flowering plant diversity and more herbaceous and
sparsely vegetated natural land cover within 250 m. Rare

bees were negatively associated with high edge to area
ratio of openings, except for openings with low landscape
diversity, where rarity scores increased with high edge to
area ratio (Figure 4).

dbRDA showed that bee community composition
was primarily structured by interactions between soil
texture and the flowering plant community composi-
tion on the first axis and interactions between soil tex-
ture and herbaceous and sparsely vegetated land cover
on the second axis (y*(6) = 7.45, p-value < 0.001;
Figure 5a). The best model explaining composition of
the plant community in bloom was total length of the
opening edge and soil texture (y*(2) = 1.87, p-value <
0.001; Figure 5b). The CoCA further demonstrated that
soil texture, bare ground, coverage of flowering plants,
and flowering plant diversity were also associated with
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FIGURE 4 Support for rare bees was negatively associated

with less round sites (high edge to area ratio), except for sites in
low-diversity landscapes, where the opposite pattern was observed.

the covariation of the plant and bee communities (F-
ratio = 0.53, p < 0.001; Figure 6).

3.2 | Management effects

Overall, we found positive effects of fire, herbicide, and
pollinator planting treatments, including their frequency
and more recent applications, and negative effects of
mechanical treatments on bee abundance, diversity, and
species rarity model responses with exceptions due to
interactions (Table 2). All metrics of the bee community
were generally higher in experimental sites than refer-
ence sites. The CoCA indicated that management fre-
quency structured the plant community, and in turn, the
bee community within openings (r2 =0.19, p < 0.005;
Figure 6).

3.2.1 | Prescribed fire

Models showed that prescribed fire resulted in a time-
dependent pattern of higher bee abundance, diversity,
and rare species (Table 2). Bee abundance was higher at
1 year, as well as more than 4 years, following treatment
(Figure 7). Bee diversity and support for rare species was
highest immediately following treatment and monotoni-
cally declined to pre-burn conditions 20 years later. How-
ever, the magnitude of the positive relationship between
bee abundance, or species rarity, and fire was greater
with the addition of mechanical treatments (Table 2).
More generally, bee diversity and rarity model responses
were higher if the last experimental treatment was pre-
scribed fire or pollinator planting (Table 2; Table S8).
Prescribed fire was also associated with high bee abun-
dance in openings with greater contiguity within 250 m,
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FIGURE 5 Bee communities (dots) were structured by soil

texture (Text), diversity of flowering plants (Divers), herbaceous
and sparsely vegetated cover (Herb), and deciduous forests (Decid)
(a) while flowering plant communities were structured by soil
texture and the amount of edge (Edge) of an opening (b).

as well as higher bee diversity in sites with more contigu-
ity of open area within 100 m (Table 2). The CoCA indi-
cated that the influence of prescribed fire on bee
community composition was mediated through changes
in the plant community and diminished with time since
treatment (©* = .23, p < 0.005; Figure 6).

3.2.2 | Herbicides

Modeling showed that herbicide treatments generally
affected bee abundance and diversity positively, but these
effects were often weakly supported unless performed
with high frequency in combination with other treat-
ments (abundance) or in sites with more moderately tex-
tured soil (Table 2; Table S8). However, herbicide
application in addition to plantings had negative effects
on the bee community, particularly rare species (Table 2;
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FIGURE 6
analysis of the plant and bee

Co-correspondence

communities in a predictive framework Plant Genus

and fitted with environmental (red Bee Species
arrows) and management (blue arrows)
variables. Select bee species (black dots)
are labeled along important gradients.
Nonnative weedy plant species
associated management practices are
indicated by yellow stars and include
Berteroa incana, Centaurea stroebe,
Hypericum perforatum, and Rumex

CoCA2

acetosella.
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FIGURE 7
prescribed fires but recovers.

Bee abundance initially decreases following

Table S8). Herbicide treatments altered plant community
composition that changed bee community composition
(¥ = 0.11, p < 0.05; Figure 6).

3.2.3 | Mechanical

Modeling demonstrated that mechanical management on
clayey or organic soils resulted in higher bee abundance
and diversity while these practices in moderate to more
sandy soils resulted in less bee abundance and diversity
(Table 2). However, negative effects of mechanical treat-
ments on bee abundance and rarity were reversed by pre-
scribed fire (Table 2; Table S8). Mechanical treatments
also interacted with pollinator planting treatments and
resulted in higher bee abundance (Table 2; Table S8).
Support for rare species was also higher due to an

CoCA1

interaction between mechanical and herbicide treat-
ments, offering an alternative to the negative effect
observed when herbicides were combined with pollinator
plantings (Table S8).

3.24 | Pollinator plantings

Pollinator plantings generally resulted in greater bee
abundance and diversity according to models (Table 2;
Table S8), though this effect decreased for at least
20 years (Table 2). Effects of pollinator planting were
more pronounced when combined with other treatments
as previously described. Species rarity was lower in sites
that were managed with pollinator plantings when there
was low to moderate landscape diversity within 100 m
(Table 2; Figure 4). Similar to other treatments, pollinator
planting treatments were identified to restructure the bee
community by altering the composition of the plant com-
munity according to the CoCA (Pollinator planting Treat-
ment: * = 0.18, p < 0.005; Figure 6).

3.3 | Network structure

We found that 73 bee species visited both herbaceous and
woody plants, while 89 bee species were only encoun-
tered on herbaceous plants and 26 bee species were only
netted on woody plants (Figure S5). Thus, 14 genera of
woody plants (17%) provided support for 99 bee species
(52% of the community considered). Network structure
analyses indicated that the bee-woody plant network had
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Index Network Value z-Score P-Value
Nestedness Woody 10.95 —0.304 761
Herbaceous 2.70 —0.098 922
Combined 2.55 —1.090 276
Links per species Woody 2.07 —14.64 1.65 x 107
Herbaceous 3.29 —37.58 <1.00 x 1073*
Combined 3.66 —44.09 <1.00 x 107>*
Shannon'’s evenness Woody 0.68 —26.09 452 x 1071°
Herbaceous 0.62 —-79.71 <1.00 x 107**
Combined 0.63 -92.72 <1.00 x 107**
Connectedness Woody 0.17 —14.64 1.65 x 107 *
Herbaceous 0.07 —37.58 <1.00 x 1073*
Combined 0.06 —44.09 <1.00 x 107>*
Specialization (H2) Woody 0.45 26.09 4.69 x 10710
Herbaceous 0.33 79.72 <1.00 x 107**
Combined 0.34 92.73 <1.00 x 1073*
Rank Species strength Effective partners d
1 Rubus 29.8 Rubus 47.5 Anemone 0.82
2 Salix 28.5 Salix 39.1 Hydrophyllum 0.74
3 Monarda 17.8 Prunus 28.0 Physalis 0.70
4 Solidago 16.0 Apocynum 27.0 Heracleum 0.67
5 Rudbeckia 114 Solidago 25.5 Cornus 0.65
6 Apocynum 8.8 Rudbeckia 23.6 Elaegnus 0.61
7 Prunus 6.8 Monarda 19.2 Salix 0.57
8 Lysimachia 5.8 Vaccinium 18.5 Ranunculus 0.57
9 Euthamia 4.4 Ilex 18.1 Claytonia 0.56
10 Hieracium 4.1 Amelanchier 17.5 Lysimachia 0.53

greater nestedness (represented by a lower value), less
links per species, higher evenness and connectedness,
and more specialized interactions than the herbaceous
network (Table 3). Addition of interactions between bees
and the woody plant community resulted in 12% more
links per species in the entire network than the herba-
ceous network (Table 3). The woody network was also
important at the species (genus) level. The seven woody
plant genera that were collectively identified within the
top 10 plant genera for species strength, effective number
of partners, and specialized relationships interacted with
94 bee species (Table 4). For example, Salix was the sec-
ond most important plant genus in the entire bee-plant
network, acting both as a pollinator hub and forming
specialized relationships with bee species. Alternatively,
Prunus provided strong support to the network but pri-
marily served the native bee community as a floral
resource hub, while Cornus was not important for the

TABLE 3
associated P-values for indices of

Calculated values and

nestedness, links per species, evenness,
and specialization (H2) of bee species-
plant genera interactions within the
woody, herbaceous, and woody-
herbaceous combined networks.
P-values derived from the comparison
of observed values against 5,000 null
models, in which contents of rows and
columns are randomized for each
model while column and row (margin)
totals remain constant.

TABLE 4
openings support the bee community in

Woody plants of forest

multiple ways. Scores of the top 10
plant genera with the most species
strength (higher value means greater
influence network importance),
effective number of partners (higher
value means more generalized), and d
(higher value means more specialized).
Woody plant genera are emboldened.

overall network but exhibited specialized relationships
with native bee species (Table 4).

4 |

DISCUSSION AND BMPs

Findings of The Great Lakes States Pollinator Project
showed that ongoing management within forest openings
of the Great Lakes Basin supports an abundant and
diverse bee community including rare species. However,
our findings also highlight that there is room for
improvement. For example, the positive effects of
forest-opening management were both ephemeral, and in
some cases delayed, suggesting openings need additional
management treatments to properly maintain opening
conditions favorable to native bees. By considering how
management practices influence bee abundance, diver-
sity, and species rarity independently and in combination



CUNNINGHAM-MINNICK ET AL.

Conservation Science and Practice& —Wl L EY 17 of 31

throughout open areas in different environmental con-
texts, we developed specific BMPs that consist of a
20 year planning horizon to promote bee conservation in
forest openings of the Great Lakes Basin (Table 5).

41 | The important role of soil

Our findings demonstrated that the structure and compo-
sition of bee communities in forest openings were funda-
mentally influenced by soil properties. Our findings
identified sites in clayey soils resulted in fewer
ground-nesting bees compared to sandy sites, a guild that
comprises about 80% of bee species (Figure S6; Antoine &
Forrest, 2021; Harmon-Threatt, 2020). This may be a
byproduct of the fact that ground-nesting guilds com-
prised different species. Different species assemblages
suggest different life histories that may in part reflect a
compensatory balance with colony size due to a greater
effort needed to excavate clayey soils, though this area of
research is currently understudied (Tschanz et al., 2023).
Nonetheless, we infer that a number of soil-nesting spe-
cies, including rare species, prefer clayey soils for nesting,
which is not often described in the literature but aligns
with other work (Lybrand et al., 2020).

Separately, our study results indicated that the bee
community was structured by soil conditions mediated
through the plant community. Soil texture was an impor-
tant predictor of plant community structure and composi-
tion. In turn, the plant communities associated with
these soil conditions led to alternative resources available
to the bee community (Schaffers et al., 2008), including
floral resources and nesting substrates. For example,
flowering vegetation on clayey and organic soils was
denser and more diverse with lower amounts of exposed
soil, leading to a less abundant bee community. The para-
doxical finding that bee captures decrease with increased
floral resources has been explained as the result of a
threshold in attractiveness of passive traps or simply a
reduction in trap visibility (e.g., Baum & Wallen, 2011;
Portman et al., 2020). Since our analyses pooled speci-
mens from active and passive trapping methods, these
potential biases are unlikely to cause our findings. For
example, we would expect that netting at sites that were
clayey and had more open blooms would result in more
bees than sandy sites with fewer blooms if bees were
more attracted to the open flowers and less to bee bowls
at clayey sites. However, we found no difference in the
total number of bees netted at clayey sites (mean + se net
total: 26.7 + 3.7) compared to sandy sites (mean + se
net total: 24.7 + 2.6; Table S9). A reduction in trap visibil-
ity could explain an overall lower abundance of bees but
of course does not explain why different ground nesting

Ajournal of the Society for Conservation Biclogy

bee species were sampled at clayey versus sandy sites. We
therefore suggest an alternative hypothesis that dense
growth of flowering plants and vegetation debris limits
access to nesting substrates for some soil-nesting bee spe-
cies in more clayey or organic soils (Cunningham-
Minnick et al., 2019; Gardein et al.,, 2022; Twerd
et al., 2021), resulting in a different, less speciose, and less
abundant assemblage of ground-nesting bees than those of
sandy soils. These findings do not imply that habitat of for-
est openings with clayey or organic soils should not be con-
sidered for bee conservation; the bee and plant community
composition are different, and the lack of a response by our
rare bee response metric to soil properties in models suggest
that clayey and sandy sites have their own distinct subsets
of rare opening-associated bees.

Differences in bee and plant communities associated with
soil conditions were also reflected in bee responses to man-
agement practices. For example, the positive effects of herbi-
cide application on bee abundance and diversity were greater
in moderately sandy sites than sites with very sandy soils.
The mechanism is unclear but could reflect a larger environ-
mental impact following control measures on invasive plants,
which may grow at greater density in soils with better water
retention (Bansal et al., 2014). Similarly, mechanical treat-
ments led to greater bee abundance and diversity in clayey/
organic sites, but lower abundance and diversity at moder-
ately and very sandy sites. Most of the mechanical treatments
applied in this region (mowing, brushhogging, mastication)
result in accumulated organic debris on the ground. There-
fore, the debris from mechanical treatments likely increased
ideal nesting conditions for some species, such as Lasioglos-
sum hitchensi, Gibbs 2012, L. truncatum (Robertson, 1901),
and L. weemsi (Mitchell, 1960) which were associated with
the densely vegetated sites of low exposed soil cover and
clayey/organic soils. The associations between these species
and soil characteristics may be due to moisture content, tem-
perature, shade, organic matter content, soil particulate size,
and so forth but are not well understood (Harmon-
Threatt, 2020). The plant communities at sites with sandy
soils were more sparsely distributed and associated with
dryer conditions, more exposed bare ground, and a different
composition of bee species, collectively suggestive of a fire-
driven system (Antoine & Forrest, 2021). The finding that
mechanical treatments negatively impacted the bee commu-
nity of sandy soils, yet mechanical treatment followed by fire
increased bee abundance and diversity more than fire alone
(see also Campbell et al., 2018; Glenny et al., 2022; Lettow
et al,, 2018; Ulyshen et al., 2022) supports the notion that in
fire-adapted systems debris from mechanical treatments
restricts bees access to preferred nesting substrates. Mechani-
cal treatments reduce the vegetation structure (height), but
accumulated organic debris from the action still covers the
soil surface. Subsequent burning removes that debris while
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TABLE 5 Bee best management practices document ("BeeMPs"). Management treatments (prescribed fire, mechanical, herbicide,
pollinator planting) for a proposed restoration site conditionally based on soil properties (clayey/organic or moderate-sandy/well-drained),
opening size (<10 ha, 10-15 ha, >15 ha) and edge effects (distance from site center to forest edge), and configuration and connectivity with
other openings (distance from nearest forest edge to edge of neighboring opening) of the proposed restoration site. Management regimes are
further tailored to provide additional support for aspects of the bee community that are anticipated to be low in abundance (A), diversity (D),
or species rarity (R) as indicated by their scores from 0 to 8 where an “8” is considered high. Lower scores imply a greater need for
management intervention; however, we suggest that no management be applied in situations in which the mean score across metrics of the
bee community is a “2” or lower, as the resources required to restore and maintain that site for bee conservation are not likely feasible. Best
management practices are based on 20 year planning horizon.

. ) Score
Soil Size Edge Connect _______ Management Notes
A D R (Practice—frequency)
Clayey/ <10ha <100m <50 m 4 4 3 Mechanical (e.g., brushhog, masticate): every 1- Heavy investment
Organic 2 yrs for 10 yrs, then every 3-4 yrs Fire follows Mech

Herbicide (e.g., spot): every 1-2 yrs for 10 yrs,
then as needed
Fire: first yr, then every 7-10 yrs

<100m 4 3 3 Add Pollinator Planting: first and second yrs

<200m 3 2 2 Increase Planting frequency to every 5 yrs. Do Fire will suppress bees
not burn!

>200 m 2 1 1 NoManagement Suggested

<250 m <50 m 3 3 4 Mechanical (e.g., brushhog, masticate): every 2- Heavy investment
3 yrs for 10 yrs, then every 4-5 yrs Fire follows Mech
Herbicide (e.g., spot): first yr, then every 2-3 yrs
for 10 yrs, then every 4-5 yrs
Fire: first yr, then every 7-10 yrs
Pollinator Planting: second and third yrs

<100 m 3 2 4 Increase Planting frequency to every 5 yrs
<200 m 2 1 3 NoManagement Suggested
>200 m 1 0 2 NoManagement Suggested
>250m <50 m 2 2 6 Mechanical (e.g., brushhog, masticate): first yr, Fire follows Mech

then every 3-4 yrs

Herbicide (e.g., spot): first and second yr, then
every 3-4 yrs

Fire: first yr, then every 4-5 yrs

<100m 2 1 6 Add Pollinator Planting: every 3-5 yrs for 10 yrs

<200 m 1 0 5 NoManagement Suggested

>200 m 0 0 4 NoManagement Suggested
10- <100 m <50m 6 5 4 Mechanical (ie., brushhog, masticate): every 2— Fire follows Mech
15 ha 3 yrs for 10 yrs, then every 3-4 yrs always

Herbicide (e.g., spot): every 2-3 yrs for 10 years,
then as needed
Fire: first yr, then every 5-6 yrs

<100m 6 4 4 Add Pollinator Planting: first and second yrs
<200 m 5 3 3 Add Planting at 5th, 10th, 15th, and 20th yrs

>200m 4 2 2 Do notburn first yr Fire may suppress bees
Increase Herbicide frequency to every 2 yrs

<250 m <50 m 5 4 5 Mechanical (e.g., brushhog, masticate): every 2-  Fire follows Mech
3 yrs for 10 yrs, then every 4-5 yrs always
Herbicide (e.g., spot): every 3—4 yrs
Fire: first yr, then 6-7 yrs
Pollinator Planting: first yr OR first and second
yrIs
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TABLE 5

Soil

(Continued)
Size Edge
>250 m
>15ha <100 m
<250 m
>250 m

Connect

<100 m

<200 m

>200 m

<50 m

<100 m

<200 m

>200 m
<50 m

<100 m
<200 m

>200 m
<50 m

<100 m
<200 m

>200 m
<50 m

<100 m
<200 m

>200 m

Score
A D
5 3

4 2

3 1

4 3

4 2

3 1

2 0

5 6

5 5

4 4

3 3

4 5

4 4

2

3 4

3 3

2 2

1 1

A W A~ W

Ajournal of the Society for Conservation Biclogy

Management
(Practice—frequency)

Add Planting at 5th, 10th, 15th, and 20th yrs

Increase Herbicide frequency to every 2-3 yrs
for 10 yrs

Same as above

Mechanical (e.g., brushhog, masticate): first yr,
then every 3-5 yrs

Herbicide (e.g., spot): every 3—4 yrs

Fire: first yr, then every 6-7 yrs

Pollinator Planting: first yr OR first and second
yIs

Increase Mechanical frequency to first yr, then
every 2-3 yrs
Add Planting at 5th, 10th, 15th, and 20th yrs

Same as above

No Management Suggested.

Mechanical (e.g., brushhog, masticate): first yr,
then every 2-3 yrs—re-evaluate after

10 years

Herbicide (e.g., spot)—every 2-3 yrs

Fire: first yr, then every 5-6 yrs

Add Pollinator Planting: first and second yrs
Add Planting at 5th, 10th, 15th, and 20th yrs
Same as above

Mechanical (e.g., brushhog, masticate): first yr,
then every 3-4 yrs

Herbicide (e.g., spot): every 3—4 yrs

Fire: first yr, then every 6-7 yrs

Pollinator Planting: first yr OR first and second
yIs

Same as above

Add Planting at 5th, 10th, 15th, and 20th yrs
Increase Herbicide frequency to every 2-3 yrs

Same as above

Mechanical (e.g., brushhog, masticate): every 4-
5yrs

Herbicide (ie., spot): every 3-4 yrs

Fire: first yr, then every 5 yrs

Pollinator Planting: first yr OR first and second
yIs

Same as above

Add Planting at 5th, 10th, 15th, and 20th yrs

Increase Herbicide frequency to every 2-3 yrs
Increase Mechanical frequency to every 3—4 yrs

Increase Mechanical frequency to every 2-3 yrs

Notes

May not be worth
restoring

Fire follows Mech
always

Fire follows Mech
always

Fire follows Mech
always

Fire follows Mech
always

May not be worth
restoring

(Continues)
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Soil

Moderate—
Sandy

CUNNINGHAM-MINNICK ET AL.

(Continued)
Size Edge
<10 ha <100 m
<250 m
>250 m
10- <100 m
15 ha
<250 m

Connect

<50 m

<100 m
<200 m

>200 m
<50 m

<100 m
<200 m

>200 m

<50 m

<100 m

<200 m

>200 m

<50 m

<100 m
<200 m

>200 m
<50 m

<100 m
<200 m

>200 m

ervation Biology

Score
A D
6 8
6 7
5 6
4 5

7

6
4 5
3 4
4 6
4

4
2 3
8 8
8 8
7 7
6 6
7 8
7 7
6 6
5 5

Management
(Practice—frequency)

Mechanical (e.g., masticate, girdle/fell): first yr
Herbicide (e.g., spot): every 1-2 yrs for 10 yrs,
then every 2-3 yrs

Fire: every 2-3 yrs

Add Pollinator Planting: 1st, 2nd, and 3rd yrs

Decrease Fire Frequency to first yr, then sixth
yr, then every 2-3 yrs

Add Mechanical (e.g., brushhog) early in sixth
yr before burn

Same as above

Mechanical (e.g., masticate, girdle/fell): first yr
Herbicide (e.g., spot): every 2-3 yrs for 10 yrs,
then every 4-5 yrs

Fire: every 3—4 yrs

Pollinator Planting: first and second yrs

Same as above

Same as above

Change Fire: first yr, then sixth yr, then every
2-3 yrs

Add Mechanical (e.g., brushhog) early in sixth
yr before burn

Mechanical (i.e., masticate, girdle/fell): first yr
Herbicide (e.g., spot): every 3-4 yrs for 10 yrs,
then every 4-6 yrs

Fire: first yr, then every 4-5 yrs

Pollinator Planting: first and second years

Same as above

Add Planting at 5th, 10th, 15th, and 20th yrs
Add Mechanical (e.g., brushhog) in yr fifth or
sixth yr before burn

Increase Fire frequency to first yr, then every 3—
4 yrs

Mechanical (e.g., masticate, girdle/fell): first yr
Herbicide (e.g., spot): every 3-4 yrs

Fire: first yr, then every 5-7 yrs

Same as above

Increase Fire frequency to first yr, then every 3—
4 yrs

Add Mechanical (e.g. brushhog) prior to every
other burn

Add Pollinator Planting: first and second yrs
Mechanical (e.g., masticate, girdle/fell): first yr
Herbicide (e.g., spot): every 4-5 yrs

Fire: first yr, then every 5-7 yrs

Same as above

Add Pollinator Planting: 1st and 2nd yrs

Increase Fire frequency to first yr, then every
3-4 yrs

Notes

Heavy investment

Fire benefit to rarity
realized at post-year 5.

Fire benefit to rarity
realized at post-year 5.



CUNNINGHAM-MINNICK ET AL.

Conservation Science and Practice& —Wl L EY 21 of 31

Management
(Practice—frequency)
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Notes

Mechanical (e.g., masticate, girdle/fell): first yr

Herbicide (e.g., spot): every 4-5 yrs
Fire: first yr, then every 5-7 yrs

Same as above

Increase Fire frequency to first yr, then every 4-

Same as above

Mechanical (e.g., masticate, girdle/fell): first yr

Herbicide (e.g., spot): every 3—4 yrs
Fire: first yr, then every 5-7 yrs

Same as above
Add Pollinator Plantings: first and second yrs

Increase Fire frequency to first yr, then every 4-

Mechanical (e.g., masticate, girdle/fell): first yr

Herbicide (e.g., spot): every 3—4 yrs
Fire: first yr, then every 5-7 yrs

Same as above

Same as above

Add Pollinator Planting: first and second yrs

Increase Fire frequency to first yr, then every 4-

TABLE 5 (Continued)
- q Score
Soil Size Edge Connect
A D R
>250m <50 m 6 7 7
<100 m 6 6 7
<200 m 5 5 6
5yrs
>200 m 4 4 5
>15ha <100m <50 m 7 8 5
<100m 7 8 5
<200 m 6 8 4
>200m 5 7 3
5yrs
<250 m <50 m 6 8 6
<100 m 6 8 6
<200 m 5 7 5
>200 m 4 6 4
5yrs
>250m <50 m 5 8 8

Mechanical (e.g., masticate, girdle/fell): first yr

Herbicide (e.g., spot): every 3-4 yrs
Fire: first yr, then every 5-7 yrs

<100m 5 7 8
<200m 4 6 7

>200 m 3 5 6

Same as above

Same as above

Add Pollinator Planting: first and second yrs

Increase Fire frequency to first yr, then every 4-

5yrs

Increase Herbicide to every 2-3 yrs for 10 yrs,
then every 3-4 yrs

further reducing vegetation structure, a one to two punch.
Our findings that soil conditions influence the effects of treat-
ments make it clear that BMPs for bee conservation should
include consideration of soil properties.

4.2 | Bee community metrics are
determined by landscape context

Bee abundance, diversity, and support for rare bee spe-
cies were influenced by the surrounding landscape, as
well as conditions within the openings. Though we a
priori restricted environmental covariates to linear
model fits, visual inspection of edge to area ratio
showed a nonlinear relationship with bee abundance

where highest values were in openings 10-15 ha in size
(e.g., Figure 8). Since an opening 10-15 ha corresponds
to a circular opening with a radius 178-219 m, our
model fit that highest bee abundance occurred at sites
with high open-area contiguity within 250 m supports
this nonlinear relationship and suggests an association
of bees with intermediate patch sizes. Ecologically, this
may represent a tradeoff between preference for larger
patches that enhance recolonization following manage-
ment, and smaller patches that encompass a larger
proportion of edge, which provides enhanced floral
resources.

The positive association of bee diversity with greater
forest cover in the landscape and negative association
with open-area contiguity within 100 m, and thus
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FIGURE 8 Bee abundance was greatest in openings with a

relatively low edge length (km) to opening area (ha) ratio, the peak
of which corresponded to openings 10-15 ha in size.

positive association with nearby forest edge, is consistent
with the findings of others who suggest bees benefit from
resources in the surrounding forest and forest edge
(reviewed in Ulyshen et al., 2023). Because of the multi-
scale approach we employed in models, our findings fur-
ther suggest higher bee diversity when the nearby edge
has a complex configuration (i.e., edge habitat that is not
oriented in a straight line and is of thin width), which
would still allow a high proportion of the land area
within 250 m to be open. Combined with our findings
that openings with comparatively less overall edge length
leads to higher bee diversity, our results collectively sug-
gest that land managers consider managing for smaller
and irregularly shaped openings to enhance bee diversity
(Roberts et al., 2017).

Our bee-plant network analysis further indicated that
floral resources of short trees and shrubs typical of early-
successional habitat (e.g., Amelanchier canadensis (L.)
Medik, Ilex verticilata (L.) Gray, Salix discolor Muhl.) play
an important role in supporting the foundation of the bee
community within openings. Though we did not analyze
relationships describing how bee communities change
within a season, the floral phenology of these woody spe-
cies emphasizes their potential to enhance support for
early spring bee communities of openings in addition to
the typically considered floral resources of late-season
flowering forbs. Our network analyses identified some
woody species (e.g., Cornus spp.) exhibiting specialized
relationships with bee species, which is consistent with
reviews of oligolects in nearby regions (Fowler, 2016a,
2016b) and collectively suggest that land managers may
want to selectively include shrubs and tree species identi-
fied in Table 4 in openings to conserve these often
uncommon bee species. The higher specialization of the

bee-woody plant network within openings (compared to
the herbaceous community) combined with their high
nestedness suggest that including these woody species in
openings may increase resiliency of the opening bee com-
munity to future changes in environmental conditions
(Song et al., 2017).

Our finding that rare bee species favor opening inte-
riors suggests forest encroachment into the opening via
vegetational succession is not supportive of rare species
associated with open areas. Though pollinator plantings
did not elicit a negative effect on rare bee species directly,
the lack of an anticipated positive effect could be due to
poor correspondence between seed mixes and the
requirements of rare native bees (Lane et al., 2022; Menz
et al.,, 2011; Williams & Lonsdorf, 2018). For instance,
many species that ranked high in our rarity index are
identified oligolects that require specific species or genera
of foraging plants (Fowler, 2016a, 2016b). Since the
National Forests have managed many of these openings
for purposes other than native bee conservation, hence
the need for this study, it is sensible that this sensitive
subset of bees did not respond positively to the pollinator
plantings. Rather, rare bees responded negatively to the
disturbance and removal of established plants that previ-
ously occupied that space in preparation for the pollina-
tor planting treatment, as explained by the interactive
effects of the models. Alternatively, our CoCA models
indicated that the results of management actions were
associated with the occurrence of some invasive or weedy
plant species that contributed to changes in bee commu-
nity structure, including Berteroa incana L., Centaurea
stoebe L., Hypericum perforatum L., and Rumex acetosella
L. The spread of unwanted plant species by large equip-
ment and the establishment of weedy pioneer species in
newly disturbed areas are common, which likely place
additional pressure on rare bee species by outcompeting
preferred host plants (Kost et al., 2007; Mortensen
et al., 2009). Therefore, our findings collectively suggest
that pollinator planting treatments be reserved for resto-
ration areas <250 m from the forest edge to minimize
forest-encroachment effects, including negative interac-
tions with rare bee species, and that precautions be put
in place to mitigate the introduction or spread of invasive
species such as washing apparel and machinery between
sites.

Finally, our findings demonstrate that herbicide
application in combination with plantings is especially
detrimental to rare bees, perhaps because herbicides Kkill
plants preferred by rare bees, preferred plants are not in
conventional seed mixes, or some combination thereof.
Though most herbicide applications were less than 20%
of the site, there were a few cases of large (90% of site)
applications in the summer followed by expansive (15%)
seeding events in the fall. Species rarity scores in these
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sites were extremely low, and our results suggest it will
take more than 20 years for rare bee populations at these
sites to recover. Thus, our findings collectively illustrate
that forest-edge effects are beneficial to most of the
forest-opening bee community, with exception of rare
open-associated species, which are a sensitive subset of
the community that rely on resources specific to opening
interiors.

4.3 | Translating results to BMPs

431 | Scoring baseline conditions

The contrasting effects of management treatments and
environmental factors on bee abundance, diversity,
and rare species suggest practitioners may be faced with
tradeoffs in respect to management practices. For exam-
ple, forest-edges increase bee abundance and diversity,
but potentially at the expense of rare species. To resolve
this issue, we created a scoring system that identifies how
management practices can increase bee abundance,
diversity, and conditions favorable for rare species by tak-
ing into account the current characteristics of the site
and its management history. The scoring system ranges
from 0 to 8 for each bee community metric, where 0 indi-
cates very poor conditions for bees and a score of 8 indi-
cates conditions that support the maximum level of bee
abundance, diversity, or rarity. All sites start with an ini-
tial neutral value of 4 points for each metric. Based on
the statistical relationships we described above and the
practitioner's answers to the questions below, points are
then added or subtracted to determine the relative base-
line value for each bee community metric at a given site.
This scoring system resembles the Habitat Suitability
Index approach, which is an effective means to simplify
and apply complex and continuous relationships between
organisms and their environment for the purpose of
gauging their value relative to other sites or conditions
(Schamberger & O'Neil, 1986). The following questions
should be assessed to establish the baseline community
metrics for a site:

1. Is the soil at the site clayey/organic or moderate to
sandy textured?

2. Is the target opening <10 ha, 10-15ha, or >15ha
in size?

3. From the center of the treatment area, is the nearest
forest edge <100 m, <250 m, or >250 m?

4. From the nearest edge to the center of the treatment
area, is the nearest opening <50 m, <100 m, <200 m,
or >200 m?

Ajournal of the Society for Conservation Biclogy

Potential responses to these questions were numeri-
cally scored from —2 to +2 depending on if our results
indicated the effect would be strongly negative (—2),
somewhat negative (—1), no effect (0), somewhat positive
(+1), or strongly positive (+2) to bee abundance, diver-
sity, or rare species comparatively (Table 6).

432 |
ranges

Deriving baseline questions and value

The four questions employed to establish baseline site
conditions collectively represent a simplified understand-
ing of the variables of importance at varying scales. These
questions address local (soil), patch (opening size and
edge effects), and landscape (connectivity) factors that
were found to affect bee abundance, diversity, and rare
species. The values provided as potential answers act as
effect ranges which further address the fitted and interpo-
lated nonlinear relationships and potential interactions
with different experimental treatments and are presented
in a simplified format to facilitate practitioner adoption
and interpretation. We describe the justification for each
question and its value range below and provide detailed
information in supplementary documents.

The first question reflects our findings that bee com-
munities on clayey and organic soils are less abundant
and diverse than that of sandy soils and their unique spe-
cies respond best when the sites are managed with
mechanical means that leave behind organic debris,
while in contrast, bees on sandy sites benefit from
mechanical treatments only when prescribed fires are
performed. Since soil conditions were not an important
predictor of species rarity, the score of this bee commu-
nity metric did not differ with soil type. The values of the
soil variable most fitting in models was a direct reflection
of expert knowledge by NFS staff with a bimodal distribu-
tion (Table S9); therefore, we provided simple answers of
sandy or clayey.

The second question primarily reflects our finding
that bee abundance is highest in openings of intermedi-
ate size with an edge length (km) to open area (ha) ratio
of 0.19-0.21, which corresponded to openings between
10 and 15 ha. Visual inspection of the data identified a
nonlinear relationship with maximum abundance occur-
ring in openings between 12 and 13 ha in size. Therefore,
we decided to interpolate three relationships representa-
tive of smaller, moderate, and larger openings that
affected bees differently based on three criteria focused
on this maximum value as it relates to site edge length to
open area ratios: (1) equidistance from the maximum
fitted wvalue; (2) as hectares for simplicity of
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TABLE 6

Scoring system to establish expected bee community abundance, diversity, and species rarity prior to management, which will

determine which management practices to employ. Expected bee community metrics are each based on four questions (alternate shading)

derived from important soil conditions, opening properties, and landscape context. Bee communities respond differently to management

practices based on these starting criteria. We transformed study findings into a numeric ranking system ranging from 0 to 8, where “8”

represents a high value for a metric. Each site receives an initial value of “4” and points are added or subtracted based on which option best

describes the site, defined as center of the treatment area.

Question

What is the soil texture?

How large is the opening?

How far is the nearest forest edge from the site?

From the nearest forest edge to the site, how far is the nearest
opening?

implementation; and (3) have a standard error that does
not overlap that of the smaller or larger openings outside
of the sizes for which there was the highest abundance.
We found that openings with range boundaries of 9 and
16 ha did not meet the third criteria, and thus used
10 and 15 ha to represent these three ranges (Table S10).
Although it may be expected that bee diversity should
receive a positive score for small (<10 ha) openings since
the proportion of edge habitat in an opening increased
inversely with patch area, we instead assigned this answer
a “—1” based on the influences of patch area and scored
edge effects separately, since it is also influenced by open-
ing shape via the edge length to open area ratio variable.
As previously discussed, proximity (<100 m) of a site to
the forest edge resulted in greater bee diversity. This rela-
tionship for sites <250 m from the forest edge was similar,
but with less magnitude and less certainty and thus, not as
good of a model fit (data not shown). We therefore chose
100 and 250 m to represent the spatial boundaries of edge
effects in question 3. The second and third questions will
thus collectively assign a neutral score (+0) on bee diver-
sity to a very small opening when the center of the target
management area is close (<100 m) to the forest edge,
while a larger opening with the center of a target manage-
ment area close to the forest edge will receive a positive
score (+1). Conversely, support for rare species receives a
greater negative score of “—2” when the opening is small,
reflecting the results of our analyses that support for rare

Species

Response Abundance Diversity rarity
Clayey/organic -1 -2 +0
Moderate— +1 +2 +0
Sandy

<10 ha —1 —1 —1
10-15 ha +1 +0 +0
>15 ha +0 +1 +1
<100 m +1 +1 -1
<250 m +0 +0 +0
>250 m -1 -1 +2
<50 m +1 42 +1
<100 m +1 +1 +1
<200 m +0 +0 +0
>200 m -1 -1 -1

species within any but the largest of openings is dependent
on a lack of landscape diversity within 100 m, with a
strong preference of sparsely vegetated and grassy/
herbaceous cover 250 m from sites; proximity to any other
land cover leads to decreased support for these bees
(Figure 4). Rare bee species of forest openings thus have
the highest probability of inhabiting large openings in sites
away from edges and thus receive a “43” score for this
combination of replies to questions two and three.

The fourth question reflects the influence of opening
connectivity and configuration within the landscape. The
scale at which connectivity and configuration of open
area affected bee metrics was 100 m (abundance) and
250 m (all metrics). Therefore, we made 200 m a range
boundary rather than 250 m to accommodate this imbal-
ance of response distances. We did not specifically
address the variability of connectivity (variable in the best
model explaining abundance) for simplicity, practicality,
and the tight relationship between the connectivity (con-
tiguity) and its variability (Figure S4). Finally, in order to
further accommodate our collective findings that bees in
open areas are functioning primarily at small scales, we
interpolated two additional range boundaries to provide
guidance on openings with greater connectivity. These
include 50 m to reflect inferred bee diversity responses to
narrow widths of forest, as well as 100 m to represent
high connectivity without very narrow forest widths.
Thus, these values (<50, 50-99, 100-199, >199) represent
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distances that our results collectively suggest bees will
respond to differently. Sites of high connectivity (50 and
100 m) are consequently assigned a score of “+1” for bee
abundance and species rarity, while bee diversity is
assigned a score of “42” for sites with the highest con-
nectivity (50 m).

4.3.3 | Application of scores for management
Collectively, different combinations of response values
for these four questions generate a set of scores that
identify the conditions under which conservation inter-
vention is beneficial. For instance, a proposed treatment
area with a score of “7” (abundance), “7” (diversity), “3”
(species rarity) indicates that land managers should
focus their resources on managing for rare species. Sites
that score an average of “2” or less across metrics will be
extremely resource-intensive for land managers to
restore and maintain, and it may be advisable to target
another site to implement management for native bees.
For example, a site with clayey soils that is <10 ha in
size, <100 m from an edge, and isolated from other
openings by at least 200 m will be scored as “2,” “1,” “1”
because it likely has limited resources, very slow recolo-
nization ability, unlikely rescue effects for most popula-
tions following a disturbance, and yet will require a
high management frequency to maintain opening condi-
tions. Considering the anticipated negative effects that
initial management treatments incur (i.e., prescribed
fire), the very small populations at these types of open-
ings will take much longer to recover. There also exist a
few possible response combinations for the bee diversity
metric to result in scores outside of the 0-8 range
(Table S11). In the most extreme case, a very large sandy
site close to the forest edge and with high connectivity
would result in a diversity score of “10.” In this uncom-
mon instance, the diversity score should be treated as
an “8.”

The tabulated BMP content (Table 5) is conve-
niently organized to fit on the front and back of a sin-
gle sheet of paper. Congruent with the order of the four
questions, they depict four columns that are hierarchi-
cally organized and easy to follow. For instance, the
front of the page is dedicated to a reply of “clayey/
organic” soils to the first question. The second question
addressing opening size is the next column and has all
responses contained within the vertical spatial extent
covered by the response “clayey/organic”; this process
continues through all four questions and will lead to a
single set of scores for abundance “A,” diversity “D,”
and species rarity “R” associated with the management
area proposed.

Ajournal of the Society for Conservation Biclogy

4.3.4 | Best management practices

The translation of abundance, diversity, and rarity scores
into suggested practices involves a balanced incorpora-
tion of our results on the effects of opening management.
For instance, our findings clearly indicate that sandy sites
should be burned instead of mechanically treated. Rather
than suggest sites with moderate to sandy soils be only
burned, we suggest that all moderate to sandy soiled sites
be mechanically treated in the first year followed by a fire
treatment. This provides land managers the opportunity
to, for instance, masticate persistent woody shrubs and
then burn the residue to acquire the synergistic benefit of
the treatment combination for bee abundance and spe-
cies rarity, as well as the benefit of fire to bee diversity.
The BMPs are designed to then maintain this fire-driven
system without future mechanical treatments.

The baseline scores of abundance, diversity, and rarity
are based on the assumption that the target site has not been
managed in the previous 20 years. Since lower scores imply a
greater need for management intervention, we adjusted man-
agement intensity by modifying treatment frequencies
needed for bee conservation within alternately shaded,
black-outlined boxes in the BMPs. The “Management” col-
umn is organized such that greater connectivity among open-
ings will always support the most robust bee community
given replies to the first, second, and third questions. Thus, a
site with the nearest opening <50 m away will require the
least amount of management intervention and its BMPs
include only the treatments listed next to it. Alternatively,
sites isolated by more than 200 m will require the most inter-
vention and their BMPs will include the treatments, or their
modifications, listed at the “<50 m,” “<100 m,” “<200 m,”
and “>200 m” responses in a cumulative manner.

For an example, suppose the target conservation site
is sandy, <10 ha in size, >250 m from the forest edge,
and with a connectivity value of >200 m. This scenario
results in A, D, and R scores of “2,” “3,” and “4,” respec-
tively. If the opening was highly connected, the entire
BMP plan would first include a mechanical treatment
immediately followed by a prescribed burn to remove
aboveground woody vegetation, retard invasive herba-
ceous growth, and encourage the fire-tolerant seed bank
to germinate while creating more exposed soil for the bee
community, followed by seedings and pollinator plant-
ings in the first year to take advantage of the newly
exposed soil substrate, followed by another round of pol-
linator plantings the second year. The site is expected to
be maintained for the purposes of bee conservation
through prescribed fire every 4-5 years with a similar fre-
quency of spot herbicide application to control invasive
or weedy plants. Since the target opening is isolated in
the landscape, the BMP plan is modified to include
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(1) additional pollinator plantings every 5 years to further
support bee abundance and diversity, (2) an additional
mechanical treatment followed by a regularly scheduled
burn to support bee abundance and rare species, and
(3) an increase in fire frequency to support all aspects of
the bee community. This organization allows BMPs to
differentially address properties of a site while providing
land managers with a compact and easy-to-follow
document.

4.4 | Flexibility and limitations
Our BMPs are unique in that they are address sites based
on local and landscape properties, simultaneously
address multiple aspects of the bee community including
rare species, are easy to understand, and directly incorpo-
rate landscape context, soil conditions, and differential
effects of management practice (treatment) combina-
tions. Though highly relevant to the Great Lakes Region,
their precision may limit application to other regions and
systems. For instance, other temperate systems may
require the implementation of different restoration prac-
tices (e.g., grazing, scarification, biochar) or include
openings within a matrix of forest cover with different
resources available to the bee community (e.g., Rivers &
Betts, 2021). Since the evaluated management practices
were employed for a variety of restoration objectives
focused on restoring or maintaining the opening, our
findings do not directly address management of habitats
intermediate between open- and closed-canopy
(Odanaka & Rehan, 2020; Zitomer et al., 2023). Further,
all prescribed fire dates were in April or May and pre-
dominantly of moderate intensity, which may influence
bee responses (Galbraith et al., 2019). We also did not
request high-resolution information from NF personnel
such as environmental conditions in which treatments
were applied (e.g., cloudiness, time of day, wind speed).
Since we did not have details on the size or configuration
of the managed area within an opening for every treat-
ment, we could not include this information in our ana-
lyses. Though this information would surely increase the
precision of our results, our study instead included
the differences in these details as variation in the models,
some of which may have been accounted for with the
random effect of National Forest. Furthermore, the main
objective of this project was the production of BMPs,
which are not quantitative predictions but rather derived
from simplified quantified patterns (Shamberger and
O'niel, 1986).

Abundance and Shannon diversity are common met-
rics employed to understand the complexities of commu-
nity structure, though the use of other diversity metrics

or weights, such as mass (Miiller et al., 2006) may have
influenced our results. To fulfill this need for a
species-specific index that included life history traits, we
developed SpORtI (Cunningham-Minnick et al., 2022).
Modeled rarity scores from SpORtI indicated that rare
bee species in open habitat are a subset of the broader
open-habitat community and are very sensitive to
changes in community composition of plants within
opening interiors. As the first application of the index,
additional studies will be needed to validate its general
reliability for bees or other taxa. We emphasize that
SpORtI's ranking system takes advantage of the fact that
“rarity” is a relative measure and restricts its application
to species of the dataset and is representative of relative
support that a site provides to rare species. Therefore,
SpORtI output in this study provided great insight to
regionally rare species of openings within a forest matrix,
but does not address rare species in the surrounding for-
est since all bees were sampled within openings
(Cunningham-Minnick et al., 2022).

This study did not sample the bee or plant commu-
nity within the forest matrix and thus, our results and
derived BMPs cannot be applied to forested areas. Fur-
ther, these openings are large and not representative of
small canopy gaps. Many studies have demonstrated
the important role of forests in supporting bee commu-
nities (reviewed in Ulyshen et al., 2023). While our find-
ings support the conclusions of others that forest cover
is important in supporting aspects of opening bee com-
munities within a forested landscape, details of the sur-
rounding forests were not controlled for, nor considered
in the analyses of this study. Thus, our approach
applied to future studies that include sampling in open-
and closed-canopied sites across forest-dominated land-
scapes would provide further insights on appropriate
management actions to enhance and conserve bee com-
munities of open- and closed-canopy habitat across the
landscape.

5 | CONCLUSION

Soil conditions within forest openings play a key role
structuring plant and bee communities as well as the
appropriate management actions for native bee conserva-
tion (notably, for moderate—sandy soils, there is no com-
bination of factors that results in an opening not worth
managing). Opening and landscape configuration and
composition play an important role in supporting native
bee communities, and these factors can help inform land
managers which opening should be a conservation prior-
ity. Rare species, abundance, and diversity of the native
bee community can be simultaneously managed for in
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forest openings through strategic employment of individ-
ual and combined practices already in place throughout
the Great Lakes Basin.
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