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Abstract

Wild bees are undergoing global declines due to multiple interacting stressors including habitat
loss, pesticides, climate change, and interactions with managed and non-native species. These threats are
especially prevalent in agricultural landscapes, where natural habitats are replaced with intensively
managed monocultures and bees are exposed to agrochemicals and managed pollinators. Pollinator-
independent crops - those not reliant on animal pollination for yield or quality - may still support wild bee
communities. Chapter 1 presents a systematic review of wild bee conservation research in pollinator-
independent crop systems. The review shows strong geographic and crop biases, with commonly studied
factors influencing wild bees including ground vegetation management, pesticide use, and surrounding

landscapes.

Chapter 2 explores how management practices influence wild bee communities in one such
pollinator-independent crop, the wine grape (Vitis vinifera). Bee surveys across commercial vineyards
showed that reduced between-row mowing consistently supported higher bee abundance and diversity. In
contrast, practices like uniform cover cropping, organic production, and certified sustainable management
had limited or sometimes negative impacts, suggesting the need for more targeted approaches and further
research. Chapter 3 further examines how vineyard bee communities are impacted by local- and
landscape-scale variables. Surrounding land-uses and soil factors within a 300m radius around vineyards
were analyzed to determine their influence on bee abundance, diversity, and functional traits. Results
reveal that wild bees were positively associated with a higher proportion of surrounding semi-natural
habitats while sites with coarser soils supported more ground-nesting bees, highlighting the importance of
considering both nesting and foraging resources for wild bee conservation and research in

agroecosystems.

Chapter 4 investigates whether wild bees use floral resources provided by pollinator-independent

crops by documenting foraging activity on wine grape flowers. Very few bees were observed using



grapevine pollen, though some species from Apidae, Andrenidae and Halictidae were recorded. This
suggests that wine grapes alone provide minimal floral resources for bees, emphasizing the importance of
non-crop vegetation for sustaining bee populations in vineyard landscapes. Together, this thesis provides
new insights into bee conservation within pollinator-independent crop systems and highlights practical

strategies and research gaps for enhancing wild bee communities in agroecosystems.
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(p<0.1, based on 999 permutations, black font); Floral ab = floral abundance (r*= 0.26, p=0.03) and
CC_per = percentage of flowers from cover crops in mid-summer months (r>=0.19, p=0.09). Also shown
are the flower species that were significantly correlated with the ordination (p<0.05), highlighting species
that largely contribute to community variation (orange font). Redundant species with overlapping vectors
were removed for clarity: Asclepias syriaca, Hieracium lachenalii, and Linaria vulgaris (redundant with

Arabis hirsuta).
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Chapter 3

Figure 1: Vineyard sites for bee sampling across the Niagara Region, ON created in ArcMap Pro 3.0.2
(Esri, Redlands, CA) with the Canada Topographic, Canada Hillshade, and World Topographic Canadian
Style basemaps. Different shapes indicate the vineyard management type at each site while different
colours indicate whether the site was sampled for one year (2021 or 2022) or two years.

Figure 2: Significant (p < 0.05) landscape, soil, and vineyard management variables associated with bee
abundance, identified through model averaging of the top Generalized Linear Models (AAICc < 2).
Separate models were run for each year, with 2021 data shown as circles and 2022 data as triangles. In
2021, significant predictors were slope (A) and soil texture (B) and in 2022 they were the percent of semi-
natural land (C) and between-row vegetation height (D). Soil and landscape variables were measured
within a 300m radius of each site. Each graph shows raw data points of total bee abundance per site (y-
axis) overlaid with fitted trendlines.

Figure 3: Significant (p < 0.05) landscape and vineyard management variables associated with bee
species richness, identified through model averaging of the top Generalized Linear Models (AAICc < 2).
Separate models were run for each year, with 2021 data shown as circles and 2022 data as triangles. In
2021, significant predictors were the percentage of semi-natural lands (A) vineyard management type (B)
and in both years between-row vegetation height (C). Landscape variables were measured within a 300m
radius of each site. Each graph shows raw data points of total bee species richness per site (y-axis)
overlaid with fitted trendlines for continuous predictors and as boxplots for categorical predictors. For
categorical variables, Tukey post-hoc comparisons based on model-estimated marginal means are
indicated by different letters (p<0.05).

Figure 4: Significant (p < 0.05) soil and vineyard management variables associated with the Shannon
diversity index of bee species, identified through model averaging of the top General Linear Models
(AAICc < 2). Separate models were run for each year, with 2021 data shown as circles and 2022 data as

triangles. In 2021, significant predictors were soil texture (A) and in both years between-row vegetation
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height (B). Soil variables were measured within a 300m radius of each site. Each graph shows raw data
points of Shannon diversity index per site (y-axis) overlaid with fitted trendlines.

Figure 5: Non-metric multidimensional scaling (NMDS) of bee community composition at vineyard sites
in 2021 (n=20) based on Bray-Curtis dissimilarity of Hellinger-transformed abundance data (stress=0.20).
95% confidence ellipses indicate different vineyard management categories (Permutational Multivariate
Analysis of Variance F=1.78, R*= 0.17, p=0.009). Vectors represent significantly correlated bee functional
traits (community weighted means, CWM) and local, landscape, or soil variables (p<0.05, based on 999
permutations). Soil and landscape variables were taken from a 300m radius buffer around each site.
Figure 6: Non-metric multidimensional scaling (NMDS) of bee community composition at vineyard sites
in 2022 (n=24) based on Bray-Curtis dissimilarity of Hellinger-transformed abundance data (stress=0.18).
95% confidence ellipses indicate different vineyard management categories (Permutational Multivariate
Analysis of Variance F=1.92, R*= 0.15, p=0.007). Vectors represent significantly correlated bee functional
traits (community weighted means, CWM) and local, landscape, or soil variables (p<0.05, based on 999

permutations). Soil and landscape variables were taken from a 300m radius buffer around each site.

Chapter 4

Figure 1: Site locations of vineyards where observations of the bee visitors to Vitis vinifera flowers
occurred. At each site, one cultivated variety was observed as indicated by the different colours. Sites
were sampled in either 2021 (9 sites), 2022 (4 sites), or in both years (10 sites). Sites sampled in both
years are represented by larger circles whereas smaller circles represent sites sampled in only one year
(either 2021 or 2022).

Figure 2: Images captured of bees foraging on Vitis vinifera flowers outside of timed transects. Images
were taken as either a still photograph or a screenshot from a video recording. The year and variety
associated with each image from top-left to bottom-right are as follows; A: 2021 Gewilirztraminer, B:
2021 Gewilirztraminer, C: 2021 Syrah, D: 2021 Gewiirztraminer, E: 2022 Gewiirztraminer, F: 2021 Pinot

Gris/Grigio. Photos by Briann Dorin and Ryanna Baich.



Preface

Growing concern has mounted over global evidence of pollinator declines including unexplained
losses of honey bee colonies, reductions in wild bee species richness, and range contractions across taxa.
With no single cause, pollinator declines have been attributed to multiple, interacting threats, including
habitat loss, pesticide exposure, climate change, and negative interactions with non-native and managed
pollinator species such as the spread of pests and disease. To halt these declines, and ideally reverse them,
it is essential to manage landscapes in ways that reduce pollinator exposure to these threats and mitigate
negative impacts. Agriculture represents one of the largest human land uses and the way that these lands
are managed carries profound implications for pollinator conservation. Increasing interest in sustainable

food systems underscores the need for research on how agricultural practices influence pollinators.

This thesis focuses on a specific subset of agricultural systems that has received little attention in
the context of pollinator conservation: pollinator-independent crops. These crops do not require or
substantially benefit from animal pollination, relying instead on self-fertilization or abiotic factors like
wind. Unlike pollinator-dependent crops, their management may be undertaken with limited consideration
of pollinators. However, the lack of dependence does not necessarily imply a lack of pollinators in and
around these crop lands. Pollinators may still visit crop flowers for food (ex. pollen), forage on weedy or
non-crop plants within these systems, or nest in adjacent habitats. As such, pollinator-independent crops
can provide important opportunities for conservation, and their managers may be motivated to adopt

pollinator-friendly practices as part of broader sustainability goals.

This thesis is organized into four chapters on the topic of wild bee conservation in pollinator-
independent crop systems. Chapter 1 presents a systematic review of the current state of knowledge on
wild bee conservation in pollinator-independent crops, synthesizing available evidence, identifying
knowledge gaps, and highlighting promising interventions. Chapter 2 presents a case study in wine

grapes, a pollinator-independent crop system in the Niagara Region of Ontario, Canada. Here, I examine



wild bee responses to common vineyard management practices with the goal of providing growers with
evidence-based recommendations. Chapter 3 builds on this work by investigating which spatial scales
most strongly influence wild bee communities in vineyards. By comparing wild bee responses to vineyard
management, surrounding land-uses, and soil characteristics, this chapter aims to highlight the factors
which shape bee communities, taking into account functional traits such as nesting requirements and
foraging ranges. Chapter 4 examines whether wild bees utilize wine grape pollen as a foraging resource
by documenting foraging behavior during grapevine bloom. This chapter evaluates the nutritional
opportunities and risks vineyards present for bees, filling a key knowledge gap in the conservation of bees

within this pollinator-independent crop.

Together, these chapters address critical questions about how pollinator-independent agricultural
systems can be managed to better support wild bees. By generating new ecological insights and practical
recommendations, this work aims to inform sustainable agriculture policy and practice in Canada and

beyond.



Chapter 1: Introduction - A review of bee conservation in
pollinator-independent crop systems'

Abstract

Wild bees are facing global declines due to interacting threats such as habitat loss, pesticide
exposure, pests and pathogens, and climate change - many of which are intensified in agricultural
landscapes. While extensive research has focused on promoting pollinators in crops that benefit from
animal pollination, less is known about wild bee conservation in pollinator-independent crops. This is
despite their prevalence for global food production and the likelihood that bees are still exposed to various
threats in these systems. This systematic review analyzed 34 peer-reviewed studies examining the effects
of local and landscape variables on wild bee abundance and diversity in pollinator-independent crop
systems. Most studies were conducted in Europe and North America, with grapes, wheat, and olives being
the most frequently studied crops. Several major pollinator-independent crops (e.g., maize, rice,
sugarcane, barley) were understudied or unstudied. Across studies, common variables examined included
landscape composition, pesticide/fertilizer use, and ground management practices. Results showed that
increased within-field floral and vegetation resources, reduced pesticide inputs, and greater amounts of
semi-natural habitat in the surrounding landscape often had positive effects on wild bee communities.
However, there was high variability in methodologies and sampling intensity across studies, making
broad conclusions challenging. This review highlights key knowledge gaps in crop types and geographies
and underscores the potential of pollinator-independent crop systems to support wild bees. Expanding
research in these systems can strengthen conservation efforts in agricultural landscapes beyond traditional

pollination services.

1 Briann Dorin was responsible for research desigh and conceptualization, data collection, analysis, and writing.
Sheila Colla provided supervision and feedback throughout the project.



Introduction

Wild bees play a vital role in pollinating both wild flora and agricultural crops, yet growing
evidence indicates that wild bee species are declining on a global scale (Zattara and Aizen, 2021). With
more than 20, 500 species worldwide, the consequences of these declines are challenging to predict and
will likely differ by region. In general, they pose risks such as reduced food stability and crop yields,
cultural and aesthetic losses, and detrimental effects on wild plants and broader ecosystems (Dicks et al.,
2021). The primary threats to bees include pesticide exposure, habitat loss, climate change, and the spread
of pests and pathogens from managed and non-native species (Goulson et al., 2015; Dicks et al., 2021;
Lima et al., 2022). Many of these pressures are particularly prevalent in agricultural areas, where bees are
exposed to a variety of pesticides including insecticides, fungicides, and herbicides, face extensive land-
use changes that reduce habitat availability, and may encounter non-native species such as non-native
managed bees introduced for crop pollination (Zattara and Aizen, 2021). Moreover, these threats can
interact with one another to intensify their effects - such as simultaneous exposure to multiple pesticides
increasing their toxicity or pesticide exposure combined with nutritional stress weakening bees’ immune
response to pathogens (Goulson et al., 2015). This highlights the importance of addressing the threats
facing bees in areas where threats are prevalent and co-occurring and, thus, where risks to bees may be
heightened. Agricultural landscapes are one such environment where further research and targeted action
are essential for bee conservation.

Significant research has been conducted to address bee conservation in agricultural landscapes
(Kennedy et al., 2013). However, research on this topic varies widely in terms of the crop systems and
geographies studied, as well as in the specific variables examined for their impacts on bees, including
various local factors, which encompass various farm management practices within individual crop fields
or margins, and broader landscape-level factors, which refer to features outside the crop field (reviewed
below). Local farm management variables investigated may include tillage, mowing, intercropping, cover
cropping, crop rotations, spray regimes, sustainability certifications, perimeter plantings, and hedgerows,

among others (ex. Clausen et al., 2022). Landscape variables often encompass the proportion of natural or



semi-natural lands, developed lands, and other crop types within set distances from the crop field, or may
focus on metrics such as landscape heterogeneity, habitat-patch size, or connectivity (ex. Vega et al.,
2023). While studies have investigated these topics, it remains critical to conduct this research across a
diversity of crop systems and geographic regions, given the substantial differences in bee communities,
farm management options, climate, and land uses across regions and crop types (Kehinde et al., 2018;
Kratschmer et al., 2019). For example, research has shown that the pesticide residues in pollen, a major
threat facing bees, differs significantly in pollen collected from different crops (Pettis et al., 2013). Other
research has shown that certain crops and semi-natural lands may be more important for bees than others
(Rollin et al., 2019). Therefore, factors such as the practices farmers are willing to implement in specific
crop types growing within a specific area are important to consider (Acchiardo Vallejo, 2017).

Due to the large number of studies on the topic of conserving or promoting pollinators or
pollination in farmlands, several review papers have been published on this general topic. Two non-
systematic reviews focused on the importance of weeds for bees (Bretagnolle and Gaba, 2015; Rollin et
al., 2016) and one on the importance of floral resources within and around farmlands for bees (Nicholls
and Altieri, 2013). Several studies have looked at the impact of various agricultural variables on crop
pollination or crop pollinators including the impact of biologically diversified farms (Kremen and Miles,
2012), pollinator habitat provision (Venturini et al., 2017), and semi-natural habitats (Holland et al., 2017,
Ricketts et al., 2008). Kovacs-Hostyanszk et al., (2017) critically assessed the effects of several ecological
intensification practices (ex. intercropping) on pollinators and crop pollination. In another more recent
study, a meta-analysis was performed by Zamorano et al., (2020) to determine the impact of crop field
margin floral enhancements (flower strips and hedgerows) on pollinator abundance or richness in crop
fields as well as crop flower visitation and yield. More recently, Tschanz et al., (2024) reviewed 10 papers
on the impacts of tillage on ground-nesting bees while Duque-Trujillo et al., (2023) reviewed 55 papers to
determine the most prevailing agricultural elements that positively impact bee abundance or diversity in
crop fields. Shackelford et al., (2013) performed a meta-analysis on 46 studies that compared pollinator

and/or pest-predator responses to local and landscape complexity around crop fields. Lastly, Kennedy et



al., (2013) synthesized findings from primary research papers and unpublished data across 39 crops to
assess the effects of local and landscape factors on bee richness and abundance in farmlands.

While these reviews are extensive, many focus on crop pollination, crop flower visitors, or
pollinator-dependent cropping systems. In the Kennedy et al. (2013) review of 39 crops, none of the
included data came from pollinator-independent crop systems. However, pollinator-independent crops
may still offer significant opportunities to support and conserve bees within broader agricultural
landscapes and should not be overlooked. In fact, the top four global food crops by total production are
pollinator-independent (Klein et al., 2007). And while bees may not visit pollinator-independent crop
flowers frequently (Dorin and Colla, 2024) these systems can still pose high risks to bees through
pesticide exposure, such as spray drift onto surrounding flowers (Simon-Delso et al., 2017), as well as
through habitat loss (Cane and Tepedino, 2001). Thus, it is still important to determine strategies to
protect bees within pollinator-independent crop systems. It is also crucial to identify geographic regions
where research on this topic is lacking, as findings may vary by country or region. For example, the
Ricketts et al. (2008) meta-analysis on the relationship between semi-natural habitats and crop flower
visitation found a stronger effect in tropical regions compared to temperate regions. And yet, many global
regions may be largely lacking data. In a study on the research looking at the relationship between
pesticide exposure and bees, most publications had come from the U.S. and Europe with many global
regions having no or few studies on the topic (Abati et al., 2021). Another study reviewing neonicotinoids
and their impacts on bees demonstrated similar results (Lundin et al., 2015). Therefore, the goals of this
review are to: 1) highlight understudied pollinator-independent crops and geographies in terms of wild
bee conservation, 2) identify the local and landscape variables investigated for their impacts on wild bees
to determine underrepresented research areas, 3) compare the methodologies used across studies to
identify common approaches and opportunities for improvement in future research, and 4) synthesize the
current state of knowledge on successful local- and landscape-scale interventions for wild bee

conservation in pollinator-independent crop systems.



Methods

Pollinator-independent crops were determined using Klein et al. (2007) which synthesized the
pollinator dependence of the leading world crops for human consumption, in terms of global production
(Mt), using information from the Food and Agriculture Organization of the United Nations (FAO).
Commodity crops, which are groups of less commonly grown individual crops categorized by FAO under
one commodity (ex “tropical fruits”), were not included in the analysis due to the focus on crop-specific
research. In total, Klein et al., (2007) determined there are 57 leading single crops with an annual
production > 4 million Mt. Of these crops, 39 have some benefit from animal pollination while 18 were
considered pollinator-independent, showing no benefit from animal pollination (Table 1).

The search engine Web of Science was used to search for primary research papers on the topic of
bee conservation in agricultural lands for the top global pollinator-independent crops (see Figure 1 for the
PRISMA flow diagram (Page et al., 2021)). Specifically, studies looking at the responses of bee
abundance and/or diversity to either on-farm management practices and/or surrounding landscape factors.
Two primary searches were conducted, one with specific crop names and one with a general pollinator-
independent crop search. Search terms and their Boolean operators were determined based on an
exploratory analysis of relevant papers and using an iterative procedure that added, removed, and adjusted
search terms to find a reasonable level of scope - one that would exclude a large number of highly
irrelevant papers (primarily, those focused on other crops, pollination services, or other taxa) but would
capture the broad nature of the research questions. Search terms are included in Appendix A for both
searches. In general, both searches required the title to mention pollinators, animals or wildlife as well as
at least one term related to sustainable agriculture, crop management, or landscape factors. The abstract
then required the specific mention of bees (to exclude papers that focused on other taxa or that did not
separate bees from pollinators or other insects) and any of the 18 pollinator-independent crop names
(crop-specific search) or any combination of terms that would capture pollinator-independent crops more
generally (general pollinator-independent crop search). The latter search included the term cereals due to

the high number of papers that describe cereals rather than specific crop names for some of the target



pollinator-independent crops (ex. wheat, barley). The search was limited to research articles, English
language documents, and those published in the last 20 years.

From these two initial searches, titles and abstracts were screened to exclude studies that did not
sample wild bees or did not assess local or landscape parameters in at least one of the target crops. Studies
were retained at this stage if their relevance was unclear. In this initial scan, papers were excluded
primarily for the following reasons: studies only investigating honey bees, managed bees or only one or
two species or those that only sampled floral resources. Many papers were also excluded due to being
pollination studies, breeding experiments, occurring in a non-pollinator-independent crop, or were
occurring in a non-agricultural environment. Pesticide residue investigations were also excluded including
in bee tissues, bee products (ex. pollen traps) or in flowers. Other reasons for exclusion included social
science investigations, modelling-based studies, methods-based research (ex. comparing sampling
techniques), or highly irrelevant papers (ex. bee-product medicinal properties, computer vision models for
crop disease detection etc.). Studies were retained that looked at groups of bees such as an entire genus or
a functional group (ex. Bombus, leaf-cutter bees, or cavity-nesting bees) which was often the result of the
methods used to sample bees (ex. trap nests). Duplicate papers from both searches were removed. The
remaining studies were then scanned across their full text to ensure they met the review criteria, which
included confirming the crop(s) studied, response variables investigated (wild bee abundance and/or
diversity), and the local and/or landscape variable(s) researched. Studies were primarily removed during
this phase for two reasons — one being that they did not separate results of wild bees from other taxa
groups (ex. pollinators) or the second reason being studies that sampled across multiple crop types which
included at least one pollinator-dependent crop. This was often due to the study comparing various crop
types (ex. mass flowering crops vs anemophilous crops, perennial vs annual crops, traditional crops vs
bioenergy crops etc.) or simply due to sampling in multiple crops to investigate general agricultural land
uses. Studies that primarily focused on methodological comparisons (e.g., pan traps vs. netting) or on the
pollination of select plants across habitat types were also excluded as were studies that did not report bee

abundance and/or diversity metrics (ex. those reporting only plant-pollinator networks, functional traits,



or community composition), as these measures were not consistently reported or analyzed across studies,
making direct comparisons difficult. For studies that occurred in “cereals” they were included in the
analysis if the methods clearly stated which cereal crops were studied and that they were all pollinator
independent. Studies that specifically examined fallow land or crop rotations were also included, as these
are common practices in several pollinator-independent cropping systems (Campbell et al., 2024).
However, to maintain consistency and ensure the focus remained solely on pollinator-independent crops,
papers were only retained on this topic when the focal crop(s) sampled were pollinator-independent.
Additionally, two papers were removed due to their official publication date being beyond the target
range.

From each study, the following variables were extracted, where possible: the year of publication,
the location of the study (country/countries), the crop(s) sampled, the local and landscape variables
examined, the bee sampling methods used, the temporal span of sampling within a season (~number of
months) and across seasons (number of years), the abundance and species/taxon richness of bees
recorded, and the significant results - the latter referring to results which were significant in at least one
year and one location/country (as reported by each study, commonly p<0.05). Results regarding metrics
reported beyond bee abundance and diversity (ex. richness, Shannon diversity index) were not included as
these were the most commonly reported result across studies that could be easily compared and
summarized consistently. Thus, results such as bee functional traits, community composition, temporal
stability, beta or gamma diversity, subsets of the overall bee pool (ex. certain taxa), or plant-pollinator
networks were not summarized. Only methods and results specific to bees were reported, excluding
information regarding the sampling of other insects, plants, or other taxa. Furthermore, for studies that
reported data both including and excluding honey bees, the results were reported without honey bees.
However, several studies retained honey bees alongside other bee species or did not specify whether

honey bees were excluded or not.
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Results

In total, 34 peer-reviewed primary research papers on the topic of wild bee conservation in
pollinator-independent crops have been published in the last 20 years (since 01-01-2005) (Table 2,
Appendix B for list of references). The pollinator independent crops with the most research papers on the
topic are grapes (N=14), wheat (N=11), and olives (N=5) (Figure 2A). Other crops studied include maize
(N=2), chickpea (N=1), and rice (N=1). This leaves several pollinator-independent crops largely
understudied on this topic, with the following crops having no papers that met the review criteria: garden
pea, sugar cane, sugar beet, barley, sorghum, millet, oat, lettuce, rye, triticale, spinach, and date palm.
However, both barley (N=2) and maize (N=1) were additionally sampled as a secondary crop in some
papers - meaning that they were either additional fields sampled but in much fewer numbers or they were
used to compare to the primary crop. Of all the papers sampled, regarding the primary crops studied, 44%
of papers occurred in annual crop systems and 56% in perennial crop systems (Figure 2B).

The geographic distribution of this research spanned 4 continents, with the majority of studies
taking place in Europe (69%) followed by North America (14%), Africa (11%) and Asia (6%) (Figure
3A). Of these regions, the country with the most research on this topic was Germany with 8 papers,
followed by the United States with 5 papers, South Africa and Austria both with 4 papers, France, Italy,
Greece and Spain each with 3, and India, Hungary, Belgium, the Philippines, Switzerland, and Romania
each with one (Figure 3B). Multiple studies conducted their research in multiple countries and for these
results each country sampled was counted as a tally of one to accurately represent the spatial distribution
of research effort. The temporal distribution of this research showed a clear increase on the topic after
2017 (Figure 4). Only 21% of papers were published prior to 2018 (N=7) while 79% were published in
2018 onwards (N=27) with the largest publication year occurring in 2018, specifically, producing 8 papers
in that year alone.

Across studies, where many papers investigated multiple local and/or landscape variables and
each variable was counted as a tally of one per study, the most commonly examined variable was the

composition of the surrounding landscape (N = 22) (Figure 5). This includes research papers that looked
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at different land types and land uses around crop fields at varying radii or distances such as the proportion
of land that is natural or semi-natural (which was the most commonly investigated landscape composition
variable) as well as various crop types, non-crop land and developed land, or other land uses relevant to
various regions and research contexts (ex. woody habitat for above-ground nesting bees) (Table 2). The
second most commonly studied variable was the use of pesticides and/or fertilizers within crop fields
(N=15). This category primarily consisted of studies comparing organic to conventional crop management
but also included studies on integrated pest and pollinator management (IPPM) or studies looking at
specific pesticide and/or fertilizer uses such as different types or application frequencies. The third most
commonly studied variable was ground management (N=14) which included investigations into the non-
crop vegetation occurring within the crop fields themselves and the various practices that impact this
vegetation. This research often looked at either intercropping, within-field cover cropping or floral
plantings, or herbicide and mechanical vegetation removal practices (ex. tillage, mowing). These studies
often quantified ground cover and vegetation resources through measurements of vegetation percent
cover, vegetation height, and/or floral resources such as the abundance and diversity of flowers. The
fourth most commonly studied variable was the surrounding landscape structure (N=9) which included
aspects of landscape configuration such as habitat patch size, shape, and the distance to specific elements
(ex. natural or woody elements). Other variables that were less commonly investigated include four
studies on various aspects of soils, slope and/or elevation, two studies on flowering field margins or
flowering fields neighbouring crop fields, two studies on crop rotations and/or fallow land management,
and one study that specifically looked at vineyard orientation and terracing.

A variety of bee sampling methods were used across studies. For studies that employed multiple
methods, each method was counted separately as one instance, consistent with how results were tallied.
The most common methods used were pan trapping (N=17) and netting (N=16) (Figure 6A). One study
additionally used an aspirator alongside netting, which was grouped in with netting for this review. Five
studies also used visual observations of bees, either for all bees or for select groups that are easier to

identify on the wing (ex. bumble bees). Four studies used sampling methods specific to bee nesting
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behaviours or overwintering including three studies using trap nests to sample cavity-nesting bees and one
study using emergence cages (with pan traps inside) to sample overwintering bees. Other less commonly
used methods include window-intercept traps (N=2), yellow sticky traps (N=2), and blue vane traps
(N=3). Most studies sampled bees for 3 months within a growing season (N=11) and the majority of
papers sampled bees for a minimum of two months, with only one study sampling bees for just one month
(Figure 6B). However, most studies (N=19) only sampled bees for one year/growing season, with twelve
studies sampling for two years, two studies for three years, and one study for four years (Figure 6C).
Across studies, where reported, the number of bees collected ranged from 51 - 8710 bees, though
it is important to note that some studies retained honey bees in these numbers and the sampling intensity
varied drastically across studies (Table 2). Bee species or taxon richness, where reported, ranged from 6-
340 species/taxa. Most of these studies identified bees to species level or morphospecies, where uncertain,
with only one paper identifying all bees to genus level only. It is also important to note, however, that
some of these studies only looked at specific groups of bees. For example, the paper with 6 species
investigated leaf-cutter bees only. Across studies, several local and landscape variables showed a positive
impact on bee abundance and/or diversity (ex. species or genus richness, Shannon diversity index) in at
least one year and/or country investigated. Several studies showed a positive impact of greater local
vegetation or floral resources within and along crop fields - either naturally occurring or as a result of
practices such as planting flowering fields or margins, reduced tillage, intercropping, or planting floral
strips or cover cropping (N = 16). Several studies showed a positive impact of reduced pesticide or
fertilizer usage (N=2), [IPPM (N=1) or organic management (N=7). Several landscape factors showed
positive impacts on bees including the amount of forests, woody or shrubby habitat (N=4), natural or
semi-natural habitat (SNH) (N=4), or non-crop habitat, uncultivated fields, or less crop area (N=3).
Landscape level fallow (N=2), landscape diversity or complexity (N=2), slope (N=1), artificial entities
(N=1), and a specific bee-habitat metric (N=1) also positively impacted bees. Landscape configuration
metrics were also important including the distance to woody habitats or SNH (N=2), smaller crop field

sizes (N=1), or the mean shape index for habitat patches (N=1). Overall, several variables were shown to
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consistently positively impact bees - especially practices that enhance local floral and vegetation
resources, that reduce pesticide exposure and toxicity, and that enhance the amount of natural and semi-
natural lands in the surrounding landscape.
Discussion

This systematic review highlights several areas where further research is needed to fully
understand the potential for wild bee conservation in pollinator-independent crops. Notably, several crops
had no research on this topic that met the inclusion criteria, including garden pea, sugar cane, sugar beet,
barley, sorghum, millet, oat, lettuce, rye, triticale, spinach, and date palm. Interestingly, the majority of
research was concentrated in just three crops: grapes, wheat, and olives, which together accounted for 30
of the 34 studies reviewed. The reasons for this disproportionate focus are unclear, though it may relate to
factors such as the farm-gate value of these crops, the regions where they are primarily grown and the
corresponding support for pollinator-related research, the nature of crop management and available bee-
beneficial practices, or the level of interest from producers or industry in pollinator conservation. Another
factor that may have contributed to this crop-bias is the requirement that papers be published in English,
which likely excluded research conducted in countries or regions where English is not the primary
language and where studies are published in other languages. Still, the findings underscore the need to
expand this research to other major pollinator-independent crops such as maize, sugarcane, and rice, for
which little published research currently exists. This is particularly important given that these crops,
alongside wheat, made up approximately half of global primary crop production in 2023 (FAO, 2023).

Some crops, such as maize, may have been more widely studied if the inclusion criteria had not
been as strict regarding studies that sampled both pollinator-independent and pollinator-dependent crops.
Several studies were excluded because they sampled within common crop rotations such as maize-
soybean systems, where data from soybean, a pollinator-dependent crop, excluded the study from the
analysis. Similarly, papers that examined broader agricultural landscapes containing a mix of crop types
were also excluded, though they may still offer valuable insights into bee conservation in pollinator-

independent systems, particularly in relation to landscape composition and configuration. It is also
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possible that the search terms used in this review did not fully capture all regionally specific crop
management practices or landscape characteristics, potentially leading to an underrepresentation of
research on certain crops or regions. Lastly, the comprehensive review by Klein et al. (2007) was used to
determine which pollinator-independent crops to include in the analysis. However, this paper is now
somewhat dated and may not reflect important variation in pollinator dependence among newer cultivars
or findings from more recent research (Siopa et al., 2024). Consequently, some of the crops in this review
may no longer be considered strictly pollinator-independent. In addition, crops that require animal
pollination only for breeding purposes, such as potatoes (Klein et al., 2007) were excluded. Future
research on this topic may consider including crops with low pollinator dependence, where even limited
benefits from pollinators may justify conservation efforts.

There was also a clear geographic skew in the research on this topic, with most studies
originating from Europe or the United States, likely in part due to the English-language requirement of
the search criteria used. However, this may also be partly due to the focus of this review on individual
pollinator-independent crops, which limits the inclusion of smallholder mixed or subsistence farms -
farming systems more common in regions outside North America and Europe (Scheader et al., 2018).
Moreover, many European countries have placed strong political emphasis on pollinator conservation,
with several national and regional pollinator protection policies in place (Underwood et al., 2017). These
policies often encourage pollinator conservation in agricultural landscapes and help address key research
gaps on this topic. Finally, most studies on this topic were published after 2017, aligning with the growing
emphasis on pollinator conservation research and policy over the past decade (Underwood et al., 2017;
Abati et al., 2021).

There was also considerable variation in the methodologies used across studies. While most
papers employed pan traps and/or netting, commonly used methods for sampling wild bees in a variety of
contexts, other methods, such as trap nests or emergence traps sampled only a subset of the wild bee
community (Klaus et al., 2024). Additionally, passive sampling methods like blue vane traps may be

preferred in certain agricultural research contexts, as they can be left in fields for longer periods and may
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cause fewer disruptions to farming activities (Acharya et al., 2022). Some methods, such as visual
observations, generally lack the taxonomic resolution required to identify bees to the species level and,
therefore, may not be sufficient to fully assess impacts on bee diversity. However, in the included studies,
visual observations were often used to supplement other sampling techniques. It is also worth noting that
approximately half of the studies included in this review sampled additional insect taxa beyond bees (data
not included). These included other pollinators (e.g., butterflies, syrphid flies), as well as pests and pest-
predators. Some of these studies used less bee-targeted methods, such as yellow sticky traps, which are
more appropriate for sampling broader arthropod communities. Others used additional techniques not
detailed here to sample non-bee taxa, such as pitfall traps. Emerging sampling technologies like
environmental DNA (eDNA) may further expand future research capabilities (Kestel et al., 2022).

A high level of variability in the temporal aspects of bee sampling was found, particularly in
terms of sampling across years. Most studies sampled bees for three or more months within a growing
season, which is important given that bee communities can vary substantially over time (Turley et al.,
2022). However, the frequency of sampling within those months was not assessed, and some studies
sampled bees only a few times during that period. Furthermore, most studies sampled bees for only one
year, which presents a challenge as bee communities can also vary significantly between years (Turley et
al., 2022). Moreover, several multi-year studies sampled different sites or fields in different years and had
large differences in the number of sites sampled each year (Magagnoli et al., 2024). This limits the ability
to assess the temporal stability of relationships over time. In many cases, however, this was due to the
nature of crop rotations, so even when the same farm was sampled across years, the exact field location
shifted to follow the same crop type (Magagnoli et al., 2024; Holzschuh et al., 2010; Hiiber et al., 2022).
Overall, future research on this topic should increase sampling intensity, potentially through the use of
more passive methods like blue vane traps or eDNA, and increase sampling frequency both within and
across years. This will help capture intra- and inter-annual variation and improve understanding of the

long-term effects of land management practices and land-uses on wild bees.
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The most commonly analyzed local and landscape variables across studies were surrounding
landscape composition, pesticide and/or fertilizer use, and ground management. This is unsurprising,
given the significant increase in research on the impacts of pesticides on bees over the past several years
(Abati et al., 2021) and the well-established importance of floral resources and semi-natural habitats
within and around farmlands for bees (Nicholls and Altieri, 2013; Holland et al., 2017). These findings
are consistent with those of Duque-Trujillo et al. (2023), who found in their review that proximity to
natural habitats, grassland management, floral resources, and organic farming were the most prevalent
factors positively affecting pollinators in crop fields. Similarly, in this review of pollinator-independent
crop fields, several studies that examined organic farming, the amount of or proximity to semi-natural
habitats, and local floral resources (enhanced through various practices) reported positive impacts on bee
abundance and/or diversity. These tools may, therefore, offer broad conservation benefits to wild bees,
regardless of the crop type or production system. However, multiple studies also reported no significant
effects of these variables, and each case warrants individual consideration to interpret the results. In
general, farm management practices such as flower strips, cover cropping, intercropping, reduced tillage,
organic farming, and lowered pesticide use were associated with positive effects on bee abundance and
diversity. At the landscape level, semi-natural habitats, forested and shrubby areas, and greater landscape
heterogeneity were also beneficial. Finally, this review demonstrates that pollinator-independent crop
fields and landscapes can support highly abundant and diverse bee communities, as reflected in the
reported bee abundances and species richness across studies. This further highlights the importance of
implementing pollinator conservation actions in these systems, even in the absence of direct economic
incentives related to crop yield (Siopa et al., 2024).

Conclusion

This review demonstrates that wild bee conservation research in pollinator-independent crops is
limited in scope, both taxonomically and geographically. Most studies focused on just three crops: grapes,
wheat, and olives, and were concentrated in Europe and North America. This leaves significant

knowledge gaps for major global crops such as maize, rice, sugarcane, and barley, as well as for regions
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like South America, Asia, and Africa. Across studies, variables most commonly associated with positive
impacts on wild bees included local vegetation enhancements (e.g., planting floral resources, reduced
tillage), reduced pesticide use, and higher amounts of semi-natural lands in the surrounding landscapes.
However, variability in sampling methods and intensity limits the comparability of results and highlights
the need for more standardized methodologies with multi-year studies to capture temporal variability in
bee communities and relationships. These studies also demonstrate that pollinator-independent crop
systems can support abundant and diverse wild bee communities, reinforcing their value in broader
conservation efforts. Overall, this review suggests that targeted local and landscape interventions can
benefit bees even in non-pollination-dependent systems, but expanding and harmonizing research across

crops, regions, and methods is necessary to inform policy and action.
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Table 1: List of the 18 single crops with no yield benefit/increase from animal pollination from Klein et

al., (2007) and the number of primary research papers found on the topic of wild bee conservation per

crop through a Web of Science systematic literature search. Primary crop refers to the main crop

investigated or sampled in a study, while secondary crops are those that were either sampled at fewer sites

or included primarily for comparison with the primary crop.

Scientific name(s)

Common
name(s)

Number of
papers -
primary crop

Number of
papers -
secondary crop

Cicer arietinum Chickpea, gram, | 1 0
garbanzo bean

Pisum sativum, P. arvense Garden pea, 0 0
field pea

Vitis vinifera Table grape, 14 0
vine grape

Olea europaea Olive 5 0

Saccharum officinarum Sugar cane 0 0

Zea mais Maize, green 2 1
corn, sweet corn

Triticum spp. (mainly T. aestivum, T. durum, T. spelta) Wheat 11 0

Oryza ssp. (mainly O. sativa) Rice, paddy 1 0

Beta vulgaris Sugar beet 0 0

Hordeum disticum, also included Hordeum vulgare Barley 0 2

Sorghum guineense, S. vulgare, S. dura Sorghum 0 0

Echinocloa frumentacea, Eleusine coracana, Eragrostis Millet 0 0

abyssinica, Panicum miliaceum, Paspalum scrobiculatum,

Pennisetum glaucum, Setaria italica

Avena spp., mainly Avena sativa Oat 0 0

Lactuca sativa Lettuce 0 0

Secale cereale Rye 0 0

Triticale sp. Triticale 0 0

Spinacia olearacea Spinach 0 0
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Phoenix dactylifera

Date palm

Table 2: Overview of each paper in the literature review including the year of publication, the crops and

countries studied, local and landscape variables investigated, and main results. The primary crop is the

main crop studied (majority of sites), while secondary crops were either less sampled (N=2) or included

for comparison (N=1). Bee abundance and richness values exclude honey bees, where possible. Richness

is based on the finest taxonomic resolution used (typically species or morphospecies). Missing values

indicate data not clearly reported. Results reflect significant positive effects on bee abundance and/or

diversity (e.g., richness, Shannon index) in at least one year or location. Significance follows the authors’

criteria, usually p < 0.05. Missing values in the results column indicate no significant effect on abundance

or diversity. SNH = Semi-natural habitat or elements, [IPPM = Integrated Pest and Pollinator

Management.

Article information

Methods

Results

Authors Year Primary Secondary | Country(s) Local variables tested Landscape variables No. Bee Positive local Positive
crop crop tested bees richne variables landscape
ss variables
Boetzl et al. 2022 Wheat Germany Flowering fields 51 21 Recently
resown
flowering
fields
Shankar & 2024 Chickpea India Bio-insecticides (IPPM) 6 Bio-
Mukhtar insecticides
Meagher Jr et 2020 Maize United States Intercrop cover crops 863 17
al.
Adhikari et 2019 Wheat United States Ground management, Composition 8710 109
al. organic
Carrié et al. 2018 Wheat Barley France Composition, slope 2494 77 Slope
Kovics- 2011 Wheat Barley Hungary Fertilizer and insecticide Composition 4884 105 Decreased
Hostyanszki use fertilizer and
etal. pesticide use
Magagnoli et 2024 Wheat Italy Flowering margins 1432 81 Flowering
al. margins
Holzschuh et 2010 Wheat Germany Organic Composition, 7 Organic Non-crop
al. configuration management habitat,
fallow strips
Happe et al. 2018 Wheat Germany Organic Configuration 1915 81 Organic Smaller
management fields/scall-
scale
agriculture
Amy et al. 2018 Wheat Belgium Intercrop flower strips 601 43
Campbell et 2024 Wheat United States Fallow/crop rotation 399 42 Cover
al. cropping
fallow
Holzschuh et 2007 Wheat Germany Organic Composition 1507 37 Organic
al. 1 1ent
Bryan et al. 2021 Wheat United States Fallow/crop rotation 5898 106 Cover
cropping
fallow
Hiiber et al. 2022 Maize Germany Intercropping, organic 98 11 Intercropping
Hass et al. 2018 Rice Philippines Composition 494 31 Agroforests
Stavrianakis 2024 Olive Greece Ground management 2194 85 Reduced
etal. tillage
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Martinez- 2020 Olive Spain Ground management, Composition, 15 Organic Intermediate
Nuiez et al. organic configuration management, landscape
extensive complexity
ground
I 1ent

Karamaouna 2019 Olive Greece Ground management Sown flowers

etal.

Pascual 2021 Olive Spain Composition 3255 27 Scrubland,
mean shape
index, less
olive groves

Tscheulin et 2011 Olive Greece Composition 3673 340 Bee habitat

al. area

Brittain et al. 2010 Grapes Maize Italy Insecticide use and drift Composition 3233 61 Reduced Uncultivated

insecticide fields
use

Blaise et al. 2022 Grapes France Ground management 766 Between-row

vegetation
cover and
flowers
Bosco et al. 2023 Grapes Switzerland Ground management Composition, 450 43
configuration

Kehinde & 2012 Grapes South Africa Organic Composition, 1910 25 Natural sites

Samways configuration

Kehinde et al. 2018 Grapes South Africa, Organic Composition 1482 25 Organic

Italy management,
flower
density

Kehinde & 2014 Grapes South Africa Organic Composition, 31

Samways configuration, slope

‘Wersebeckma 2023 Grapes Germany Field Composition, 3385 115 Smaller soil Vineyard

nn et al. orientation/terracing, soil configuration particles, fallows,

texture local shrubs vineyard
cover, SNH

Kratschmer 2018 Grapes Austria Ground management Composition, 493 84 Alternate-row Artificial

etal. configuration, slope tillage, flower entities,

cover distance to
SNH
Kratschmer 2019 Grapes Spain, Ground management Composition 719 113 Floral Landscape
etal. France, resources and diversity
Austria, vegetation
Romania cover
Uzman et al. 2020 Grapes Germany Organic Composition, 15 Organic SNH,
configuration management proximity to
woody
habitat

Kratschmer 2021 Grapes Austria, Organic, ground Composition 3202 122 Inter-row Woody

etal. South Africa management vegetation habitat

cover, floral
functional
diversit

Kaczmarek et 2024 Grapes Germany Organic, pesticide use Composition 2015 85 Organic

al. management,

vegetation
cover

Rasran et al. 2018 Grapes Austria Ground management Composition 41 Floral

abundance,
plant
diversit

Wilson et al. 2018 Grapes United States Ground management Composition 420 17 Cover

cropping
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Figure 1: PRISMA flow diagram for the Web of Science search process showing the number of papers
identified, screened, excluded, and retained for a systematic review on wild bee conservation in

pollinator-independent crop systems. Includes details on where papers were removed, how many

Duplicate papers
removed across
searches (N=5)

Papers removed (N=51)
primarily due to not including
bee-specific results or
including non-target crops
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underwent full-text review, and the final number of studies included in the analysis. Search criteria were

limited to primary research papers published in English between January 1, 2005, and December 31,

2024.
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Figure 2: Primary crops investigated across studies on wild bee conservation in pollinator-independent
agriculture. (A) Number of papers that investigated each crop as the primary crop. (B) Proportion of

studies where the primary crop was an annual vs. perennial crop.
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Figure 3: Geographic distribution of studies included in the literature review on wild bee conservation in
pollinator-independent crop systems. (A) Proportion of studies conducted across different continents. (B)
World map showing the number of studies per country. Studies conducted in multiple countries were
counted once per country to accurately represent the spatial distribution of research effort. The map was

created using Microsoft Excel (Microsoft Corporation, 2022).
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Figure 4: Annual number of publications retrieved from a systematic literature review in Web of Science

on wild bee conservation in pollinator-independent crop systems over the past 20 years.
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Figure 5: Number of papers investigating the impacts of local and landscape variables on wild bees in
pollinator-independent crop systems. Studies examining multiple variables contributed one count per
variable to highlight the level of investigation for each variable. ‘Other’ encompasses factors such as field

orientation and terracing. ‘Landscape structure’ includes metrics of patch size, configuration, and spatial
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arrangement while ‘landscape composition’ pertains to the proportion of land types (ex. semi-natural
habitat, SNH) surrounding sites. ‘Ground management’ refers to in-field practices like cover cropping,
intercropping, spontaneous ground vegetation, and flower strips, distinct from cover crops or plantings in
crop rotation fallows or outside of crop fields in margins or neighbouring areas. ‘Pesticides and/or
fertilizers’ includes studies on organic management, [IPM/IPPM, and specific fertilizer and pesticide uses

including different types and application frequencies.
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Figure 6: Summary of bee sampling methods across studies on wild bee conservation in pollinator-

independent crop systems. (A) Bee sampling methods used, total counts exceed n = 34 as studies
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employing multiple methods were counted in each category. (B) Approximate number of months sampled
per year, reflects the maximum range of months sampled across sites, years, or locations, without
accounting for sampling frequency or intensity within those months. (C) Number of sampling years per
study, includes studies that sampled multiple years even if sampling was conducted in different fields or

locations each year.
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Chapter 2: Are broad sustainability practices sufficient to
support wild bees? A case study in cool-climate
vineyards?
Abstract

Wild bees in agricultural landscapes face multiple stressors including habitat loss and pesticide
exposure. As demand for sustainably-produced agricultural products increases, it is essential to
understand how sustainable practices influence wild bee communities. Bee responses to such practices
were assessed across 26 vineyards in Canada over two years. Wild bees were sampled alongside
vegetation and floral resources to evaluate the effects of cover cropping, mowing frequency, alternate row
management, organic farming, and certified sustainable management on bee abundance, diversity, and
community composition. Vegetation height between vine rows was the strongest positive predictor of both
bee abundance and diversity, while vegetation cover and floral abundance also had positive associations.
A higher proportion of flowers from cover crop species was negatively associated with bee abundance,
specifically for pan-trap collected bees. Alternate row and organic management had no significant effects
on bee abundance or diversity while certified sustainable management showed a slight negative impact on
bee diversity, as well as reduced floral richness and vegetation height. Community composition analyses
revealed that both the bee communities and flower communities differed between vineyard management
types, though the use of cover cropping and alternate row management did not differ between organic,
certified sustainable and conventional sites. These findings suggest that reduced mowing frequency may
be an effective strategy for supporting wild bees while other sustainable practices such as cover cropping,
organic farming, and certified sustainable management may require enhanced research approaches to

detect effects or further refinements to improve their conservation outcomes.

2 Briann Dorin was responsible for research designh and conceptualization, data collection, analysis, and writing.
Sheila Colla provided supervision and feedback throughout the project.
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Introduction

Despite their importance as key pollinators for most wild flowering plants and for many
important global food crops, increasing evidence is demonstrating that bee diversity is declining
(Vanbergen and The Insect Pollinators Initiative, 2013; Zattara and Aizen, 2021). Bees face several threats
in agricultural lands, especially in conventional, monoculture crop production including pesticide
exposure, habitat loss, and negative interactions with non-native species (Vanbergen and The Insect
Pollinators Initiative, 2013; Goulson et al., 2015). Pesticides (e.g., insecticides, herbicides, and
fungicides) are applied to seeds and/or crops across the growing season, and the types and frequencies of
pesticides vary greatly among crop systems and farmer practices (Jorge et al., 2014; Rosenheim et al.,
2020; Raine and Rundlof, 2024). As natural lands are turned into monocultures for crop production,
resources such as flowers that provide pollen and nectar foraging sources, pithy stems for cavity nesting
bees, and undisturbed soil for ground nesting bees are removed or largely diminished from the
environment (Kline and Joshi, 2020; Requier and Leonhardt, 2020). Native bee species in agricultural
lands interact with non-native plants, pathogens, or animals such as the European honey bee (Apis
mellifera L.) in North America which is often used for crop pollination in several crops (Mallinger et al.,
2017). These threats will persist as global agricultural production intensifies and expands (Lanz et al.,
2018) prompting continued research into how to protect and conserve pollinators within farmlands
(Bretagnolle and Gaba, 2015; Kovacs-Hostyanszki et al., 2017; Kremen and Miles, 2012; Nicholls and
Altieri, 2013; Zamorano et al., 2020). Still, there are many knowledge gaps surrounding pollinator
conservation in agricultural lands including the crops that have been studied, the geographic locations of
studies, the crop management practices that are investigated, and the pollinators under investigation.

Vineyards represent a unique crop system as they are grown globally across a multitude of
environments (Daane et al., 2018; OIV, 2019) and are considered one of the most intensively managed
crop systems (Popescu et al., 2019). The wine grape (Vitis vinifera L.) does not require animal pollination

and wild bee use of wine grape flowers as forage is limited (Dorin and Colla, 2024). Thus, in vineyard-
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dominated landscapes, providing other forage resources is likely important to support wild bees,
particularly for growers who produce sustainable grape-products (Daane et al., 2018).

Several sustainable vineyard management practices may benefit bees including organic
production, integrated pest management, cover cropping, reduced mowing, and low- or no-till soil
management (Griffiths-Lee et al., 2022b). Organic vineyard management has shown inconsistent impacts
on bees, with some studies demonstrating a positive impact on bee abundance and/or diversity (Uzman et
al., 2020; Kratschmer et al., 2021; Kaczmarek et al., 2024) while others have shown limited effects
(Brittain et al., 2010; Kehinde and Samways 2012; Biella et al., 2025). Studies on the impact of between-
row vegetation compared to between-row tillage on wild bees show varying results (Kratschmer et al.,
2018; Kratschmer et al., 2019; Popescu et al., 2019; Blaise et al., 2022; Rocher et al., 2024); while the
floral cover in the between-row spaces generally has positive impacts on bee abundance and diversity
(Wilson et al., 2018; Blaise et al., 2022; Griffiths-Lee et al., 2022a). While some practices, such as floral
resource provision, more consistently benefit bees, questions remain including the impact of floral cover
crops not curated for bees, but rather, those used by growers for nutrient, soil, or pest management on
bees (Daane et al., 2018). Furthermore, several practices are largely unaddressed including the impact of
mowing frequencies in the between-row spaces, non-organic sustainability certifications, and alternate
row management beyond tillage such as alternate row mowing or cover cropping.

Furthermore, in studies that collected data across multiple countries, the bee communities and
responses to vineyard management differed between geographic locations (Kratschmer et al., 2019;
Kehinde et al., 2018). This highlights the importance of replicating this research in various geographies
with different environments, bee communities, and grape growing practices. None of the above studies
have occurred in Canada and few in cool-climate grape growing regions. Another consideration is the vast
differences in methodology used among studies including the bee sampling methods, the number of
sampling events within a growing season, and the number of years the study was replicated, factors that

can significantly affect the bee communities collected (Hutchinson et al., 2022; McCravy, 2018; Schindler
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et al., 2013; Russo et al., 2015). These knowledge gaps support the need for research on bee conservation
within Canadian vineyards.

This research aimed to assess how several vineyard management practices influence wild bee
communities. Specifically, the effects of: (1) cover cropping and the extent of between-row vegetation
and floral cover; (2) the mowing frequency of between-row vegetation; (3) the use of alternate-row
management; and (4) sustainable management programs including organic management and sustainability
certifications. The hypotheses and predictions were that vineyards that plant flowering cover crops
between rows would provide greater floral resources for bees, leading to higher wild bee abundance and
diversity. Similarly, vineyards that mow less frequently would allow more forb species to flower,
increasing both flower and bee abundance and diversity. In contrast, alternate-row management practices,
such as alternating tillage, mowing, or seeding, were predicted to reduce the total vegetation and floral
resources available, negatively impacting bees. It was also hypothesized that conventional pesticide use,
including herbicides, would negatively affect both bees and floral resources lending to higher bee and
flower abundance and diversity in organic vineyards compared to conventional vineyards. Certified
sustainable vineyards, which were predicted to be more likely to implement practices such as cover
cropping and integrated pest management (IPM), would also support higher floral resources and bee
abundance and diversity than conventional systems. Finally, it was also expected that the above
management practices would influence the community composition of wild bees, potentially favouring
certain taxa over others driven by differences between species in factors such as their floral preferences,
nesting sites, and active periods.

Methods
See Supplemental methods for more details and information regarding methods used.
Site selection

Grapes are the 3™ largest fruit crop grown in Canada by total acreage (Agriculture and Agri-Food

Canada, 2021) and the Niagara Region is the largest planted area with vines covering 13,600 acres (VQA,

n.d.). Commercial vineyard blocks of Vitis vinifera were selected across the Niagara Region that were
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managed conventionally, organically, or certified sustainably per the Sustainable Winegrowing Ontario
certification program (SWO, n.d.)>. This program requires that vineyard management considers factors
such as biodiversity, water use, and soil health and recommends practices such as cover cropping and
integrated pest management (IPM). Sites that were managed organically and were also certified
sustainable (i.e. growers that had both certifications) were categorized as organic for this study to
investigate the sustainability certification in isolation and due to the often-stricter environmental
regulations for organic certifications (Seufert et al., 2017). In Year 1, 20 sites were sampled: ten organic,
five conventional and five certified sustainable. In Year 2, 24 sites were sampled, eight organic, eight
conventional, and eight certified sustainable (Supplemental Table 1). Thus, some sites were sampled for
only one year (Figure 1). Sites covered the various grape growing sub-appellations of the region (VQA,
n.d.) and were at minimum 600 m apart to sample independent bee communities (Gathmann and
Tscharntke, 2002; Knight et al., 2005; Zurbuchen et al., 2010).
Bee and vegetation surveys

Bee and vegetation sampling occurred every four weeks from May through August in 2021 and
2022 (Schindler et al., 2013). Bees were sampled using both pan traps and aerial netting. A 400 m? area
was marked out in the centre of each vineyard block spanning two neighbouring between-row spaces
(Kratschmer et al., 2018). Aerial netting was performed for 30 minutes in the morning and afternoon
using collecting jars with ethyl acetate (BioQuip 1121 Series Collecting Jars). Twenty-four pan traps of
3.25 0z (96 mL) of yellow, blue, or white paint (New Horizons bee bowls, Maryland) were placed
underneath the central vine row spaced ~3 m apart with alternating colours before 9:00 am and collected

after 5:00 pm.

3 Sites were identified by contacting grape growers through existing networks and by searching relevant industry
websites, including Grape Growers Ontario, Sustainable Winegrowing Ontario, and the Organic Council of Ontario.
Email inquiries were sent to individual growers and wineries to assess their interest in participating and to arrange
site visits. These visits allowed us to select research sites and vineyard blocks that aligned with our study design,
ensuring coverage of diverse management practices, surrounding landscapes, and sub-appellations.
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On the same days of bee sampling, vineyard floral resources and vegetation characteristics were
also recorded. A 1 m? quadrat was semi-randomly placed eight times along the 400 m? sampling area.
Flower species and their abundances were documented for all open flowers inside the quadrat (Carvell et
al., 2004; Baldock et al., 2019). Flowers were identified using the Newcomb’s Wildflower Guide
(Newcomb, 1989) and the Ontario Ministry of Agriculture, Food, and Rural Affairs (OMAFRA) resources
(OMAFRA, 2009; 2023a). Vegetation cover was visually estimated using a modified DAFOR scale while
vegetation height was recorded by measuring the tallest pieces of vegetation. The mean of vegetation and
floral data were calculated per site and sampling round. Flowering species were later classified as either
weeds or cover crops, the latter representing flowers intentionally planted by growers in the between-row
spaces based on OMAFRA resources and grower insights (OMAFRA, 2023a; 2023b, Supplemental Table
2). The percentage of flowers belonging to cover crop species was then calculated. A vegetation height
ratio between adjacent rows was used as a proxy for alternate row management, with a ratio >2:1
classified as 'yes.' This pattern could result from practices such as alternate row tillage, seeding, mowing,
or any other management practice that produced taller vegetation in every second row.

Bee identifications

Washed and pinned bees were identified using a dissecting microscope and several identification
guides and keys (Packer et al., 2007; see Appendix C for the list of published keys used) as well as the
Discover Life bee species and genera guides (Ascher and Pickering, 2022). Some groups of bees were not
identified to species level due to difficulty in accurate species identifications: Lasioglossum sub-genus
Dialictus, Hylaeus affinis/modesutus/illinoinesis, Sphecodes atlantis/cressonii, and one distinct
morphospecies of Sphecodes sp. All results and discussion at the “species” level here forth include these
sub-genus level identifications unless otherwise specified. A subset of identifications, per species, were
verified by fellow graduate students in York University’s Centre for Bee Ecology, Evolution, and

Conservation.
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Statistical analyses

All analyses were performed in R v.4.4.2 (R Core Team, 2014) and excluded honey bees
(Kratschmer et al., 2018). To determine which vineyard management variables influence bee abundance,
species richness, and Shannon diversity index, Generalized Linear Mixed Models (GLMM) were run
using the packages “Ime4” (Bates et al. 2014), “ImerTest” (Kuznetsova et al., 2017), “glmmTMB”
(Brooks et al., 2017), and “MuMIn” (Barton, 2024) following Zuur and Ieno (2016) and Harrison et al.
(2018). Models included fixed effects for management type, floral abundance, floral richness, vegetation
height, vegetation cover, month, and year, with site as a random intercept to account for repeated
measures and unmeasured site-level variation (Supplemental Table 3). All numeric explanatory variables
were scaled and centred and one variable, floral abundance, was log(x+1) transformed (Zuur et al., 2010;
Harrison et al., 2018). Multicollinearity was checked using Variance Inflation Factors (VIF) with the
package “car” (Fox and Weisberg, 2019). Co-plots were used to visualize interactions with month using
the package “ggplot2” (Wickham, 2016) and interactions were included in model selection when
relationships varied substantially over time (Zuur et al., 2010; Harrison et al., 2018). Global models were
fitted with the appropriate family and link function and were assessed for model fit and diagnostics using
the package “performance” (Liidecke et al., 2021) and the packages “gstat” (Griler et al., 2016) and “sp”
(Bivand et al., 2013) for spatial variograms of model residuals (Harrison et al., 2018; Zuur and Ieno,
2016).

Model selection was based on the second order Akaike Information Criterion (AICc) using the
function dredge to rank all possible models and perform model averaging when multiple top models had
delta AICc<2 (Harrison et al., 2018; Kratschmer et al., 2018; Biella et al., 2025). Final averaged models
were assessed using the “DHARMa” package (Hartig, 2024). For significant categorical variables, the
“emmeans” package (Lenth, 2024) was used to obtain back-transformed estimated marginal means and
conduct Tukey-adjusted pairwise comparisons. To assess the effects of cover cropping and alternate row
management on bees, mid-summer models using only June and July data were run - which is when these

practices were most evident. Due to some bee groups not being identified to species level, three further
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groups of bee data were modelled as above. First, models were run with genus-level bee richness and
Shannon diversity index. Secondly, the abundance of Lasioglossum (Dialictus) bees, which were highly
abundant and not identified to species level, were modelled separately. Lastly, models were also run
separately for total bee abundance by pan trap and net collections to account for potential differences
between sampling methods (Supplemental Table 3).

GLMMs were also used to test how floral and vegetation metrics varied by management type and
a correlation matrix was used to examine relationships among these variables (averaged over time). Cover
crop use and alternate row management were compared across vineyard management types using
ANOVA and Fisher’s Exact tests. Lastly, to examine how vineyard management influenced bee
community composition, bee species abundances per site were averaged over years and Hellinger
transformations were applied (Zuur et al., 2007). Non-metric multidimensional scaling (NMDS) using the
“vegan” package (Oksanen et al. 2022) were run on this data and permutational multivariate analysis of
variance (PERMANOVA) tested differences across management types. Individual bee species as well as
floral and vegetation variables that were significantly correlated with the NMDS were determined using
the envfit function. To further examine how bee communities varied among management types, negative
binomial Generalized Linear Models (GLMs) were run using the “MASS” package (Venables & Ripley,
2002) for select genera. Models were run separately for each year on the total abundance of the most
widespread and abundant genera across sites (Supplemental Table 4), with management type included as
the fixed effect. Lastly, NMDS analyses were performed on Hellinger-transformed floral species data to
assess floral community differences by management types, adding floral and vegetation variables as well
as individual flower species that were significantly correlated with the NMDS axes.
Results

After removing honey bees, 4,490 bees from 27 genera and 95 species or species groups were
collected across both years - collecting 2,510 bees, 25 genera and 73 species in 2021 and 1,980 bees, 24

genera, and 73 species in 2022 (Table 1). The most abundant and widespread genera were Lasioglossum
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collected in all 26 sites, Agapostemon, Andrena, Augochlorella, Bombus, and Halictus collected in 25
sites, Ceratina in 23 sites and Hylaeus in 21 sites (Supplemental Table 4).

Modelling of bee responses to vineyard management practices and temporal variables displayed a
strong influence of both month and year on bee abundance and diversity. Sampling year and months were
retained in the final models for all bee response variables, often being significant (p<<0.05) in both the
conditional and full model. In general, bee abundance and diversity were highest in midsummer months
(June and July), lowest in May, and higher in 2021 than 2022 (Table 2). Multiple vineyard management
variables also influenced bee abundance and diversity. Bee abundance had a positive relationship with
vegetation height (estimate = 0.12, Z =2.00, p = 0.046; Figure 2A) as did bee species richness (estimate =
0.076, Z =2.03, p = 0.043; Figure 2B). Bee species richness was also negatively associated with certified
sustainable management, though this was not significant at p<0.05 (estimate = -0.21, Z = 1.88, p = 0.061).
Shannon diversity index (H) had a positive relationship with floral abundance (estimate = 0.091, Z = 2.66,
p =0.0078; Figure 2C) and was also negatively associated with certified sustainable management
(estimate = -0.26, Z = 2.34, p = 0.019). Post-hoc testing showed there was a higher H in organic vineyards
compared to certified sustainable vineyards, while conventional vineyards did not significantly differ
from either management type (Figure 2D). Genus-level results were generally similar to species-level but
with less significance (Supplemental Table 5). Interestingly, bee genus richness was most impacted by
floral richness, rather than vegetation height, with a positive but not significant relationship (estimate =
0.064, Z =1.93, p =0.055). For Shannon genus diversity (H”), results were similar to species-level but
were no longer significant at p<0.05. Floral abundance had a positive influence on H’ (estimate = 0.066, Z
= 1.93, p =0.054) while certified sustainable vineyards had lower H’ (estimate = -0.21, Z =1.80, p =
0.072).

The mid-summer models, which included cover cropping and alternate row management, were
largely similar to those from the entire growing season (Table 3, Supplemental Table 6). Alternate row
management did not have a significant impact on bee abundance or diversity in any models. However, the

percentage of flowers that came from cover crop species had a negative relationship with bee abundance
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(estimate = -0.12, Z = 2.64, p = 0.008) (Figure 3A) and no significant relationship with species or genus
level richness or diversity. Specific to mid-summer months, a positive relationship was seen between
vegetation cover and bee abundance (estimate = 0.19, Z =2.92, p = 0.004) (Figure 3B) as well as between
vegetation height and Shannon diversity index (estimate = 0.15, Z = 3.48, p = 0.0005) (Figure 3C) and
Shannon genus diversity index (estimate = 0.11, Z =2.28, p = 0.023). Bee species richness was negatively
associated with sustainable management in mid-summer (estimate = -0.23, Z = 2.04, p = 0.042) however,
post-hoc comparisons were not significant (Figure 3D). Models specifically examining Lasioglossum
(Dialictus) abundance revealed a negative relationship with floral abundance (estimate = -0.17, Z = 2.06,
p = 0.040; Supplemental Table 7) and in mid-summer, a positive relationship with vegetation cover
(estimate = 0.24, Z = 2.18, p = 0.030) and negative association with organic management (estimate = -
0.66, Z =2.37, p = 0.018). Furthermore, models of bee abundance collected by netting showed that netted
bees were positively associated with vegetation height (estimate = 0.24, Z = 3.57, p = 0.0004) and floral
richness (estimate = 0.23, Z = 3.82, p = 0.0001) and slightly negatively associated with sustainable
management (estimate = -0.38, Z = 1.86, p = 0.0630) (Supplemental Table 8). In mid-summer, similar
relationships existed with vegetation height and floral richness while a nearly positive relationship with
floral abundance was also seen (estimate = 0.17, Z = 1.82, p = 0.069). Pan trapped bee abundance,
oppositely, had a negative relationship with floral richness (estimate = -0.17, Z =2.10, p=0.036) and a
positive relationship with vegetation height in July only (estimate = 0.29, Z =2.46, p=0.014) and a
nearly significant positive relationship with vegetation cover (estimate = 0.14, Z = 1.94, p = 0.0519). In
mid-summer, similar relationships were seen with floral richness and vegetation cover as well as a
negative relationship with the percentage of flowers from cover crops (estimate =-0.22, Z=4.12,p =
0.000).

The bee community composition differed significantly between vineyard management categories
(Permutational Multivariate Analysis of Variance F=2.18, R?=0.16, p=0.003; Figure 4). Certified
sustainable sites were associated with Lasioglossum (Dialictus), Andrena commoda, and Agapostemon

virescens while conventional sites were associated with Halictus confusus, Halictus rubicundus, Osmia
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conjuncta, Melissodes subillatus, Ceratina calcarata, and Lasioglossum cinctipes. Organic sites were
associated with Andrena wilkella, Augochlorella aurata, Megachile mendica, and Hylaeus
affinis/modestus/illinoisensis. Augochlora pura, Bombus bimaculatus, Bombus impatiens, and Andrena
nasonii were associated with both organic and conventional sites while Lasioglossum zonulum was
associated with both sustainable and organic sites. Organic sites were also associated with higher floral
richness, vegetation cover, and vegetation height (Figure 4). Comparisons of the abundance of select
genera between management types further highlighted some of these differences (Supplemental Table 9).
In at least one year of the study, Bombus and Hylaeus had lower abundance in sustainable sites while
Lasioglossum were more abundant in sustainable sites compared to organic sites. Ceratina were more
abundant in conventional sites compared to sustainable sites, Andrena were more abundant in organic
compared to conventional and sustainable sites, and Augochlorella were more abundant in organic
compared to sustainable sites.

Comparison of the local vegetation characteristics and floral resources across vineyard
management categories (Supplemental Table 10) revealed that certified sustainable vineyards had the
lowest floral richness (estimate = -0.70, p = 0.02; Figure 5A). Vegetation height was slightly positively
influenced by organic management (estimate = 6.18, p = 0.09), and post-hoc testing indicated that
vegetation was tallest in organic vineyards and shortest in certified sustainable vineyards, with
conventional vineyards not differing significantly from either (Figure 5B). Furthermore, aggregated floral
and vegetation data across months and years showed that several of these variables were significantly
correlated with one another (p<0.05) (Supplemental Figure 1). Vegetation height, vegetation cover, floral
abundance, and floral richness were all positively correlated with one another while the vegetation height
ratio (proxy for alternate row management) was strongly negatively correlated with vegetation cover.
When comparing cover cropping and alternate row management across vineyard management categories
in mid-summer, there was no difference in the percentage of flowers from cover crops between organic,
conventional, or sustainable vineyards (Supplemental Figure 2A) or in the use of alternate row

management (Supplemental Figure 2B). Lastly, grouping of sites by their flower species and abundances



44

showed that the floral community composition differed significantly between vineyard management
categories, with organic vineyards being most dissimilar to conventional and certified sustainable
vineyards (PERMANOVA F=1.81, R>=0.14, p=0.005; Figure 6). Organic vineyards were associated with
species such as common chickweed (Stellaria media), yellow sweetclover (Melilotus officinalis) and
spotted ladysthumb (Polygonum persicaria) while sustainable and conventional sites were more
associated with black medick (Medicago lupilina). Vineyard floral abundance and cover crop percentage
were associated with the sorting of sites by floral communities, with cover cropping being associated with
sites high in red clover (7rifolium pratense) and common dandelion (Taraxacum officinale) while high
floral abundance sites were associated with prostrate knotweed (Polygonum aviculare).
Discussion

The consistent and strong temporal variation in vineyard bee abundance and diversity seen in this
study is consistent with the literature, as bee communities are known to vary over a growing season and
between years (Turley et al., 2022). This highlights the importance of sampling bees sufficiently over the
growing season when investigating crop management impacts on bees, especially for crops that have
particularly long growing seasons such as grapes. Sampling intensity, however, must be balanced with
grower schedules as a lack of time is an often-limiting factor in grower participation in research (Delate et
al., 2017). Of the vineyard management practices investigated in this study, the most consistently
impactful variable on bee abundance and diversity was between-row vegetation height, which was used as
a proxy for mowing frequency but is also influenced by factors such as the plant community composition,
tillage practices, soils and nutrients, and light and water availability (den Hollander et al., 2007). These
results are consistent with Biella et al., (2025) who also found a significant positive impact of vegetation
height on bee diversity. While vegetation height, floral richness, floral abundance, and vegetation cover
were all positively correlated in this study, vegetation height was the most consistently significant
predictor of bee abundance and diversity. This suggests that vegetation height may capture additional

ecological factors beyond those represented by the other correlated variables.
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The hypothesis was that the floral community composition would differ with vegetation height, as
taller vegetation would allow more forbs to reach flowering. However, vegetation height did not
significantly correlate with the NMDS of sites by floral composition. Instead, floral abundance and cover
crop percentage had a stronger influence. Although the underlying mechanism remains unclear, reducing
mowing frequency may benefit bees, and possibly other pollinators, and warrants further investigation
with research extending beyond pollinator conservation to include broader vineyard management
implications, such as impacts on pest and predator populations, fungal pressure, and other relevant factors
(Guerra and Steenwerth, 2012). Two other between-row vegetation variables had a positive association
with bees - floral abundance had a positive relationship with Shannon diversity index and vegetation
cover had a positive relationship with bee abundance during mid-summer months. The positive influence
of vegetation cover is consistent with Popescu et al. (2019) and Kratschmer et al. (2019) and highlights
the importance of between-row vegetation cover rather than bare soil for bees. Furthermore, the positive
influence of floral abundance on bees emphasizes that floral cover between vine rows, rather than grasses
alone, which are also common cover crops (Sharifi et al., 2024), is an important consideration for bee
conservation in vineyards. Further research should be extended to investigations into floral under-vine
cover cropping (Abad et al., 2023) which opposes the common practice of herbicides or tillage, as half the
quadrats used in this study were placed towards the vine rows to capture all floral resources within the
vineyard. This practice could further extend the cover of vegetation and flowers in vineyards and may be
beneficial to bees. Interestingly, while floral richness was not a significant predictor in the bee abundance
or diversity models, it was nearly significant in the bee genus richness model and was also significantly
associated with the NMDS of sites by bee community composition. Furthermore, floral richness had
opposing relationships with bee abundance based on the collection methods used - having a positive
relationship with netted bees and a negative relationship with pan trap collected bees. The negative
relationship with pan trapped bees may be explained by the taxonomic bias of pan trap collections
towards certain bees, such as Halictidae, which may not require as diverse of floral resources (Portman et

al., 2020). Alternatively, it is possible that bees are more likely to be collected by pan traps in resource-
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poor environments, though the opposite relationship may also be true as flowers draw in more bees to the
area (Portman et al., 2020). Still, these results together suggest that vineyard floral diversity may be more
strongly associated with certain bees rather than with overall bee abundance or diversity metrics.

During mid-summer months, when cover crop species were primarily in bloom, the cover crop
percentage of floral resources was negatively associated with bee abundance and had no association with
bee diversity, not supporting the prediction that floral cover crops would positively influence bee
communities. These results may be explained by the common cover crop species observed in the study
sites which were predominantly clover species (7rifolium sp.) — with white clover (Trifolium repens)
being the 4™ most abundant flower species recorded occurring in 23 of 26 sites, while both aslike clover
(Trifolium hybridum) and red clover (Trifolium pratense) occurred in 11 and 18 sites, respectively. Clover
flowers, with their long corollas, may primarily support certain bees, such as bumble bees and honey
bees, while solitary or smaller-bodied bees may be unable or unlikely to utilize these flowers for forage
(Harris and Ratnieks, 2022). This is further evidenced by the negative relationship between the percentage
of flowers from cover crops and the abundance of pan trapped bees - a relationship not seen with netted
bees. Smaller-bodied pan trapped bees, such as Lasioglossum which were primarily collected by pan traps
(Supplemental Table 4), may be unable or unlikely to utilize the clover cover crops. In contrast, Wilson et
al., (2017) found cover cropping increased both the abundance and diversity of bees in vineyards using a
cover crop mixture of Phacelia tanacetifolia (purple tansy), Ammi majus (Bishop’s flower), and Daucus
carota (wild carrot). Griffiths-Lee et al., (2022a) found that floral plantings specifically formulated for
bees had stronger impacts on bee abundance and diversity than natural regeneration or other seed mixes.
More research is needed on cover crop species mixes that are both beneficial to vineyard management
(ex. pest suppression, weed competition, soil health and nutrients, water use) and wild bees.

In contrast to the negative association between bee abundance and cover crops observed in this
study, there was no significant impact of alternate row management on either bee abundance or diversity.
This suggests that alternate row management is not detrimental to bees, opposing the initial prediction

that it would negatively affect bees by reducing total floral and vegetation resources. While Kratschmer et
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al. (2018) reported a positive influence of alternate row tillage on bees and on floral resources, in this
study alternate row was defined as the ratio of vegetation height between alternate rows and thus reflected
management more broadly; any practice that alters vegetation in one row, such as mowing, seeding, or
tilling. These results underscore the need to understand how much flower-rich habitat is required to
support pollinators in farmlands (Dicks et al., 2015). The results suggest that alternate row management
could be a cost-effective way to implement practices like mowing or cover cropping, saving both time

and costs for growers, without negatively impacting bees. Future research should investigate the impact of
alternate row floral plantings or cover cropping and alternate row mowing on bees as well as on vineyard
production.

There was a limited impact of organic vineyard management on bee abundance or diversity - with
only a slightly higher Shannon species diversity index in organic vineyards when compared to sustainable
vineyards. Additionally, despite organic regulations surrounding herbicide usage, vegetation height was
the only vegetation or floral characteristic that differed significantly in organic vineyards, being taller than
in sustainable vineyards. The limited effect of organic management on wild bees in this study is consistent
with findings from other studies (Brittain et al., 2010; Kehinde and Samways, 2012) and is notable given
that organic vineyards avoid synthetic pesticides, many of which are known to be harmful to bees
(Campani et al., 2025; OMAFRA, 2021). These results may be attributed, in part, to the fact that several
of the organic sites were in close proximity to conventional vineyards or other crop types. Thus, bees,
even those with relatively small foraging ranges, may be exposed to pesticides outside of the studied
organic blocks by foraging elsewhere. Ostandie et al. (2021) found lower pollinator abundance in
organically managed vineyards, associated with increased tillage intensity in organic sites, but found a
positive effect from the proportion of organic farming in the surrounding landscape within a 1 km radius.
This suggests that landscape-scale adoption of organic farming maybe an important consideration for
pollinator conservation in farmlands. Ostandie et al. (2021) also found that insecticide use intensity, both
organic or conventional, negatively impacted pollinator abundance and richness. Similarly, Zielonka et al.

(2024) found that while organic vineyards in the UK tended to apply fewer harmful pesticides, the
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frequency of their organic agrochemical applications was higher than non-organic vineyards. This
increased frequency of sprays had a stronger negative effect on arthropod diversity than considerations of
frequency and toxicity together. However, Kaczmarek et al., (2024) found no impact of reduced fungicide
use on wild bees in vineyards and they did find a positive influence of organic management on bee
abundance. Further research is needed to evaluate how different vineyard spray regimes, including types
and frequencies, affect wild bee communities at both field and landscape scales over longer time periods.
In this study, organic sites were required to have been managed organically for at least three years. The
lethal and sub-lethal effects of pesticide exposure may not be immediately evident in metrics such as bee
abundance and diversity and likely require longer-term studies to fully capture their population- and
community-level impacts.

Interestingly, a negative impact of vineyard sustainability certification was seen on bee Shannon
species diversity when comparing organic and certified sustainable vineyards. Bee species richness in
mid-summer was also negatively impacted by sustainable management, but post-hoc testing of estimated
marginal means was not significant. However, Lasioglossum (Dialictus) bee abundance in mid-summer
was oppositely negatively impacted by organic management. Thus, some of the differences in diversity
between vineyard management types may be attributed to the fact that Lasioglossum (Dialictus) bees
were not identified to species level and were more abundant in sustainable vineyards than in organic
vineyards. It is difficult to estimate the diversity and evenness of Lasioglossum (Dialictus) bees in these
sites, as the range in abundance across sites was extremely large, ranging from 2-219 individuals per
year. Sites with significantly higher Lasioglossum (Dialictus) abundances may indicate nearby nest
aggregations (Nelson et al., 2023) or may be dominated by highly abundant species. A study of the bees in
mowed and un-mowed meadow sites in the Niagara Region demonstrated that of the nine Lasioglossum
(Dialictus) species or morphospecies collected, two species (L. hitchensi Gibbs and L. versatum
(Robertson)) represented ~75% of all Lasioglossum (Dialictus) bees collected (Audet et al., 2021).

Overall, genus level results of this study may be clearer in their interpretation than the species

level results. While the genus level decrease in bee diversity in sustainable sites was only nearly
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significant (p<0.1), these results indicate that vineyard sustainability certifications may require bee-
specific requirements to benefit the diversity of bees in the region. When Zielonka et al., (2024)
investigated the arthropods in UK vineyards enrolled in the Sustainable Wines of Great Britain ‘SWGB’
scheme they found no difference in arthropod abundance or diversity between SWGB-accredited vs non-
SWGB accredited vineyards. They also calculated an “ecotoxicity score” based on grower reported
chemical inputs and a “practice score” rating the sustainability of reported management practices.
Interestingly, the ecotoxicity score was higher and the sustainability practice score was lower in SWGB-
accredited sites. Authors discuss that conventional vineyards can still be low-input and harbour more
biodiversity than organic or sustainably certified vineyards. Similarly, in this study there was also no
difference in the use of cover cropping or alternate row management between vineyard management
categories. This demonstrates that conventional growers in Niagara were also using these practices.

Another important consideration for this study is that the SWO program only began in 2017
(SWO, n.d.) and several sites had just begun their certification at the time of this study. Additionally,
several sites that were considered “conventional” for this project were later SWO certified in the
following years - suggesting they may have been implementing sustainable practices prior to formal
certification. Furthermore, all participating vineyards, even those which were deemed “conventional”,
may artificially represent sites with higher levels of sustainability due to the growers willing participation
in this study. It is also important to note that approximately half of the organic sites were also SWO-
certified. In the analysis, however, the “highest” certification level was utilized to isolate the effects of the
certified sustainable designation on bee communities. Future research should investigate the extent in
which vineyard management practices change when undertaking sustainability certifications (Moscovici
and Reed, 2018) as well as the temporal response time between certifications and their impacts on wild
bee communities (Griffin et al., 2017).

Floral richness and vegetation height were lowest in certified sustainable vineyards. Anecdotally,
one certified sustainable grower described their practice of mowing between rows before spraying

pesticides to minimize exposure of bees to these sprays. This site continuously had low between-row
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vegetation height, floral abundance, and floral richness as well as bee abundance and diversity. This
highlights the importance of future research investigating how to balance protecting bees from pesticide
exposure versus providing floral resources in agricultural lands (Raine and Rundl6f, 2024). Furthermore,
both the bee communities and the floral communities differed significantly between vineyard
management types. Thus, certain bee species or taxonomic groups may be associating with specific floral
resources, spray regimes, or other factors that differ with management type not measured here. It is
possible that regional beta and gamma diversity may actually benefit from having vineyards under
varying management regimes throughout the landscape (Socolar et al., 2016).

Lastly, models of bee abundance and species diversity (richness and Shannon diversity index)
explained only 32-52% of the variability in the bee response variables. Thus, there are still factors outside
of those measured in this study that are influencing vineyard bees, which could include climate, specific
pesticide uses, soil characteristics, or landscape contexts. However, this range of R? is consistent with
other studies looking at pollinator or arthropod responses to vineyard management (Zielonka et al., 2024;
Biella et al., 2025). There was also a high degree of model uncertainty for each of the models, with 4-8
models having a delta AICc <2. This is likely, in part, due to the correlations between the vegetation and
floral variables included in the models. While these variables had low enough VIFs to include in
modeling procedures, they likely explained similar variability in the bee response variables. Overall,
further research is needed to understand how vineyard management can most effectively support diverse
and abundant bee communities, including how sustainable practices such as certification programs,
mowing frequency, alternate row management, and cover cropping shape floral and vegetation

characteristics and ultimately influence wild bee communities.
Conclusion
The results of this study suggest that reducing mowing frequency should be prioritized to support

wild bee communities in vineyards. Allowing between-row vegetation to grow taller, potentially by

mowing every second row to manage costs, may support more abundant and diverse bees. The results also
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reinforce existing evidence that vegetation cover, particularly when it includes floral resources, is
beneficial for wild bees. However, while cover cropping is often promoted to increase both vegetation
cover and flowers in vineyards, this study indicates that current cover cropping practices do not enhance
overall bee abundance or diversity. Bee-specific cover crops may be necessary to better support the
diversity of wild bees. Additionally, these findings suggest that more research is needed on organic and
sustainable certifications for wild bee conservation, including how these certification programs can be
adapted to better support pollinators, how outcomes differ across spatial scales, and longer-term studies to

detect impacts at the community level.
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Tables

Table 1: Summary of bees collected across all vineyard sites for each year, excluding honey bees. Species
richness includes specimens identified to subgenera levels (ex. Lasioglossum (Dialictus)). Weather data

were taken from the Port Weller (AUT) Ontario station (Government of Canada, 2024%*).

Year Month Bee Genera Species | Mean Total
abundance | richness | richness | temperature | precipitation

() (mm)
2021- May 493 14 37 13.2 16.2
2,510 bees, June 637 20 46 20.8 53.2
25 genera, July 961 18 39 21.7 59.9
73 species August 419 16 33 24.4 10.2

2022 - May 348 11 35 13.8 46.77
1,980 bees, June 386 18 39 19.5 74.7
24 genera, July 673 22 39 22.6 33.1
73 species August 573 13 30 23.1 33.6

*Government of Canada (2024). Station Results - Historical Data.
https://climate.weather.gc.ca/historical data/search historic_data e.html

Table 2: Generalized Linear Mixed Model (GLMM) summaries for each bee response variable with site
as a random effect. Model summaries are from model averaging of the top models (AAICc<2). On the left
are predictors included in the conditional averaged models alongside their estimates, standard errors
(adjusted for averaged models), z values, and p-values. All continuous predictor variables were
standardized (z-scored) before analyses. Interactions are denoted by “X:X”. Significant predictors are
shown at p<0.05 (**) and nearly significant at p<0.1 (*). Bolded predictors are significant in both the full
and conditional models while bolded and italicized predictors are significant only in the conditional
model. For categorical variables, reference values are those not shown: “Conventional” for Management,
“2021” for Year, and “August” for Month. Also shown is the range of AICc values across the top models
included in model averaging as well as the number of models included in the final averaged model. The

marginal R2 (R2m, variance explained by fixed effects) and conditional R2 (R2c, variance explained by
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fixed and random effects) are shown for a model run with all variables included in the averaged model

(significant or not).

Predictor(s) Estimate Standard | z p-value AlCc No. R2m | R2¢
Error value range models
Bee abundance
Intercept 3.29 0.11 30.65 | <2e-16 ** 1411.39- | 8 0.33 |0.52
Year -2022 -0.37 0.087 4.21 2.60e-05 ** | 1413.25
Month — May -0.28 0.13 2.22 0.0261 **
Month — June 0.029 0.12 0.23 0.8162
Month - July 0.47 0.11 4.25 2.11e-05 **
Vegetation height 0.12 0.061 2.00 0.0459 **
Floral abundance (log) -0.078 0.051 1.54 0.1248
Vegetation cover 0.092 0.060 1.52 0.1289
Floral richness -0.033 0.056 0.59 0.5526
May:Vegetation height -0.11 0.13 0.86 0.3876
June:Vegetation height -0.11 0.10 1.06 0.2880
July:Vegetation height 0.077 0.091 0.85 0.3947
Bee species richness

Intercept 2.012 0.091 22.06 | <2e-16 ** 850.74- 7 0.30 | 0.41
Year -2022 -0.22 0.062 3.52 0.000429 ** | 852.68
Month — May -0.16 0.092 1.77 0.077143 *
Month — June 0.17 0.087 1.96 0.050125 *
Month - July 0.31 0.080 3.89 0.000100 **
Vegetation height 0.076 0.038 2.03 0.042837 **
Management — Organic -0.022 0.11 0.21 0.834585
Management - -0.21 0.11 1.88 0.060859 *
Sustainable
Floral abundance (log) 0.033 0.035 0.96 0.335865
Vegetation cover 0.020 0.040 0.50 0.615488
Floral richness 0.054 0.041 1.34 0.181979

Shannon diversity index (H)
Intercept 1.42 0.10 13.65 | <2e-16 ** 194.47- 4 033 | 044
Year - 2022 -0.10 0.060 1.74 0.081512 * 195.68
Month — May -0.12 0.081 1.41 0.157725
Month — June 0.32 0.082 3.86 0.000113 **
Month - July 0.25 0.082 3.04 0.002359 **
Floral abundance (log) 0.091 0.034 2.66 0.007773 **
Management — Organic 0.16 0.11 1.47 0.141901
Management - -0.26 0.11 2.34 0.019459 **
Sustainable
Vegetation height 0.053 0.040 1.34 0.180043
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Table 3: Generalized Linear Mixed Model (GLMM) summaries for each bee response variable for mid-
summer models run with June and July data only to include cover crop percentage and alternate row
management as additional predictors. All models had site as a random effect. Model summaries are from
model averaging of the top models (AAICc<2). On the left are predictors included in the conditional
averaged model alongside their estimates, standard errors (adjusted for averaged models), z values, and p-
values. All continuous predictor variables were standardized (z-scored) before analyses. Interactions are
denoted by “X:X”. Significant predictors are shown at p<0.05 (**) and nearly significant at p<0.1 (*).
Bolded predictors are significant in both the full and conditional models while bolded and italicized
predictors are significant only in the conditional model. For categorical variables, reference values are
those not shown: “Conventional” for Management, “2021” for Year, “June” for Month, “No” for Alternate
row. Also shown is the range of AICc values across the top models included in model averaging as well as
the number of models included in the final averaged model. The marginal R2 (R2m, variance explained
by fixed effects) and conditional R2 (R2c, variance explained by fixed and random effects) are shown for

a model run with all variables included in the averaged model (significant or not).
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Predictor(s) Estimate Standard | z p-value AlCc No. R2m | R2¢
Error value range models
Bee abundance

Intercept 3.92 0.091 43.22 | <2e-16 ** 698.07- 5 0.33 | 0.46
Year - 2022 -0.65 0.092 7.03 <2e-16 ** 700.03
Month — June -0.38 0.086 4.42 le-05 **
Vegetation cover 0.19 0.066 2.92 0.0035 **
Cover crop % -0.12 0.045 2.64 0.0084 **
Floral richness -0.087 0.067 1.30 0.19344
Vegetation height 0.065 0.061 1.07 0.28289
Alternate row - Yes 0.097 0.141 0.68 0.49761

Bee species richness
Intercept 2.30 0.090 2548 | <2e-16 ** 442.18- 7 0.25 | 0.32
Year - 2022 -0.18 0.080 2.22 0.0267 ** 44415
Month — June -0.15 0.075 1.97 0.0493 **
Vegetation height 0.11 0.043 2.52 0.0116 **
Management — Organic -0.11 0.11 1.01 0.3124
Management - -0.23 0.11 2.04 0.0416 **
Sustainable
Vegetation cover 0.077 0.052 1.50 0.1336
Floral abundance (log) 0.036 0.047 0.76 0.4504
Alternate row - Yes -0.058 0.095 0.61 0.5429

Shannon diversity index (H)

Intercept 1.66 0.070 23.67 | <2e-16 ** 75.93- 6 0.25 | 0.42
Month — June 0.057 0.069 0.83 0.406942 77.91
Vegetation height 0.15 0.044 3.48 0.000503 **
Management — Organic 0.041 0.12 0.34 0.732718
Management - -0.19 0.12 1.59 0.111647
Sustainable
Floral abundance (log) 0.041 0.046 0.89 0.371656
Vegetation cover -0.025 0.048 0.52 0.606466
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Figure 1: Vineyard sites for bee sampling across the Niagara Region, ON created in ArcMap Pro 3.0.2
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(Esri, Redlands, CA) with the World Topographic and World Hillshade basemaps. Sites were overlaid on

the VQA map of sub-appellations for wine growing (Brock University Maps, Data & GIS. Niagara Sub-

Appellations.2016 [GIS Data]. Scale unknown. “Historical Maps of Niagara”

http://hdl.handle.net/10464/13712).
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Figure 2: Significant (p<0.05) vineyard management predictors from the Generalized Linear Mixed

Models (GLMM) of bee response variables: bee abundance (A), bee species richness (B), and Shannon

diversity index (C, D). Final GLMMs were averaged from the top models using delta AICc <2. Graphs

show the raw data points. For categorical variables, Tukey post-hoc tests from model estimated marginal

means are shown with different letters denoting significantly different categories (p<0.05).
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Figure 3: Newly significant (p<0.05) vineyard management predictors from the Generalized Linear

Mixed Models (GLMM) for bee response variables from mid-summer months only (June and July) for

bee abundance (A, B), Shannon Diversity of bee species (C) and bee species richness (D). Final GLMMs

were averaged from the top models using delta AICc <2. Graphs show the raw data points. For categorical

variables, Tukey post-hoc tests from model estimated marginal means are shown with different letters

denoting significantly different categories (p<0.05).
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Figure 4: Non-metric multidimensional scaling (NMDS) of bee community composition data aggregated
per site across months and years (n=26) using Bray-Curtis dissimiliarity of Hellinger-transformed
abundance data (stress=0.20). Convex hulls represent different vineyard management categories
(Permutational Multivariate Analysis of Variance F=2.18, R*=0.16, p=0.003) as well as vectors for
significantly correlated bee species and vegetation and floral variables (p<0.05, based on 999

permutations).
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Figure 5: Comparison of floral richness (A) and vegetation height (B) in vineyards under different
management types. Graphs show the estimated marginal means from (General) Linear Mixed Models of
each response variable with month, year, and vineyard management as fixed effects and site as a random
effect. Letters denote significantly different categories (p<0.05) from Tukey post-hoc testing of model

estimated marginal means.
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Figure 6: Non-metric multidimensional scaling (NMDS) of flower community composition data
aggregated per site (n=26) using Bray-Curtis dissimiliarity of Hellinger-transformed abundance data
(stress=0.25). Convex hulls represent vineyard management categories (PERMANOVA F=1.81, R?>=0.14,
p=0.005). Overlaid are vectors of the most correlated vegetation and floral variables with the ordination
(p<0.1, based on 999 permutations, black font); Floral ab = floral abundance (r*= 0.26, p=0.03) and
CC_per = percentage of flowers from cover crops in mid-summer months (r>=0.19, p=0.09). Also shown
are the flower species that were significantly correlated with the ordination (p<0.05), highlighting species
that largely contribute to community variation (orange font). Redundant species with overlapping vectors
were removed for clarity: Asclepias syriaca, Hieracium lachenalii, and Linaria vulgaris (redundant with

Arabis hirsuta).
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Chapter 3: Multi-scale drivers of wild bee communities in
vineyard agroecosystems®

Abstract

Conservation measures to protect and conserve pollinators, such as wild bees, in agricultural lands require
an understanding of the scale at which interventions are most impactful. This includes determining
whether bee communities are more influenced by local on-farm resources or surrounding landscape
factors as most bees are central place foragers. This study assessed how wild bees were influenced by
vineyard management, local floral and vegetation resources, surrounding land-uses and surrounding soils
in 26 vineyards across the Niagara Region in Canada. Bees, along with vineyard flowers and vegetation,
were sampled over two growing seasons from vineyards under differing management regimes. The soil
texture, slope, and landscape composition were extracted from publicly available data within a 300m
radius around each vineyard site. The results demonstrate that both local and landscape factors largely
influence vineyard bee communities. The height of vegetation between vine rows positively influenced
bee abundance and diversity, while certified sustainable vineyard management showed slightly negative
associations with bee diversity compared to organic and conventional sites. The amount of semi-natural
land around sites had a positive impact on bee abundance and diversity and larger soil textures positively
influenced bee abundance, particularly for below-ground nesting bees. These results indicate that both
farm management practices and broader land-use planning tools are crucial for bee conservation in
agricultural landscapes, with soil factors being an important and often overlooked consideration,

particularly in relation to nest site availability.

Introduction

Wild bees play an important role in social and ecological systems as pollinators of a wide range

of wild and cultivated plants (Matias et al., 2017; Klein et al., 2018). However, studies documenting

4 Briann Dorin was responsible for research design and conceptualization, data collection, analysis, and writing.
Sheila Colla provided supervision and feedback throughout the project.
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declines in wild bees identified multiple threats including land-use intensification, climate change, and the
spread of non-native species and diseases (Vanbergen and The Insect Pollinators Initiative, 2013; Zattara
and Aizen, 2021). To effectively protect and conserve wild bees, research is needed to identify the land-
management practices that support diverse and abundant bee communities (Dicks et al., 2021), especially
in agricultural landscapes where threats to bees such as pesticide exposure and habitat loss may be
intensified.

Examination of land management practices should include the scale at which actions are most
impactful such as local (e.g., farm management) or landscape (e.g., land use planning) level interventions
(Patricio-Roberto & Campos, 2014). Several farm management practises have been shown to influence
wild bees across various crop systems. These include planting floral resources within and around
farmlands - as central place foragers, most bees require resources such as pollen and nectar within the
foraging range from their nest sites (Antoine and Forrest, 2021; Nicholls and Altieri, 2013; Zamorano et
al., 2020). Other studied factors include organic farming, reduced agrochemical inputs, and farm-level
diversification such as intercropping (Kovacs-Hostyanszki et al., 2017; Walker et al., 2025). Features
important at the landscape-scale include the proximity to and amount of surrounding natural and semi-
natural lands (Carré et al., 2009; Le Féon et al., 2010), proportion of urban land cover (Carré et al., 2009),
percentage and types of agricultural lands (Carré et al., 2009; Martins et al., 2018), and structural
considerations such as distance, connectivity, and habitat patch size (Rahimi et al., 2022). Landscape-
level research may also include determination of nest site availability for different bee taxa such as bare
soil, sloping ground, and nesting cavities (Potts et al., 2005) as bee species responses may differ based on
functional traits (Basu et al., 2016; Carr¢ et al., 2009; Williams et al., 2010). Landscape-factors may also
serve to buffer the impacts of local-factors such as intensive farm management and pesticide exposure
(Kennedy et al., 2013; Park et al., 2015). Further research is needed to understand how wild bees respond
to local and landscape-level factors across different crop types, as these relationships are likely context-

dependent (Kratschmer et al., 2019; Kehinde et al., 2018).
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Grapes are one of the largest cultivated fruit crops in terms of global acreage, grown on all
inhabited continents in environments that range from temperate to tropical and desert-like (Daane et al.,
2018; Marcelino et al., 2024). Vineyards are considered a highly intensive agricultural system though
management practices can vary substantially across regions and grape growers ranging from high input to
organic, biodynamic, and sustainable management (Daane et al., 2018; Popescu et al., 2019). While wine
grapes (Vitis vinifera L.) do not require animal pollination, vineyards can still provide habitat for wild
bees and may also exist in agricultural landscapes with other pollinator-dependent crops such as orchard
fruits (Dorin and Colla, 2024). Both local and landscape factors have been shown to influence wild bee
communities in vineyards, though their relative importance varies across studies. For example, Popescu et
al., (2019) found that the local management practice of between-row tillage influenced vineyard bees
more than the surrounding landscape diversity while Wersebeckmann et al., (2023) found that nest site
availability in the surrounding landscape, such as semi-natural habitats and soil texture, had greater
impacts on bees than local resources. Other studies have shown that local management practices, such as
enhancing between-row vegetation and flower cover, can positively impact bee abundance and diversity
(Kratschmer et al., 2018; Wilson et al., 2018; Popescu et al., 2019) while others have shown that
surrounding landscapes, particularly the amount of and proximity to semi-natural habitats, positively
influences bee abundance and diversity (Kratschmer et al., 2018; Uzman et al., 2020). However,
landscape effects are sometimes secondary to local management and can interact with local conditions to
impact bees - such as a higher landscape diversity compensating for the negative effect of low floral
resources in vineyards for certain bees (e.g., abundance of eusocial bees) (Kratschmer et al., 2019).

The variability in results across studies highlights the importance of examining these relationships
across diverse geographies and contexts (Kehinde et al., 2018). Few studies have been conducted in cool-
climate grape growing regions and none in Canada, despite grapes being the third largest fruit crop by
total acreage (AAFC, 2021). Within Canada, the Niagara Region in Ontario is the largest grape producing
region (VQA, n.d). This region lies within the Carolinian Zone, a relatively highly biodiverse area that

consists of both woodland and tall grass prairie ecosystems (Richards et al., 2011) supporting some of the
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highest bee diversity in Canada (Sheffield et al., 2014). The region also has high levels of urbanization
and intensive agriculture systems (Niagara Region, 2024) with predominant crop types of fruits, tree nuts,
oilseed, and grains (Niagara Region, n.d.).

This study examines how vineyard management, landscape, and soil factors impact the bee
communities in Niagara, ON vineyards to inform bee conservation efforts. Specifically, the influence of
between-row vegetation and floral resources, vineyard management certifications, surrounding land uses,
and soil types on wild bee abundance and diversity. The prediction was that vineyards with greater
vegetation and floral cover between vine rows would support higher abundances and diversity of bees by
providing enhanced forage resources. It was also predicted that organic and certified sustainable
vineyards (SWO, n.d.) would have more abundant and diverse bee communities than conventional
vineyards due to reductions in pesticide use and increased uptake of practises such as cover cropping that
can provide floral resources. On the landscape scale, it was predicted that vineyards surrounded with a
greater amount of semi-natural lands would provide enhanced nesting and foraging habitat for bees and
would support a higher diversity and abundance of wild bees. It was also predicted that the soils in the
surrounding landscape would affect bees by impacting both the surrounding vegetation as well as soil nest
site availability. Lastly, it was predicted that bees would respond differentially to local and landscape
variables due to differences in functional traits such as foraging ranges, diet, sociality, and nest site

requirements.

Methods

Sites, bees and local vegetation sampling

Commercial wine grape blocks of any variety were selected across the Niagara Region, Ontario.
Sites were managed conventionally, organically, or certified sustainably per the Sustainable Winegrowing

Ontario (SWO) certification program (SWO, n.d.)’. This program certifies vineyards that use practices

5 Site visits, grower-provided maps, and satellite imagery were used to confirm that selected sites encompassed a
range of surrounding landscape compositions and soil types across the Niagara Region. At sites adjacent to semi-



79

that benefit the environment like cover cropping and integrated pest management (IPM). However, some
sites were both organic and SWO certified - in which case, these sites were categorized as organic for this
study to reflect stricter standards (Seufert et al., 2017). In 2021, 20 sites were sampled: ten organic, five
conventional and five certified sustainable. In 2022, 24 sites were sampled: eight organic, eight
conventional, and eight certified sustainable (Figure 1). Vineyard blocks were selected in collaboration
with grape growers to cover a variety of landscape compositions, soils, and to keep a minimum distance
of 600 m between sites to sample independent bee communities (Zurbuchen et al., 2010). At each site, a
400 m? area was marked out in the centre of the block spanning three neighbouring vine rows, or two
between-row spaces, adjusting the length to the different row spacing (i.e. widths) across sites. Data were
collected monthly May through August, with each site sampled four times over a growing season. Site
sampling dates per month were based on grower availability and weather forecasts.

Bees were sampled using both pan traps and aerial netting on precipitation-free days. Netting was
performed for 30 minutes in the morning and afternoon, for 15 minutes per neighbouring between-row
space. Twenty-four 3.25 oz (96 mL) plastic pan traps (New Horizons bee bowls, Maryland) were placed
every ~3m under the central vine row alternating colours of yellow, blue, and white filled with soapy
water with unscented dish soap. If the under-vine area consisted of tall vegetation, then traps were raised
to the height of the vegetation using dark green commercial garden stakes. Pan traps were placed prior to
9:00 am and collected after 5:00 pm while all netting occurred between these hours.

Vineyard floral and vegetation characteristics were sampled on the same day as bees using a 1 m?
quadrat placed semi-randomly on the ground eight times along the same sampling area, with four quadrats
per row. Half the quadrats were placed in the centre of the between-row space while the other half were
placed towards the vine rows to capture all available floral resources. Flower species and abundances
were documented for all open flowers inside the quadrat (excluding grasses, rushes and sedges) using the

Newcomb’s Wildflower Guide (Newcomb, 1989) and the Ontario Ministry of Agriculture, Food, and

natural habitats, research blocks were selected at varying distances from these habitats to capture differences in
potential bee foraging ranges.
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Rural Affairs (OMAFRA) resources (OMAFRA, 2009; 2023). Vegetation cover (%) was visually
estimated using a modified DAFOR scale of Dominant >76%, Abundant 51-75%, Frequent 26—-50%,
Occasional 11-25%, and Rare <10% (Kratschmer et al., 2018). Vegetation height (cm) was measured by
dividing each quadrat into four equal sections and measuring the tallest piece of vegetation in each
section. The mean vegetation height, floral abundance, floral richness, and vegetation cover were

calculated per site and sampling round (month), the latter using the median value of the DAFOR scale.

Bee identification and functional traits

Bees were identified using a dissecting microscope and several identification guides (Packer et
al., 2007, see Appendix D for the list of published guides used) and Discover Life (Ascher and Pickering,
2022). Due to difficulty in accurate species identifications, the following groups of bees were not
identified to the species-level: Lasioglossum sub-genus Dialictus, Hylaeus affinis/modesutus/illinoiensis,
Sphecodes atlantis/cressonii, and one morphospecies of Sphecodes sp. Unless otherwise noted, all
species-level results and discussion incorporate these subgenus and species-group identifications. Bee
identifications were verified for a subset of specimens by other graduate students in York University’s
Centre for Bee Ecology, Evolution and Conservation. Total bee abundance, species and genus richness,
and species- and genus-level Shannon diversity indices were calculated from all bees collected per site
per year while the mean of floral and vegetation data were calculated across months.

Bee functional traits

Functional traits were determined for collected bees, taken primarily from existing literature (see
Appendix D for the resources used to determine functional traits). Traits included: diet, sociality, native
versus exotic, and nesting habitat type (Antoine and Forrest, 2021). Nesting habitat requirements for
cuckoo bees were taken from the typical nesting behaviour of their common host species (Antoine and
Forrest, 2021). Majority (98%) of bees collected were polylectic and thus, diet was removed from further
analyses. Body size, which is associated with foraging ranges (Greenleaf et al., 2007), was taken

primarily from MacKell et al., (2023) using tegular-distance or measured following their methods. The
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number of rare bees per site was also calculated, defined as species that represented less than 1% of all
collected bees across sites and years. The number of males was also calculated as sex ratios have been
shown to be impacted by land uses (Fitch et al., 2019). To estimate functional trait information for bees
not identified to species level, the average or most common functional trait was taken from the species
group (de Bello et al., 2021). For Lasioglossum (Dialictus) bees and Sphecodes sp., the average or most
common functional traits were taken across the list of species found in the Niagara Region per Onuferko

et al., (2015).

Landscape composition and soils

The surrounding landscape composition around each vineyard site was extracted from the
Agriculture and Agri-Food Canada (AAFC) Annual Crop Inventory geo-spatial data at a spatial resolution
of 30m (AAFC, 2023a; 2023b). The central GPS coordinate for each site was taken from Google Maps
Satellite Imagery (Imagery@2021,2022 CNES/Airbus, Maxar Technologies, U.S. Geological Survey,
USDA/FPAC/GEQ, Map data @2021, 2022). Site coordinates were then mapped in ArcGIS Pro 3.0.2
(ESRI 2022, Redlands CA; Environmental Systems Research Institute) using the NAD1983 UTM 17N
projected coordinate system. A circular buffer around each site centre with a radius of 300m was created
to account for the expected majority of realized bee foraging ranges (Zurbuchen et al., 2010; Kendall et
al., 2022). The “Tabulate Area” tool was used to calculate the total area of each land-type from the crop
inventory data. The total area associated with different landscape categories per site was then summed
using various levels of refinement, with the broadest categories being water, semi-natural land,
agricultural land, and impervious surfaces (Supplemental Table 1). These data were then converted into
the percentage of the total landscape per site.

Soil data were taken from the OMAFRA Soil Survey Complex generalized soil map (OMAFRA,
2015). Variables extracted were soil texture and slope due to their potential importance for ground-nesting
bees (Antoine and Forrest, 2021). The OMAFRA soil survey data were acquired from various sources

over a range of scales with a minimum accuracy of 200 m across the Niagara Region (OMAFRA, 2015;
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2019). Like landscape composition data, the soil data were also extracted with a 300m radius circular
buffer around each site. The soil map data (polygon data) were first converted to a raster file for each
target soil attribute (texture and slope) using the Polygon to Raster tool by maximum area, using the first
portion of the soil complex, where applicable. For soil texture (A horizon), the total area of each class (ex.
silt loam, clay loam) was calculated using the Tabulate Area tool. Organic content was manually
excluded, as it was not recorded for most sites. Soils were then grouped by particle size into coarse,
medium, and fine categories which were quantitatively ranked (Kingston and Presant, 1989; FAO, n.d.).
The proportion of each category by area was calculated, with manual adjustments for any unmapped or
undifferentiated cells. An overall texture score was then calculated by multiplying the rank of each
category by its proportion and summing the results - where higher values indicate coarser soil texture. For
slope, data were extracted from the mapped median slopes (%) which were taken from classes ranging
from level (0.2%) to very steep slopes (125%). Missing data were first removed from the raster file using
the Set Null tool and then the Zonal Statistics tool was used to calculate the mean slope within site

buffers.

Statistical analyses
All analyses were performed in R v.4.4.2 (R Core Team, 2014) without honey bees (4pis

mellifera L.) as surrounding hive information was not known and the goal was to focus on wild bee
conservation. To determine which local, landscape, and soil variables most impacted bee abundance,
species and genus richness, and species- and genus-level Shannon diversity Index - Generalized Linear
Models (GLM) were run selecting the best model(s) per the Akaike Information Criterion (AIC) using the
packages “MASS” (Venables and Ripley, 2002), “performance” (Liidecke et al., 2021), “glmmTMB”
(Brooks et al., 2017), and “MuMIn” (Barton, 2024) following Zuur and Ieno (2016). Because some sites
were only sampled for one year (8 sites), and bee communities can vary substantially across years (Turley
et al., 2022), models were run for each year separately. Landscape and soil data per site were kept

constant across years as they were not expected to change significantly between years, whereas bee data
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were summed annually and local vegetation and floral data were averaged across months per year
(Kratschmer et al., 2019). A Spearman’s correlation matrix was run using “corrplot” (Wei and Simko,
2024) and “Hmisc” (Harrell, 2025) on the local floral and vegetation variables, averaged across years for
sites sampled in multiple years, to determine the least correlated variables to include in model selection
(Supplemental Figure 1). For landscape data, similarly, a Spearman’s correlation matrix was run with all
categories across levels of refinement to select the least correlated variables (Supplemental Figure 2). A
linear model was then run on the selected variables to test for multicollinearity with the package “car”
(Fox and Weisberg, 2019) and variables with the highest VIF were removed until all variables had a VIF
under 3 (Zuur et al., 2010). The final global model consisted of the landscape variables of semi-natural
lands (primarily broadleaf forests, also includes shrubs and wetlands), vineyards (accounts for block size
as well as neighbouring vineyards), annual crops (primarily soybean, corn, and wheat), and impervious
surfaces (primarily built-up land such as buildings and roads, includes greenhouses, rocks/rubble, and
mines). Soil variables of slope and soil texture were also included. The local variables were the between-
row vegetation height and floral abundance as well as the vineyard management type (sustainable,
conventional, or organic). Supplemental Table 2 discusses the hypotheses and predictions associated with
each fixed effect included in the global model. Kruskal-Wallis tests were run to determine if the local,
landscape or soil variables differed significantly between vineyard management types. Before running
models, all numeric explanatory variables were z-score standardized (Harrison et al., 2018).

Models were fitted with Gaussian family and an identity link for Shannon diversity index,
Poisson family or Conway-Maxell-Poisson (CMP) with a log link for bee richness, and Negative
Binomial with a log link for bee abundance. Furthermore, due to Lasioglossum (Dialictus) bees being
highly abundant (38% of all bees) and not identified to species level, the abundance of this group of bees
was also modelled using a Negative Binomial 2 family with log link. Global models were first assessed
for model fit and diagnostics using the package “DHARMa” (Hartig, 2024). Model selection was based
on the second order Akaike Information Criterion (AICc) using the function dredge from the MuMIn

package which ranks all possible models. Model averaging was then performed when multiple top models
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had delta AICc<2 using the “conditional model” which calculates the average predictor coefficients only
from models where that predictor is included (Kratschmer et al., 2018). To get final model R? values for
averaged models, a GLM was run with all fixed effects included in the final averaged model, significant
or not. Due to an inability to calculate an R? for CMP models, a comparable R? value was calculated from
a Poisson-log model fit with the same fixed effects. When vineyard management was significant in final
averaged models, the “emmeans” package (Lenth, 2024) was used to obtain back-transformed estimated
marginal means (EMMSs) and to perform Tukey’s post-hoc tests.

To see how bee community composition differed between sites, the abundance of each species per
site was Hellinger-transformed for each year (Zuur et al., 2007). Non-metric multidimensional scaling
(NMDS) was performed for each year using the “vegan” package (Oksanen et al. 2024) with Bray-Curtis
distances and 2-dimensional solutions - applying 95% confidence ellipses around vineyard management
categories. A permutational multivariate analysis of variance (PERMANOVA) was performed to see if
bee communities differed significantly between management categories. Bee functional traits were
calculated per site and year using community weighted means (CWM). The envfit function was used to
test correlations between bee functional traits as well as all local, soil, and landscape variables with the
NMDS ordination using 999 random permutations (Kratschmer et al., 2018). Significant (p<0.05)
variables were then added to the NMDS plot for visualization. This analysis was performed with and
without Lasioglossum (Dialictus) bees to account for the lack of identification to species-level for this
group. The functional trait of bee nesting behaviour was largely associated with the NMDS and additional
GLMs with the abundance of above- and below-ground nesting bees were run using a Negative Binomial

model with a log link.

Results

In total, 4,490 bees from 27 genera and 95 species or species groups were collected across both
years (excluding honey bees), with 2,510 bees collected in 2021 and 1,980 bees in 2022. Of all collected

bees, most (92%) were native, female (89%), and polylectic (98%). Bee abundance per site in 2021
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ranged from 47-333 bees with a median of 108 and in 2022 ranged from 34-150 bees with a median of 75.
Bee species richness per site ranged from 9-33 species with a median of 20 in 2021 and 9-28 species with
a median of 17 in 2022. Most bees were below ground nesters (88%) and social (66%) while 33% were
solitary and 1% cuckoo (Supplemental Table 3). The most common bee species or species groups
collected over both years were Lasioglossum (Dialictus) (Robertson) (38% of bees), Agapostemon
virescens (Fabricius) (9.3% of bees), Augochlorella aurata (Smith) (7.5%), Halictus confusus Smith
(6.9% of bees), and Bombus impatiens Cresson (5%).

Modeling of bee abundance demonstrated that soils, landscape composition, and vineyard
management all influenced the abundance of bees in vineyards (Table 1). In 2021, slope had a negative
relationship with bee abundance (estimate=-0.21, Z= 2.06, p= 0.04; Figure 2A). Also in 2021, soil texture
had a positive relationship with bee abundance (estimate= 0.24, Z=2.41, p= 0.02; Figure 2B) while in
2022 this was marginally insignificant (estimate= 0.15, Z= 1.86, p= 0.06). In 2022, the percentage of
semi-natural lands had a positive relationship with bee abundance (estimate= 0.16, Z= 2.24, p= 0.03;
Figure 2C) as did vineyard vegetation height (estimate= 0.17, Z=2.31, p= 0.02; Figure 2D) while
vineyard floral abundance had a marginally insignificant positive association (estimate= 0.14, Z= 1.88,
p=0.06).

Bee species richness was influenced mostly by landscape composition and vineyard management
(Table 1). In 2021, species richness had a positive relationship with the percentage of semi-natural lands
(estimate= 0.13, Z=2.48, p= 0.01; Figure 3A) while in 2022 this was marginally insignificant (estimate=
0.091, Z=1.75, p= 0.08). In 2021, vineyard management type also influenced species richness, with a
negative impact of both organic (estimate= -0.33, Z= 2.25, p= 0.02) and sustainable management
(estimate= -0.35, Z=2.15, p= 0.03) compared to conventional management (Figure 3B). Lastly, species
richness had a positive relationship with vegetation height in both years (2021 estimate= 0.17, Z=2.76,
p=0.006; 2022 estimate= 0.17, Z= 3.47, p= 0.0005; Figure 3C). Genus richness models exhibited similar
relationships to those of species richness, but with greater model uncertainty (number of top models) and

lower explanatory power (R?). Genus richness models showed a significant (p<0.05) positive association
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with the percentage of semi-natural lands in both years, a negative association with certified sustainable
management in both years, and a positive relationship with vegetation height in 2022 (Supplemental Table
4).

Taking evenness into account, the Shannon species diversity index (H) was influenced mostly by
soils and vineyard management (Table 1). Shannon diversity was negatively associated with soil texture
in 2021 (estimate= -0.24, Z= 3.13, p= 0.002; Figure 4A) and positively with vegetation height in both
years (2021 estimate= 0.24, Z= 3.6, p= 0.0003; 2022 estimate= 0.27, Z= 3.06, p= 0.002; Figure 4B).
Additionally, certified sustainable management had a marginally insignificant negative association with H
in 2022 (estimate= -0.30, Z= 1.68, p=0.09). Genus-level Shannon diversity (H') results mirrored those at
the species level, with similar model uncertainty and comparable explanatory power (Supplemental Table
4). In 2021, like species H, genus H’ was significantly negatively associated with soil texture and
positively associated with vegetation height. In 2022, genus H’ was significantly negatively associated
with sustainable management and had a nearly significant positive relationship with vegetation height
(estimate= 0.15, Z= 1.89, p= 0.06).

Multivariate analyses (NMDS) revealed differences in bee communities and functional traits
among sites with landscape, soil, and vineyard management variables associated with these patterns
(Figures 5 and 6). Bee community composition differed significantly between vineyard management
types in both 2021 (PERMANOVA: F= 1.78, p= 0.009; Figure 5) and 2022 (F=1.92, p= 0.007; Figure 6).
These patterns remained when Lasioglossum (Dialictus) were excluded from analyses, although the
difference in 2022 was marginally non-significant (p= 0.06; Supplemental Figures 3 and 4). Sustainable
sites were associated with ground-nesting bees while aboveground-nesting bees were associated with
organic and conventional sites. Sustainable sites were also associated with social bees in 2022 when all
bees were included, but with solitary bees in both years when Lasioglossum (Dialictus) were excluded - a
group of primarily social bees in Niagara, ON. In analyses with all bees, floral richness (both years) and
vegetation height (2022) were associated with organic and conventional sites. This was further supported

when comparing the local vegetation, soil, and landscape characteristics between vineyard types which
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demonstrated that vineyard vegetation height and floral richness differed significantly between categories
(Supplemental Table 5). Vegetation height was tallest in organic vineyards (median 29.4 cm) when
compared to sustainable (median 19.6 cm) vineyards while conventional vineyards didn’t differ from
either category (median 22.5 cm). Furthermore, floral richness was marginally higher in both
conventional (median 1.99) and organic (median 1.8) vineyards compared to sustainable vineyards
(median 1.39).

NMDS associations among bee functional traits and environmental variables (local, landscape,
and soil) revealed several relationships. Ground nesting bees were positively associated with soil texture
in both years. In 2022, underground nesting bees were also associated with woody crops and agricultural
lands - which had similar vectors due to most agricultural land around the vineyard sites being either
orchards or vineyards (Supplemental Figure 2). Aboveground-nesting bees were associated with slope in
2022 and male bees were associated with floral richness in 2021. Additionally, in 2022, bee body size and
solitary bees were associated with both floral richness and vegetation height - variables that showed
similar vectors due to their high correlation (Supplemental Figure 1). Excluding Lasioglossum (Dialictus)
affected the ordination of sites and altered some of the observed associations with environmental
variables, though underground-nesting bees were still associated with soil texture in both years. Modeling
of the abundance of Lasioglossum (Dialictus) bees provided further insights into their influence on
community composition (Supplemental Table 4). In 2021, their abundance was positively associated with
soil texture (estimate= 0.41, Z= 3.20, p= 0.001) and negatively associated with vegetation height
(estimate=—0.40, Z= 3.07, p= 0.002). In contrast, the 2022 model of Lasioglossum (Dialictus) abundance
had a lower explanatory power (R?=0.31) and no variables were significant in the final model, although
vegetation height showed a nearly significant negative association (estimate= —0.29, Z= 1.94, p= 0.05).
Modelling of the abundance of belowground and aboveground nesting bees separately further revealed
the influence of soil texture on underground nesting bees (Supplemental Table 6). A positive relationship
was seen in 2021 (estimate= 0.31, Z= 3.02, p= 0.003) while in 2022 this was marginally insignificant

(estimate= 0.17, Z= 1.85, p= 0.06). In 2022, surrounding semi-natural lands also had a positive impact on
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underground nesting bees (estimate= 0.18, Z= 2.14, p= 0.03) while vegetation height had a nearly
significant positive relationship (estimate= 0.15, Z= 1.93, p= 0.05). Vegetation height also had a positive
impact on aboveground nesting bees in 2022 (estimate= 0.40, Z= 2.88, p= 0.004) though this was
marginally insignificant in 2021 (estimate= 0.22, Z= 1.88, p= 0.06). Soil texture, interestingly, had a
negative impact on aboveground nesting bees in 2021 (estimate= -0.40, Z= 2.90, p= 0.004) though this
was not significant in 2022 (estimate= -0.27, Z= 1.67, p= 0.09). Additionally, in 2022, aboveground
nesting bees were positively associated with impervious surfaces (estimate= 0.35, Z= 2.68, p= 0.007) and
negatively with surrounding vineyard cover (estimate= -0.36, Z= 2.33, p= 0.02). Overall, bee community
composition differed significantly among sites associated with several bee functional traits and influenced

by various local, landscape, and soil variables.

Discussion

Our results demonstrate that vineyard management, surrounding land-uses, and soil factors all
played an important role in shaping bee communities in Canadian vineyards. This is consistent with the
hypothesis that vineyard bees were shaped by both local- and landscape-scale variables. Multiple
vineyard management factors impacted bee abundance and diversity, indicating that local variables
largely influence vineyard bee communities. Previous studies have found that vineyard management had a
larger impact on vineyard arthropods than did surrounding landscape factors (Kratschmer et al. 2019;
Zielonka et al. 2024). In this study, the variable that most consistently impacted both bee abundance and
diversity was between-row vegetation height - which positively influenced bee abundance, species and
genus richness, and Shannon species and genus diversity in at least one year. The positive impact of
vegetation height on vineyard bee diversity is consistent with the findings of Biella et al. (2025) and
Zielonka et al. (2024) - the latter finding a positive impact of a vegetation cover metric based on both
vegetation cover and height. These results indicate that practices that enable taller vegetation between
rows will benefit wild bees, such as reduced mowing frequencies. Interestingly, the opposite pattern was

seen for Lasioglossum (Dialictus) bees as their abundance was negatively associated with vegetation
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height. This indicates that not all bees benefit from taller vegetation, or alternatively, this could be related
to the methodology used and the impacts of pan trap visibility in tall-vegetation vineyards. As smaller
bees, like Halictids, tend to be collected primarily in pan traps, vineyards with tall vegetation growing
between rows may have less visible pan traps and were less likely to attract and collect bees (McCravy,
2018). It is important to note that the negative association between Lasioglossum (Dialictus) abundance
and vegetation height could also be influencing the positive association between vegetation height and
bee species richness and Shannon species diversity because this subgenus of bees was not identified to
species level. This likely resulted in an underestimation of species richness and evenness in sites where
this subgenus was highly abundant. However, Bosco et al. (2023) found that the various species within
the genus of Lasioglossum demonstrated similar responses to local and landscape variables when
considering their presence or absence in vineyards. Thus, it is possible that majority of collected
Lasioglossum (Dialictus) bees responded similarly to vegetation height in this study. Furthermore, the
results at the genus level also displayed a positive association with vegetation height demonstrating the
importance of this vegetation characteristic for higher-level bee diversity.

The other vineyard management factor that was shown to impact vineyard bees in this study was
the vineyard management type. Certified sustainable management had a negative association with species
and genus richness and genus-level Shannon diversity in at least one year. This is opposite to the
prediction that these vineyards would have higher bee abundance and diversity than conventional
vineyards due to program requirements such as integrated pest management and cover cropping. Zielonka
et al. (2024) also found no benefit of the Sustainable Wines of Great Britain ‘SWGB’ scheme on the
abundance or diversity of arthropods in UK vineyards. Furthermore, in this study, organic vineyard
management did not enhance bee abundance or diversity as expected. In fact, a negative association with
species richness in 2021 was seen contrary to the prediction that reduced synthetic pesticide use would
benefit bees. These results are consistent with previous studies showing limited or no benefits of organic
management on vineyard arthropods including bees (Kehinde and Samways, 2012; Ostandie et al., 2021).

One possible reason for this could be that these programs require more time to see an impact. The SWO
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certification is an evolving program with several sites being newly accredited during this study.
Furthermore, while organic vineyards in this study were managed organically for 3+ years, research has
shown that pesticides and their byproducts can accumulate and persist in soils for several years or even
decades depending on the products used (Komarek et al., 2010; Patinha et al., 2018). Detrimental effects
of pesticide use on broader bee community metrics are often difficult to detect, even though laboratory
and field experiments have demonstrated lethal and sublethal impacts of various pesticides on individual
species (Raine and Rundlof, 2024; Guzman et al., 2024). Exposure levels and responses also can vary
across bee taxa, which can further conceal patterns when examining overall abundance and diversity
metrics. Using species occupancy models linked with land-use data across the United States, Guzman et
al. (2024) found that neonicotinoid and pyrethroid use had stronger negative effects on Andrenidae and
Apidae compared to Halictidae and Megachilidae. Furthermore, this study assessed organic and
sustainable management only at the local scale and bee responses may be more strongly influenced by
landscape-scale exposure to these practices (Ostandie et al. 2021). Future research should explore the
temporal and spatial scale of sustainability certifications and their impacts on wild bees.

While this research demonstrated the impact of multiple vineyard management practices on wild
bees, landscape-scale variables were also found to largely shape vineyard bee abundance and diversity.
This is consistent with other studies that have shown that surrounding landscape composition (including
artificial areas, uncultivated land, semi-natural elements, and woody structures) influences vineyard
pollinators including bees (Kehinde et al., 2018; Kratschmer et al., 2018; Kratschmer et al., 2021;
Ostandie et al., 2021). In this study, the percentage of semi-natural lands was the most impactful
surrounding land-use variable for both bee abundance and diversity. The percentage of semi-natural lands
had a positive impact on bee abundance and species and genus richness in at least one year. For this study,
this land type consisted primarily of forested land with small areas of wetlands and shrublands as well.
These results highlight the importance of protecting treed habitat in vineyard-dominated landscapes and
reinforces the importance of forest patches in agricultural lands (Rahimi et al., 2022). These results

oppose those of other studies that found limited or no impact of landscape factors on vineyard bees



91

including the landscape composition heterogeneity or the proportion of natural, semi-natural, or
uncultivated land (Brittain et al., 2010; Kehinde and Samways, 2012; Wilson et al., 2018; Popescu et al.,
2019). The types of uncultivated and semi-natural lands in these studies varied from being predominantly
gardens and fallow fields to different types of riparian, woodland, shrubland, and/or grassland habitat.
The importance of this variability is noted by Brittain et al., (2010) where authors discuss that the quality
of habitat for bees may be more important than simply the proportion of natural or semi-natural habitats
around vineyards. Another reason that other studies may have found limited influence of landscape
factors on vineyard bees may be due to the larger radii utilised when quantifying landscape composition
around vineyard sites. These studies used buffers ranging from 500-1000m compared to the 300m radius
used in this study. These larger buffers may represent foraging ranges that are uncommon for most bees -
where the typical median realized foraging range is ~110m for solitary species and ~448m for primitively
eusocial species (Kendall et al., 2022). Another important consideration is the amount of semi-natural
land surrounding sites, as a certain threshold may be necessary before positive impacts on bees become
detectable. In this study, the proportion of semi-natural land within 300 meters of vineyards ranged from
0% to 28%. Further research is needed to determine the structural requirements of semi-natural habitats
that support wild bees, including patch size, configuration, and proximity to agricultural fields. Such
information can guide land-use planning and policy aimed at protecting and restoring semi-natural
habitats in agricultural landscapes.

While the percentage of semi-natural lands was significantly associated with bee abundance and
diversity, no other land-use variables were significant in any of the bee response models. The percentage
of annual crops, vineyards, and impervious surfaces were retained in at least one of the top models of bee
abundance or diversity, though none of these relationships were significant or consistent across years,
indicating limited influence on wild bee abundance or diversity in Niagara vineyards. This was surprising,
as different crops are known to support different bee taxa and influence the regional bee community
within the landscape (Martins et al., 2018). The crop types within the surrounding landscapes of previous

studies have ranged from being almost entirely vineyards (Wilson et al., 2018) to having a variety of other
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crops such as orchards and annual crops (Kehinde et al., 2018). In this study, most surrounding crop types
were orchards and vineyards, as indicated by the high correlation between the percentage of agricultural
land and the percentage of woody crops (Spearman’s r=0.72). The lack of a detectable impact of vineyard
cover in the surrounding landscape also suggests that field sizes in Niagara may fall within the typical
foraging ranges of many wild bee species. Field size may be an important consideration when interpreting
the role of surrounding landscape composition and can vary substantially across regions (Popescu et al.,
2019; Kratschmer et al., 2021).

Lastly, this study found an impact of landscape soils on bee abundance and Shannon diversity.
Soil texture had a positive impact on bee abundance in both years and a negative impact on Shannon
species-level and genus-level diversity in 2021. A negative relationship between slope and bee abundance
was also found in 2021. The positive relationship between soil texture and bee abundance opposes the
results of Ostandie et al. (2021) who found no impact of soil texture on pollinator abundance. These
results also oppose those of Wersebeckmann et al., (2023) who found lower bee abundance and species
richness in vineyards with larger soil particle sizes, though in their study, sites with larger particles had
high amounts of large gravel particles (minimum 40% gravel) while soils in this study ranged from silty
clay to very fine sandy loam soils. Many ground-nesting bees prefer higher sand content which likely
explains the positive relationship with bee abundance and soil texture (Antoine and Forrest, 2021).
However, differences in soil texture may also impact plant communities within and around vineyards
which could also impact bee communities (Renne et al., 2019). Similarly, the negative impact of slope on
bee abundance in 2021 may be associated primarily with the topography of the Niagara Region. Higher
slopes were associated with sites along the Niagara Escarpment - a 177m north-facing cliff formation that
encompasses various grape growing sub-appellations (VQA, n.d.). It is possible that the impact of slope
on bee abundance is associated with differences in environmental and plant characteristics associated with
the Niagara Escarpment rather than with slope itself, though slope is also known to impact below-ground
nest site selection as it can impact nest drainage, solar radiation and temperature (Antoine and Forrest,

2021). In general, more research is needed on bee nesting behaviour in agricultural lands and the



93

landscape variables important for nest site selection. This can help inform sustainable agricultural policies
and programs to consider not only floral resource provision for pollinators but also nesting habitat
management (Sardifias and Kremen, 2014).

Bee community composition analyses and associations with functional traits and environmental
variables provided further insights into the above relationships, especially regarding bee nesting
behaviour. Surprisingly, while this study found a positive influence of semi-natural habitats on both bee
abundance and diversity, there was no association of semi-natural habitats with the ordination of sites by
bee community composition in either year. However, when above- and below-ground nesting bees were
modelled separately, semi-natural land cover had a positive effect on both groups in one year of the study
and was retained in the final models for both nesting groups in both years. Most of the semi-natural
habitats around the vineyard sites in this study were treed habitat, which was predicted to provide the
necessary nesting sites for above-ground nesting bees particularly (Rahimi et al., 2022). Wersebeckmann
et al. (2023) found that above-ground nesting bees were associated with semi-natural habitat at 150m
radius around vineyard sites, Uzman et al., (2020) found that the proportion of semi-natural habitat within
a 1km radius around vineyard sites enhanced cavity nesting bee abundance and diversity, and Kaczmarek
et al. (2024) found a positive influence of semi-natural habitat at 500m around vineyard sites on
aboveground nesting bee abundance and richness. In this study, aboveground nesting bees in the NMDS
were associated with higher slopes while in the GLMs, soil texture had a negative association with their
abundance. These relationships are likely due to differences in environmental variables and/or plant
communities along the soil texture and slope gradients of the Niagara Region and related to the Niagara
Escarpment (Auditor General of Ontario, 2022). It may be that sites along the Niagara Escarpment, where
soil texture is smaller and slopes are larger, consisted of larger tracts of continuous and connected forested
land - an important factor regrading forest patches in agricultural lands for bees and a factor unaccounted
for in the broad consideration of the percentage of semi-natural lands (Rahimi et al., 2022).

Similar to the findings of Kaczmarek et al. (2024), most of the bees collected in this study were

below-ground nesting. Below-ground nesting bees were consistently associated with soil texture in the
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community composition ordinations as well as in modelling of underground nesting bee abundance. This
indicates that soil texture is largely influential on nest site availability for these bees and should be
considered when planning bee conservation research and actions. Wersebeckmann et al. (2023) similarly
found a strong association between soil texture and the richness and abundance of ground-nesting bees.
More research is needed to determine where below-ground nesting bees are nesting in vineyard-
dominated lands and the implications for exposure to pesticides through their accumulation in soils.
Anecdotally, underground bee nests were observed under vine-rows while collecting data for this study.
Associations between environmental variables and functional traits other than nesting were
observed, but were less consistent, often being observed during only one year of the study. In ordinations
with all bees, associations were seen between floral richness and larger bodied bees, solitary bees, and
male bees. While floral richness was not included in the GLMs due to collinearity with other variables,
these results indicate that certain bee taxa are positively influenced by a diversity of flowers in vineyards.
This is consistent with other studies that have found that floral-rich cover crops and between-row
plantings positively impact pollinator diversity (Wilson et al., 2018; Griffiths-Lee et al., 2023).
Kratschmer et al. (2021) directly demonstrated that certain bee functional traits (e.g., tongue length, lecty)
were associated with various flower traits (ex. morphology, colour) in vineyards. These results highlight
the importance of planting a variety of flower types, ideally ranging in floral traits such as size, shape,
colour, and phenology, in vineyards to support a variety of bee taxa. In ordinations that excluded
Lasioglossum (Dialictus), associations were seen between larger bodied bees and agricultural lands as
well as social and native bees with developed lands. In the GLMs of bee nesting traits, aboveground
nesting bee abundance in 2022 was negatively associated with vineyard cover and positively associated
with impervious surfaces. Sites surrounded with higher percentages of agricultural lands and vineyards
likely impact bees differentially based on their foraging ranges and nesting site availability within these
cropped landscapes (Kendall et al., 2022; Lau et al., 2023). Larger bees may be able to nest further away
from vineyards but still utilize flowers blooming within vineyards when needed. Furthermore, the positive

association between social, native, and aboveground nesting bees and developed land in the broader
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landscape aligns with findings that bee functional diversity is higher in suburban areas compared to urban
or rural ones (Banaszak-Cibicka and Dylewski, 2021) possibly due to residential gardens providing more
diverse and reliable floral resources (Samnegard et al., 2011). Kratschmer et al. (2018) found that bee
abundance, species richness, and above-ground nesting bees increased with the proportion of artificial
areas surrounding vineyard sites. They noted that bee diversity tends to peak when landscapes include up
to 50% impervious surfaces. In this study, developed land ranged from 1-60%, reflecting the high levels
of residential and suburban development surrounding many vineyard sites in the Niagara Region which
has experienced rapid population growth (Niagara Region, 2024). Engaging non-farmer residents and
landowners in agricultural pollinator conservation efforts may represent an underutilized opportunity for

supporting pollinators in these landscapes.

Conclusion

Our findings underscore the need to consider not only on-farm management practices but also the
broader context of surrounding land uses and soil characteristics when assessing factors that influence
wild bee communities in agricultural landscapes. These elements should be incorporated into future
research, conservation strategies, and policy development aimed at supporting pollinators in farmlands. At
the local scale, these results suggest that taller between-row vegetation, likely due to reduced mowing
frequencies, may be an underutilized strategy for supporting wild bees in perennial crop systems. At the
landscape scale, this study highlights the importance of semi-natural habitats, particularly forested and
treed areas, for conserving wild bees in vineyard-dominated landscapes. Land-use planning, conservation
easements, and policy interventions should prioritize the protection and restoration of these habitat types.
Soil characteristics also played a significant role in shaping vineyard bee communities, with coarser soil
textures being positively associated with the abundance of ground-nesting bees. Overall, these results
suggest that effective bee conservation in farmlands must account for nesting habitat requirements

alongside forage resources. This includes moving beyond focusing solely on field-level interventions



96

towards coordinated, landscape-scale management that involves collaboration among growers and

landowners.
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Table 1: Generalized Linear Model summaries for each bee response variable per year - bee abundance,

species richness, Shannon Diversity index. Results are from model averaging of top models (AAICc < 2).

On the left are predictors included in the conditional averaged models alongside their estimates, standard

errors (adjusted for averaged models), z values, and p-values. Significant predictors are shown at p<0.05

(*). For vineyard management categories, the reference value is “Conventional”. Continuous predictors

were standardized (z-scored) before analyses. On the right is the range of AICc values across the top

models included in model averaging as well as the number of models included in the final averaged

model. The R2 is for a model run with all variables included in the averaged model (significant or not).

Predictor(s) Estimate Standard | z p-value AlCc No. R2
Error value range models

Bee abundance 2021
Intercept 4.81 0.090 51.01 | <2e-16* | 217.28- | 4 0.56
Semi-natural 0.13 0.10 1.34 0.1795 219.18
Annual crops -0.12 0.10 1.20 0.2306
Slope -0.21 0.10 2.06 0.0395 *
Texture 0.24 0.10 241 0.016 *

Bee abundance 2022
Intercept 4.40 0.068 64.58 | <2e-16 * | 231.0- 4 0.55
Semi-natural 0.16 0.071 2.24 0.0249 * | 232.69
Texture 0.15 0.079 1.86 0.0626
Vegetation height 0.17 0.072 2.31 0.0207 *
Floral abundance 0.14 0.069 1.88 0.0602

Species richness 2021
Intercept 3.12 0.15 21.04 | <2e-16* | 121.75- | 2 0.84
Semi-natural 0.13 0.054 2.48 0.01309 * | 122.79
Vegetation height 0.17 0.062 2.76 0.00581 *
Management - Organic -0.33 0.15 2.25 0.02437 *
Management - Sustainable -0.35 0.16 2.15 0.03130 *

Species richness 2022
Intercept 2.85 0.053 54.06 | <2e-16 * | 132.17- | 2 0.71
Semi-natural 0.091 0.052 1.75 0.07955 132.95
Vegetation height 0.17 0.050 3.47 0.00051*

Shannon diversity (H) 2021
Intercept 2.08 0.064 32.69 | <2e-16* | 11.84- 3 0.74
Semi-natural 0.11 0.068 1.55 0.12075 13.22
Slope -0.094 0.074 1.27 0.20295
Texture -0.24 0.075 3.13 0.00177 *
Vegetation height 0.24 0.066 3.60 0.00032 *
Shannon diversity (H) 2022

Intercept 2.09 0.093 22.41 | 0.00023 * | 21.03- 6 0.64
Annual crops 0.10 0.072 1.45 0.14807 22.58
Slope 0.084 0.074 1.14 0.25332
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Vegetation height 0.27 0.089 3.06 0.00222 *
Management - Organic 0.13 0.18 0.73 0.46593
Management - Sustainable -0.30 0.18 1.68 0.09341
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Figure 1: Vineyard sites for bee sampling across the Niagara Region, ON created in ArcMap Pro 3.0.2
(Esri, Redlands, CA) with the Canada Topographic, Canada Hillshade, and World Topographic Canadian
Style basemaps. Different shapes indicate the vineyard management type at each site while different

colours indicate whether the site was sampled for one year (2021 or 2022) or two years.
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Figure 2: Significant (p < 0.05) landscape, soil, and vineyard management variables associated with bee
abundance, identified through model averaging of the top Generalized Linear Models (AAICc < 2).
Separate models were run for each year, with 2021 data shown as circles and 2022 data as triangles. In
2021, significant predictors were slope (A) and soil texture (B) and in 2022 they were the percent of semi-
natural land (C) and between-row vegetation height (D). Soil and landscape variables were measured
within a 300m radius of each site. Each graph shows raw data points of total bee abundance per site (y-

axis) overlaid with fitted trendlines.
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Figure 3: Significant (p < 0.05) landscape and vineyard management variables associated with bee
species richness, identified through model averaging of the top Generalized Linear Models (AAICc < 2).
Separate models were run for each year, with 2021 data shown as circles and 2022 data as triangles. In
2021, significant predictors were the percentage of semi-natural lands (A) vineyard management type (B)
and in both years between-row vegetation height (C). Landscape variables were measured within a 300m
radius of each site. Each graph shows raw data points of total bee species richness per site (y-axis)

overlaid with fitted trendlines for continuous predictors and as boxplots for categorical predictors. For



113

categorical variables, Tukey post-hoc comparisons based on model-estimated marginal means are

indicated by different letters (p<0.05).
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Figure 4: Significant (p < 0.05) soil and vineyard management variables associated with the Shannon
diversity index of bee species, identified through model averaging of the top General Linear Models
(AAICc < 2). Separate models were run for each year, with 2021 data shown as circles and 2022 data as
triangles. In 2021, significant predictors were soil texture (A) and in both years between-row vegetation
height (B). Soil variables were measured within a 300m radius of each site. Each graph shows raw data

points of Shannon diversity index per site (y-axis) overlaid with fitted trendlines.
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Figure 5: Non-metric multidimensional scaling (NMDS) of bee community composition at vineyard sites
in 2021 (n=20) based on Bray-Curtis dissimilarity of Hellinger-transformed abundance data (stress=0.20).
95% confidence ellipses indicate different vineyard management categories (Permutational Multivariate
Analysis of Variance F=1.78, R*= 0.17, p=0.009). Vectors represent significantly correlated bee functional
traits (community weighted means, CWM) and local, landscape, or soil variables (p<0.05, based on 999

permutations). Soil and landscape variables were taken from a 300m radius buffer around each site.
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Figure 6: Non-metric multidimensional scaling (NMDS) of bee community composition at vineyard sites
in 2022 (n=24) based on Bray-Curtis dissimilarity of Hellinger-transformed abundance data (stress=0.18).
95% confidence ellipses indicate different vineyard management categories (Permutational Multivariate
Analysis of Variance F=1.92, R*= 0.15, p=0.007). Vectors represent significantly correlated bee functional
traits (community weighted means, CWM) and local, landscape, or soil variables (p<0.05, based on 999

permutations). Soil and landscape variables were taken from a 300m radius buffer around each site.
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Abstract

While pollinator-independent crops do not require insect pollination for crop production, their
flowers may still be used by bees for foraging resources. This study investigated if wild bees forage on
Vitis vinifera (wine grape) flowers in commercial vineyards in Niagara, ON, Canada across ten common
grape varieties. Over two years of observations during bloom, only ten bees were collected foraging on
wine grape flowers, with additional incidental observations. Most were solitary, ground-nesting species
from the Halictidae and Andrenidae families and were primarily observed on Gewlirztraminer flowers.
These results suggest that V. vinifera pollen is only occasionally used by wild bees and likely poses a low
pesticide exposure risk. However, the limited food-resource value of wine grape flowers for wild bees
reinforces the importance of maintaining diverse non-crop floral resources in vineyard-dominated

landscapes to support wild bee communities.
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Introduction

Pollinator-independent crops are not necessarily crops in which pollinators do not visit their
flowers. Conversely, while a crop may not benefit from pollinators visiting their flowers in terms of crop
production, pollinators may still use the pollen as a food resource. While pollinators include several taxa,
bees (Hymenoptera: Apiformes) hold a significant role in the pollination of both wild and crop plants as
they forage for pollen and nectar to meet their nutrient requirements (Kral-O’Brien et al. 2022). With
documented declines for several bee species globally (Vanbergen and The Insect Pollinators Initiative
2013; Goulson et al. 2015), understanding the plant resources used by bees is important for directing
conservation actions.

Agriculture-dominated landscapes may hold heightened risks for bees due to threats including
habitat loss, pesticide exposure, and interactions with non-native species (Vanbergen and The Insect
Pollinators Initiative 2013). Thus, it is especially important to understand the resources used by bees in
agricultural lands and the potential benefits (e.g., nutritional quality) or risks (e.g., pesticide exposure) of
foraging on crop flowers for pollen. Globally, 60% of food production comes from crops that are
pollinator-independent, with 28 of the leading food crops showing no benefit from animal pollination
(Klein et al. 2007). This represents a significant amount of land where bees may have limited food
resources available to them. Very little is known about the role of pollinator-independent crops as a pollen
resource for bees (reviewed in Kral-O’Brien ef al. 2022). Most research on this topic comes from pollen
collected from European honey bees (4pis mellifera L., 1758) (Saunders 2018; Kral-O’Brien et al. 2022),
thus, more observational studies are needed to understand the breadth of bees that may use these food
resources. The wine grape (Vitis vinifera L., 1753 (Vitaceae)) is a pollinator-independent crop for which
we lack information about use by bees. With ~ 7.4 mha of global area planted with commercial
grapevines (OIV 2019) more research is needed to understand to what extent bees use grapevine pollen
and whether this pollen usage differs by variety or species.

Grapevine (Vitis spp. Linnacus (Vitaceae)) pollination is highly variable with flowers ranging

from self-compatible to self-incompatible and pollination mechanisms including insect, wind, and self-
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pollination (Pratt 1971; McGregor 1976; Vasconcelos et al. 2009). Self-pollination may happen before or
after capfall, which is when the fused petals, or calyptra, that cover the reproductive organs are shed, and
cross-pollination may also occur with both wind and insect pollen vectors (Sampson et al. 2001;
Vasconcelos et al. 2009). For domesticated grapevines, autogamy is thought of as the main route for
pollination (Carmona et al. 2008). Still, there have been records of certain V. vinifera cultivated varieties
benefiting from cross-pollination (McGregor 1976; Sabir 2015). For other grapevine species, including
wild and dioecious species, diverse insect visitors to flowers have been documented (Carmona ef al.
2008). This includes bees in the families Andrenidae, Megachilidae, Halictidae, Apidae (honey bees), as
well as beetles (Coleoptera), wasps (Hymenoptera), and flies (Diptera) (Detjen 1917; Branties, 1978;
Sampson ef al. 2001; Martignago et al. 2017; Zito et al. 2018; Baronio et al. 2021). For V. vinifera, there
are few studies on the topic of bee visitors to flowers and, of those that do exist, most focus solely on
honey bees. Honey bees have been shown to forage on wine grape flowers, selectively foraging on
inflorescences with high numbers of loose caps, however V. vinifera pollen often makes up a only small
percentage of the total pollen they collect (Vorwohl 1977; Dimou and Thrasyvoulou 2007; Di Pasquale et
al. 2016; Hogendoorn et al. 2016). With many gaps in knowledge regarding bee visitation to wine grape
flowers, the goal of this study is to investigate the bee visitors to several varieties of V. vinifera in the
Niagara Region, Ontario. Specifically, we aim to determine the role of wine grape flowers as a pollen
resource for bees, which bees use the cultivated grapevine pollen as a food resource, and whether there

are varietal differences in the frequency of pollen collection.

Methods

We observed bees visiting wine grape flowers during bloom in commercial vineyards throughout
the Niagara Peninsula, Ontario, Canada in 2021 and 2022. Growing 46 varieties of grapes across 13,600
acres, the peninsula represents the largest planted area of vineyards in Canada (VQA. n.d.). We sampled
ten of the most commonly grown V. vinifera varieties in the area, five white varieties: Chardonnay,

Gewurztraminer, Pinot Grigio/Gris, Riesling, Sauvignon Blanc and five red varieties: Gamay Noir, Pinot
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Noir, Merlot, Cabernet Franc, and Syrah (Table 1). Surveys were performed in 19 vineyards in 2021 and
in 14 vineyards in 2022 (Fig. 1). At each site, we surveyed one block growing one variety and all sites
were a minimum of 600 m apart to sample independent bee communities (Gathmann and Tscharntke
2002). All blocks were mature with the year of planting ranging from 1985-2017. Blocks varied in size,
row spacing, and vineyard management practices.

Through communications with growers, we attempted to survey when vines were near 50%
capfall which was expected to have the highest pollen availability (Hogendoorn et al. 2016). Sampling
occurred between 12-17 June 2021 and 17-25 June 2022 on precipitation-free, low wind and low cloud
cover days. To confirm the % capfall of each block, we visually estimated the open flowers from a subset
of 50-100 inflorescences along the central vine row. Each inflorescence was categorised as: 0%, 1-30%,
31-69%, >70% capfall. This was estimated using 5 inflorescences per vine across 10-20 vines selecting
inflorescences of similar size and location on the vine (Vasconcelos et al. 2009). In 2021, bees were
collected during a 10-minute walked transect in the morning (9:00 am - 12:00 pm) while in 2022 the
transect walk was performed both in the morning (as above) and in the afternoon (12:00 pm - 5:00 pm)
for 20 total minutes of sampling in 2022. Sampling occurred across three neighboring vine rows using a
~400m? transect in the centre of the vineyard block. Transects were walked at a very slow pace, surveying
for bees foraging on the vine flowers on either side for 5 minutes in each neighboring row. Bees that were
observed foraging on flowers (gripping open anthers with their legs, moving from open flower to open
flower) were collected using an aerial insect net, or, in year 2 of the project were also collected with a
battery-operated insect vacuum (InsectaVac Aspirator, BioQuip Products, CA). Bees were initially placed
in a killing jar containing ethyl acetate and later stored in a freezer at ~-18°C until processing. If a bee
was observed foraging on grapevine flowers outside of timed transects attempts were made to photograph
or video record the behavior. Frozen bees were later thawed, pinned, labelled and identified using a
dissecting microscope and the Discover Life bee species and genera guides (Ascher and Pickering 2022).

Specimens in the genus Lasioglossum Curtis, 1833 were identified only to subgenus for Dialictus
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Robertson, 1902 bees (Gardner and Gibbs n.d.) due to the difficulty in identification to species level for

this group of bees. Collected bees are stored in the Colla YorkU lab at York University, Toronto, Canada.

Results

In total, ten bees (Table 2) were collected foraging on V. vinifera flowers across all standardized
surveys, while six low-quality photos were taken of bees foraging on wine grape flowers outside of timed
transect sampling (Fig. 2). Very few bees (less than 10) were additionally visually observed foraging on
grapevine flowers outside of timed transects and were unable to be photographed or collected. Most of
these bees were bumble bees (Bombus spp. Latreille, 1802) as they were often first heard “buzzing”
before being observed foraging on flowers tucked into the vine canopy. Most bees collected were from
the Halictidae family followed by Andrenidae while a few observations and photos of bumble bees in the
Apidae family were also made. The most common bees collected were Lasioglossum bees in the subgenus
Dialictus followed by Halictus confusus Smith, 1853. Of the species identified, two are exotic to Ontario;
Andrena wilkella Kirby, 1802 and Lasioglossum zonulum Smith, 1848. Most of the bees collected are
solitary, polylectic, ground-nesting bees (Grixti and Packer 2006; Mackell et al. 2023). Bees were
predominantly observed and collected foraging on Gewiirztraminer flowers though they were also
collected on Cabernet Franc and Sauvignon Blanc flowers (Table 2) and observed on Syrah and Pinot

Gris/Grigio flowers (Fig. 2).

Discussion

After ~8 hours of observation over two years, only 10 bees were collected from V. vinifera
grapevine flowers in this study. This may be due, in part, to the limited attraction and rewards for flower
foraging insects (Carmona et al. 2008). Grapevine flower nectaries do not seem to produce nectar but
only floral oils (Pratt 1971; Branties 1978) and after capfall pollen grains dry quickly and disperse
(Hogendoorn et al. 2016). Interestingly, however, V. vinifera flowers have been shown to produce volatile
organic compounds (VOCs) which may serve to attract pollinators (Martin et al. 2009; Barbagallo et al.

2014; Zito et al. 2016). In contrast with previous work (e.g., Hogendoorn et al. 2016), we did not observe
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any honey bees foraging on V. vinifera flowers. This may be attributable to the timing of grapevine
flowering in Niagara, Ontario which is past the bloom period for other bee-pollinated crops grown in the
region where honey bee hives are often used (Niagara Region 2016). However, some grape growers
reported keeping honey bees on the study sites and others noted neighbors in close proximity that were
known to have hives. These sites likely had other available floral resources that were preferred over the
grapevine flowers by honey bees. Seven of the 10 bees we collected were foraging on Gewlirztraminer
flowers while we never observed bees on varieties such as Riesling and Chardonnay despite the higher
number of sites sampled for these varieties (Table 1). Volatile aroma compounds produced by V. vinifera
flowers have been shown to significantly differ between cultivated varieties which may impact the
attraction of bees to different varieties (Barbagallo ef al. 2014). Varietal differences also exist for pollen
viability and germination rates (Sabir 2015; Pereira et al. 2018) and the morphology of pollen grains
(Marasali ef al. 2005). More research is needed on the differences in bee attraction to grapevine flowers
across cultivated varieties and the underlying reasons and ecological implications of these differences.
We faced several challenges observing and collecting bees foraging on cultivated grapevine
flowers. The first challenge was the difficulty in netting bees from within the dense grapevine canopies.
However, the use of an additional insect vacuum in year 2 was unhelpful as the sound of the battery-
operated vacuum tended to scare off bees and the narrow tip of the vacuum made collection difficult.
Another challenge was that bees would often forage across rows rather than along a single row, thus, we
could not adequately follow the bee’s foraging behavior due to the trellis system. Furthermore, in the
winter of 2021/2022, the Niagara Region experienced its worst winter damage to grapevines in decades
(Rosas 2022) and many of the vineyards had very few vines with flowers for observation, reducing the
number of sites we were able to sample in 2022. Beyond methodologic challenges, more research is
needed to understand the ideal conditions for observing bees foraging on wine grape flowers including the
% capfall and time of day as we observed bees foraging at a higher % capfall and later in the day than

anticipated (Hogendoorn et al. 2016). Lastly, future research should include pollen removal from
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collected bees and identification of pollen by morphology or DNA sequencing to confirm the flower
species being used and to avoid the issues associated with observing bees directly on grapevine flowers.

Based on the results of this study, the risk of bee exposure to pesticides by foraging on cultivated
grapevine flowers is rather low due to the low foraging activity for grapevine pollen observed. It is likely
that other floral resources within vineyards such as weeds and cover crops hold a higher risk of pesticide
exposure for most bees (OMAFRA 2023a; 2023b). Thus, off-target drift and pesticide accumulation in the
soils is still a concern regarding bee exposure to pesticides in vineyard agroecosystems. Our research
demonstrates that few bees use wine grape pollen as a food resource and thus, in vineyard-dominated
landscapes, it is important to provide other floral resources for bees such as through cover cropping,
wildflower plantings, and semi-natural areas. For the bee species and genera observed foraging on wine
grape flowers in this study, more research is needed to determine the percentage of their diet that comes
from wine grape pollen and how this might be impacted by the availability of surrounding floral resources
(Cane and Sipes 2006). In conclusion, native and exotic bees in at least three families forage at least
occasionally on Vitis vinifera flowers during bloom in vineyards of the Niagara Region, ON, Canada.
While this dataset is small, it provides the first records of non-honey bees foraging on cultivated V.

vinifera flowers and highlights useful future research directions.
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Tables

Table 1: Vitis vinifera cultivated varieties surveyed for bee visitors to grapevine flowers
including the number of sites sampled for each variety and the mean capfall (%) at the time of

sampling. Dashed lines represent a variety not sampled in that year.

Variety No. of sites Mean capfall
per variety (%)

2021 2022 | 2021 | 2022
Cabernet Franc 4 2 44 84
Chardonnay 3 3 25 69
Riesling 3 2 30 80
Merlot 2 1 60 64
Sauvignon Blanc 2 2 40 77
Gewlirztraminer 1 2 21 74
Pinot Gris/Grigio 1 2 72 82

Syrah 1 0 42 | -

Pinot Noir 1 0 55 | -

Gamay Noir 1 0 42 | -




Table 2: Bees collected foraging on Vitis vinifera flowers with their functional traits and the

grape variety, sampling year, and mean capfall when collected.
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Family Genus Species or Native | Nesting! | Sociality | Diet! Variety Year | Mean
subgenus(*) | or ! capfall
exotic per
! site
(%)
Halictidae | Agapostemon | sericeus Native | Ground | Solitary | Polylectic | Gewlirztraminer | 2021 21
(Forster,
1771)
Halictidae | Lasioglossum | zonulum Exotic | Ground | Solitary | Polylectic | Gewiirztraminer | 2021 21
(Smith,
1848)
Halictidae | Lasioglossum | Dialictus* n/a n/a n/a n/a Gewiirztraminer | 2022 71
(Robertson,
1902)
Halictidae | Lasioglossum | Dialictus* n/a n/a n/a n/a Gewiirztraminer | 2022 71
(Robertson,
1902)
Halictidae | Lasioglossum | Dialictus* n/a n/a n/a n/a Gewiirztraminer | 2022 71
(Robertson,
1902)
Halictidae | Lasioglossum | Dialictus* n/a n/a n/a n/a Gewiirztraminer | 2022 71
(Robertson,
1902)
Halictidae | Halictus confusus Native | Ground Social | Polylectic | Gewiirztraminer | 2022 71
(Smith,
1853)
Halictidae | Halictus confusus Native | Ground Social | Polylectic | Cabernet Franc | 2022 85
(Smith,
1853)
Andrenidae | Andrena miranda Native | Ground | Solitary | Polylectic | Cabernet Franc | 2022 82
(Smith,
1879)
Andrenidae | Andrena wilkella Exotic | Ground | Solitary | Polylectic | Sauvignon 2022 78
(Kirby, blanc
1802)

! Grixti and Packer (2006); MacKell et al. (2023). *Bees in the subgenus Dialictus were not

identified to species, thus, functional traits could not be determined.
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Figure 1: Site locations of vineyards where observations of the bee visitors to Vitis vinifera
flowers occurred. At each site, one cultivated variety was observed as indicated by the different
colours. Sites were sampled in either 2021 (9 sites), 2022 (4 sites), or in both years (10 sites).

Sites sampled in both years are represented by larger circles whereas smaller circles represent

sites sampled in only one year (either 2021 or 2022).
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Figure 2: Images captured of bees foraging on Vitis vinifera flowers outside of timed transects.

Images were taken as either a still photograph or a screenshot from a video recording. The year
and variety associated with each image from top-left to bottom-right are as follows; A: 2021
Gewlirztraminer, B: 2021 Gewlirztraminer, C: 2021 Syrah, D: 2021 Gewiirztraminer, E: 2022

Gewiirztraminer, F: 2021 Pinot Gris/Grigio. Photos by Briann Dorin and Ryanna Baich.
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Chapter 5: Conclusion and recommendations

The overall objective of this thesis was to better understand the role of pollinator-independent
crops in wild bee conservation. Agricultural lands cover 5 billion hectares globally or 38% of the world’s
land area (FAO, 2020) and agricultural land use is considered the leading global driver of biodiversity
loss (Newbold et al., 2015; Kehoe et al., 2017). One group of animals with evidence of declines are
pollinators - associated with several threats including habitat loss, pesticide exposure, climate change, and
interactions with non-native and managed species such as pest and disease spread (Cane & Tepedino,
2001; Potts et al., 2010). Animal pollinators provide an essential ecosystem service in the form of
pollinating ~87% of global flowering plant species (Ollerton et al., 2011) and further pollinating 87 of the
leading global food crops (Klein et al., 2007). The economic value of crop pollination services globally
ranges from $195-$387 billion USD depending on the valuation methods used (Porto et al., 2020). A large
percentage of this animal pollination is from bees (Hymenoptera: Apoidea: Apiformes) with ~1/3 of
human diets coming from bee-pollinated crops specifically (Thapa, 2006; Klein et al., 2007; Khalifa et al.,
2021). For monoculture crop production, one bee species in particular, the European honey bee (4pis
mellifera), is highly relied upon for crop pollination where wild pollinator populations may not be
sufficient to provide this service (Klein et al., 2007). However, several crops have been shown to be better
pollinated by wild bees or other non-honey bee pollinators and many crops benefit when a diversity of
bees visit their flowers (Klein et al., 2007; Reilly et al., 2024). Thus, concerns exist regarding a loss of
wild pollinators and the crop pollination services they provide (Steffan-Dewenter et al., 2005; Artamendi
et al., 2025). And with the alarming losses of honey bee colonies being experienced by beekeepers since
the early 2000s (Aurell et al., 2024), this may lead to an increased dependence on wild pollinators to
provide this essential ecosystem service if bee keeping becomes increasingly less viable (Klein et al.,

2007). Declines in wild bee species can also have negative implications for natural ecosystems and flora
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as bee declines can negatively influence animal-pollinated plant reproductive success if plants are unable

to adapt (Artamendi et al., 2025; Thomann, 2013).

Many economically important crops globally do not require animal pollination, instead, being
self-fertile or pollinated by abiotic factors such as wind (Klein et al., 2007). While these crops lack the
economic driver of crop pollination to motivate actions that support pollinator populations, pollinator-
independent crop fields may still hold significant capacity to help conserve and protect wild pollinators
within the greater landscape (Saunders, 2018). In Chapter 1, I reviewed the current state of knowledge on
primary research projects examining wild bee responses to local and/or landscape factors in the top global
pollinator-independent crops. One major finding from this review was the large crop and geographic
discrepancy across studies. Previous research has shown that crops differ in their biodiversity pressures
(Chapman et al., 2025) and in their wild bee visitors and communities as well as factors such as their risks
to pollinators from pesticide exposure (Martins et al., 2018; Rondeau et al., 2022; French et al., 2024).
More research is needed on the topic of bee conservation in crops with low or no pollinator-dependence
that accounts for differences in crop management across crop types. The geographic bias in current
research highlights the importance of also expanding this research to understudied global areas, as
biodiversity pressures from agricultural land-use differ across regions, associated with factors such as the
overlap of agricultural land area with species ranges, crop production volumes, national consumption and
global food trade (Chapman et al., 2025). A recent global analysis of 303 studies demonstrated that land-
use intensity in cropland had differing impacts on pollinators in tropical vs. temperate lands such that
cropland use, compared to a primary vegetation baseline, negatively impacted pollinator total abundance
and species richness in tropical areas but not in temperate areas (Millard et al., 2021). This demonstrates
the importance of expanding our current state of knowledge on the topic of bee conservation in
agricultural lands to understudied crops and regions, as biodiversity losses tend to be concentrated in

biodiverse but economically poor countries (Newbold et al., 2015). These regions may not be supported
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by conservation programs or spending and are at a heightened risk of biodiversity losses under future

agricultural intensification and expansion forecasting (Kehoe et al., 2017).

The level of pollinator dependence or independence of crops can have mixed evidence based on
factors such as study design and crop genotypes regarding the level of yield or other crop benefits from
animal pollination (Tamburini et al., 2019; Bishop and Nakagawa, 2021; Esquivel et al., 2021). Several
crops are deemed highly reliant on animal pollination, such as almonds, where growers often pay for
honey bee colonies during crop bloom to ensure sufficient crop pollination (Goodrich et al., 2019). Yet,
with current breeding programs, even these highly animal-pollinator reliant crops are now producing
varieties with lowered pollinator dependence (Saez et al., 2020). According to Saez, et al., (2020) the
deemed pollinator-independent almond variety Independence is the fastest growing variety in California -
the world’s largest almond producing region. Thus, pollinator-dependence is a complicated categorisation
for crops and while historically, pollinator research may have focused primarily on highly pollinator-
dependent crops, even crops with deemed little or moderate benefit from animal pollination such as
soybean, coffee, and canola may have greater benefits than previously considered (Esquivel et al., 2021).
These crops should have increased research on the crop benefits of animal pollination as well as greater
involvement in pollinator conservation programs and policies. This should be supplemented with social
science research regarding farmers’ perceptions and their willingness to change behaviours for pollinator
health. This information can help inform policies and programs aimed at collaborating with farmers to
support pollinator conservation efforts by identifying motivations and barriers and understanding how this

differs by crop type and geographic location (Hall and Martins, 2020).

In Chapter 2, I focused on the farm management practices that support abundant and diverse bee
communities in a pollinator-independent crop, the wine grape. A major finding was the importance of
between-row vegetation height for both bee abundance and diversity metrics. While planting flowers for
bees is a commonly promoted farmland pollinator conservation action (Wood et al., 2017), which this

thesis also supports by demonstrating a positive relationship between bees and floral abundance, allowing
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the between-row vegetation to grow taller was the strongest predictor out of all the measured local floral
and vegetation variables. Vegetation height is a less commonly recorded, measured, or reported variable
in other studies on this topic. This chapter emphasizes the importance of this variable when researching
wild bee responses to land management practices, both in rural and non-rural contexts. Mowing frequency
research in other fields, such as in road-side verges and rights-of-ways, can help inform this research in a
cropland context (Du Clos et al., 2021). Interestingly, there was limited evidence to support the benefits of
several other sustainable vineyard management practices for supporting diverse and abundant bee
communities in Chapter 2, particularly cover cropping, organic management, and a regional vineyard
sustainability certification. The limited support may reflect the study’s methodological approach,
particularly the extent to which spatio-temporal dynamics of practice adoption, such as pesticide
exposure, were considered. Wild bees are exposed to pesticides in agricultural landscapes through various
routes and across different life stages (Raine and Rundlof, 2024). From exposure in nest sites, such as in
underground nests through pesticide soil accumulation, to direct and indirect exposure to sprays and
pesticides across crop and non-crop plants when foraging, detecting responses of wild bees to organic
management at the site-level is challenging. Without accounting for the management practices of
neighbouring crop fields, it is difficult to assess realistic pesticide exposure levels when only considering
site-level organic management. Furthermore, in this study, time under organic management was not
obtained from producers and thus, not included in analyses, although different pesticides have varying
degradation behaviours (Lonsdorf et al., 2024). Future research should examine landscape-scale adoption
of organic practices within the foraging ranges of different bee species, alongside the temporal dynamics
of organic management to better understand the time needed for impacts to become detectable in bee

communities (Lonsdorf et al., 2024).

Another important factor is the wide range in functional traits and taxonomy among the bees
collected in this study. Such variability suggests that some bees may have responded more strongly than

others to different management practices, depending on their life history traits, functional traits, and
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ecology. For example, although cover cropping was not shown to benefit site-level bee abundance or
diversity metrics, positive effects might have been detected for certain bee groups or taxa, such as bumble
bees, which are known to forage on the dominant cover crops of clover found in Niagara vineyards
(Kanduth et al., 2021). This echoes other research that has shown that agri-environment schemes that
promote floral plantings only benefit a limited suite of bee species (Wood et al., 2017). It is possible that
uniform solutions applied across farmlands may be less beneficial for bees than diverse management
practices across farms. Thus, while site-level alpha bee diversity may not uniformly benefit from certain
practices, having multiple farms under varying management regimes could be more beneficial overall to
the regional beta- and gamma- diversity. More research is needed on the matrix of farm management
practices across farmland and on farm-to-farm interactions and their impacts on bees (Tsang et al., 2025).
This also requires an understanding of how policies and programs can account for landscape-scale
management of farmland for biodiversity including farmer-to-farmer cooperation and trust (Sutherland et
al, 2012). The community composition analyses in Chapter 2 demonstrated that the bee communities in
vineyards differed significantly between conventional, organic, and certified sustainable sites. The reasons
behind this variability were further highlighted in Chapter 3 where I investigated the multi-scale drivers

of vineyard bee communities, including vineyard management practices, surrounding land-uses, and soils.

In Chapter 3, in addition to highlighting the importance of semi-natural lands for bees, I show that
bee nesting traits are strongly associated with the grouping of bee communities and that soil texture is
important for shaping these patterns. Given the ground-nesting nature of % of all bees (Antoine and
Forrest, 2021), it is concerning that soils are less often considered in both research and conservation
planning for bees in farmlands (as discussed in Antoine et al., 2025). Despite the vast amount of research
on bee conservation that has been produced over the last decade, there is a glaring gap in knowledge on
bee nesting habitat for most species (Antoine and Forrest, 2021). This is primarily due to difficulty in
detecting underground bee nests (Antoine and Forrest, 2021). This thesis adds to the evidence that nest

site availability is a key habitat variable for bee conservation, highlighting the need for fundamental
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research on bee nesting in farmlands and how it is shaped by farm management practices and surrounding

land uses.

Another important consideration is the interpretation of large-scale field studies on bee
communities when soils are not accounted for. If bee communities are largely shaped by nest site
availability, such as soil texture, then in areas where soils differ significantly across landscapes, such as
the Niagara Region (Haynes, 2000), this should be accounted for in study design and interpretation. For
instance, if underground-nesting bees are more common in sandier soils, then comparing bee abundance
or diversity between sandier and less-sandy sites in response to management practices could yield
misleading conclusions. A paired-site design would help control for soil variables, although this was not
feasible here due to the limited availability of certified organic and sustainable vineyards at the start of the
study. Still, this thesis highlights the important role of soil variables in large-scale region-wide studies on
bee responses to land management and surrounding land uses. Future research should place significant
emphasis on measuring soil variables or using publicly available soil data in analyses. Further
disentangling of the effects of soils and slopes on qualities like plant composition, and not just on bee nest
site availability, remains a challenge and requires additional experimental approaches (Antoine et al.,

2025).

Lastly, in Chapter 4, the bee visitors to wine grape flowers during bloom were surveyed to
understand if bees use wine grape pollen as a food resource. Several challenges with this study were
discussed in the Chapter, however, the results do show that some bees will use this pollen, albeit at very
low levels. The limited data makes it difficult to determine why this pollen was used at some sites and for
some bees. Possible explanations include a lack of alternative resources at these sites, the proximity to
nests, or the nutritional qualities of grapevine pollen which may benefit certain bees. Although research
on plant-pollinator networks is increasing (Bascompte and Scheffer, 2023), there remains a critical need
to better understand the nutritional aspects of these interactions and the quality of floral resources for bees

(Crone et al., 2022). Fundamental data on the nutritional profiles of crop flowers, including those
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considered to have low pollinator dependence (Esquival et al., 2021), as well as common non-crop,
weedy and planted species, are essential for assessing the risks and benefits of foraging for a diversity of
wild bee species and life stages (Filipiak, 2018). Bee nutrition in agricultural landscapes is still poorly

understood and warrants further investigation.

Overall, this thesis adds to the literature on important facets of wild bee conservation in
agricultural lands, with a focus on pollinator-independent crops. With almost half the world’s habitable
land in use for agriculture, these landscapes represent a significant capacity for supporting conservation
efforts. With growing political emphasis and support for bee conservation in farmland (Jones Ritten et al.,
2017; Cole et al., 2020), scientific evidence is needed to inform these programs and guide effective
conservation actions. This thesis demonstrates the importance of crop- and location-specific research on
this topic and a highlights a large number of understudied crop types and regions globally. This thesis also
highlights the importance of multi-scale research on the topic to understand how both local and landscape
factors influence wild bees. Specifically, further emphasis should be placed on understanding bee nesting
behaviours in agricultural landscapes and identifying key nesting habitat variables for a variety of taxa
and functional traits across wild bees. Longer-term studies are also necessary to detect the impacts of
pesticide exposure at the field-level such as organic farm management. Further research into how
sustainable farming practices can be enhanced to better support wild bees, including mowing frequencies,
sustainability certifications, and floral plantings is necessary to ensure pollinators are considered in agri-
environmental-type programs. Lastly, more research is needed on the nutritional value of crop and non-
crop floral resources to expand our understanding of not only which floral resources are being used by

bees, but also the implications for population health among species.
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Supplemental Tables

Chapter 2

Supplemental Table 1: Site information for the commercial vineyard blocks used for data collection

including their management category (Organic, Sustainable, or Conventional), the Vintners Quality

Alliance (VQA) [now the Ontario Wine Appellation Authority] sub-appellation
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(https://vqaontario.ca/ontario-appellations/niagara-peninsula/), the Vitis vinifera L. cultivated variety, year

of planting, and the size of the block sampled as well as the years sampled for this project (2021, 2022, or

both years). Sustainable sites are those certified through the Sustainable Winegrowing Ontario

certification program (https://sustainablewinegrowingontario.ca/).

Site Sub-appellation Variety Year Block size Years
management planted (acres) sampled
Organic 1 Beamsville Bench Chardonnay 1991 1.42 Both
Organic 2 Beamsville Bench Pinot Noir 2009 1.30 Both
Organic 3 Twenty Mile Bench Chardonnay 2006 0.96 Both
Organic 4 Beamsville Bench Sauvignon Blanc 1993 0.97 Both
Organic 5 Twenty Mile Bench Cabernet Franc 1999 9.84 Both
Organic 6 Four Mile Creek Merlot 2017 1.98 Both
Organic 7 Four Mile Creek Chardonnay 2013 1.35 Both
Organic 8 Four Mile Creek Cabernet Franc 1998 1.66 Both
Organic 9 Vinemount Ridge Gamay Noir 2014 4.2 2021
Organic 10 Lincoln Lakeshore Cabernet Franc 1996 3.0 2021
Conventional 1 | Vinemount Ridge Chardonnay 2000 2.01 Both
Conventional 2 | Creek Shores Riesling 2009 1.89 Both
Conventional 3 | Creek Shores Riesling 2015 4.67 Both
Conventional 4 | Creek Shores Sauvignon Blanc 2017 2.97 Both
Conventional 5 | St. David’s Bench Syrah 2001 5.19 Both
Conventional 6 | Vinemount Ridge Pinot Gris 2002 1.44 2022
Conventional 7 | Vinemount Ridge Gewiirztraminer 2003 2.2 2022
Conventional 8§ | Four Mile Creek Riesling 1998 3.88 2022
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Sustainable 1 Lincoln Lakeshore Riesling 2006 3.2 Both
Sustainable 2 Short Hills Bench Pinot Grigio 2015 6.56 Both
Sustainable 3 Niagara Lakeshore Merlot 1990 1.77 Both
Sustainable 4 Niagara Lakeshore Cabernet Franc 2001 1.56 Both
Sustainable 5 Niagara Lakeshore Gewlirztraminer 1997 1.2 Both
Sustainable 6 Vinemount Ridge Gamay Noir 2013 34 2022
Sustainable 7 Niagara River Sauvignon Blanc 1999 4.3 2022
Sustainable 8 Niagara River Gewlirztraminer 1985 1.3 2022

Supplemental Table 2: Open flower species recorded in vineyards. Flowers were considered cover crops

if a grower noted planting it as a cover crop or if it is recommended as a cover crop (OMAFRA, 2023b).

All other flowers were considered weeds per OMAFRA (2009; 2023a) or simply due to them not being

knowingly planted as a cover crop (as indicated by *). The average abundance (number of flowering

units) per species across sites and years is shown as well as the frequency (number of sites where

present). Plant taxonomy was taken from the USDA PLANTS Database

(https://plants.sc.egov.usda.gov/home/plantProfile?symbol=TRRE3)

Common name Family Genus Species Cover Abundance | Frequency
crop or
weed

Redroot Amaranthaceae Amaranthus retroflexus L. Weed 9.00 17

amaranth (amaranth)

Annual ragweed | Asteraceae (aster) Ambrosia artemisiifolia L. Weed 0.54 2

Scarlet Primulaceae Anagallis arvensis L. Weed 0.27 1

pimpernel (primrose)

Stinking Asteraceae (aster) Anthemis cotula L. Weed* 0.38 1

chamomile

Hairy rockcress | Brassicaceae Arabis hirsuta (L.) Scop. Weed* 0.15 1
(mustard)

Common Asclepiadoideae Asclepias syriaca L. Weed 0.02 1

milkweed (milkweed)

Spear saltbush Chenopodiaceae Atriplex patula L. Weed 3.00 4
(goosefoot)

Garden Brassicaceae Barbarea vulgaris W.T. Weed 0.02 1

yellowrocket (mustard) Aiton

Field mustard Brassicaceae Brassica rapa L. Cover 0.04 1
(mustard) crop

Shepherd's-purse | Brassicaceae Capsella bursa-pastoris (L.) | Weed 15.81 16
(mustard) Medik.

Common mouse- | Caryophyllaceae Cerastium fontanum Baumg. | Weed 1.19 5

ear chickweed (pink)

Lambsquarters Chenopodioideae Chenopodium album L. Weed 14.27 13

Chicory Asteraceae (aster) Cichorium intybus L. Weed 1.77 3

Canada thistle Asteraceae (aster) Cirsium arvense (L.) Scop. | Weed 2.40 9
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Field bindweed Convolvulaceae Convolvulus arvensis L. Weed 45.77 15
(morning-glory)

Queen Anne's Apiaceae (carrot) Daucus carota L. Weed 15.77 10

lace

Spring draba Brassicaceae Draba verna L. Weed 0.08 1
(mustard)

Eastern daisy Asteraceae (aster) Erigeron annuus (L.) Pers. Weed 0.38 2

fleabane

Redstem stork's Geraniaceae Erodium cicutarium (L.) Weed* 0.17 2

bill (geranium) L'Hér. ex Aiton

Buckwheat Polygonaceae Fagopyrum esculentum Cover 0.35 2
(buckwheat) Moench crop

Shaggy soldier Asteraceae (aster) Galinsoga quadriradiata Cav. | Weed* 1.42 1

Small geranium | Geraniaceae Geranium pusillum L. Weed* 4.94 6
(geranium)

Ground ivy Lamiaceae (mint) Glechoma hederacea L. Weed 0.13 1

Common Asteraceae (aster) Hieracium lachenalii C.C. Weed* 0.87 1

hawkweed Gmel.

Purple Lamiaceae (mint) Lamium purpureum L. Weed 38.94 11

deadnettle

Field Brassicaceae Lepidium campestre (L.) Weed 0.10 1

pepperweed (mustard) W.T. Aiton

Ox-Eye Daisy Asteraceae (aster) Leucanthemum | vulgare Lam. Weed 0.13 1

Butter and eggs Scrophulariaceae Linaria vulgaris Mill. Weed* 0.25 1
(figwort)

Indian-tobacco Campanulaceae Lobelia inflata L. Weed* 0.04 1
(bellflower)

Bird's-foot Fabaceae (pea) Lotus corniculatus L. Cover 6.62 5

trefoil crop

Common Malvaceae (mallow) Malva neglecta Wallr. Weed 0.98 5

mallow

Wild chamomile | Asteraceae (aster) Matricaria chamomilla L. Weed* 0.13 2

Black medick Fabaceae (pea) Medicago lupulina L. Weed 130.27 24

Alfalfa Fabaceae (pea) Medicago sativa L. Cover 10.98 5

crop

White Fabaceae (pea) Melilotus albus Medik. Cover 0.12 1

sweetclover crop

Yelllow Fabaceae (pea) Melilotus officinalis (L.) Cover 6.38 4

sweetclover Lam. crop

Common yellow | Oxalidaceae (wood- Oxalis stricta L. Weed 1.13 7

oxalis sorrel)

Narrowleaf Plantaginaceae Plantago lanceolata L. Weed 13.44 11

plantain (plantain)

Common Plantaginaceae Plantago major L. Weed 6.94 19

plantain (plantain)

Prostrate Polygonaceae Polygonum aviculare L. Weed 329.06 26

knotweed (buckwheat)

Spotted Polygonaceae Polygonum persicaria L. Weed 16.00 7

ladysthumb (buckwheat)

Little hogweed Portulacaceae Portulaca oleracea L. Weed 3.73 3
(purslane)

Common Lamiaceae (mint) Prunella vulgaris L. Weed* 1.21 3

selfheal
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Radish Brassicaceae Raphanus sp. Cover 3.06 3
(mustard) crop
Old-man-in-the- | Asteraceae (aster) Senecio vulgaris L. Weed 10.00 12
Spring
Hedgemustard Brassicaceae Sisymbrium officinale (L.) Cover 0.21 1
(mustard) Scop. crop
Field sowthistle | Asteraceae (aster) Sonchus arvensis L. Weed 14.96 8
Common Caryophyllaceae Stellaria media (L.) Vill. Weed 52.10 14
chickweed (pink)
Dandelion Asteraceae (aster) Taraxacum officinale F.H. Weed 144.13 25
Wigg.
Field pennycress | Brassicaceae Thlaspi arvense L. Weed* 0.63 2
(mustard)
Aslike clover Fabaceae (pea) Trifolium hybridum L. Cover 17.96 11
crop
Crimson clover Fabaceae (pea) Trifolium incarnatum L. Cover 0.29 3
crop
Red clover Fabaceae (pea) Trifolium pratense L. Cover 17.13 18
crop
White clover Fabaceae (pea) Trifolium repens L. Cover 116.63 23
crop
Wild tulip Liliaceae (lily) Tulipa sylvestris L. Weed* 0.27 1
Corn speedwell Scrophulariaceae Veronica arvensis L. Weed 0.73 1
(figwort)
Neckweed Scrophulariaceae Veronica peregrina L. Weed 0.46 1
(figwort)
Bird's-Eye Scrophulariaceae Veronica persica Poir. Weed 0.37 2
Speedwell (figwort)
Thymeleaf Scrophulariaceae Veronica serpyllifolia L. Weed* 6.42 3
speedwell (figwort)
Bird vetch Fabaceae (pea) Vicia cracca L. Weed 3.73 7

Supplemental Table 3: Summary of the global Generalized Linear Mixed Models used for model

selection for each bee response variable. Models were run for the entire growing season (Full model,

May-August) and for mid-summer months only (Mid-summer model, June-July). For each response

variable, the model family and link function, fixed effects (X + X), random effects (1 | X),

and interaction terms (*) are shown.

Response Family, link function | Full model Mid-summer model

variable

Bee Negative Binomial ~ Floral abundance * month + | ~ Floral abundance + floral

abundance (1), log floral richness + vegetation richness + vegetation cover +
cover + vegetation height * vegetation height + cover crop

Bee Negative Binomial month + vineyard management | percentage + alternate row +

abundance (1), log + year + (1 | Site)
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collected by
netting

Bee
abundance
collected by
pan traps

Negative Binomial
(1), log

vineyard management + month
+ year + (1 | Site)

Bee species
richness

Poisson, log

Shannon
Diversity
Index -
Species

Gaussian, identity

Bee genus
richness

Conway-Maxwell-
Poisson, log

Shannon
Diversity
Index -
Genus

Gaussian, identity

Lasioglossum
(Dialictus)
abundance

Negative Binomial
(2), log

~ Floral abundance + floral
richness + vegetation cover +
vegetation height + vineyard
management + month + year +
(1] Site)

Supplemental Table 4: Summary of the genus-level diversity of bees collected across all sites and years.
The number of sites where the genus was collected as well as the total number of bees, species richness,
and individuals collected by net vs. pan trap methods are shown. Authority information for each genera
were taken from the Discover Life Bee Genera Guide (Ascher and Pickering, 2022). Genera where all

bees were not identified to species level (ex. sub-genera or species-groups) are identified by *.

Frequency | Abundance Richness Collection method

Genus Authority Number of | Number of Number of Net Pan trap
sites individuals species abundance | abundance
Lasioglossum * Curtis 26 1958 8 208 1750
Agapostemon Guerin- 25 450 3 52 398
Meneville

Andrena Fabricius 25 246 23 205 41
Augochlorella Sandhouse 25 336 1 89 247
Bombus Latreille 1802 25 331 7 323 8
Halictus Latreille 25 531 3 172 359
Ceratina Latreille 23 177 3 72 105
Hylaeus * Fabricius 21 110 6 16 94
Hoplitis Klug 19 54 1 23 31
Osmia Panzer 19 64 6 8 56
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Augochlora (Say, 1837) 15 47 1 28 19
Calliopsis Smith 14 28 1 2 26
Megachile Latreille 13 36 8 20 16
Xylocopa Latreille 12 20 1 20 0
Sphecodes  * Latreille 11 23 6 3 20
Melissodes Latreille 10 25 2 10 15
Stelis Panzer 8 17 2 2 15
Nomada Scopoli 5 10 2 3 7
Anthidium Fabricius 3 10 1 8 2
Anthophora Latreille 3 3 1 1 2
Coclioxys Latreille 3 3 2 2 1
Augochloropsis Cockerell 2 2 1 2 0
Heriades Spinola 2 2 2 1 1
Peponapis (Say, 1837) 2 2 1 0 2
Colletes Latreille 1 2 | 2 0
Holcopasites Ashmead 1 2 | 0 2
Pseudoanthidium Friese 1 1 | 1 0
Total: 1273 3217

Supplemental Table 5: Generalized Linear Mixed Model summaries for genus level bee response

variables with site as a random effect. Model summaries are from model averaging of the top models with
the lowest AICc (Akaike Information Criterion, corrected) within delta AICc<2. On the left are predictors
included in the conditional averaged models alongside their estimates, standard errors (adjusted for
averaged models), z values, and p-values. All continuous predictor variables were standardized (z-scored)
before analyses. Significant predictors are shown at p<0.05 (**) and nearly significant at p<0.1 (*).
Bolded predictors are significant (p<0.1) in both the full and conditional models while bolded and
italicized predictors are significant only in the conditional model. For categorical variables, reference
values are those not shown: “Conventional” for Management, “2021” for Year, and “August” for Month.
Also shown is the range of AICc values across the models included in model averaging as well as the
number of models included in the final averaged model. The marginal R2 (R2m, variance explained by
fixed effects) and conditional R2 (R2c, variance explained by fixed and random effects) are shown for a

model run with all predictors included in the averaged model (significant or not).

Standard | z AlCc No.
Predictor(s) Estimate Error value | p-value range models | R2m | R2¢
Bee genus richness
Intercept | 1.72 | 0.081 [ 21.20 | <2e-16 ** | | 4 [009]0.15
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Year — 2022 -0.20 0.053 3.70 0.0002 **

Month — May -0.15 0.081 1.86 0.0636 *

Month — June 0.25 0.073 3.46 0.0005 **

Month — July 0.27 0.068 3.92 8.8e-05 **

Vegetation height 0.026 0.035 0.76 0.4501

Vegetation cover -0.017 0.035 0.50 0.6173

Management — Organic -0.018 0.11 0.16 0.8726

Management —

Sustainable -0.18 0.12 1.49 0.1376 740.38-

Floral richness 0.064 0.033 1.93 0.0548 * 742.34
Shannon genus diversity index (H”)

Intercept 1.21 0.10 12.06 | <2e-16 **

Year — 2022 -0.088 0.058 1.50 0.1326

Month — May -0.085 0.084 1.01 0.3114

Month — June 0.35 0.082 4.23 2.31e-0.5 **

Month — July 0.13 0.076 1.72 0.0859 * 172.8- 7 025 | 0.44

Floral abundance (log) 0.066 0.034 1.93 0.0540 * 174.8 ’ ’

Management — Organic 0.12 0.11 1.05 0.2932

Management —

Sustainable -0.21 0.12 1.80 0.0721 *

Floral richness 0.072 0.044 1.63 0.1022

Supplemental Table 6: Generalized Linear Mixed Model summaries for genus level bee response
variables for models run with June and July data only to include cover crop percentage and alternate row
management as additional predictors. All models had site as a random effect. Model summaries are from
model averaging of the top models with the lowest AICc (Akaike Information Criterion, corrected) within
delta AICc<2. On the left are predictors included in the conditional averaged model alongside their
estimates, standard errors (adjusted for averaged models), z values, and p-values. All continuous predictor
variables were standardized (z-scored) before analyses. Significant predictors are shown at p<0.05 (**)
and nearly significant at p<0.1 (*). Bolded predictors are significant (p<0.1) in both the full and
conditional models while bolded and italicized predictors are significant only in the conditional model.
For categorical variables, reference values are those not shown: “Conventional” for Management, “2021”
for Year, “June” for Month, “No” for Alternate row. Also shown is the range of AICc values across the
models included in model averaging as well as the number of models included in the final averaged
model. The marginal R2 (R2m, variance explained by fixed effects) and conditional R2 (R2c, variance
explained by fixed and random effects) are shown for a model run with all variables included in the

averaged model (significant or not).
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Predictor(s) Estimate Standard | z p-value AlCc No. R2m | R2c
Error value range models
Bee genus richness
Intercept 1.96 0.078 25.07 | <2e-16 **
Year — 2022 -0.17 0.072 2.31 0.0208 **
Month — June -0.050 0.065 0.77 0.4409
Vegetation height 0.070 0.043 1.65 0.0992 *
Management — Organic -0.074 0.13 0.58 0.5608 396.74- 14 004 | 0.09
Management — -0.22 0.13 1.74 0.0811 * 398.70 ' ’
Sustainable
Vegetation cover 0.061 0.046 1.31 0.1918
Floral abundance (log) 0.067 0.045 1.50 0.1349
Floral richness 0.053 0.045 1.18 0.2374
Shannon genus diversity index (H’)
Intercept 1.31 0.068 19.35 | <2e-16 **
Month — June 0.19 0.068 2.76 0.0057 **
Vegetation height 0.11 0.046 2.28 0.0227 ** 81.97- 4 015 | 0.50
Floral richness 0.053 0.049 1.09 0.2777 83.64 ' ’
Floral abundance (log) 0.082 0.047 1.75 0.0798 *
Vegetation cover -0.053 0.052 1.07 0.2870

Supplemental Table 7: Generalized Linear Mixed Model summaries for models of the abundance of
Lasioglossum (Dialictus) bees across all months (full) and for mid-summer months only (mid-summer,
June and July), the latter included cover cropping and alternate row management as fixed effects. All
models had site as a random effect. Model summaries are from model averaging of the top models with
the lowest AICc (Akaike Information Criterion, corrected) within delta AICc<2. On the left are predictors
included in the conditional averaged models alongside their estimates, standard errors (adjusted for
averaged models), z values, and p-values. All continuous predictor variables were standardized (z-scored)
before analyses. Significant predictors are shown at p<0.05 (**) and nearly significant at p<0.1 (*).
Bolded predictors are significant in both the full and conditional models while bolded and italicized
predictors are significant only in the conditional model. For categorical variables, reference values are
those not shown: “Conventional” for Management, “2021” for Year, and “August” for Month (full) or
“July” (mid-summer), and “No” for Alternate row. Also shown is the range of AICc values across the top
models included in model averaging as well as the number of models included in the final averaged

model. The marginal R2 (R2m, variance explained by fixed effects) and conditional R2 (R2c, variance



explained by fixed and random effects) are shown for a model run with all variables included in the

averaged model (significant or not).
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Predictor(s) Estimate Standard | z p-value AlCc No. R2m | R2c
Error value range models
Lasioglossum (Dialictus) abundance - full
Intercept 2.28 0.27 8.44 <2e-16 **
Year — 2022 -0.58 0.14 4.13 3.66e-05 **
Month — May -0.099 0.19 0.53 0.597159
Month — June -0.45 0.19 2.36 0.018232 **
Month — July 0.62 0.18 3.44 0.000576 ** 1101.32-
Floral abundance (log) -0.17 0.081 2.06 0.039722 *=* 1103'. 15 4 0.35 | 0.58
Vegetation cover 0.13 0.096 1.41 0.159715
Vegetation height -0.13 0.11 1.16 0.244776
Management — Organic -0.41 0.30 1.39 0.163603
Management — 0.50 0.31 1.62 0.105572
Sustainable
Lasioglossum (Dialictus) abundance - mid-summer
Intercept 3.24 0.23 14.01 | <2e-16 **
Year — 2022 -0.81 0.16 5.14 3.0e-07 **
Month — June -1.02 0.15 6.66 <2e-16 **
Vegetation cover 0.24 0.11 2.18 0.0292 *=*
Management — Organic | -0.66 0.28 2.37 0.0180 ** 552.65- 10
Management — 0.12 0.29 0.41 0.6806 554.27 0.56 | 0.70
Sustainable
Cover crop percentage -0.11 0.081 1.33 0.1850
Vegetation height -0.14 0.11 1.26 0.2096
Floral richness -0.17 0.11 1.49 0.1354
Floral abundance (log) -0.13 0.10 1.34 0.1819

Supplemental Table 8: Generalized Linear Mixed Model summaries for models of the abundance of

bees based on capture-method of netted bees and pan trap-collected bees across all months (full) and for

mid-summer months only (mid-summer, June and July), the latter included cover cropping and alternate

row management as additional fixed effects. All models had site as a random effect. Model summaries are

from model averaging of the top models with the lowest AICc (Akaike Information Criterion, corrected)

within delta AICc<2. On the left are predictors included in the conditional averaged models alongside

their estimates, standard errors (adjusted for averaged models), z values, and p-values. All continuous

predictor variables were standardized (z-scored) before analyses. Significant predictors are shown at

p<0.05 (**) and nearly significant at p<0.1 (*). Bolded predictors are significant in both the full and

conditional models while bolded and italicized predictors are significant only in the conditional model.



155

For categorical variables, reference values are those not shown: “Conventional” for Management, “2021”

for Year, and “August” for Month (full) or “July” (mid-summer), and “No” for Alternate row. Also shown

is the range of AICc values across the top models included in model averaging as well as the number of

models included in the final averaged model. The marginal R2 (R2m, variance explained by fixed effects)

and conditional R2 (R2c, variance explained by fixed and random effects) are shown for a model run with

all variables included in the averaged model (significant or not).

Predictor(s) Estimate Standard | z p-value AlCc No. R2m | R2¢

Error value range models

Net abundance - full
Intercept 1.90 0.15 12.65 | <2e-16 ** 1015.56- | 6 0.30 | 0.39
Month - July 0.22 0.14 1.53 0.1274 1017.43
Month — June 0.12 0.16 0.75 0.4553
Month - May -0.13 0.17 0.73 0.4636
Vegetation height 0.24 0.07 3.57 0.0004 **
Floral richness 0.23 0.06 3.82 0.0001 **
Vegetation cover -0.08 0.08 1.06 0.2887
Management - Organic -0.16 0.17 0.91 0.3605
Management - -0.38 0.20 1.86 0.0630 *
Sustainable
Net abundance — mid-summer

Intercept 1.97 0.12 16.91 | <2e-16 ** 515.48- 10 0.19 | 0.28
Month - June -0.24 0.15 1.62 0.1049 517.27
Year - 2022 0.13 0.14 0.92 03565
Vegetation height 0.22 0.07 3.20 0.0014 **
Floral richness 0.18 0.08 2.28 0.0228 **
Floral abundance (log) 0.17 0.09 1.82 0.0689 *
Cover crop percentage 0.10 0.07 1.33 0.1827

Pan trap abundance - full
Intercept 2.92 0.13 22.47 | <2e-16 ** 1318.11- | 4 0.39 | 0.61
Month - July 0.61 0.13 4.69 2e-16 ** 1319.75
Month — June 0.09 0.15 0.59 0.5561
Month - May -0.32 0.16 1.91 0.0556 *
Year - 2022 -0.49 0.10 4.86 1.2e-06 **
Vegetation height -0.09 0.12 0.77 0.4443
Floral richness -0.17 0.08 2.10 0.0360 **
Vegetation cover 0.14 0.07 1.94 0.0519 *
Floral abundance (log) -0.11 0.07 1.47 0.1429
May:Vegetation height -0.002 0.17 0.01 0.9886
June:Vegetation height -0.041 0.13 0.31 0.7574
July:Vegetation height 0.29 0.12 2.46 0.0140 **

Pan trap abundance — mid-summer

Intercept 3.75 0.10 36.28 | <2e-16 ** 664.14- 2 043 | 0.58
Month - June -0.47 0.10 4.62 3.90e-06 ** | 666.11
Year — 2022 -0.84 0.11 7.71 <2e-16 **
Vegetation cover 0.24 0.08 3.01 0.0026 **
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Floral richness -0.17 0.08 2.08 0.0374 **
Alternate row - Yes 0.12 0.17 0.71 0.4778
Cover crop percentage -0.22 0.05 4.12 3.81e-05 **

Supplemental Table 9: Comparison of the Estimated Marginal Means (Emmean) from Generalized
Linear Models comparing the abundance of select genera between the three vineyard management types.
Model estimated marginal means (log scale) and standard errors (SE) were compared using Tukey post-
hoc tests, as indicated with different letters. Significance is shown for GLMs and for post-hoc testing at

p<0.05 and p<0.1 using bolding and grey shading.

Organic Conventional | Sustainable Model R? | Pairwise

significance significance

Genus Year | Emmean | SE Emmean | SE Emmean | SE

Bombus 2021 | 1.31 041 | 2.05 055 | 1.28 0.58 0.10

Bombus 2022 | 253a 0.27 | 2.54a 0.27 | 1.50b 0.30 | p<0.05 0.38 | p<0.05

Andrena 2021 | 1.96 026 | 1.72 037 | 1.28 0.40 0.13

AT 2022 | 2.08a 020 | 1.42b 023 | 139D 0.24 | p<0.05 033 | p<0.1

Ceratina 2021 | 1.61 022 | 1.53 031 | 0.88 0.37 0.20

Claraiing 2022 | 1.18ab | 0.46 | 1.89a 044 | 049D 0.50 | p<0.05 024 | p<0.1

Lasioglossum | 2021 | 3.75a 0.19 | 401ab | 026 | 4.57b 0.26 0.40 | p<0.05

Lasiog]ossum 2022 | 3.07a 0.21 | 3.34ab 0.21 | 3.85b 0.21 | p<0.1 0.35 | p<0.05

Hylaeus 2021 | 1.61 028 | 1.03 043 | 0.79 045 0.19

Hylaeus 2022 | 0.97a 031 | 0.41a 037 | -1.39b | 0.74 | p<0.05 0.51 | p<0.05, p<0.1

Agapostemon | 2021 | 225 035 | 272 048 | 3.01 048 0.12

Agapostemon | 2022 | 234 039 | 1.68 040 | 1.87 0.39 0.09

Augochlorella | 2021 | 2.69a 021 | 1.39b 035 | 1.57b 0.33 | p<0.05 0.62 | p<0.05

Augochlorella | 2022 | 235a 035 | 1.73ab | 037 | 0.69Db 0.41 | p<0.1 0.41 | p<0.05

Halictus 2021 | 2.65 028 | 2.94 040 | 2.75 0.40 0.03

Halictus 2022 | 237 027 | 2.15 027 | 2.03 0.28 0.05

Supplemental Table 10: Summary of Generalized Linear Mixed Models to determine how local
vegetation and floral resources differ by vineyard management type. Model type and response variables
are along the left and included predictors are on the right with their model estimate (E) and p-values (p).
Categorical reference values in the models are Conventional (Management category), 2021 (Year), and
August (Month). Significance is indicated by bolding for p<0.05 and by * for nearly significant at p<0.1.

Grey boxes indicate predictor variables that are significant or nearly significant (p<0.1).

Model Response | Intercept Organic Sustainable Year — 2022 | May June July
family variable E P E p E p E p E P E p E
(link

function)
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Gamma Floral 3.73 0.00 | 0.11 0.69 | -0.15 0.61 | 0.12 0.50 | -0.36 0.11 | -0.58 0.00 | -0.60 | 0.00
(log) abundance

Gaussian Floral 2.39 0.00 | 0.07 0.79 | -0.70 0.02 | 0.35 0.01 | -1.04 0.00 | -0.92 0.00 | -0.53 | 0.00
(identity) richness

Gaussian Vegetation | 64.28 | 0.00 | 1.42 0.78 | -6.37 025 | 2.71 025 | -2.01 0.51 | -7.55 0.02 | -6.68 | 0.03
(identity) cover

Gaussian Vegetation | 24.14 | 0.00 | 6.18 0.09 | -4.07 0.28 | 0.013 0.99 | -0.79 0.67 | 2.04 0.27 | 0.64 0.73
(identity) height o

Chapter 3

Supplemental Table 1: Landscape categories used to determine the impact of landscape composition on
vineyard bee communities at three levels of refinement (Refined, Medium, Broad). Landscape data were
taken from Agriculture and Agri-Food Canada Annual Crop Inventory (AAFC, 2023). Category

descriptions are shown with definitions pertaining to the Niagara Region.

Refined Water Developed Exposed Treed Wetland Pasture Annual Orchards Vineyards
crops
Definition | Water Predominan | Predominat | Predominan | Water table | Periodica | Anynon- | Any Any vine
bodies tly built-up ely non- tly woody near, at, or 1y perennial | orchard crop (ex.
(ex. (ex. roads, vegetated vegetation above soil cultivated | crop (ex. | crop (ex. grapes)
lakes, buildings) + | and non- of shrubland | surface (ex. oats, rye, | tender
rivers) greenhouses | developed (+/-2 meters | (ex. fens, tame wheat, fruit, apple,
(ex. rock, height) or bogs, grasses, corn, soy, | pear, nuts)
mines, forest marshes) alfalfa, other
rubble) (coniferous, clover vegetable
broadleaf, mixtures s)
mixed for
wood) hay,
pasture
or seed)
Medium Water Impervious Treed Wetland Pasture/annual crops | Woody perennials
Definition | Water Combined developed land + | Same as Same as Combined pasture + Combined orchards +
bodies greenhouses + exposed land | above above annual crops vineyards
(ex.
lakes,
rivers)
Broad Water Impervious Semi-natural Agriculture
Definition | Water Same as above Combined treed + wetland Combined pasture/annual crops + woody perennials
bodies
(ex.
lakes,
rivers)
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*AAFC [Agriculture and Agri-Food Canada]. (2023). ISO 19131 Annual Crop Inventory — Data Product
Specifications Revision: A.
https://agriculture.canada.ca/atlas/data_donnees/annualCroplnventory/supportdocument documentdesupp
ort/en/ISO%2019131 AAFC Annual Crop Inventory Data Product Specifications.pdf

Supplemental Table 2: Global model fixed effects and their hypotheses and predicted effects on bees

(abundance and diversity). References underlying hypotheses are provided in brackets and are listed

below the table.

Effect types | Fixed effect Hypothesis Predicted
impact on
bees

Landscape Semi-natural Provide undisturbed nesting and floral habitat (1) Positive

factors lands

Vineyards Larger field sizes (vineyard blocks and sites) require | Negative
increased foraging range to access natural habitat (2)
Annual crops Represent pulsed floral resources and increased Negative
exposure to pesticides (3)
Impervious Impervious surfaces remove nesting sites especially Negative
surfaces for ground-nesting bees (4)
Soils Slope Some ground-nesting bees may prefer sloping ground | Positive
due to impacts on nest temperature and drainage/soil
moisture (5)
Soil texture Some ground-nesting bees may prefer soils with Positive
higher sand content and higher drainage capacities (5)
Local Vegetation Taller vegetation height indicates lower mowing Positive
management | height frequencies which can be beneficial for flowering
plants and bees (6, 7)
Floral Higher floral abundance increases the pollen and Positive
abundance nectar resources for bees (8)
Management Organic and sustainable vineyards may use less-toxic | Positive
type pesticides for bees and provide more floral resources
(©)
References:

1) Holland, J. M., Douma, J. C., Crowley, L., James, L., Kor, L., Stevenson, D. R., & Smith, B. M.
(2017). Semi-natural habitats support biological control, pollination and soil conservation in

Europe. A review. Agronomy for Sustainable Development, 37, 1-23.
2) Fahrig, L., Girard, J., Duro, D., Pasher, J., Smith, A., Javorek, S., ... & Tischendorf, L. (2015).

Farmlands with smaller crop fields have higher within-field biodiversity. Agriculture, Ecosystems

& Environment, 200, 219-234.
3) Lau, P. W, Esquivel, . L., Parys, K. A., Hung, K. L. J., & Chakrabarti, P. (2023). The nutritional

landscape in agroecosystems: a review on how resources and management practices can shape

pollinator health in agricultural environments. Annals of the Entomological Society of

America, 116(5), 261-275.
4) Ayers, A. C., & Rehan, S. M. (2021). Supporting bees in cities: how bees are influenced by local
and landscape features. Insects, 12(2), 128.



5) Antoine, C. M., & Forrest, J. R. (2021). Nesting habitat of ground-nesting bees: a

review. Ecological Entomology, 46(2), 143-159.
6) Proske, A., Lokatis, S., & Rolff, J. (2022). Impact of mowing frequency on arthropod abundance
and diversity in urban habitats: a meta-analysis. Urban Forestry & Urban Greening, 76, 127714.

7) Morrison, M. A., & Bright, A. (2025). Reduced mowing frequencies increase pollinator

abundance in urban lawns in the UK. Conservation Evidence, 22, 1.

8) Fowler, R. E., Rotheray, E. L., & Goulson, D. (2016). Floral abundance and resource quality

influence pollinator choice. Insect Conservation and Diversity, 9(6), 481-494.
9) Walker, E., Wooliver, R., Russo, L., & Jagadamma, S. (2025). The context-dependent benefits of
organic farming on pollinator biodiversity: A meta-analysis. Journal of Applied Ecology, 62(1),

41-52.
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Supplemental Table 3: List of all bee species (or subgenera, morphospecies, or species-groups (indicated

by *)) that were collected over two years from 26 commercial vineyards. The number of individuals [Ab.]

collected over the two years are shown and their functional traits of Diet (P = polylectic, O = oligolectic,

C = cleptoparasite), Nest (U = underground, A = aboveground), Sociality [Soc] (SC = social, SL =

solitary, C = cuckoo), body size [TD] (as the distance across the tegula in mm), Rarity [Rar] (R = rare

species represent <1% of non-honey bees collected across sites and years, A = abundant), and Native

[Nat] (N = native to North America, E = exotic) from which the data were obtained from the following

references [Ref] 1) MacKell et al., 2023, 2) Onuferko et al., 2015, 3) Grixti & Packer, 2006, 4)

Normandin et al., 2017, 5) Gibbs et al., 2017, 6) Gibbs & Dathe, 2017, 7) Gibbs et al., 2023, 8) Gutierrez

et al., 2023, 9) Willis Chan et al., 2019, 10) Portman et al., 2019. Full references are provided below the

table. TD was measured when data were not available from MacKell et al., (2023) as indicated by *. For

non-species groups, the most common functional trait and average TD were taken for bees from the

Niagara Region per (Onuferko et al., 2015) or were unable to be determined (N/A).

Genus Species or Authority Ab. Diet | Nest | Soc | TD | Nat | Rar | Ref
subgenera/group (mm)
s/morphospecies
*)

Lasioglossum Dialictus * Robertson 1708 | P U SC | 1.6l N NA 112
Agapostemon virescens (Fabricius) 418 P U SL | 3.37 N A 1,2
Augochlorella aurata (Smith) 336 P U SC |2.22 N A 1,2
Halictus confusus Smith 308 P U SC | 2.00 N A 1,2
Bombus impatiens Cresson 224 P U SC |3.97 N A 1,2
Halictus ligatus Say 192 P U SC |2.24 N A 1,2
Andrena wilkella (Kirby) 160 P U SL |3.05 E A 1,2
Lasioglossum zonulum (Smith) 142 P U SL |26 E A 1,2
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Ceratina calcarata Robertson 108 P A SL 1.79 N A 1,2
Hylaeus affinis/modestus/ | N/A 92 P A SL | 1.33 N A 1,2
illinoisensis *
Ceratina mikmagqi Rehan 60 P A SL 1.79 N A 1,2
Hoplitis producta (Cresson) 54 P A SL | 2.05 N A 1,2
Bombus bimaculatus Cresson 51 P U SC | 4.64 N A 1,2
Augochlora pura (Say) 47 P A SL |24 N A 1,2
Lasioglossum leucozonium (Schrank) 38 P U SL | 2.59 E R 1,2
Agapostemon sericeus (Forster) 31 P U SL 1.89 N R 1,3
Halictus rubicundus (Christ) 31 P U SC | 2.89 N R 1,2
Lasioglossum coriaceum (Smith) 30 P U SL | 2.59 N R 1,2
Osmia atriventris Cresson 30 P A SL | 2.87* | N R 2.3
Bombus griseocollis (DeGeer) 28 P U SC | 6.00 N R 1,2
Calliopsis andreniformis Smith 28 P U SL | 1.86 N R 1,2
Andrena carlini Cockerell 24 P U SL | 3.63 N R 1,2
Osmia conjuncta Cresson 24 P A SL | 291 N R 1,2
Melissodes subillatus LaBerge 22 0 U SL |2.79 N R 1,7
Xylocopa virginica (Linnaeus) 20 P A SC | 7.72 N R 1,2
Lasioglossum cinctipes (Provancher) | 19 P U SC |23 N R 1,2
Lasioglossum pectorale (Smith) 17 P U SL | 1.56 N R 1,3
Sphecodes atlantis/cressonii | N/A 15 C U C 1.26*% | N R 2,3
k

Stelis lateralis Cresson 15 C A C 1.94 N R 1,3
Megachile texana Cresson 14 P U SL | 4.36 N R 1,2
Andrena cressonii Robertson 13 P U SL 2.8 N R 1,2
Bombus fervidus (Fabricius) 13 P U SC | 6.05 N R 1,2
Andrena nasonii Robertson 12 P U SL 2.26 N R 1,2
Bombus rufocinctus Cresson 11 P U SC | 4.2 N R 1,2
Anthidium oblongatum (Illiger) 10 P A SL | 3.86 E R 1,2
Hylaeus mesillae (Cockerell) 10 P A SL | 1.19 N R 1,2
Ceratina dupla Say 9 P A SL | 1.42 N R 1,2
Nomada articulata Smith 9 C U C 2.35 N R 1,2
Megachile brevis Say 6 P A SL | 3.66 N R 1,2
Megachile rotundata (Fabricius) 6 P A SL | 273 E R 1,2
Osmia pumila Cresson 6 P A SL | 2.68 N R 1,2
Andrena vicina Smith 5 P U SL 3.36 N R 1,2
Andrena arabis Robertson 4 (0) U SL 2.27 N R 1,2
Andrena hippotes Robertson 4 P U SL | 3.06*% | N R 2

Hylaeus leptocephalus (Morawitz) 4 P A SL 1.52 E R 1,4
Andrena imitatrix Cresson 3 P U SL |2.92 N R 1,3
Anthophora terminalis Cresson 3 P A SL | 4.17 N R 1,2
Bombus vagans Smith 3 P U SC | 4.67 N R 1,2
Megachile latimanus Say 3 P U SL | 434 N R 1,2
Megachile mendica Cresson 3 P A SL | 3.97 N R 1,2
Melissodes desponsus Smith 3 0 U SL | 3.81 N R 1,2
Sphecodes illinoensis (Robertson) | 3 C U C 2.38 N R 1,3
Andrena barbilabris (Kirby) 2 P U SL | 2.7 N R 1,3
Andrena brevipalpis Cockerell 2 P U SL | 2.8 N R 1,4
Andrena erigeniae Robertson 2 0] U SL | 2.51* | N R 2

Andrena miranda Smith 2 P U SL 3.09 N R 1,3
Andrena perplexa Smith 2 P U SL | 3.6 N R 1,4
Andrena regularis Malloch 2 P U SL [3.93* | N R 3

Augochloropsis metallica (Fabricius) 2 P U SL |2.95 N R 1,2
Coclioxys rufitarsis Smith 2 C A C 391* | N R 2,3
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Colletes inaequalis Say 2 P U SL | 3.54 N R 1,3
Holcopasites calliopsidis (Linsley) 2 C U C 1.5 N R 1,3
Hylaeus pictipes Nylander 2 P A SL | 1.2% E R 6
Lasioglossum foxii (Robertson) | 2 P U SL 1.59 N R 1,2
Lasioglossum quebecense (Crawford) 2 P U SL | 2.02 N R 1,2
Megachile centuncularis (Linnaeus) 2 P A SL | 4.08% | E R 2,4
Osmia taurus Smith 2 P A SL |3.59* | E R 4,8
Peponapis pruinosa (Say) 2 0 U SL | 4.31* | N R 3,9
Sphecodes clematidis Robertson 2 C U C 2.5 N R 1,3
Stelis permaculata Cockerell 2 C A C 1.37* | N R 7
Agapostemon texanus Cresson 1 P U SL | 2.51 N R 1,2
Andrena commoda Smith 1 P U SL 3.89 N R 1,3
Andrena dunningi Cockerell 1 P U SL |3.21 N R 1,2
Andrena erythronii Robertson 1 0 U SL |343* | N R 2
Andrena mandibularis Robertson 1 P U SL | 2.17 N R 1,2
Andrena miserabilis Cresson 1 P U SL | 2.02 N R 1,2
Andrena nida Mitchell 1 0] U SL | 2.44* | N R 5
Andrena robertsonii Dalla Torre 1 P U SL | 2.12* | N R 3,4
Andrena rugosa Robertson 1 P U SL |2.89 N R 1,3
Andrena wheeleri Graenicher 1 P U SL | 2.48 N R 1,2
Bombus ternarius Say 1 P U SC |4.73* | N R 2
Coclioxys sayi Robertson 1 C A C 3.55 N R 1,2
Heriades carinata Cresson 1 P A SL | 2.07 N R 1,2
Heriades leavitti Crawford 1 P A SL 1.62 N R 1,2
Hylaeus annulatus (Linnaeus) 1 P A SL | 1.32 N R 1,2
Hylaeus hyalinatus Smith 1 P A SL | 1.56 E R 1,2
Megachile ericetorum Lepeletier 1 P A SL | 531* | E R 2
Megachile sculpturalis Smith 1 P A SL | 4.29 E R 1,2
Nomada imbricata Smith 1 C U C 3.26% | N R 2,3
Osmia caerulescens Linnaeus 1 P A SL | 3.1 E R 1,4
Osmia simillima Smith 1 P A SL | 3.38 N R 1,2
Pseudoanthidium | nanum (Mocsary) 1 0 A SL |297* | E R 10
Sphecodes coronus Mitchell 1 C U C 1.93 N R 1,3
Sphecodes ranunculi Robertson 1 C U C 2.83 N R 1,3
Sphecodes sp. N/A 1 C U C 2.17* | N R 1,2,
(morphospecies 3
1)*

Full references:
1) MacKell, S., Elsayed, H., & Colla, S. (2023). Assessing the impacts of urban beehives on wild bees
using individual, community, and population-level metrics. Urban Ecosystems, 26(5), 1209-1223.

2) Onuferko, T. M., Kutby, R., & Richards, M. H. (2015). A list of bee species (Hymenoptera: Apoidea)

recorded from three municipalities in the Niagara region of Ontario, including a new record of
Lasioglossum furunculum Gibbs (Halictidae) in Canada. The Journal of the Entomological Society of

Ontario, 146.

3) Grixti, J. C., & Packer, L. (2006). Changes in the bee fauna (Hymenoptera: Apoidea) of an old field

site in southern Ontario, revisited after 34 years. The Canadian Entomologist, 138(2), 147-164.

4) Normandin, E., Vereecken, N. ., Buddle, C. M., & Fournier, V. (2017). Taxonomic and functional trait

diversity of wild bees in different urban settings. Peer.J, 5, €3051.

5) Gibbs, J., Ascher, J. S., Rightmyer, M. G., & Isaacs, R. (2017). The bees of Michigan (Hymenoptera:
Apoidea: Anthophila), with notes on distribution, taxonomy, pollination, and natural
history. Zootaxa, 4352(1), 1-160.
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6) Gibbs, J., & Dathe, H. H. (2017). First records of Hylaeus (Paraprosopis) pictipes Nylander, 1852
(Hymenoptera: Colletidae) in North America. Check List, 13(3), 2116-2116.

7) Gibbs, J., Hanuschuk, E., Miller, R., Dubois, M., Martini, M., Robinson, S., ... & Onuferko, T. M.
(2023). A checklist of the bees (Hymenoptera: Apoidea) of Manitoba, Canada. The Canadian
Entomologist, 155, €3.

8) Gutierrez, G. M., LeCroy, K. A., Roulston, T. A. H., Biddinger, D. J., & Lopez-Uribe, M. M. (2023).
Osmia taurus (Hymenoptera: Megachilidae): A non-native bee species with invasiveness potential in
North America. Environmental entomology, 52(2), 149-156.

9) Willis Chan, D. S., Prosser, R. S., Rodriguez-Gil, J. L., & Raine, N. E. (2019). Assessment of risk to
hoary squash bees (Peponapis pruinosa) and other ground-nesting bees from systemic insecticides in
agricultural soil. Scientific Reports, 9(1), 11870.

10) Portman, Z. M., Burrows, S. J., Griswold, T., Arduser, M., Irber, A. J., Tonietto, R. K., & Cariveau, D.
P. (2019). First records of the adventive Pseudoanthidium nanum (Mocsary)(Hymenoptera: Megachilidae)
in Illinois and Minnesota, with notes on its identification and taxonomy. 7he Great Lakes

Entomologist, 52(1), 6.

Supplemental Table 4: Generalized Linear Model summaries for each bee response variable per year for

genus-level results as well as Lasioglossum (Dialictus) abundance. Model summaries are from model

averaging of the top models within delta AICc<2. On the left are predictors included in the conditional

averaged models alongside their estimates, standard errors (adjusted for averaged models), absolute z

values, and p-values. Significant predictors are shown at p<0.05 (*). Continuous predictors were

standardized (z-scored) before analyses. For vineyard management categories, the reference value is

“Conventional”. On the right is the range of AICc values across the top models included in model

averaging as well as the number of models included in the final averaged model. The R2 is for a model

run with all variables included in the averaged model (significant or not).

Predictor(s) Estimate Standard | z p-value AlCc No. R2
Error value range models
Genus richness 2021
Intercept 2.50 0.094 26.59 | <2e-16* | 101.87- | 6 0.66
Semi-natural 0.12 0.051 2.39 0.0167 * 103.74
Vineyard 0.058 0.054 1.07 0.2827
Annual crops -0.093 0.065 1.43 0.1533
Vegetation height 0.058 0.051 1.15 0.2517
Management — Organic -0.14 0.11 1.27 0.2056
Management - Sustainable -0.36 0.15 2.39 0.0169 *
Genus richness 2022
Intercept 2.39 0.054 44.49 | <2e-16* | 110.17- | 6 0.50
Semi-natural 0.086 0.040 2.12 0.0339 * 112.15
Impervious 0.057 0.038 1.49 0.1353
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Vegetation height 0.086 0.039 2.20 0.0276 *
Management — Organic 0.037 0.093 0.40 0.6908
Management - Sustainable -0.20 0.10 2.01 0.0445 *
Shannon diversity genus (H’) 2021
Intercept 1.67 0.066 25.56 | <2e-16* | 11.96- 5 0.68
Semi-natural 0.082 0.071 1.16 0.2456 13.74
Slope -0.086 0.075 1.15 0.2517
Texture -0.25 0.072 3.46 0.000S *
Vegetation height 0.15 0.077 1.96 0.0498 *
Floral abundance -0.12 0.081 1.43 0.1526
Shannon diversity genus (H’) 2022

Intercept 1.78 0.10 17.26 | <2e-16 * | 12.82- 3 0.55
Vegetation height 0.15 0.081 1.89 0.0584 14.78
Management — Organic 0.080 0.15 0.52 0.6047
Management - Sustainable -0.38 0.15 2.51 0.0120 *

Lasioglossum (Dialictus) abundance 2021
Intercept 3.75 0.13 29.69 | <2e-16* | 189.8 1 0.54
Texture 041 0.13 3.20 0.0014 *
Vegetation height -0.40 0.13 3.07 0.0022

Lasioglossum (Dialictus) abundance 2022
Intercept 3.33 0.18 18.54 | <2e-16 * | 209.38- | 5 0.31
Slope -0.15 0.14 1.06 0.2909 211.33
Texture 0.14 0.15 0.92 0.3597
Vegetation height -0.29 0.15 1.94 0.0529
Management — Organic -0.32 0.34 0.94 0.3478
Management - Sustainable 0.52 0.33 1.57 0.1174

Supplemental Table 5: Comparison of the median, interquartile range (IQR), and range of values
(minimum and maximum) for landscape, soil, and local vegetation variables between vineyard
management types: Conv — Conventional, Org — Organic, Sust — Sustainable. Local vegetation variables
were averaged across months and years for sites sampled in multiple years. Kruskal-Wallis chi-squared
(Chi) and p-value results are shown on the right comparing vineyard types (Df=2) and significance
(p<0.05) is noted with * beside the p-value. Different letters under the median values indicate

significantly different categories from a Dunn’s post-hoc test.

Median (IQR) Range (min. — max.) Kruskal-Wallis
Variable Conv Org Sust Conv Org Sust Chi p-value
Semi- 9.7(10.7) |9.4(4.9 4.0 (13.5) 1.9-222 | 2.6-27.7 | 0-24.5 1.52 | 0.47

natural (%)

Vineyard 69.6 (17.6) | 63.7 (14.7) | 69.8 (39.5) | 34.1-85.5 | 26.6-80.5 | 31.8-88.5 | 0.55 | 0.76
(%)

Annual 2.5(6.6) 0 (6.0) 0(0) 0-14.3 0-35.1 0-17.4 3.63 |0.16
crops (%)
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Impervious | 12.5 (9.9) 11.6 (8.2) 12.1 (14.7) | 1.0-62.1 | 0.6-28.1 |4.2-26.4 | 0.18 | 0.91
(%)

Slope (%) | 3.0 (3.7) 4.2 (6.8) 1.5(1.3) 1-10.1 1-94 1-12.2 1.80 | 041
Texture 1.4 (0.3) 1.4 (0.9) 2.0 (0.9) 1-1.9 1-2.6 1-3 331 [0.19
Floral 32.2 (18.5) | 28.7 (22.5) | 25.9(8.7) 11.4-72 13.5-91.2 | 10.0-87.6 | 0.61 | 0.74
abundance

Vegetation | 22.5(5.6) | 29.4(6.2) 19.6 (3.7) 17.0-43.7 | 22.6-49.9 | 13.7-32.4 | 10.1 | 0.006*
height ab a b

(cm)

Floral 1.99 (0.8) 1.8 (0.4) 1.39 (0.4) 1.12-3.14 | 1.27-3.06 | 0.9-1.6 9.36 | 0.009*
richness a a b

Vegetation | 63.6 (17.4) | 60.2 (20.8) | 57.8 (10.9) | 45.1-77.1 | 50.2-77.3 | 35.9-67.0 | 1.62 | 0.44

cover (%)

Supplemental Table 6: Generalized Linear Models for underground and aboveground nesting bees.

Results are from model averaging of top models (AAICc < 2). On the left are predictors included in the

conditional averaged models alongside their estimates, standard errors (adjusted for averaged models), z

values, and p-values. Significant predictors are shown at p<0.05 (*). Continuous predictors were

standardized (z-scored) before analyses. On the right is the range of AICc values across the top models

included in model averaging as well as the number of models included in the final averaged model. The

R2 is for a model run with all variables included in the averaged model (significant or not).
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Predictor(s) Estimate Standard | z p-value AlCc No. R2
Error value range models
Underground abundance 2021
Intercept 4.67 0.10 48.52 | <2e-16* | 213.08- |3 0.62
Semi-natural 0.13 0.10 1.29 0.1973 215.03
Annual crops -0.12 0.099 1.18 0.2383
Texture 0.31 0.10 3.02 0.0025 *
Underground abundance 2022
Intercept 4.26 0.076 56.06 | <2e-16 * | 228.73- | 8 0.59
Semi-natural 0.18 0.082 2.14 0.0325 * | 230.49
Vineyard 0.11 0.075 1.43 0.1538
Texture 0.17 0.093 1.85 0.0649
Vegetation height 0.15 0.077 1.93 0.0532
Floral abundance 0.12 0.079 1.56 0.1187
Aboveground abundance 2021
Intercept 2.52 0.13 19.77 | <2e-16 * | 138.39- | 4 0.70
Semi-natural 0.17 0.13 1.36 0.1738 140.22
Texture -0.40 0.14 2.90 0.0037 *
Vegetation height 0.22 0.12 1.88 0.0595
Floral abundance 0.18 0.13 1.39 0.1661
Aboveground abundance 2022
Intercept 2.21 0.14 16.29 | <2e-16 * | 159.4- 6 0.80
Semi-natural 0.29 0.14 2.04 0.0414 * 161.4
Annual crops 0.22 0.14 1.67 0.1077
Vineyard -0.36 0.16 2.33 0.0199 *
Impervious 0.35 0.13 2.68 0.0073 *
Texture -0.27 0.16 1.67 0.0945
Vegetation height 0.40 0.14 2.88 0.0040 *
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Supplemental Figures
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Supplemental Figure 1: Shows the significant (p<0.05) Spearman’s correlation coefficients (r) for
vineyard vegetation and floral resources from 26 commercial vineyards averaged across months and
years. Floral and vegetation variables are; Floral ab = Floral abundance, Floral rich = Floral species
richness, Veg cov = Vegetation percent cover, Veg_ht = Vegetation height, CC per JJ = the percent of
flowers that were cover crop species in June and July, Veg_ht ratio_JJ = the ratio of vegetation height

between alternate rows in June and July, as a proxy for alternate row management.
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Supplemental Figure 2: Shows the differences in the percentage of flowers that are from cover crop
species (A) and the frequency of alternate row management use (B) in commercial vineyards under
different management types. Data are from mid-summer, averaged per site across months (June and July)
and years. Differences between management types were not significant for cover crop percentage
(Analysis of variance, ANOVA F(2,23)= 0.42, p= 0.662 ) or alternate row frequency (Fisher’s Exact test,

two sided, p=1).
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Supplemental Figure 1: Shows the significant (p<0.05) Spearman’s correlation coefficients (r) for
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vineyard vegetation and floral resources from 26 commercial vineyards taking the mean across months

and years per site. Floral and vegetation variables are; Floral ab = Floral abundance, Floral rich = Floral

species richness, Veg cov = Vegetation percent cover, Veg_ht = Vegetation height.
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Supplemental Figure 2: Shows the significant (p<0.05) Spearman’s correlation coefficients (r) for the
percentage of surrounding landscape categories taken from a 300m radius circular buffer around 26
commercial vineyards. Categories include: Semi_nat = semi-natural lands, Ag = agricultural lands,
Impervious = impervious surfaces, Water = open water, Tree_shrub = treed and shrub lands, Wetland =
wetlands, Annual_pasture = annual crops and pasture fields, Woody crop = perennial woody crops, Dev
= developed land, Exposed = barren land such as mines and rubble, Pasture = pasture fields, Annual =

annual crops, Orchard = orchards, Vineyard = vineyards.
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Supplemental Figure 3: Non-metric multidimensional scaling (NMDS) of bee community composition
at vineyard sites in 2021 (n=20) based on Bray-Curtis dissimilarity of Hellinger-transformed abundance
data excluding Lasioglossum (Dialictus) (stress=0.18). 95% confidence ellipses indicate different
vineyard management categories (Permutational Multivariate Analysis of Variance F=1.76, R?=0.17,
p=0.014). Vectors represent significantly correlated bee functional traits (community weighted means,
CWM) and local, landscape, or soil variables (p<0.05, based on 999 permutations). Soil and landscape

variables were taken from a 300m radius buffer around each site.
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Supplemental Figure 4: Non-metric multidimensional scaling (NMDS) of bee community composition
at vineyard sites in 2022 (n=24) based on Bray-Curtis dissimilarity of Hellinger-transformed abundance
data excluding Lasioglossum (Dialictus) (stress=0.20). 95% confidence ellipses indicate grouping of sites
by vineyard management categories though they did not significantly differ (Permutational Multivariate
Analysis of Variance F=1.35, R*= 0.11, p=0.064). Vectors represent significantly correlated bee functional
traits (community weighted means, CWM) and local, landscape, or soil variables (p<0.05, based on 999

permutations). Soil and landscape variables were taken from a 300m radius buffer around each site.
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Appendices:
Chapter 1

Appendix A: Systematic review search terms

Web of Science Core Collection search:

Data range (Publication Date): 2005-01-01 — 2024-12-31

Document type: Article

Language: English

Crop-specific search:

Title = ("bee" OR "bees" OR "pollinat*" OR "flower visit*" OR "flower-visit*" OR "Apoidea" OR
"Apiformes" OR "Anthophila" OR "Hymenoptera" OR "insect*" OR "arthropod*" OR "wildlife" OR
"diversity" OR "animal*" OR "taxa" OR "taxon" OR "functional" OR "community")

AND

("pesticide*" OR "friendly" OR "practice*" OR "ecosystem service*" OR "agroecolog*" OR "catch
crop*" OR "buffer*" OR "connectivity" OR "conservation" OR "management" OR "cover crop*" OR
"vegetation" OR "nest*" OR "till*" OR "organic" OR "biodynamic" OR "integrated pest management"
OR "IPM" OR "integrated pest and pollinator management" OR "IPPM" OR "conventional" OR "weed*"
OR "sown" OR "habitat*" OR "margin*" OR "edge*" OR "agroforestry" OR "intercropping*" OR
"rotation*" OR "planting*" OR "floral" OR "wildflower*" OR "flower*" OR "mowing" OR "landscape*"
OR "land use*" OR "land-use*" OR "semi-natural" OR "natural" OR "patch*" OR "artificial" OR "crop*"
OR "fallow*" OR "hedgerow*" OR "tree*" OR "soil*" OR "shrub*" OR "ecological infrastructure" OR
"ecological intensification" OR "sustainab*")

AND

Abstract = ("bee" OR "bees" OR "Apoidea" OR "Apiformes" OR "Anthophila")

AND

("Cicer" OR "C. arietinum" OR "chickpea*" OR "gram" OR "garbanzo bean*" OR "Pisum" OR "P.
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sativum" OR "P. arvense" OR "pea" OR "peas" OR "Vitis" OR "V. vinifera" OR "grape" OR "grapes" OR
"vineyard*" OR "vine*" OR "viticult*" OR "Olea" OR "O. europaea" OR "olive*" OR "grove*" OR
"Saccharum" OR "S. officinarum" OR "sugar cane*" OR "sugarcane*" OR "Zea" OR "Z. mays" OR
"maize" OR "corn" OR "Triticum" OR "T. aestivum" OR "T. durum" OR "T. spelta" OR "wheat" OR
"spelt" OR "Oryza" OR "O. sativa" OR "rice" OR "paddy" OR "paddies" OR "Beta vulgaris" OR "B.
vulgaris" OR "sugar beet*" OR "Hordeum" OR "H. disticum" OR "H. distichon" OR "H. distichum" OR
"H. vulgare" OR "barley" OR "Sorghum" OR "S. guineense" OR "S. vulgare" OR "S. dura" OR "S.
bicolor" OR "sorghum" OR "Echinochloa" OR "E. frumentacea" OR "Eleusine" OR "E. coracana" OR
"Eragrostis" OR "E. abyssinica" OR "Panicum" OR "P. miliaceum" OR "Paspalum" OR "P.
scrobiculatum" OR "Pennisetum" OR "P. glaucum" OR "Setaria" OR "S. italica" OR "millet" OR "Avena"
OR "A. sativa" OR "oat*" OR "Lactuca" OR "L. sativa" OR "lettuce*" OR "Secale" OR "S. cereale" OR
"rye*" OR "Triticosecale" OR "T. rimpaui" OR "triticale" OR "Spinacia" OR "S. oleracea" OR "spinach*"
OR "Phoenix" OR "P. dactylifera" OR "date palm*")

General pollinator-independent crop search:

Title = ("bee" OR "bees" OR "pollinat*" OR "flower visit*" OR "flower-visit*" OR "Apoidea" OR
"Apiformes" OR "Anthophila" OR "Hymenoptera" OR "insect*" OR "arthropod*" OR "wildlife" OR
"diversity" OR "animal*" OR "taxa" OR "taxon" OR "functional" OR "community")

AND

("pesticide*" OR "friendly" OR "practice*" OR "ecosystem service*" OR "agroecolog*" OR "catch
crop*" OR "buffer*" OR "connectivity" OR "conservation" OR "management" OR "cover crop*" OR
"vegetation" OR "nest*" OR "till*" OR "organic" OR "biodynamic" OR "integrated pest management"
OR "IPM" OR "integrated pest and pollinator management" OR "IPPM" OR "conventional" OR "weed*"
OR "sown" OR "habitat*" OR "margin*" OR "edge*" OR "agroforestry" OR "intercropping*" OR
"rotation*" OR "planting*" OR "floral" OR "wildflower*" OR "flower*" OR "mowing" OR "landscape*"

OR "land use*" OR "land-use*" OR "semi-natural" OR "natural" OR "patch*" OR "artificial" OR "crop*"
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OR "fallow*" OR "hedgerow*" OR "tree*" OR "soil*" OR "shrub*" OR "ecological infrastructure" OR
"ecological intensification" OR "sustainab*")

AND

Abstract = ("bee" OR "bees" OR "Apoidea" OR "Apiformes" OR "Anthophila")

AND

("grain*" OR "cereal*" OR "pollinator-independent" OR "pollinator independent" OR "pollination-
independent" OR "pollination independent" OR "self-pollinat*" OR "self pollinat*" OR "selfing" OR
"self-reproducing” OR "wind-pollinat*" OR "wind pollinat*" OR "parthenocarpic" OR " non-insect-
pollinat*" OR "not pollination-dependent" OR "non-pollination-dependent” OR "self-fertile" OR "self-
compatible" OR "self compatible" OR "autogamous" OR "cleistogamous" OR "abiotic pollination" OR
"abiotic reproduction” OR " asexual reproduction”" OR "non-entomophilous" OR "anemophilous" OR
"autogamous")

AND ("crop" OR "crops" OR "crop species" OR "field*" OR "agricultural plant*" OR "cultivated plant*"
OR "cultivated land*" OR "agricultural land*" OR "farmland*" OR "food crop*" OR "cropland*" OR
"orchard*" OR "vineyard*" OR "grove*" OR "paddy" OR "paddies" OR "agroecosystem*" OR
"agricultural system*" OR "farming system*")

NOT ("pollen grain*" OR "pollen*")

Appendix B: List of papers included in the systematic literature review
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Chapter 2

Supplemental methods

Site selection:
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Grapes are the 3" largest fruit crop grown in Canada by total acreage, with Ontario representing
68% of Canada’s wine grape production in 2020 (Agriculture and Agri-Food Canada, 2021). Within
Ontario, the Niagara Region is the largest planted area with vineyards covering 13,600 acres (VQA, n.d.).
Commercial vineyard blocks of mature Vitis vinifera (minimum three years since planting) were selected
across the Niagara Region. Sites were selected that were managed conventionally, organically, or certified
sustainably per the Sustainable Winegrowing Ontario certification program (SWO, n.d.). This program
requires that vineyard management considers factors such as biodiversity, water use, and soil health
among others and recommends practices such as cover cropping and integrated pest management (IPM).
Sites that were managed organically and were also certified sustainable were categorized as organic for
this study due to the often more stringent environmental regulations for organic management (Seufert et
al., 2017) and the goal to investigate the sustainability certification in isolation. In Year 1, 20 sites were
sampled: ten managed organically, five under conventional management and five under certified
sustainable management. In Year 2, 24 sites were sampled, eight organic, eight conventional, and eight
certified sustainable (Supplemental Table 1). Thus, some sites were sampled for only one year and some
for two years due to changes in grower availability and increased research capacity in Year 2 (Figure 1).
Vineyard blocks were selected in collaboration with grape growers encompassing a variety of surrounding
landscape compositions and grape growing sub-appellations. These sub-appellations vary slightly from
one another in growing degree days, average precipitation, frost-free days, soil type, and physical
geography/topography (VQA, n.d.). Vineyard blocks varied in size and planting year. All sites were at
minimum 600 m apart to enable the independent sampling of bee communities at each site (Gathmann
and Tscharntke, 2002). While some wild bees can forage greater distances, most foraging occurs within a
smaller geographic range (Knight et al., 2005; Zurbuchen et al., 2010).
Bee surveys:

Data were collected over two field seasons in 2021 and 2022. Bees were sampled approximately
every four weeks from May through August corresponding roughly with the grape phenology stages of

leaf out, flowering, bunch closure, and veraison (colour development) (Schindler et al., 2013). Sites were
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sampled in a random order during each sampling campaign which was in accordance with weather
forecasts and vineyard management schedules at each site. Bees were sampled using both pan traps and
aerial netting on precipitation-free days. A 400 m” area was marked out in the centre of each vineyard
block which spanned across two neighbouring between-row spaces to account for possible alternate row
management. Transect length, marked along the central vine row, was adjusted to the different row
spacing between sites to ensure consistent total area sampled (Kratschmer et al., 2018). Aerial netting was
performed for 30 minutes in the morning and afternoon, 15 min per alternate row, using collecting jars
with ethyl acetate (BioQuip 1121 Series Collecting Jars). Pan traps were made of 3.25 0z (96 mL) plastic
cups painted with UV-fluorescent yellow, blue, or white paint (New Horizons bee bowls, Maryland).
Twenty-four pan traps, eight of each colour, were placed underneath the central vine row within the same
400m? area, spaced ~3 m apart with alternating colours. If the under-vine area consisted of tall vegetation,
then traps were raised using commercial garden stakes, which were dark green in colour, at a height of
~15-30 cm depending on the height of the vegetation. Pan traps were filled with water and a small amount
of unscented dishwashing soap to break the surface tension. Pan traps were placed prior to 9:00 am and
collected after 5:00 pm on the same day, removing bees using a fine-mesh sieve. All collected bees were
stored in labelled plastic bags in a standard freezer at approximately -18°C.
Vegetation and floral surveys:

On the same days that bees were sampled, vineyard floral resources and vegetation characteristics
were also recorded. A 1 m? quadrat was semi-randomly placed on the ground eight times along the 400 m?
sampling area, with four quadrats per alternate row. To capture all blooming flowers, half of the quadrats
were positioned centrally in the between-row space while the other half were placed closer to the vine
rows. Flower species and their abundances were documented for all open flowers inside the quadrat
(excluding grasses, rushes and sedges) regardless of their known pollinator-attraction or pollination
systems (Baldock et al., 2019). Abundances were recorded as the number of open flowering units
following Carvell et al., (2004). For highly abundant and dense species (ex. prostrate knotweed

(Polygonum aviculare)), flower abundance was counted for a smaller area and extrapolated for the entire
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quadrat based on the visual cover of the species. Flowers were identified using the Newcomb’s
Wildflower Guide (Newcomb, 1989) and the Ontario Ministry of Agriculture, Food, and Rural Affairs
(OMAFRA) common weed identification resources (OMAFRA, 2009; 2023a). Flowering species were
further classified as either cover crops or weeds based on OMAFRA resources and grower-reported
planting of specific species as cover crops (OMAFRA, 2023a; 2023b, Supplemental Table 2). Vegetation
cover was visually estimated using a modified DAFOR scale (Rare <10%, Occasional 11-25%, Frequent
26-50%, Abundant 51-75%, Dominant >76%). Vegetation height was measured, as a proxy for mowing
frequency, in each quadrat by dividing each quadrat into four equal sections and measuring the tallest
piece of vegetation in each section. The mean vegetation height, floral abundance, floral richness, and
vegetation cover were calculated per site and sampling round, the latter using the median value of the
DAFOR scale. The percentage of flowers that were from cover crop species was also calculated as well as
the vegetation height ratio between the two neighbouring rows as a proxy for alternate row management.
This ratio was then transformed into a binary variable where a height ratio of 2:1 or greater was
considered “yes” for alternate row management based on quadrat photos and field notes at varying ratios.
Bee identification:

Washed and pinned bees were identified using a dissecting microscope and several identification
guides and keys (Packer et al., 2007; see Appendix for the list of published keys used) as well as the
Discover Life bee species and genera guides (Ascher and Pickering, 2022). Some groups of bees were not
identified to species level due to difficulty in accurate species identifications: Lasioglossum sub-genus
Dialictus, Hylaeus affinis/modesutus/illinoinesis, Sphecodes atlantis/cressonii, and one distinct
morphospecies of Sphecodes sp. All results and discussion at the “species” level here forth include these
sub-genus level identifications unless otherwise specified. Identifications were verified by fellow graduate
students in York University’s Centre for Bee Ecology, Evolution, and Conservation for a subset of three
males and three females, where available, per species.

Statistical analyses:
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All analyses were performed in R v.4.4.2 (R Core Team, 2014) and excluded honey bees due to
inconsistent information on hive presence across sites (Kratschmer et al., 2018). To determine which
vineyard management variables influence bee abundance, species richness, and Shannon diversity index
Generalized Linear Mixed Models (GLMM) were run and the model(s) with the best fit selected per the
Akaike Information Criterion (AIC) using the packages “Ime4” (Bates et al. 2014), “ImerTest”
(Kuznetsova et al., 2017), “glmmTMB” (Brooks et al., 2017), and “MuMIn” (Barton, 2024) following
Zuur and Ieno (2016) and Harrison et al. (2018). The fixed effects included in the models were
management type (organic, conventional, or certified sustainable), floral abundance, floral species
richness, vegetation height, and vegetation percent cover. The temporal variables of month (May, June,
July, August) and year (2021, 2022) were also included as fixed effects to account for variation in both
bee communities and vineyard floral resources and vegetation over time. Lastly, site was included as a
random effect (intercept only) to account for site-level factors that may occur outside of modeled
variables and due to the non-independent repeat sampling of sites over time (Bolker, 2015).

Before running models, data were checked for outliers and distributions using graphical tools
(box plots and histograms) and Shapiro Wilk tests for normality (Zuur et al., 2010). One variable, floral
abundance, was highly skewed and was log(x+1) transformed. Before running models, all numeric
explanatory variables were scaled and centred (z-score standardized) (Harrison et al., 2018).
Multicollinearity between explanatory variables was checked using Variance Inflation Factors (VIF) by
running a linear model with all possible explanatory variables with the package “car” (Fox and Weisberg,
2019). All variables had an adjusted VIF <2 and were included in model selection (Zuur et al., 2010).
Relationships between bee response variables and explanatory factors were visualized using scatterplots
and box plots of raw data using the package “ggplot2” (Wickham, 2016). To determine if the relationships
between bee response variables and vineyard management practices change over the growing season, co-
plots were created to visualize possible interactions with month (Zuur et al., 2010). Interactions were then
included in model selection procedures only when the relationship differed drastically across months due

to interaction terms being especially demanding for model performance (Harrison et al., 2018). Global
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models (models with all fixed effects and interaction terms) were fitted with the appropriate family and
link function (Supplemental Table 3) and were assessed for model fit and diagnostics (Harrison et al.,
2018) using the R package “performance” (Liidecke et al., 2021). Pearson’s residuals were plotted against
fitted values, against all explanatory variables, and for each random factor (site) (Harrison et al., 2018;
Zuur and Ieno, 2016). Model overdispersion, R?, and intra-class correlation (ICC) were also assessed.
Additionally, the packages “gstat” (Graler et al., 2016) and “sp” (Bivand et al., 2013) were used to create
spatial variograms with site spatial coordinates (UTM Zone 17N) to check for spatial dependency of
model residuals (Zuur and Ieno, 2016).

Model selection was based on the second order Akaike Information Criterion (AICc) which is
corrected for a small sample size relative to the number of model parameters (Harrison et al., 2018). The
function dredge from the MuMIn package was used to rank all possible models, as all fixed effects in the
global models were hypothesized to impact bee abundance or diversity. When there was model
uncertainty with multiple top models having delta AICc<2 model averaging was performed to get model
estimates for the fixed effects across all top models (Kratschmer et al., 2018; Biella et al., 2025). Both the
zero method, which uses the “full model” and sets predictor coefficients to “0” for any models where that
predictor is not included, and the “conditional model” which calculates the average predictor coefficients
only from models where that predictor is included were used. The former uses a more conservative
approach when model uncertainty is high. To get final model R2 values for averaged models, a GLMM
was run with all fixed effects included in the final averaged model, significant or not. Model diagnostics
were also run on this model using the “DHARMa” package (Hartig, 2024). When categorical variables
were significant in averaged models, the “emmeans” package (Lenth, 2024) was used to obtain back-
transformed estimated marginal means (EMMSs) and to perform Tukey-adjusted pairwise comparisons. To
determine if cover cropping and alternate row management impacts bee abundance and diversity, mid-
summer models were run with data from June and July only as cover crops were blooming primarily
during these months and alternate row management was most detectable during these months. All

modelling procedures were the same as above, including all the above variables as well as cover crop
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percentage and alternate row management (binary, yes or no) as additional fixed effects (Supplemental
Table 3). Due to some bee groups not being identified to species level, three further groups of bee data
were modelled as above. First, models were run with genus-level bee richness and Shannon diversity
index to check if results were similar at the genus level. Secondly, Lasioglossum (Dialictus) bees, which
were highly abundant, were modelled to see if the abundance of this group of bees was associated with
certain vineyard management factors. Lastly, bee abundances were modelled separately for pan trap and
net-collected data to account for methodological differences in sampling effectiveness for bees
(Supplemental Table 3).

To determine how local vegetation and floral resources differed between vineyard management
categories of organic, conventional and certified sustainable, GLMMs were performed each with floral
abundance, floral richness, vegetation cover, and vegetation height as the response variables, vineyard
management, month and year as fixed effects and site as the random effect following similar procedures
as above. To investigate relationships between floral and vegetation variables themselves, a Spearman’s
correlation matrix was run on these variables averaged across months and years, with cover crop
percentage and vegetation height ratio (a quantitative proxy for alternate row management) averaged
across June and July months only. Similarly, to see if vineyard management categories differed in their
use of cover cropping or alternate row management, the aggregated cover crop percentage and the
frequency of alternate row management were compared between vineyard categories using a one-way
analysis of variance (ANOVA) or Fischer’s Exact test.

To investigate how bee community composition was influenced by vineyard management
practices, bee abundances per species were summed for each site across months and averaged across
years. Hellinger transformations were performed on the bee abundance data to account for the many zero
values and to downweigh the effect of highly abundant species (Zuur et al., 2007). Non-metric
multidimensional scaling (NMDS) was performed on these data using the “vegan” package (Oksanen et
al. 2022) with Bray-Curtis distances and 2-dimensional solutions applying convex hulls around vineyard

management categories. A permutational multivariate analysis of variance (PERMANOVA) was
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performed to see if the management categories differed. To see how individual bee species as well as
vineyard floral and vegetation data associate with the bee community composition, the envfit function was
used to determine correlations with the NMDS ordination using random permutations (999) (Kratschmer
et al., 2018). Significant (p<0.05) floral variables, vegetation characteristics, and bee species were then
added to the NMDS plot for visualization. Additionally, for each year, Generalized Linear Models
(GLMs) were run on the total abundance of select genera to further investigate how bee communities
differed between vineyard management types. Negative binomial models with a log-link were run using
the “MASS” package (Venables & Ripley, 2002). Genera were selected for modelling if they were
abundant and widespread across sites (Supplemental Table 4) and if at least one species was associated
with the NMDS of bee community composition. Models of the total abundance, per year, were run for
Andrena, Agapostemon, Augochlorella, Bombus, Ceratina, Halictus, Hylaeus, and Lasioglossum with
management type as the fixed effect. Lastly, to investigate if floral community composition differed
between sites and if this difference associated with vineyard management, the same NMDS analyses as
above were performed using Hellinger transformed abundances of each flower species. Convex hulls
were used to visualize differences between vineyard management categories. Floral and vegetation
variables and individual flower species that were significantly correlated with the NMDS axes (p < 0.05),
were added to the final plot to visualize key characteristics and flower species associated with community

patterns.

Appendix C: List of published identification guides used for bee identifications

Agapostemon, Augochlora, Augochlorella, Augochloropsis:
Portman, Z. M., Arduser, M., Lane, 1. G., & Cariveau, D. P. (2022). A review of the Augochloropsis
(Hymenoptera, Halictidae) and keys to the shiny green Halictinae of the midwestern United

States. ZooKeys, 1130, 103.
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Andrena:
LaBerge, W. E. (1980). A revision of the bees of the genus Andrena of the western hemisphere. Part X.

Subgenus Andrena. Transactions of the American Entomological Society (1890-), 106(4), 395-525.

LaBerge, W. E. (1985). A revision of the bees of the genus Andrena of the western hemisphere. Part XI.

Minor subgenera and subgeneric key. Transactions of the American Entomological Society (1890-

), 111(4), 441-567.

LaBerge, W. E. (1986). A revision of the bees of the genus Andrena of the Western Hemisphere. Part XII.
Subgenera Leucandrena, Ptilandrena, Scoliandrena and Melandrena. Transactions of the American

Entomological Society (1890-), 112(3), 191-248.

LaBerge, W. E. (1989). A revision of the bees of the genus Andrena of the Western Hemisphere. Part XIII.
Subgenera Simandrena and Taeniandrena. Transactions of the American Entomological Society (1890-

), 115(1), 1-56.

Bombus:
Williams, P. H., Thorp, R. W., Richardson, L. L., & Colla, S. R. (2014). Bumble Bees of North America.

In Bumble Bees of North America. Princeton University Press.

Ceratina:
Rehan, S. M., & Sheftield, C. S. (2011). Morphological and molecular delineation of a new species in the
Ceratina dupla species-group (Hymenoptera: Apidae: Xylocopinae) of eastern North

America. Zootaxa, 2873(1), 35-50.

Halictus:
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Mitchell, T. B. (1960). Bees of the eastern United States, Vol. 1. Family Halictidae, pp 331-521. North

Carolina Agricultural Experimental Station Technical Bulletin, Raleigh, NC.

Heriades:
Michener, C. D. (1938). American bees of the genus Heriades. Annals of the Entomological Society of

America, 31(4), 514-531.

Hylaeus:
Gibbs, J., & Dathe, H. H. (2017). First records of Hylaeus (Paraprosopis) pictipes Nylander, 1852

(Hymenoptera: Colletidae) in North America. Check List, 13(3), 2116-2116.

Romankova, T.G. (2007). Bees of the Genus Hylaeus of Ontario (Hymenoptera: Apoidea: Colletidae). J

Entomol Soc Ont 138: 137-154.

Lasioglossum:
Gibbs, J. (2010). Revision of the metallic species of Lasioglossum (Dialictus) in Canada (Hymenoptera,

Halictidae, Halictini). Zootaxa 2591: 1-382.

Gibbs, J., Packer, L., Dumesh, S., Danforth, B.N. (2013). Revision and reclassification of Lasioglossum

(Evylaeus), L. (Hemihalictus) and L. (Sphecodogastra) in eastern North America (Hymenoptera: Apoidea:

Halictidae). Zootaxa 3672(1): 1-117.

McGinley, R.J. (1986). Studies of Halictinae (Apoidea: Halictidae), I: Revision of New World

Lasioglossum Curtis. Smithson Contr Zool 429: 1-294.

Megachile:
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Sheffield, C.S., Ratti, C., Packer, L., Griswold, T. (2011). Leafcutter and Mason Bees of the Genus
Megachile Latreille (Hymenoptera: Megachilidae) in Canada and Alaska. Can J Arthropod Identif 18:1—

107. https://doi.org/10.3752/cjai.2011.18

Melissodes:
LaBerge, W. E. (1961). A Revision of the Bees of the Genus Melissodes in North and Central America.

Part III (Hymenoptera, Apidae). Univ Kansas Sci Bullietin XLII1:283-663

Pseudoanthidium:

Portman, Z. M., Burrows, S. J., Griswold, T., Arduser, M., Irber, A. J., Tonietto, R. K., & Cariveau, D. P.
(2019). First records of the adventive Pseudoanthidium nanum (Mocsary)(Hymenoptera: Megachilidae)
in Illinois and Minnesota, with notes on its identification and taxonomy. 7he Great Lakes

Entomologist, 52(1), 6.
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and resources used for bee functional traits

Agapostemon, Augochlora, Augochlorella, Augochloropsis identifications:
Portman, Z. M., Arduser, M., Lane, 1. G., & Cariveau, D. P. (2022). A review of the Augochloropsis
(Hymenoptera, Halictidae) and keys to the shiny green Halictinae of the midwestern United

States. ZooKeys, 1130, 103.

Andrena identifications:
LaBerge, W. E. (1980). A revision of the bees of the genus Andrena of the western hemisphere. Part X.

Subgenus Andrena. Transactions of the American Entomological Society (1890-), 106(4), 395-525.
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LaBerge, W. E. (1985). A revision of the bees of the genus Andrena of the western hemisphere. Part XI.

Minor subgenera and subgeneric key. Transactions of the American Entomological Society (1890-

), 111(4), 441-567.

LaBerge, W. E. (1986). A revision of the bees of the genus Andrena of the Western Hemisphere. Part XII.
Subgenera Leucandrena, Ptilandrena, Scoliandrena and Melandrena. Transactions of the American

Entomological Society (1890-), 112(3), 191-248.

LaBerge, W. E. (1989). A revision of the bees of the genus Andrena of the Western Hemisphere. Part XIII.
Subgenera Simandrena and Taeniandrena. Transactions of the American Entomological Society (1890-

), 115(1), 1-56.

Bombus identifications:
Williams, P. H., Thorp, R. W., Richardson, L. L., & Colla, S. R. (2014). Bumble Bees of North America.

In Bumble Bees of North America. Princeton University Press.

Ceratina identifications:
Rehan, S. M., & Sheftield, C. S. (2011). Morphological and molecular delineation of a new species in the
Ceratina dupla species-group (Hymenoptera: Apidae: Xylocopinae) of eastern North

America. Zootaxa, 2873(1), 35-50.

Halictus identifications:
Mitchell, T. B. (1960). Bees of the eastern United States, Vol. 1. Family Halictidae, pp 331-521. North

Carolina Agricultural Experimental Station Technical Bulletin, Raleigh, NC.
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Heriades identifications:
Michener, C. D. (1938). American bees of the genus Heriades. Annals of the Entomological Society of

America, 31(4), 514-531.

Hylaeus identifications:
Gibbs, J., & Dathe, H. H. (2017). First records of Hylaeus (Paraprosopis) pictipes Nylander, 1852

(Hymenoptera: Colletidae) in North America. Check List, 13(3), 2116-2116.

Romankova, T.G. (2007). Bees of the Genus Hylaeus of Ontario (Hymenoptera: Apoidea: Colletidae). J

Entomol Soc Ont 138: 137-154.

Lasioglossum identifications:
Gibbs, J. (2010). Revision of the metallic species of Lasioglossum (Dialictus) in Canada (Hymenoptera,

Halictidae, Halictini). Zootaxa 2591: 1-382.

Gibbs, J., Packer, L., Dumesh, S., Danforth, B.N. (2013). Revision and reclassification of Lasioglossum
(Evylaeus), L. (Hemihalictus) and L. (Sphecodogastra) in eastern North America (Hymenoptera: Apoidea:

Halictidae). Zootaxa 3672(1): 1-117.

McGinley, R.J. (1986). Studies of Halictinae (Apoidea: Halictidae), I: Revision of New World

Lasioglossum Curtis. Smithson Contr Zool 429: 1-294.

Megachile identifications:
Sheffield, C.S., Ratti, C., Packer, L., Griswold, T. (2011). Leafcutter and Mason Bees of the Genus
Megachile Latreille (Hymenoptera: Megachilidae) in Canada and Alaska. Can J Arthropod Identif 18:1—

107. https://doi.org/10.3752/cjai.2011.18
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Melissodes identifications:
LaBerge, W. E. (1961). A Revision of the Bees of the Genus Melissodes in North and Central America.

Part III (Hymenoptera, Apidae). Univ Kansas Sci Bullietin XLII:283-663

Pseudoanthidium identifications:

Portman, Z. M., Burrows, S. J., Griswold, T., Arduser, M., Irber, A. J., Tonietto, R. K., & Cariveau, D. P.
(2019). First records of the adventive Pseudoanthidium nanum (Mocsary)(Hymenoptera: Megachilidae)
in Illinois and Minnesota, with notes on its identification and taxonomy. 7he Great Lakes

Entomologist, 52(1), 6.

List of resources used for bee functional traits:

*References used for majority of functional traits are noted with (*)

Gibbs, J., Ascher, J. S., Rightmyer, M. G., & Isaacs, R. (2017). The bees of Michigan (Hymenoptera:
Apoidea: Anthophila), with notes on distribution, taxonomy, pollination, and natural

history. Zootaxa, 4352(1), 1-160.

Gibbs, J., & Dathe, H. H. (2017). First records of Hylaeus (Paraprosopis) pictipes Nylander, 1852

(Hymenoptera: Colletidae) in North America. Check List, 13(3), 2116-2116.

Gibbs, J., Hanuschuk, E., Miller, R., Dubois, M., Martini, M., Robinson, S., ... & Onuferko, T. M. (2023).
A checklist of the bees (Hymenoptera: Apoidea) of Manitoba, Canada. The Canadian Entomologist, 155,

e3.
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Grixti, J. C., & Packer, L. (2006). Changes in the bee fauna (Hymenoptera: Apoidea) of an old field site in

southern Ontario, revisited after 34 years. The Canadian Entomologist, 138(2), 147-164.

Gutierrez, G. M., LeCroy, K. A., Roulston, T. A. H., Biddinger, D. J., & Lopez-Uribe, M. M. (2023).
Osmia taurus (Hymenoptera: Megachilidae): A non-native bee species with invasiveness potential in

North America. Environmental entomology, 52(2), 149-156.

*MacKell, S., Elsayed, H., & Colla, S. (2023). Assessing the impacts of urban beehives on wild bees

using individual, community, and population-level metrics. Urban Ecosystems, 26(5), 1209-1223.

Normandin, E., Vereecken, N. J., Buddle, C. M., & Fournier, V. (2017). Taxonomic and functional trait

diversity of wild bees in different urban settings. Peer.J, 5, €3051.

*Onuferko, T. M., Kutby, R., & Richards, M. H. (2015). A list of bee species (Hymenoptera: Apoidea)
recorded from three municipalities in the Niagara region of Ontario, including a new record of’
Lasioglossum furunculum Gibbs (Halictidae) in Canada. The Journal of the Entomological Society of

Ontario, 146.

Willis Chan, D. S., Prosser, R. S., Rodriguez-Gil, J. L., & Raine, N. E. (2019). Assessment of risk to
hoary squash bees (Peponapis pruinosa) and other ground-nesting bees from systemic insecticides in

agricultural soil. Scientific Reports, 9(1), 11870.
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