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Considering the critical importance of insect pollination to food security and
documented declines in wild bee populations, it is imperative to develop
effective conservation and management strategies that promote the health
of wild bee communities associated with agroecosystems. Identifying wild
bee visitors of crops, including crop-flower visitors and species that nest
within cropping areas, may prove critical to this endeavor as optimal
conservation strategies may differ among bee species and/or guilds, regions,
and cropping systems. Although lists of bee species that are associated with
North American crops are scattered throughout the literature, there is a
need for a comprehensive compilation of those species by crop, region, and
nesting guild. Here, we searched the literature to compile a list of wild bee
species associated with 33 major crops in North America and assessed the
overlap in bee species communities among crops and regions. Of the 739
crop-associated bee species retrieved, 405 species (54.8%) were ground
nesters, and 438 species (59.3%) were identified as crop-flower visitors of
at least one crop. Because of their nesting and foraging behavior, we argue
that these species are more likely to be exposed to agricultural pesticide
residues than bee species that do not nest in the ground or feed directly on
crop flowers. We further compiled lists of wild bees that have been found
to be associated with all of the four most surveyed perennial fruit crops
(apple, blueberry, cranberry, strawberry) and all of the three most surveyed
cucurbit crops (cucumber, Cucurbita, watermelon) in eastern North America.
These lists of bee species can be used to focus attention on species needing
better protection strategies within agroecosystems, especially for these two
important North American crop groups and can also inform the development
of multi-species pesticide risk assessment schemes.

KEYWORDS

agriculture, agroecosystems, cucurbits, ground-nesting bees, nesting guilds,
perennial crops, pesticide exposure, wild pollinators

Introduction

The importance of bees for crop pollination is well documented (Ricketts et al., 2004;
Klein et al., 2007; Hoehn et al., 2008; Garibaldi et al., 2013; Potts et al., 2016), as is the
high dependence of food production on wild pollinators (Aizen et al., 2009; Godfray
and Garnett, 2014). Global agriculture has expanded considerably over the last decades,
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with an important increase in the cultivation of highly
pollinator-dependent crops (Aizen et al, 2008, 2019). As a
result of the increased demand for pollination services, crop
pollination deficits are predicted to increase and, in fact,
currently exist for many North American crops (Koh etal., 20165
Reilly et al., 2020).

While managed bee species like the western honey bee
(Apis mellifera) and some species of mason bees (Osmia spp.),
leafcutter bees (Megachile spp.), and bumblebees (Bombus
spp.) play a major role in pollinating crops, diverse wild bee
assemblages also contribute substantially to crop pollination
globally and have been shown to increase yield quantity,
quality and stability of pollinator-dependent crops (Hochn
et al, 2008; Winfree et al., 2008; Garibaldi et al., 2013).
Indeed, it is now well established that managed bees cannot
replace the contributions of diverse wild pollinators to crop
pollination (Garibaldi et al., 2013). Moreover, dependence on
a few managed bee species for all crop pollination services
is highly risky as these species may suffer from devastating
parasites and pathogens (e.g., Varroa destructor in honey bees),
severe shortages in managed stocks, or may not be well
suited to pollination of all crops (e.g., alfalfa; Haedo et al,
2022). As such protecting wild bees that are associated with
agriculture and may provide pollination services to crops offers
an ecologically sensible insurance against managed bee losses
and is closely linked to the sustainability of human food systems
(Potts et al., 2016).

There is evidence that conventional agricultural practices
(e.g., intensive use of pesticides and high-disturbance agronomic
practices such as tillage) are important drivers of documented
declines in bee diversity and abundance at different spatial
scales (Shuler et al., 2005; Brittain et al., 2010; Tuell and
Isaacs, 2010; Park et al., 2015; Woodcock et al., 2016). Indeed,
the current conventional crop production paradigm employs
chemical pesticides that may be harmful to bees foraging or
residing on agricultural lands (Kremen et al, 2002, 2012;
Alkassab and Kirchner, 2017; Sponsler et al., 2019). Compared
to assessments at the individual or colony level, there has
been limited research on pesticide impacts to wild bees at the
population or community level. Nonetheless, existing studies
have reported negative effects of agricultural pesticide use on
wild bee abundance and species richness in grape (Brittain et al.,
2010), blueberry (Tuell and Isaacs, 2010), apple (Park et al,
2015), and oilseed rape (Woodcock et al., 2016). Agricultural
insecticide and fungicide use can also reduce wild bee floral
visitation in pollinator-dependent crops (Rundlof et al., 2015;
Bloom et al., 2021) and has been linked to long-term population
changes in wild bees in England (Woodcock et al, 2016).
Therefore, it is becoming increasingly critical to sustaining crop
pollination services and global food production that the dual
(and often conflicting) needs of protecting crops efficiently
against pests and diseases and protecting bees from pesticide
exposure are prioritized concurrently.
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However, before we can develop and implement strategies
to protect wild pollinators in North American agroecosystems,
it is imperative to identify which wild bee species are living on
agricultural lands or are visiting North American crops. Some
species of bees associated with agriculture in North America
may be of interest because of their widespread importance across
crop categories and/or regions and these need to be identified
as such. Other bees may need protection on a specific crop
because of their importance as pollinators to that crop [e.g.,
Nomia melanderi on alfalfa, Cane (2008); or Eucera pruinosa
on pumpkin/squash, Willis Chan and Raine (2021a)]. Moreover,
agricultural intensification and practices may affect different
wild bee nesting guilds disparately (Williams et al., 2010;
Mallinger et al., 2015). For instance, ground-nesting bees may be
more susceptible to soil disturbances (e.g., tillage or prolonged
contact exposure to pesticide residues in soil) than those nesting
above ground (Main et al, 2020; Willis Chan and Raine,
2021b). Additionally, as different crops have distinct pollinator
communities (Garratt et al., 2014; Hutchinson et al., 2021),
identifying known flower visitors to individual crops may help
target management practices for improved pollination services.

Although lists of bee species that are associated with North
American crops are scattered throughout the literature, there is
aneed for a comprehensive compilation of those species by crop,
region, bee traits (e.g., sociality and nesting guilds), and crop
flower visitor status. Furthermore, once agriculturally important
bee species are identified both across regions or on specific crops,
we must begin to reduce the chasms (gap is too small a word)
in our understanding of the biology and life history of those
agriculturally important wild bee species. Such information is
especially needed to inform the development of pesticide risk
assessment frameworks that protect all agriculturally important
bees (Franklin and Raine, 2019).

Here, we established a comprehensive list of wild bee
species associated with agroecosystems in North America north
of Mexico (i.e., Canada and the United States), with a view
to identifying groups of wild bee species of interest in the
agricultural context. We then discuss our findings in terms of
potential threats for wild bees from agricultural practices and,
particularly, pesticide exposure. Specifically, we aimed to answer
the following questions:

1. In which crops and regions of North America north of
Mexico have field surveys of wild bees been undertaken?

2. What is the overlap in crop-associated wild bee species
among regions, crop categories, and specific crops in
North America?

3. Which nesting guilds of wild bees are most commonly found
in association with North American crops?

4. Which wild bee species visit crop flowers, per crop type, in
North America.

5. What are the knowledge gaps with respect to wild bee visitors
of major crops in North America?
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In the end, our study aims to promote the study of wild
bee species identified as focal and to encourage the development
of management actions and strategies to reduce the impact of
agricultural practices on local populations.

Materials and methods

Selected crops

Our study aimed to compile a list of bee visitors to the
most important agricultural crops (in terms of planted area) in
North America north of Mexico (Canada and the United States).
Using available data from Statistics Canada (2022a,b,c) and the
USDA Farm Service Agency (USDA., 2021), we selected the top
10 bee attractive crops (USDA., 2017) with the greatest planted
area in Canada and USA for each of these crop categories:
field crops, fruits and nuts, and vegetables. Because of the large
number of fruit and nut crops that are highly attractive to
bees, an additional three crops (pear, plum, and caneberries)
were included in this category (i.e., top 13 crops instead of
10). Greenhouse crops were excluded, as well as vegetable crops
that are only attractive to bees when grown for seeds (e.g.,
carrots, cabbage). Since the focus of this study is the association
between bees and agriculture and not crop pollination sensu
stricto, we included crops that are known to attract bees
independently of their requirements for insect pollination.
Based on these criteria, the 33 crops that were included in
this study are: alfalfa, beans, canola, corn, cotton, lentils,
peas, sorghum, soybean, sunflower, almond, apple, blueberry,
caneberries, cherry, cranberry, melon, orange, peach, pear, plum,
strawberry, watermelon, avocado, Cucurbita (pumpkin, squash,
zucchini), cucumber, eggplant, green and wax beans, green pea,
peppers, potato, sweet potato, tomato.

Literature search

We searched the literature to compile a list of all bee visitors
to these 33 North American crops. Using Web of Science Core
Collection, a literature search was performed on November 11,
2021 to locate existing datasets of bee species observed foraging
on or collected in the surroundings of crops from Canadian
and American monitoring studies (see Appendix Sl for the
complete list of search terms). No date restrictions were applied
to the search strategy. This search resulted in 2,834 publications,
of which duplicates, articles written in languages other than
English, and articles that were not focused on bee monitoring
for relevant crops within North America (Canada and USA)
were excluded. The remaining publications were screened for
the reporting of lists of wild bee species associated with one
of the crops listed above. All studies that reported the identity
of wild bee species observed or sampled within or adjacent
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(e.g., crop margins, hedgerows, flower plantings) to agricultural
fields were included, while those providing identifications at
the genus or morphogroup levels only were excluded. This
resulted in 90 publications, to which 14 additional relevant
articles sent by colleagues or from our personal collections of
papers were added. Our final set of data included 104 articles
(Supplementary Table S1).

Data extraction and compilation

We extracted the following information from the 104 studies
selected: full bibliographical reference, country and province
or state of study site, type of crop, scientific name of bee
species recorded, monitoring method (i.e., visual observations,
pan or vane traps, nest traps/emergence tents, or netting), and
location of observation/sampling relative to the crop (i.e., crop
flowers, crop field/orchard, field margin, hedgerow or flower
strips, edge of wooded area, on farms). The “on farms” category
refers to instances where the location of sampling relative to
the crop was not explicitly specified. Flower visitation datasets
were used to identify crop flower-visiting bees by crop type.
Data compilation was restricted to bees that were identified at
the species level, excluding Apis mellifera. Bombus impatiens
was included, although it is unknown whether individuals were
coming from wild populations or commercial colonies.

The taxonomic status of each bee species compiled was
verified using the Integrated Taxonomic Information System
(ITIS; www.itis.gov) and Discover Life (Ascher and Pickering,
2020). Invalid scientific names were changed for the valid ones
(Supplementary Table S2), while species entries that could only
be found from Discover Life but not ITIS were kept as reported
in sourced literature. Species that could not be found from
either reference databases were excluded (n = 6). Moreover,
based on recent changes to the taxonomic classification of the
genera Peponapis and Xenoglossa, all species in those genera
were renamed as belonging to the genus Eucera (Dorchin et al.,
2018), even if the taxonomic status of this species has not yet
been updated in reference databases. Information on subspecies
was not recorded (i.e., entries have been replaced by species
name, without the subspecies information). We did not verify
the identification of any of the species reported in studies using
collection specimens.

Every bee species listed in our database was characterized by
sociality (Bombus spp., social, solitary, variable) and functional
nesting guilds (Bombus spp., cavity nester, cavity renter,
cleptoparasite, ground nester) based on Grixti and Packer
(2006), Sheffield et al. (2013), and Ascher and Pickering (2020).
The “variable” social category refers to facultatively eusocial
species, i.e., species that are able to express the solitary life
strategy and the eusocial one (Mikat et al, 2022). Cavity
nesters are defined as species that build their nests themselves
in cavities (e.g., pithy stems, wood, tree hollows), whereas
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cavity renters use pre-existing cavities to nest (e.g., pithy
stems, stone walls, snail shells). Finally, we divided the North
American agricultural landscape into four regions (Western,
Central, Northeastern, Southeastern) based on the availability
of survey data and locations of study sites, differences in
agricultural practices (Malaj et al., 2020), and similarities in the
bee fauna (Supplementary Table S3). The overlap in bee species
among crops and regions was assessed using a Venn diagram
visualization tool (Oliveros, 2015).

Results

In what crops and regions have field
surveys of wild bees taken place?

We compiled data for a total of 739 bee species associated
with 23 different crops (Appendix S2; Supplementary Table S4).
Our final database also includes survey data from three studies
related to crops of interest, but in which the identity of the crops
surveyed was not clearly specified: one study from multiple field
crops such as corn, soybean, and wheat (Mogren et al., 2016),
one study from small diversified vegetable farms (Delphia et al.,
2019), and one study from diversified fruit farms (Frankie et al.,
2018). Of the 33 crops that were included in our search strategy,
no data was found for peas (including green pea), sorghum,
lentils, beans (including green and wax beans), orange, peach,
sweet potato, and avocado. Overall, blueberry and apple were
the most surveyed crops, followed by watermelon, strawberry,
sunflower, and cranberry (Figure 1; Supplementary Table S4).

Most of the 104 selected studies (81%) were undertaken
in the last decade (2010-2021), with <20% conducted before
2010 (Supplementary Figure S1). The geographical location of
bee censuses recorded per crop type is presented in Figure 1.
Eighty-one percent (n = 84) of the 104 studies containing
survey data of bees associated with agriculture were conducted
in the United States, while 17% (n = 18) were conducted in
Canada, and 2% (n = 2) were conducted in both countries. Most
of these studies (70%) were conducted in the eastern part of
North America (northeastern and southeastern). Across both
countries, 59.6% (n = 62) of studies were carried out in the
northeastern region, with 21.2% (n = 22) from the western
region, 8.6% (n = 9) from the central region, 8.6% (n = 9)
from the southeastern region, and 1.9% (n = 2) from both the
northeastern and western regions (Supplementary Table S1). In
the southeastern and northeastern regions, studies have focused
primarily on fruit and nut crops (Figure 1), which are major
crops in these regions. On the other hand, all but one of the crops
surveyed in the central region were field crops, and the crops
surveyed in the west were more evenly distributed among crop
categories. These differences among the types of crops surveyed
largely reflect the major crops grown in each region but also
highlight knowledge gaps for minor crops grown in each region.
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From the 104 studies sourced, we compiled bee species
data from 125 datasets reporting bee species by specific crop
and location (i.e., some studies provided data from different
crops and/or regions). The total number of datasets sourced
per crop type and regions are presented in Figure 2 (see also
Supplementary Table S3). Most (67%) of these datasets reported
bee species surveyed from fruit and nut crops, while 20% were
from field crops, and 13% were from vegetable crops. Overall,
40% of all datasets included in this study and 53% of the
datasets from the northeastern and southeastern regions were
conducted in blueberry or apple systems. Along with strawberry
and cranberry, these crops account for 66% of all the datasets
compiled for the eastern part of North America.

What is the overlap in crop-associated
wild bee species among regions, crop
categories, and specific crops in North
America?

We identified a total of 739 species (from 60 genera) of
wild bees associated with crops in North America, representing
21.1% of the 3,500 species of bees native to Canada and the
USA (The Xerces Society., 2021). Forty-seven (47%; 349/739)
and 42 (42%; 314/739) percent of all bee species compiled
have been found to be associated with apple and blueberry,
respectively (Figure 3). Interestingly, while only two surveys
have been conducted in diversified fruit or vegetable farms, these
surveys recorded 34% (250/739) of all species listed from the
sourced literature (Figure 3).

We compared the identity of crop-associated wild bee
species among regions and crops to assess compositional
dissimilarity (i.e., shared vs. unique species) among regions,
crop categories, and specific crops across North America. There
were 23 bee species found in common among all four regions
(Figure 4), of which 14 (61%) were ground nesters (Table 1).
All adjacent regions share some crop-associated bee species, but
all regions also have many unique ones. It should be noted
that differences among regions may be an artifact of unequal
sampling. Among the 23 bee species shared by all regions, many
were common to multiple crops, the most frequently reported
in datasets being the bumblebee Bombus impatiens (64%; 80/125
of all datasets), followed by the ground-nesting bee Halictus
ligatus (52%; 65/125 of all datasets). Bombus impatiens and H.
ligatus were found to be associated with a total of 19 and 21
crops, respectively.

As most sourced datasets were from the northeastern
and southeastern regions, we also compared wild bee species
recorded among some of the most surveyed crops in eastern
North America to assess potential overlap among spring-
blooming perennial fruit crops (apple, blueberry, cranberry,
strawberry) and among cucurbit crops (Cucurbita, cucumber,
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Map of study sites from the 104 studies from which lists of bees have been extracted by crop type. Sites are distributed within four regions:
green = western, blue = central, yellow = northeastern, pink = southeastern. Crops were classified into three categories: field crops; fruits and

watermelon). Melon was excluded from the analysis for
cucurbits as only one dataset reported bee species for this crop
in all North America. For perennial crops, many species were
found to be exclusively associated with either apple, blueberry,
cranberry, or strawberry, while species overlap was found for all
binary combinations of crops (Figure 5A). The largest number
of shared bee species was identified for apple and blueberry
(n = 226), followed by apple and cranberry (n = 142). A
total of 77 species were found to be associated with all four
perennial fruit crops, of which 55 (72%) were ground nesters
(Figure 5; Table 1). Similar trends were observed for cucurbits,
with cucumber having the largest number of unique species
(Figure 6A). A total of 35 species (26.9%) were shared among
Cucurbita, cucumber, and watermelon, of which 23 (66%) were
ground nesters (Figure 6; Table 1).

Which wild bee guilds are most
commonly found in association with
North American crops?

When compared by guilds, ground-nesting bee species
(54.8%) were the most common, followed by cavity nesters
(22.7%), cleptoparasites (16.5%), Bombus spp. (4.5%), and
cavity renters (1.5%) (Figure 3). Although the proportion of
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wild bee species reported for each guild varied somewhat
among crops (Supplementary Figures S2-54), ground-nesters
accounted for the majority of species recorded, averaging 65%
of all species for well-studied crops like apple and blueberry.
Variability in nesting guild composition among crops may be
related to unstandardized sampling methods and variability in
the numbers of datasets sourced per crop (e.g., 28 datasets
available for blueberry vs. one for pear). Moreover, some
studies only reported species of bees that are easier to identify,
such as bumblebees, which may be overrepresented for certain
crops. Indeed, many of the datasets we included used visual
observations or hand netting of bees observed on flowers to
identify bee species. The numbers of bee species compiled for
each crop are provided in Figure 3.

Which wild bee species visit crop flowers,
per crop type, in North America?

Data on known flower visitors were available for 20 crops
across the four regions (Supplementary Table S5). In total,
438 species from 51 genera have been observed foraging
on flowers of at least one crop, representing 59% of the
total number of species compiled. This suggests that about
40% of wild bee species may coexist in the same space as
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crops; dark red = fruit and nuts; dark blue = vegetables).

(A) Percentage of wild bee species representing each nesting guild (Bombus spp; cavity nesters; cavity renters; ground nesters; cleptoparasites)
for all species (N = 739) compiled from available datasets; (B) Number of wild bee species associated with each crop type (dark green = field

100 200 300 400

Number of species

crops without visiting their flowers, although this percentage
may be inflated by the relative difficulty of sampling and
identifying bees to species through visual observations or
hand netting of individuals observed on flowers compared to
passive sampling. Most crop flower visitors were Lasioglossum,
Andrena, and Bombus species, with some variation among
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crops (Supplementary Figure S5). In the northeastern region,
flower visitors of apple and blueberry were the most studied,
while data for the other crops and regions were more scattered
(Supplementary Table S5).

Interestingly, records of flower visitors for watermelon
were available across all four regions, allowing for regional
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Southeastern Western

Central

Northeastern

FIGURE 4

Venn diagram showing the overlap of bee species among North
American regions. Numbers in overlapping areas among ellipses
represent species found in common between shared regions.

comparisons (Supplementary Figure S6). While 60 species
of watermelon flower visitors were shared between the
northeastern and southeastern regions, only a few species from
the central and western regions were shared with any other
regions. However, it is important to mention that very few
species were identified for these two regions. One bee species,
Halictus ligatus, was found to visit watermelon flowers across all
four regions. Indeed, across North America, H. ligatus has been
observed visiting the flowers of 14 crops, including field crops
(alfalfa, cotton, soybean, sunflower), fruits (apple, blueberry,
caneberries, cranberry, melon, strawberry, watermelon), and
vegetables (Cucurbita, peppers, tomato).

Across North America, the largest number of known flower-
131),
strawberry (n = 82), apple (n = 83), cherry (n = 68), watermelon
(n = 62), and cranberry (n = 61). Of all crop flower-visiting
bees identified, 256 (58%) were ground nesters. The likelihood
of exposure to pesticide residues from both contaminated nectar

visiting bees have been identified for blueberry (n =

and pollen and soil is amplified for these species. The complete
list of flower-visiting bee species per crop and region is available
in Appendix S2.

Discussion

Wild bee visitors of crops and potential
threats from agricultural practices

Our study is the first to inventory the entire wild bee
species community associated with major crops across Canada
and the USA and to assess the overlap in bee species across
North American regions and crops. Our analysis of crop-
associated wild bee species may enable North American
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conservation practitioners and risk assessors to better focus
their attention on the relatively narrow number of wild bee
species (i.e., < 25% of wild bee species in North America)
associated with agricultural systems when developing strategies
and management actions to reduce the impact of agricultural
practices on local populations. Below, we discuss how some
groups of wild bees may be impacted by agricultural practices
particularly, pesticide exposure.

For wild bees that visit crop flowers, living within
agroecosystems may bring rewards in the form of extensive
access to nectar- and pollen-producing plants (Westphal et al.,
2009; Holzschuh et al., 2013). However, such association may
also present threats, such as acute or chronic exposure to
pesticide residues through the crops themselves or wildflowers
growing on crop edges (Botias et al., 2015; David et al., 2016;
Main et al., 2020). For crop flower visitors, the overlap of
foraging activity with crop pesticide application may determine
the extent of exposure (Sponsler et al., 2019). Bees foraging on
the flowers of crops treated with systemic pesticides may also
be exposed to residues in pollen and nectar many weeks after
treatment (Krupke et al., 2012; David et al., 2016; Azpiazu et al.,
2019; Willis Chan et al., 2019).

In addition to crop flower-visiting species, exposure to
agricultural pesticides may also be higher for ground-nesting
bees than for other nesting guilds because females may build
their nests within treated cropping areas and may be exposed to
pesticide residues in soil as they excavate their nests (Willis Chan
et al., 2019; Willis Chan and Raine, 2021b; Rondeau and Raine,
2022). Furthermore, both male and female ground-nesting bees
spend most of their life cycle within underground nest cells
(Harmon-Threatt, 2020; Antoine and Forrest, 2021) and may
be exposed to soil residues at the larval or pupal stages of
development (Sgolastra et al., 2019; Willis Chan et al., 2019).
Underground bee nests may also be destroyed by agricultural
machinery during tillage (Shuler et al, 2005). As such, both
crop flower-visiting species and ground-nesting bees deserve
special attention when developing strategies to limit the impact
of agricultural practices for bees associated with agriculture.

In an attempt to provide a starting point for discussions
on the development and implementation of wider protection
and risk assessment schemes for wild bees, we compiled lists
of crop flower-visiting bee species that have been found to
be associated with all of the four most surveyed perennial
fruit crops and all of the three most surveyed cucurbit
crops in eastern North America. These crop-flower visitors
have been identified from observational studies. However,
it is important to note that, although these crop flower-
visiting species are potentially contributing to crop pollination,
we did not assess their actual contribution to pollination
services. Additionally, we identified which of these crop
flower-visiting bees also nest underground. By identifying
these groups of bee species, we have built the basis for
targeted protection strategies for a defined number of wild
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TABLE 1 List of bee species found in common among (a) all four North American regions (western, central, northeastern, southeastern) (Figure 4);
(b) all four perennial fruit crops (apple, blueberry, cranberry, strawberry) in northeastern and southeastern North America (Figure 5A); and (c) all
three cucurbit crops (cucumber, Cucurbita, watermelon) in northeastern and southeastern North America (Figure 6A).

Shared bee species

(a) Regions in North America

(b) Perennial fruit crops (c) Cucurbit crops

Agapostemon texanus**

Agapostemon virescens**
Andrena nivalis**
Anthophora terminalis

Augochlorella aurata**

Bombus griseocollis
Bombus impatiens
Bombus pennsylvanicus
Calliopsis andreniformis**
Eucera pruinosa**
Halictus confusus**
Halictus ligatus**

Halictus rubicundus**

Heriades carinata
Hylaeus affinis

Hylaeus mesillae
Lasioglossum albipenne**
Lasioglossum zephyrum**
Megachile brevis
Megachile gemula**
Megachile rotundata
Melissodes bimaculatus**

Melissodes communis**

Agapostemon sericeus™™

Agapostemon splendens*™*
Agapostemon texanus**
Agapostemon virescens**

Andrena algida**

Andrena carlini**
Andrena crataegi**
Andrena cressonii**
Andrena erigeniae**
Andrena imitatrix**
Andrena mandibularis**
Andrena nasonii**

Andrena nivalis™

Andrena perplexa**
Andrena robertsonii**
Andrena rugosa**
Andrena vicina**
Andrena w-scripta**
Andrena wilkella**
Augochlora pura
Augochlorella aurata**
Augochloropsis metallica**
Bombus bimaculatus
Bombus fervidus
Bombus griseocollis
Bombus impatiens
Bombus rufocinctus

Ceratina calcarata

Ceratina dupla Lasioglossum Agapostemon sericeus™
perpunctatum**
H : ; H 1. H) % 7 Sk
Ceratina mikmagi Lasiog P Agap virescens’
Halictus confusus** Lasioglossum planatum**  Augochlora pura

Halictus ligatus**

Halictus rubicundus**

Hoplitis pilosifrons

Hoplitis producta

Hylaeus affinis

Hylaeus annulatus

Hylaeus mesillae
Lasioglossum admirandum**
Lasioglossum albipenne**

Lasioglossum anomalum**

Lasioglossum bruneri**
Lasioglossum cinctipes**
Lasioglossum coriaceum**
Lasioglossum cressonii**
Lasioglossum ephialtum**
Lasioglossum foxii**
Lasioglossum imitatum**
Lasioglossum laevissimum**
Lasioglossum leucocomus**
Lasioglossum leucozonium**

Lasioglossum lineatulum**

Lasioglossum macoupinense**

Lasioglossum oblongum**
Lasioglossum obscurum**

Lasioglossum pectorale**

Lasioglossum subversans**
Lasioglossum
subviridatum**
Lasioglossum timothyi**
Lasioglossum versans**
Lasioglossum versatum**
Lasioglossum viridatum**
Lasioglossum zephyrum**
Lasioglossum zonulum**
Megachile melanophaea**
Megachile mendica
Megachile relativa
Melissodes communis**
Melissodes trinodis**
Nomada maculata
Nomada pygmaea

Osmia atriventris

Osmia pumila

Xylocopa virginica

Augochlorella aurata**

Bombus bimaculatus

Bombus fervidus

Bombus griseocollis
Bombus impatiens
Calliopsis andreniformis**
Ceratina calcarata

Eucera pruinosa**
Halictus confusus*™

Halictus ligatus**

Halictus rubicundus**
Lasioglossum admirandum**
Lasioglossum bruneri**
Lasioglossum coriaceum**
Lasioglossum cressonii
Lasioglossum hitchensi**
Lasioglossum illinoense**
Lasioglossum imitatum**

leuc ium**

Lasiogl

Lasioglossum oblongum**

Lasioglossum paradmirandum**

Lasioglossum pectoral**
Lasioglossum pilosum**
Lasioglossum weemsi**
Lasioglossum zephyrum**
Megachile mendica
Megachile rotundata
Megachile sculpturalis
Melissodes bimaculatus**
Melissodes trinodis*™*
Triepeolus remigatus

Xylocopa virginica

* Indicates ground-nesting species and species in bold are bee species that are known flower visitors to (a) at least one crop; (b) all perennial crops (apple, blueberry, cranberry, strawberry),
or; (c) all cucurbit crops (cucumber, Cucurbita, watermelon).

bee species associated with two important North American

crop groups.

Of all the wild bee species found to be associated with
major crops in North America, 23 species were common
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among all four regions, including 14 ground-nesters. Most
of these species are common visitors to a wide range of
host plants and are widespread throughout Canada and the
United States. One exception is Eucera pruinosa (formerly
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(18.1%)
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FIGURE 5

Schematic diagram depicting (A) wild bee species found in common among perennial fruit crops (apple, blueberry, cranberry, strawberry) in
northeastern and southeastern North America; (B) percentage of the 77 species common to all four crops representing each functional guild:
Bombus spp., cavity nesters, cavity renters, cleptoparasites, ground nesters.

A Cucumber Cucurbita B

@ Bombus spp. @ Cavity nesters
© Cavity renters @ Ground nesters
@ Cleptoparasites

Watermelon

FIGURE 6

Schematic diagram depicting (A) wild bee species found in common among cucurbit crops (cucumber, Cucurbita, watermelon) in northeastern
and southeastern North America; (B) percentage of the 35 species found in common among all three crops representing each functional guild:
Bombus spp., cavity nesters, cavity renters, cleptoparasites, ground nesters.

Peponapis pruinosa), a pollen specialist on the genus Cucurbita associated with blueberry, apple, and an average of 12 other
whose geographical range expansion throughout North America crops and to visit the flowers of at least some of these crops
has been facilitated by the domestication of pumpkins and (range = 1-14 crops; mean = 8 crops; Appendix 52). Given
squash (Lopez-Uribe et al., 2016). All 14 species of ground- their wide distribution and close association with agriculture,
nesting bees shared among regions have been found to be management for these species across North America should
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be considered as a potential first step toward conservation on
agricultural lands.

Seventy-seven wild bee species were found in common
among perennial fruit crops (apple, blueberry, cranberry, and
strawberry) in eastern North America, of which 56 are ground-
nesters and 28 were identified as flower visitors of all four
crops. These spring bees are likely to experience exceptionally
high pesticide exposure because of the severe soil contamination
encountered in perennial crops (Silva et al., 2019; Tang and
Maggi, 2021) and the overlap of pesticide application on spring-
blooming perennial fruit crops with bees’ foraging period.
Recent evidence shows that exposure of ground-nesting bees
to pesticide residues in soil varies among cropping systems
(Rondeau et al., 2022), with soils from perennial crops
containing the highest pesticide concentrations and number
of detectable pesticides compared to vegetables, field crops,
cereals, root crops, and diversified farms (Silva et al., 2019
Tang and Maggi, 2021). For instance, mixtures of up to 29
different pesticides have been found in orchard soils collected at
bumblebee hibernation sites in Ontario, Canada, flagging apple
orchards as risky environments for bees that nest or hibernate
underground (Rondeau et al.,, 2022). High contamination levels
in perennial crop soils can be explained by the intensive use
of pesticides and absence of crop rotation or tillage in these
systems. Another major concern is the potential direct exposure
of springtime forager bees to early-season pesticide sprays.
Indeed, many pest insects and fungal diseases of perennial fruit
crops coincide with bloom, and pesticides (mostly fungicides)
are commonly sprayed when these crops are flowering (Gradish
et al., 2012; Melathopoulos et al., 2014; Fulcher et al., 2015;
Mallinger et al., 2015; McPhie and Burrack, 2016; Graham et al.,
2021). This represents an additional hazard for bees foraging on
these crops.

Thirty-five species of wild bees were found in common
among cucurbit crops (cucumber, Cucurbita, watermelon) in
eastern North America, of which 23 are ground-nesters and
seven were identified as flower visitors of all three crops. For
these bees, the likelihood of exposure to residues of systemic
pesticides used as seed coatings or applied to soil via drenches
is high (Willis Chan et al., 2019; Willis Chan and Raine,
2021a). In addition to accumulating in soil, residues of systemic
pesticides can also translocate in pollen and nectar of Cucurbita
flowers (Stoner and FEitzer, 2012). Many of these systemic
compounds are highly toxic insecticides like neonicotinoids,
which can have detrimental effects on the pollen harvesting,
nesting behavior and reproduction of ground-nesting bees when
applied to cucurbit crops via soil (Willis Chan and Raine,
2021b). Moreover, cucurbit crops have an extended flowering
period that often coincides with the appearance of fungal
diseases, which can lead to frequent foliar fungicide applications
during bloom (Azpiazu et al., 2019). Because of concerns about
fungicide resistance, rotation of fungicides with different modes
of action is encouraged (Wyenandt et al., 2017), increasing the
risk of exposure to pesticide mixtures for bees (Rondeau and
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Raine, 2022). Finally, of all flower visitors of cucurbit crops,
bee species with smaller foraging breadth like E. pruinosa and
Melissodes bimaculatus may be more vulnerable to pesticides
applied on cucumber, Cucurbita, and watermelon. Although it
is a pollen specialist, E. pruinosa has also been found foraging
on alfalfa and sunflower crops (Hurd and Linsley, 1964). In both
bee species, adults are active in late summer and fall, when their
preferred plants, including cucurbits, are in bloom, resulting in
a temporal overlap between foraging activity and fungicide use
on these crops.

Lasioglossum species were the most prevalent species found
in common for both perennial fruits crops and cucurbit crops,
although few of them were identified as shared crop flower
visitors. Instead, more than half of the crop flower visitors
identified in common for perennial crops were Andrena species,
which tend to emerge earlier in the spring and have shorter
foraging periods than Lasioglossum (Michener, 2000). While
these Andrena species may be more at risk of exposure to
pesticides sprayed during early-season bloom (Brittain and
Potts, 2011), Lasioglossum are more likely to be exposed to
season-long pesticide applications (Mallinger et al, 2015).
And while both groups may be exposed to residues in soils
during nest construction and development, many Lasioglossum
are smaller and have shorter foraging ranges than Andrena
(Michener, 2000; Gathmann and Tscharntke, 2002; Greenleaf
et al, 2007; Mallinger et al, 2015), meaning that their nests
are more likely to be located near or within the cropping area
they forage on. For social Halictus and Lasioglossum species,
sensitivity to pesticides may also be increased if they are applied
early in the season when queens are active and colonies are still
at an early stage of formation (Williams et al., 2010; Brittain and
Potts, 2011; Mallinger et al., 2015). Indeed, there is evidence that
some groups of bees, namely small bodied Lasioglossum, may be
more impacted by pesticide exposure in orchard systems than
other bees for the reasons mentioned above (Mallinger et al.,
2015). Although not ground nesters per se, it is worth noting
that many species of bumblebees (Bombus spp.) were also found
in common among crops in both crop groups. Bumblebees are
important pollinators of both perennial fruit crops and cucurbit
crops (Javorek et al., 2002; Artz and Nault, 2011; Nayak et al,,
2020; Willis Chan and Raine, 20212) and their close association
with agriculture deserves attention. Indeed, in addition to
their potential oral exposure to diverse pesticides throughout
the growing season, bumblebees may also be exposed to
soil residues in underground nest or during hibernation
(Rondeau et al., 2022).

Knowledge gaps, constraints, and
limitations

The geographical distribution of published datasets of bee

species associated with agricultural crops in North America
is skewed toward the northeastern region, with a lack of
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published data from Canada compared to the United States.
Moreover, most of the existing literature has investigated bee
communities in highly pollinator-dependent fruit crops, with
a complete lack of data for many bee-attractive crops that
do not require insect pollination (e.g., orange, green and
wax beans, peas). This is problematic from a conservation
perspective as virtually any crop that attracts pollinators can
lead to pesticide exposure for bees, with important variability
in pesticide use among crops and potential for overlap between
bee phenology and timing of pesticide application. Surveying
bees in these crops should be a focus of future research.
Moreover, we know little about the biology of many of the
bees identified in the present study, highlighting the need for
descriptive natural history studies for these species. Information
about the life cycle and habitat requirements of these wild bee
species is particularly needed before elements of the landscape
that might be critical to their persistence can be integrated
more fully into the development of proper management
and/or conservation strategies. Our study provides a starting
point to address these knowledge gaps by identifying the
cropping systems and geographic regions that require research
investment and subsets of agriculturally important bee species
that require protection.

In this study, we have focused on bee species found in
common among multiple crops sharing similar management
practices and pesticide use patterns. However, it is important
to also acknowledge the large number of bee species that are
strictly associated with individual crops and/or regions. For
instance, focusing on species that are common to multiple
crops may not be protective to many specialist and rare
bee species. Protecting a larger diversity of species from
exposure to agricultural pesticides may be especially important
in a context of high species turnover (Winfree et al., 2018).
The choice of targeting one group over the other also
depends on the protection goals. While it may be sensible
to start with shared species among crops when developing
strategies to protect ground-nesting bees on farmlands overall,
developing a regional or crop by crop approach may be
more appropriate in other cases. By listing all the wild
bee species associated with the most important agricultural
crops in North America by nesting guild, crop flower visitor
status, crop type, and region, Appendix S2 can be used as
a tool to determine the species that need protection from
potentially harmful agricultural practices according to different
targeted goals.

We acknowledge the limitations of the approach we used to
identify the wild bee species reported in this study. For instance,
despite our efforts to identify all pertinent literature, some
relevant studies may not have been included in our compiled list
of crop-associated bee species. While we thoroughly searched
all peer-reviewed studies available through Web of Science,
we identified 14 additional relevant studies that have not
been captured through this search. We recognize that not all
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journals meet the requirements for inclusion in any single
database and that there might be delays between publication
and the availability of published work in the database. However,
overall, we are confident that most of the relevant literature
has been identified and accurately summarized in this work.
It is also important to mention the unstandardized nature
of the sampling methods used in studies from which we
extracted lists of bee species. Across studies, larger bees from
the genera Bombus and Andrena were more often identified
to species, while smaller inconspicuous species, especially
those of the genus Lasioglossum, were often only identified
at the genus level and hence, not included in our database.
This might explain the overall low number of Lasioglossum
species reported as crop flower visitors from the literature,
as crop flower visitors were typically identified through visual
observations or hand netting of bees from flowers and most
Lasioglossum species included in our database were collected
using pan traps.

Conclusions and conservation
implications

In this study, we have identified and narrowed down the
number of wild bee species associated with agriculture in North
America to a fraction (<25%) of the total number of bee species
in this geography. As our dependency on insect pollinators to
produce food increases (Aizen et al., 2008, 2019), so does our
reliance upon this fraction of wild bees. As such, it is important
to reflect on the traits (e.g., sociality, nesting guild, or whether
or not those bee species forage on crops) that may contribute to
their vulnerability to management practices used on the crops
they are associated with.

Moreover, pesticide use varies significantly by crop and
region, leading to disparate exposure for bees (Sponsler
et al., 2019). As such, assessing the overlap in bee species
among crops with similar agricultural practices and pesticide
use patterns, as we have done, can refine the development
of pesticide risk management schemes that are based on
the actual crop and bee species involved. We understand
that it may be necessary to use a few model species
to represent these bees in pesticide risk assessments and
our study may help identifying species of interest for that
purpose. For example, the hoary squash bee (E. pruinosa)
has recently been suggested as a model species for pesticide
risk assessments (Willis Chan and Raine, 2021b). The fact
that this species was found across all North American
regions and foraging on all cucurbit crops emphasizes the
relevance of using E. pruinosa as a surrogate species for
solitary ground-nesting bees, although more work may be
needed to compensate for size differences between larger bees

frontiersin.org


https://doi.org/10.3389/fsufs.2022.943237
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Rondeau et al.

such as E. pruinosa and smaller bees such as those of the
genus Lasioglossum.
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