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Abstract
1.	 Introduced, managed bees such as mason bees (genus Osmia) can confer signifi-

cant pollination benefits to agricultural systems, but a risk of introducing non-
native species into new ecosystems is the co-introduction of pathogens along 
with them. Pathogen spillover to wild, native bees may then drive native bee spe-
cies declines.

2.	 This study examined prevalence of the chalkbrood-causing fungal genus 
Ascosphaera in the nests of both non-native and native mason bee species. We 
conducted large-scale trap-nesting and pan-trapping efforts across the Mid-
Atlantic United States with community scientists. Using molecular methods, nests 
were screened for all known Ascosphaera species in which genetic sequences 
have been published. After finding Ascosphaera species first described in Asia, 
we compared their local prevalence with the local abundance of mason bees from 
Asia. Lastly, we compared the prevalence of co-introduced Ascosphaera species 
across sites with a variety of landcover profiles.

3.	 Results indicate species originally described in Japan, Ascosphaera naganensis 
and Ascosphaera fusiformis, are now present in native Virginia mason bees, Osmia 
lignaria and Osmia georgica, with high prevalence of A. naganensis found in O. 
georgica.

4.	 We also found that the declining native mason bee O. georgica experienced higher 
prevalence of non-native Ascosphaera spp. at sites with larger numbers of non-
native O. cornifrons and O. taurus, perhaps indicating greater likelihood of spillover 
of these Ascosphaera species with greater sources of transmission. Lastly, when 
the proportion of agricultural landcover surrounding bee nests was high, there 
was greater prevalence of non-native Ascosphaera in O. georgica compared to 
more natural landcover types.

5.	 Synthesis and applications. Through community science programming, we docu-
mented species of Japanese chalkbrood fungi inside native mason bee nests in 
North America. Native mason bees encounter non-native fungi more frequently 
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1  |  INTRODUC TION

The movement of bees is an integral part of commercial crop pol-
lination services. Over 60% of commercially managed hives of the 
European honeybee Apis mellifera (Linnaeus, 1758) in the United 
States (US) are transported back and forth to the Central Valley 
of California to pollinate almonds each year (Glenny et al.,  2017). 
The European alfalfa leafcutter bee, Megachile rotundata (Fabricius, 
1787), is largely responsible for supporting alfalfa crop pollination 
in the US and Canada, and M. rotundata are shipped routinely from 
Canada to farmers all over the US (Pitts-Singer & James, 2008). The 
buff-tailed bumblebee, Bombus terrestris (Linnaeus, 1758), has been 
commercially imported by 57 countries for crop pollination, with 
16 of those countries occurring outside of its native range (Murray 
et al.,  2013). Imported bees do not travel alone: along with the 
transportation of bee species, without effective precautionary mea-
sures so too may their parasites, pathogens and commensal associ-
ates spread into new areas (Graystock et al., 2016; Schmid-Hempel 
et al., 2014). These associates may spill-over to native bee communi-
ties, which may not have any prior exposure nor immunity for a given 
parasite or pathogen (Arismendi et al.,  2021; Kojima et al.,  2011; 
Meeus et al., 2011).

Pathogens and natural enemies may spread from introduced bees 
through shared resources like flowers, providing evanescent routes 
of exposure (Keller et al., 2021; McArt et al., 2014; Vannette, 2020), 
and via nesting sites, which provide long-term routes of exposure 
(Park et al., 2009; Poinar & Van der Laan, 1972). In particular, many 
agriculturally important pollinators, including honey bees and com-
mercially managed bumble bees (family: Apidae), leafcutter and 
mason bees (family: Megachilidae), typically nest in preexisting 
cavities, which may have been previously occupied by other cavity 
nesting insects, thus exposing the new occupants to parasites and 
pathogens of the previous occupants (Krombein, 1967).

Of the 80 known non-native bee species introductions world-
wide, over 40% (33) are of cavity-nesting species in the family 
Megachilidae (Russo et al.,  2021). In North America, this includes 
two mason bee species from Asia—Osmia cornifrons (Radoszkowski, 
1887) and Osmia taurus Smith, 1873. Osmia cornifrons was inten-
tionally introduced from Japan into Maryland, US for orchard pol-
lination in 1977 (Batra,  1978). Following successful introduction, 
O. cornifrons has become broadly established in the Eastern United 
States (Hedtke et al., 2015). A second species from Asia, O. taurus, 

was first recorded in the US in 2002 in West Virginia and Maryland 
(Droege,  2020). Since then, it has spread quickly, becoming the 
most commonly collected mason bee in the Mid-Atlantic region of 
the US, with concurrent declines in six native congeners (LeCroy 
et al., 2020).

One major disease of cavity nesting bees is the specialist 
chalkbrood fungal genus Ascosphaera (L.S. Olive & Spiltoir, 1955) 
(Onygenales: Ascosphaeraceae; Wynns, 2012). Ascosphaera species 
are associated with a wide range of social and solitary bee species 
and attack both wild and managed bees, accounting for larval death 
rates up to 20% in present-day commercially managed Megachile 
rotundata (James & Pitts-Singer,  2013). Several Ascosphaera spe-
cies are known to be associated with Osmia nests, including obli-
gately pathogenic Ascosphaera torchioi (Youssef & McManus, 2001). 
When O. cornifrons was brought to the U.S. for release, S. Batra 
(Batra, 1978) noted the presence of dead bees exhibiting chalkbrood 
among the imported stock. Although the cadavers and contaminated 
nesting materials were destroyed when discovered (Batra,  1978), 
chalkbrood spores can travel through the air and on cocoons of 
nestmates that are otherwise asymptomatic (Stephen et al., 1981), 
thus providing the possibility that a novel disease organism was in-
troduced to North America at the time of import.

In 2012, researchers (Hedtke et al., 2015) discovered Ascosphaera 
naganensis Skou, 1988, the holotype of which is from the same re-
gion of Japan from where O. cornifrons was introduced (Batra, 1978; 
Skou, 1988), in O. cornifrons nests in apple orchards in Ithaca, New 
York, US. Subsequent studies confirmed A. naganensis in O. cornifrons 
at several sites within the region and found that chalkbrood preva-
lence was highest at sites with high fungicide exposure and low natu-
ral habitat in the surrounding landscape (Krichilsky et al., 2021). Prior 
to our study, it was unknown if A. naganensis is also associated with 
the second species of introduced bee, O. taurus, or whether this or 
other non-native Ascosphaera species have spilled into native North 
American Osmia that are experiencing significant declines since the 
arrival of these non-native Osmia (LeCroy et al., 2020). Furthermore, 
much of what is known about this chalkbrood-causing genus is in-
formed by studies within agricultural contexts, which may limit our 
inference for if and how disease spillover of Ascosphaera impacts wild 
bee communities beyond this habitat type (Anderson et al.,  1998; 
Klinger et al., 2013; Krichilsky et al., 2021; Stephen et al., 1981), and 
these agricultural contexts are understood to be particularly stressful 
for bees (De Palma et al., 2015; Grab et al., 2019).

with increasing abundance of non-native mason bees. Agricultural landscapes 
may exacerbate spillover of non-native fungi for native mason bees. Any use of 
non-native bee species in agriculture should involve monitoring native bees for 
pathogens in the surrounding area for detection of spillover and species declines.

K E Y W O R D S
agricultural pollinator, Ascosphaera, community science, disease spillover, introduced species, 
mason bee, Megachilidae, Osmia
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In this study we focus on the prevalence of non-native 
Ascosphaera among co-occurring Osmia species in North America to 
ask: (a) has non-native Ascosphaera invaded the nests of native Osmia 
species? If so, (b) is the likelihood of native Osmia being infected with 
non-native Ascosphaera related to the local abundance of non-native 
Osmia? (c) Are some species of native Osmia more likely to be asso-
ciated with non-native Ascosphaera? Lastly, we asked: (d) does the 
prevalence of non-native Ascosphaera vary with landscape context?

2  |  MATERIAL S AND METHODS

2.1  |  Bee collection from trap nests

Previously unused wooden trap nest blocks were deployed across 
100 sites in Virginia, West Virginia, the District of Columbia, and 
Maryland with the help of community scientists (Figure 1). Written 
informed consent was granted by each community scientist that 
participated in this study through email correspondence. At each 
site, nine wooden nest blocks (three blocks drilled with 4-mm holes, 
three drilled with 6-mm holes and three drilled with 8-mm holes) 
were placed within a larger nesting frame, which was installed 

1–2 m above the ground. These nest hole sizes have been previ-
ously used for studies of trap-nesting Osmia and cover the range of 
cavity diameters used by the various species of Osmia in this region 
(Krombein, 1967). All nests were installed by March 3, 2017 and re-
trieved between May 31–June 3, 2017 by Kathryn LeCroy and T'ai 
Roulston. Ethical approval for the use and collection of invertebrate 
specimens in this study was not required by researchers nor com-
munity scientists.

Following retrieval of nesting frames, each nest block contain-
ing bee or wasp nests was then placed in a storage shed with ambi-
ent temperature conditions for continued larval development and 
protection against adverse weather events until October 2017. We 
kept nests with evidence of wasp nesting because some wasp spe-
cies have been found to usurp Osmia nests (Krombein, 1967). From 
October 2017, nests were maintained at 4°C in a refrigerator until 
nest contents were dissected and identified.

2.2  |  Bee collection from pan traps

We evaluated abundance of non-native Osmia at each site using 
pan trapping at 43 of the 100 sites hosting nesting blocks during 

F I G U R E  1  Map with all study sites. Sites marked with green indicate occupancy by Osmia spp. and underwent molecular screening for 
Ascosphaera; sites with additional “X” over green indicate Osmia occupancy with non-native Ascosphaera.
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this study period (Figure  S1). At each site, nine 354-mL (12-oz) 
plastic cups were set in 12.7-cm (5-inch) diameter PVC ring 
stands raised 1 m above the vegetation and spaced 5 m apart in 
a straight line. The nine stands held cups of three colours: fluo-
rescent blue; fluorescent yellow; and white. These three colours 
have been found to collectively attract many bees, including Osmia 
(Hall, 2016; Kirk, 1984). Each cup was filled with 177.44 mL (6 oz) 
of a preservative solution (50:50 water: propylene glycol), and 
a drop of dish soap was added to break the surface tension for 
invertebrate capture. To reduce the chance of actively-nesting 
female Osmia bycatch, pan traps were placed as far as possible 
away from the corresponding trap nest, which ranged from 75 to 
1135 m apart, with a median distance of 475 m apart. Community 
scientists were instructed on how to deploy pan traps and conduct 
weekly sampling with an introductory webinar, written handouts 
and in-person visits to every site by Kathryn LeCroy. At weekly 
intervals from March 1st 2017 to June 7th 2017, community scien-
tists collected the trapped invertebrates weekly or biweekly from 
the cups, and Kathryn LeCroy retrieved these samples for further 
processing and identification.

2.3  |  Dissection of nest contents

All springtime mason bee species in our region of study spin co-
coons, morph into adults, and then overwinter as adults in their 
cocoons (Bosch et al., 2001). By October 2017, all live Osmia were 
adults inside cocoons, and processed nests were dissected to es-
timate Ascosphaera molecular prevalence among all life stages of 
Osmia, including larvae, pupae and adults. Using sterile techniques 
for extraction, brood cell contents were placed in 2-mL tubes and 
then stored at −80°C. Mortality attributed to chalkbrood was evalu-
ated based on visual confirmation of diagnostic indicators of chalky 
cadavers with use of a dissection microscope. Nests drilled to 4-mm 
in diameter were unable to be dissected due to improper drilling, 
rendering nests inaccessible. All nest contents successfully collected 
were further subjected to molecular screening for Ascosphaera as 
described below.

2.4  |  Bee identification and DNA extraction

The identifications of Osmia species from all trap nests and pan 
traps were made by Kathryn LeCroy and verified by Sam Droege 
(United States Geological Survey). Voucher specimens were acces-
sioned at the field station insect collection of Blandy Experimental 
Farm at the University of Virginia (Boyce, VA USA). Following 
identification, DNA was extracted from the entire metasoma, 
interior and exterior, of all adult bees, wasps and half of the re-
mains of non-adult nest occupants (and preserving other half for 
further study as needed). We utilized a phenol: chloroform extrac-
tion protocol (Danforth et al.,  2004). Following extraction, PCR 

amplification was performed with the use of primers AscoAll-F 
and AscoAll-R, which cover the ITS regions 1 and 2 and a segment 
of the 5.8S ribosomal RNA gene (James & Skinner, 2005). All PCR-
positive samples were then purified using ExoSAP (Exonuclease 
with Shrimp Alkaline Phosphatase, Affymetrix) and sequenced in 
at least one direction with an ABI 3740x1 capillary DNA Analyser 
with Big Dye Terminator chemistry. If sequence quality of a sam-
ple was poor (with overlapping reads) it was excluded from further 
analyses. High-quality sequence results were considered for inclu-
sion in maximum-likelihood phylogenetic tree analysis (see meth-
ods in Appendix  S1). For specimens with high-quality sequence 
results that otherwise failed to make the conservative alignment 
of the phylogenetic tree analysis, such sequences were determined 
from blastn searches in GenBank (NCBI) matching the GenBank 
reference species with at least 98% total coverage and at least 
a maximal percent identity of 98. Specimens that were assigned 
to a species within the genus Ascosphaera by either the phyloge-
netic tree construction or blastn search were then incorporated 
into further ecological analyses. Sequences used in subsequent 
analyses were accessioned in GenBank under accession numbers 
OQ581252–OQ581433.

2.5  |  Site landcover analysis

To characterize the dominant land cover at each trap nest, the co-
ordinates of each site were mapped onto the National Land Cover 
Database (Homer et al., 2015) using a 600-m radius for landcover 
analysis. We chose to use 600 m as the radius because this is the mean 
expected foraging range of Osmia species in this region (Greenleaf 
et al., 2007). We aggregated the land cover types of the NLCD into 
three categories for our analysis: “Natural”, which included NLCD 
classification types of Deciduous/Mixed/Evergreen Forest, Shrub/
Scrub, Grassland/Herbaceous and Woody/Emergent Herbaceous 
Wetlands; “Agricultural”, with Pasture/Hay, Cultivated Crops; 
and “Developed”, with Open Space, Low Intensity Development, 
Medium Intensity Development, High Intensity Development and 
Barren Land. The dominant land cover type was determined as the 
category (Natural, Agricultural, or Developed) with the greatest 
number of pixels at each site.

2.6  |  Statistical analyses

All statistical analyses were conducted in R version 4.0.4. The 
Osmia species included for all analyses were native O. georgica and 
O. lignaria, and non-native O. cornifrons and O. taurus. We excluded 
native O. subfasciata from all analyses due to its presence in only 
one nest at a single site. We first explored the pattern of associa-
tion between Ascosphaera species and Osmia species by using a 
generalized linear mixed-effect model (GLMM) with binomial error 
distribution. The response variable was the number of nest cell 
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occupants of a given Osmia species at a site with a positive screen 
for a given Ascosphaera species over the number of all nest cells 
screened at that site. For this analysis, we excluded Ascosphaera 
species for which there were five or fewer positive screens in the 
entire study (Table S1), and thus the Ascosphaera species included 
for this analysis were A. naganensis, A. subglobosa and A. fusiformis. 
The predictor variables were Ascosphaera species, Osmia species 
and their two-way interaction, with site location as a random ef-
fect. Significance of model terms was evaluated by comparison to 
a model excluding the interaction term via the ‘drop1()’ function, 
and pairwise differences were evaluated using post-hoc Tukey 
tests via the ‘emmeans()’ function.

Second, we utilized pan trap data and the corresponding trap 
nest data for evaluating whether abundance of non-native Osmia 
(as estimated from pan trap catch data) predicted non-native 
Ascosphaera prevalence in trap nests from those same sites using 
a GLMM. The response variable was the proportion of Osmia indi-
viduals with a positive screen (i.e. a positive PCR band and Sanger 
sequencing result) for the three non-native Ascosphaera species de-
scribed originally in Japan (A. naganensis, A. fusiformis or A. celerrima) 
over the proportion of Osmia without this condition. The predictor 
variables were species identity of the Osmia, the number of O. taurus 
and O. cornifrons specimens captured in pan traps at a given site, 
and the interaction of these two variables, with site location as a 
random effect.

Lastly, we evaluated whether differences in dominant land 
cover type across sites were a significant predictor for prevalence 
of Ascosphaera naganensis, A. fusiformis and A. celerrima in Osmia 
species using a GLMM with binomial error distribution. The pre-
dictor variables were Osmia species, dominant landcover type and 
their interaction, with site location as a random effect. For all three 
aforementioned statistical models, the residuals of each model were 
inspected for any remaining spatial autocorrelation by constructing 
variograms, bubbleplots, correlograms and calculation of Moran's I 
(Zuur et al., 2009).

3  |  RESULTS

3.1  |  Trap nests

Of the 100 sites where trap nests were deployed, 61 sites were oc-
cupied by mason bees (Figure 1). Non-native Osmia (i.e. O. cornifrons 
or O. taurus) occupied nests at 50 of the 61 sites, while native Osmia 
utilized nests at only 19 of the 61 sites. Only 10 of the 61 occupied 
sites had native and non-native mason bee species co-occurring in 
nesting structures. From all sites, a total of 111 Osmia nests were 
found in nest blocks of 6-mm in diameter, and a total of 100 nests 
were recovered from 8-mm diameter nest blocks, for a total 211 
nests (1198 cells, see Table  S2). Adult ectoparasitoid wasps from 
the family Chrysididae were found in four nests of mason bees (two 
nests of O. lignaria, two nests of O. cornifrons; Table S1).

3.2  |  Detection of Ascosphaera in Osmia nests

From nests across 61 occupied sites, 1198 nest cells were screened 
for Ascosphaera (Figure  1). Nine known and one unknown species 
of Ascosphaera were detected via molecular methods with phyloge-
netic tree construction and blastn searches (see Table S1; Figure S2). 
Of the 207 positive identifications of Ascosphaera species, 192 (93%) 
were identified to be one of the following: A. naganensis (n = 72), A. 
fusiformis (n = 83), or A. subglobosa (n = 35). Ascosphaera subglobosa is 
a species first described in nests of non-native Megachile rotundata 
imported from Europe now used for alfalfa production in Western 
North America (Bissett, 1988; Wynns et al., 2012). Ascosphaera fusi-
formis was first described in the nests of Osmia cornifrons in Japan, 
and also Ascosphaera celerrima (n = 5; Skou, 1988), which was addi-
tionally detected in this study (Table S1).

A total of five species of Osmia were identified from trap nests 
(see Table S2): non-native O. taurus, non-native O. cornifrons, native 
O. lignaria, native O. georgica and native O. subfasciata. Out of 61 sites 

F I G U R E  2  Estimated probabilities 
of Ascosphaera species associated with 
each Osmia species in trap nests. Shaded 
regions extending beyond each point 
estimate represent 95% confidence 
intervals. Fungi and mason bees with 
a dagger (†) denote species originally 
described from Asia.
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occupied by Osmia, 44 sites (72%) were found to have Osmia individ-
uals in nests with Ascosphaera first described from Japan (A. celer-
rima, A. fusiformis and A. naganensis, Figure 1; Table S3). Ascosphaera 
naganensis was detected at 21 of the 44 sites; A. fusiformis was de-
tected at 31 of the 44 sites. Of the 19 sites where native Osmia were 
found in trap nests, Japanese Ascosphaera species were detected at 
16. Of the nine sites with exclusively nests of native Osmia species, 
Ascosphaera naganensis and/or Ascosphaera fusiformis were found in 
nest specimens of native Osmia at all but one site, even though we 
found no non-native Osmia species nesting inside those trap nests.

From analysing Ascosphaera prevalence in trap nests for each 
Osmia species, there was a significant difference in associations 
of Ascosphaera species with Osmia species (χ2 = 18.745, df = 6, 
p = 0.004). Specifically, native species Osmia georgica was more fre-
quently associated with non-native A. naganensis than any other 
species of Osmia (Figure 2; Table S4). We found that the probabil-
ity of non-native Ascosphaera species detection in native O. geor-
gica significantly increased at sites with greater local abundance of 
non-native Osmia species, but this pattern was not found for other 
focal Osmia species (Figure  3; Table  S5). In regard to landcover 
type, there was no significant variation in the prevalence of non-
native Ascosphaera across the three dominant landcover catego-
ries (χ2 = 10.564, df = 6, p = 0.1), but there was greater non-native 
Ascosphaera prevalence in agriculturally dominant landscapes for 
native O. georgica compared to natural landcover types (χ2 = 6.7751, 
df = 2, p = 0.034, Figure 4). For all three models, no residual spatial 
autocorrelation was detected (Figure S3; Table S6).

4  |  DISCUSSION

Our study documents a pattern of association consistent with the 
spillover of bee-specialist fungi first described in Asia into native 
mason bees in the region of study in North America. These non-
native Ascosphaera species were frequently associated with native 

Osmia in trap nests, and we further documented that increasing 
abundance of Asian Osmia cornifrons and Osmia taurus at the site 
level was positively correlated with increased detection of Asian 
Ascosphaera in the native Osmia georgica. Lastly, this high preva-
lence occurs more frequently for Osmia georgica in agriculturally-
dominated landscapes compared to more natural landscapes. These 
results generate hypotheses for biological mechanism(s) while simul-
taneously offering useful ecological information for agricultural and 
other commercial industries promoting the rearing and movement 
of mason bees.

As many as four species of Ascosphaera may have come into 
North America through intentional or inadvertent introductions of 
non-native bees. Ascosphaera species were likely co-introduced with 
Osmia cornifrons to North America in 1977 by way of importing dis-
eased, spore-laden cadavers intermingled with cocoons containing 
healthy adults, despite best efforts to destroy the cadavers when 
discovered (Batra, 1978; Hedtke et al., 2015), with additional oppor-
tunities for co-introduction with Osmia taurus, which has not been 
proven to be same time or instance of introduction as O. cornifrons. 
The present study documents two more species originally described 
in Japan now present in North America, Ascosphaera fusiformis and 
A. celerrima, and we also report novel associations of non-native A. 
naganensis and A. fusiformis with native Osmia lignaria and O. georgica 
in North America.

In the present study, A. naganensis was found most frequently 
associated with native Osmia georgica (Figure 2), most of which were 
alive, otherwise asymptomatic adult individuals, despite a high pro-
portion of host mortality for A. naganensis in O. cornifrons (Krichilsky 
et al., 2021). Determining negative effects of Ascosphaera from field 
data is challenging, as the relationships between the host insect, 
the host provision and the fungus can be complex. Ascosphaera 
is a genus with at least 28 species, and their effects on bees have 
been studied mainly through the lens of agricultural, commercial 
management of pollinators that experience chalkbrood from se-
lect Ascosphaera species (Evison & Jensen, 2018). Most species of 

F I G U R E  3  Estimated probabilities of 
non-native Ascosphaera species detection 
in relation to non-native Osmia taurus 
and O. cornifrons abundance in pan traps. 
Shaded regions extending beyond each 
line represent 95% confidence intervals. 
Daggers (†) denote mason bee species first 
described from Asia.
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this bee specialist fungal genus are poorly studied and their patho-
genicities on bees in natural contexts virtually unknown (Klinger 
et al., 2013; Wynns, 2012).

Agriculturally-dominated landscapes yielded the greatest 
prevalence of Ascosphaera in the native mason bee Osmia georgica 
(Figure 4). This finding is in line with previous research of non-native 
Osmia cornifrons (Krichilsky et al., 2021). Floral food resources may 
be reduced in agriculturally-dominated areas because of signifi-
cant phenological gaps in floral resources and/or reduced areas of 
available wildflowers in bloom (Di Pasquale et al.,  2016). In these 
areas with flower dearth, there could be more concentrated areas 
of pathogen transmission on flowers that are available (McArt 
et al.,  2014; McNeil et al.,  2020; Otterstatter & Thomson,  2008). 
While a number of both native and non-native Osmia in this study 
are ‘mesolectic’ and forage on multiple plant families (sensu Cane & 
Sipes, 2006), Osmia georgica is understood to be a specialist pollina-
tor of Asteraceae (Gibbs et al., 2017), and as such may be further re-
stricted in these generalist floral resources available in these already 
low-resource areas.

4.1  |  Future directions

Future experiments should evaluate Ascosphaera host range and 
specificity for a greater number of Osmia species, ideally involv-
ing native and introduced bee species. Specifically, larval bioassays 
provide a feasible way forward to test bee species' susceptibility to 
different Ascosphaera species in a controlled manner (Dharampal 
et al., 2018). To formally test for pathogenicity and sublethal impacts 

of Ascosphaera to Osmia in our study, we envision bioassays involv-
ing feeding spores from single-isolates Ascosphaera (e.g. A. naganen-
sis) to native and non-native Osmia larvae, comparing their growth 
and development to nestmates that receive placebo doses, and fur-
ther molecular and experimental validation that what actually killed 
the Osmia was indeed the Ascosphaera strain(s) in question (Jensen 
et al., 2013).

Furthermore, our methods could not detect co-incidence of 
multiple Ascosphaera species, but this may be a crucial aspect of 
evaluating their interactions with bees (McFrederick et al., 2014). Co-
infection and co-occurrence of Ascosphaera species in solitary bee 
nests is thought to be common in nature but has never been formally 
evaluated in available peer-reviewed literature (Klinger et al., 2015). 
If interactions among Ascosphaera species are common, their inter-
action outcomes (e.g. competition, facilitation) should be incorpo-
rated into our understanding of host specificity and overall effective 
virulence of Ascosphaera infection (Klinger et al.,  2015; Krichilsky 
et al., 2021; Vojvodic et al., 2012). There may be co-infection dynam-
ics we know very little about that could improve best management 
practices in agricultural settings for managed bee species. Such im-
provements may have economic benefits, as agricultural pollination 
systems across the world rely on bees susceptible to Ascosphaera 
infestation (Glenny et al., 2017; Pitts-Singer & James, 2008).

4.2  |  Implications

At present, there has been little monitoring of native megachi-
lid communities to determine their population trajectories in the 

F I G U R E  4  Probability of non-native 
Ascosphaera species prevalence for 
Osmia species across dominant landcover 
types. Error bars indicate 95% confidence 
intervals. Daggers (†) indicate Osmia 
species originally described from Asia.
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added presence of closely-related non-native competitors. Our 
results suggest the spillover of non-native fungi to multiple native 
mason bee species from co-introduced non-native mason bee spe-
cies may offer insight regarding observed regional declines in six 
native Osmia species (Gutierrez et al., 2023; LeCroy et al., 2020). 
With increasing use of “bee hotels” by the public (Fortel et al., 2016; 
González-Zamora et al.,  2021), without periodic cleaning, these 
nesting cavities could cause hotspots of Ascosphaera buildup and 
high rates of infection, serving as points of Ascosphaera spillover to 
native mason bees.

Additionally, companies in North America that sell mason bees to 
consumers should be better regulated and/or incentivized to check 
for unintentional spread of Osmia taurus and the spores of non-native 
species of Ascosphaera across North America. As of 2023, a number 
of these existing mason bee companies offer “buy-back” or “rental” 
programs, such that they receive occupied mason bee nests back 
from customers at the end of adult flight season (MacIvor et al., 2022). 
By doing this, companies are able to re-distribute these mason bee 
offspring across the continent, with little to no oversight. Osmia tau-
rus and O. cornifrons are difficult to discern morphologically without a 
microscope, but there should be methods for spot-checking each nest 
received to monitor and prevent spread of the rapidly proliferating 
Osmia taurus (LeCroy et al.,  2020). Regular molecular screening for 
various pathogens could be made possible by establishing relation-
ships with academic or government agricultural research labs.

With increasing records of introduced and invasive species 
across the world, the co-introduction of diseases is still poorly doc-
umented but hypothesized to have enormous economic, public 
health and conservation implications (Aizen et al., 2019). It is more 
important than ever to elucidate mechanisms of disease-mediated 
invasions (Strauss et al., 2012), and we must understand these im-
pacts and the intricacies of disease spillover to better manage risk 
and improve pollinator health.
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