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Abstract. Most pathogens are embedded in complex communities composed of multiple
interacting hosts, but we are still learning how community-level factors, such as host diversity,
abundance, and composition, contribute to pathogen spread for many host–pathogen systems.
Evaluating relationships among multiple pathogens and hosts may clarify whether particular
host or pathogen traits consistently drive links between community factors and pathogen
prevalence. Pollinators are a good system to test how community composition influences
pathogen spread because pollinator communities are extremely variable and contain several
multi-host pathogens transmitted on shared floral resources. We conducted a field survey of
four pollinator species to test the prevalence of three RNAviruses (deformed wing virus, black
queen cell virus, and sacbrood virus) among pollinator communities with variable species rich-
ness, abundance, and composition. All three viruses showed a similar pattern of prevalence
among hosts. Apis mellifera and Bombus impatiens had significantly higher viral prevalence
than Lasioglossum spp. and Eucera pruinosa. In each species, lower virus prevalence was most
strongly linked with greater pollinator community species richness. In contrast, pollinator
abundance, species-specific pollinator abundance, and community composition were not asso-
ciated with virus prevalence. Our results support a consistent dilution effect for multiple viruses
and host species. Pollinators in species-rich communities had lower viral prevalence than polli-
nators from species-poor communities, when accounting for differences in pollinator abun-
dance. Species-rich communities likely had lower viral prevalence because species-rich
communities contained more native bee species likely to be poor viral hosts than species-poor
communities, and all communities contained the highly competent hosts A. mellifera and B.
impatiens. Interestingly, the strength of the dilution effect was not consistent among hosts.
Instead, host species with low viral prevalence exhibited weaker dilution effects compared to
hosts with high viral prevalence. Therefore, host species susceptibility and competence for each
virus may contribute to variation in the strength of dilution effects. This study expands biodi-
versity–disease studies to the pollinator–virus system, finding consistent evidence of the dilu-
tion effect among multiple similar pathogens that infect “replicate” host communities.
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INTRODUCTION

Host–pathogen interactions occur within complex
ecological communities composed of multiple host spe-
cies and multiple pathogens, which can influence pat-
terns of transmission and disease outcomes.
Heterogeneity among host species in their likelihood of
encountering, becoming infected (i.e., susceptibility),
and transmitting pathogens to other hosts (i.e., compe-
tency) contribute to variation in pathogen transmission
and prevalence among communities (Fenton et al. 2015).
Therefore, the biodiversity, relative abundance, and iden-
tity of hosts present in a community may influence
pathogen prevalence (LoGiudice et al. 2003, Keesing

et al. 2006). For example, differences in bird community
diversity, relative abundance, and composition predict
differences in West Nile virus prevalence in birds and
humans due to heterogeneity in bird host competence
and transmission rates (Ezenwa et al. 2006, Kilpatrick
et al. 2006).
Pathogen characteristics, such as host ranges and

modes of transmission, also have strong effects on pat-
terns of multi-host pathogen prevalence (Woolhouse and
Gowtage-Sequeria 2005). Multiple pathogens often cir-
culate among the same communities of hosts, but patho-
gens with different traits are likely to show different
relationships between biodiversity and infectious disease
prevalence (hereafter, “biodiversity–disease relation-
ship”; Rohr et al. 2020). For example, Wood et al. found
that pathogen characteristics were important for
determining whether greater wildlife biodiversity could
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reduce, increase, or not affect prevalence of many human
pathogens (Wood et al. 2014a). Thus far, few studies
have evaluated variability among hosts and pathogens in
how host community factors, such as host diversity,
abundance, and composition, impact biodiversity–
disease relationships.
Although the relationships between host communities

and pathogen prevalence are not simple, three commu-
nity-level variables are thought to influence disease
dynamics: host species diversity, host abundance, and
community composition (Keesing et al. 2010, Roche
et al. 2012). Greater host biodiversity is hypothesized to
reduce pathogen prevalence through the “dilution effect”
(Keesing et al. 2006). The dilution effect is predicted to
occur when species-poor communities are dominated by
highly competent hosts, and additional species in diverse
communities are less competent hosts or reduce encoun-
ters, transmission, or density of the competent hosts
(Ostfeld and Keesing 2000, Keesing et al. 2006). The
dilution effect is supported by the tick-borne Lyme dis-
ease system. High vertebrate biodiversity reduces Borre-
lia burgdorferi prevalence because ticks are more likely
to feed on less competent hosts in diverse communities
compared to species-poor communities dominated by
highly competent white-footed mice (Ostfeld and Kees-
ing 2000). Though there is growing evidence for the dilu-
tion effect in many multi-host–pathogen systems
(Ezenwa et al. 2006, Clay et al. 2009, Johnson et al.
2013b, Venesky et al. 2014), other studies have found dif-
ferent biodiversity–disease relationships (Salkeld et al.
2013, Luis et al. 2018).
Biodiversity–disease relationships can also exhibit the

“amplification effect,” where greater host species diver-
sity increases pathogen prevalence (Keesing et al. 2006).
The amplification effect is likely when highly competent
hosts are found in species-rich rather than species-poor
communities, or additional species facilitate greater
pathogen transmission among hosts (Keesing et al.
2006, Luis et al. 2018). Additionally, some pathogens are
not influenced by changes in community diversity, and
therefore could have a neutral biodiversity–disease rela-
tionship (Wood et al. 2014a, Rohr et al. 2020). There is
much interest in when different biodiversity–disease rela-
tionships are observed and their underlying mechanisms
(Randolph and Dobson 2012, Wood and Lafferty 2013,
Rohr et al. 2020). Expanding biodiversity–disease stud-
ies to additional multi-host–pathogen systems is an
important frontier to further understand the conditions
at the community-level that lead to dilution, amplifica-
tion, or neutral effects.
A central challenge in empirical biodiversity–disease

studies revolves around disentangling the effects of host
diversity, host abundance, and host identity (i.e., com-
munity composition) on pathogen prevalence to under-
stand the mechanisms that drive biodiversity–disease
relationships. Host abundance scales with species rich-
ness in most natural communities (Mihaljevic et al.
2014), therefore it is important to evaluate the relative

contributions of host diversity and host abundance to
observed biodiversity–disease relationships to elucidate
their underlying mechanisms (Rudolf and Antonovics
2005). As biodiversity increases, the addition of less
competent hosts can reduce the abundance of highly
competent hosts to subsequently reduce pathogen trans-
mission and prevalence, known as the “susceptible host
regulation” mechanism of the dilution effect (Keesing
et al. 2006). For example, Mitchell et al. (2002) found
reduced disease severity of several species-specific foliar
fungal diseases in species-rich plant communities, but
the pattern was driven by lower species-specific densities
in the species-rich plots rather than biodiversity per se.
Alternatively, diverse communities that contain multiple
competent host species could result in a greater abun-
dance of susceptible hosts and maintain higher levels of
pathogen prevalence (i.e., amplification; Holt et al.
2003). Therefore, it is critical to control for host density
in biodiversity–disease studies, especially for multi-host
pathogens that are shared among several abundant and
susceptible host species in a community.
Host community composition, including both species

identity and relative abundance, can also have a strong
effect on the relationship between host diversity and
pathogen prevalence (Randolph and Dobson 2012,
Mihaljevic et al. 2014). Host species differ in many fac-
tors (e.g., susceptibility, infectiousness, behavior, and
competence), so the presence or absence of particular
host species can alter patterns of pathogen prevalence
(Ostfeld and LoGiudice 2003, Fenton et al. 2015). If
highly competent hosts are common in species-poor
communities and additional species in diverse communi-
ties are more likely to be less competent hosts, then a
dilution effect pattern is more likely to occur. For exam-
ple, Johnson et al. (2013b) found that species-poor com-
munities dominated by the highly competent amphibian
host Pseudacris regilla tended to have higher infection
prevalence for the trematode parasite Ribeiroia ondatrae
compared to more diverse communities composed of
more pathogen-resistant species. In this case, the dilution
effect pattern is due to the presence of a particular host
species rather than host species richness alone. Previous
studies have shown that the presence of highly compe-
tent or low competence “diluter” hosts can be important
predictors of pathogen prevalence in diverse host–patho-
gen systems, including Lyme disease in vertebrates
(LoGiudice et al. 2003), West Nile Virus in birds
(Ezenwa et al. 2006), Batrachochytrium dendrobatidis in
amphibians (Becker et al. 2014, Venesky et al. 2014),
and Metschnikowia fungus in Daphnia (Strauss et al.
2018). Though many studies have tested the relative
impacts of host community diversity, abundance, and
composition on pathogen prevalence, few studies have
compared the effects these factors have on the preva-
lence of several pathogens that infect the same sets of
hosts (but see Johnson et al. 2013a).
Systems with multiple hosts and multiple pathogens

provide a powerful model to test which community-level
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factors influence pathogen transmission and prevalence
because we can tease apart commonalities among similar
hosts or shared pathogens. Similar traits among hosts or
pathogens can lead to consistently negative biodiversity–
disease relationships, where pathogen prevalence is
diluted by increased host diversity or other community
factors (Ezenwa et al. 2006, Johnson et al. 2013a,b,
Becker et al. 2014, Venesky et al. 2014). However, in
some cases, biodiversity–disease outcomes may diverge
from each other based on key differences in specific host
traits or pathogen characteristics (Becker et al. 2014,
Wood et al. 2014a,b, Strauss et al. 2015, 2018). Finally,
biodiversity–disease relationships may be idiosyncratic
and context-dependent on the specific combinations of
host and pathogen traits (Salkeld et al. 2013, Wood et al.
2014a, Strauss et al. 2015). Therefore, by simultaneously
studying biodiversity–disease relationships for multiple
similar pathogens each infecting multiple related host
species, we can look for common patterns among many
host–pathogen pairs and identify potential host or
pathogen traits that lead to different outcomes.
Pollinator communities are a good system to study

biodiversity–disease relationships because many pollina-
tor species are infected by several multi-host pathogens
that may be affected by community-level factors in dif-
ferent ways. Three related viruses, deformed wing virus
(DWV), black queen cell virus (BQCV), and sacbrood
virus (SBV), have long been observed in honey bees
(Apis mellifera). The same viral strains that infect honey
bees also spill over into other native bee species, but ini-
tial evidence suggests that native bees are less commonly
infected compared to honey bees and may be less com-
petent hosts (Singh et al. 2010, F€urst et al. 2014, Manley
et al. 2015, McMahon et al. 2015). Current evidence sug-
gests that the viruses may be transmitted through con-
tact with flowers shared among pollinators, particularly
through contaminated pollen (Singh et al. 2010, McArt
et al. 2014, Alger et al. 2019). Pollinator species vary
substantially in their flower preferences, sociality, and
other life history traits (Williams et al. 2010), which
could impact the likelihood of pathogen exposure and
infection among different hosts and in different commu-
nity contexts.
We measured viral prevalence in pollinator communi-

ties to address the questions: (1) How does pathogen
prevalence differ among host species and pathogens? (2)
How does pathogen prevalence vary among communi-
ties that differ in host species richness, relative abun-
dance, and composition? And (3) are relationships
between pathogen prevalence and pollinator commu-
nity-level factors similar among hosts or pathogens?
First, we expected that all three viruses would be present
in all host species tested, but that managed honey bees,
as the main reservoir host, would have higher viral
prevalence for all three viruses compared to other native
bee species. Second, if pollinator host species have vari-
able virus prevalence, then we predicted that commu-
nity-level factors, such as pollinator community species

richness, abundance, and community composition,
would all vary with virus prevalence among different
communities. Specifically, we thought that greater spe-
cies richness would be likely to reduce virus prevalence,
while greater pollinator abundance would increase virus
prevalence, and communities with similar host composi-
tions would exhibit similar virus prevalence compared to
disparate communities. Third, we expected that relation-
ships between virus prevalence and the three commu-
nity-level factors would show consistent patterns among
the three related viruses and four common pollinator
hosts.

METHODS

Study system

Three picorna-like RNAviruses, black queen cell virus
(BQCV) in the Dicistroviridae family, and deformed
wing virus (DWV) and sacbrood virus (SBV) in the
Iflaviridae family, commonly infect European honey
bees (Apis mellifera; Chen and Siede 2007). Growing evi-
dence suggests that these viruses are bidirectionally
transmitted among managed honey bees and native bees
(Singh et al. 2010, F€urst et al. 2014, McMahon et al.
2015, Alger et al. 2019, Grozinger and Flenniken 2019).
Though these viruses may be generalist pathogens cap-
able of infecting a wide diversity of species, all three
viruses are most commonly found in honey bees and less
commonly detected in other native pollinator species
(Singh et al. 2010, Manley et al. 2015, Dolezal et al.
2016). Viral infections in early life stages (e.g., larval or
pupal) cause mortality in honey bees, while infected
adults are typically asymptomatic but can still transmit
the virus (Chen and Siede 2007, Grozinger and Flen-
niken 2019). Some native bees may experience reduced
viral virulence compared to honey bees (Dolezal et al.
2016), but viral virulence in native bee species has
received limited study. Viral transmission among con-
specifics is likely food-borne or fecal-oral (Chen and
Siede 2007) via contact on flowers (McArt et al. 2014).
DWV and BQCV have been detected on whole flowers
near apiaries and on pollen collected by bees, and honey
bees can become infected after consuming virus-contam-
inated pollen (Singh et al. 2010, Mazzei et al. 2014,
Alger et al. 2019).

Sampling pollinator communities

We collected pollinators from 14 winter squash farms
in Michigan, USA, with permission granted by private
landowners (Appendix S1: Table S1). All fields were
adjacent to either corn or apple orchards, except for the
GT and S sites, which had small plots of other specialty
vegetables. Field sites were at least 10 km away from
each other, so it is unlikely that bees observed at one site
visited other field sites. We sampled the pollinator com-
munities at each site twice during the peak squash flower
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bloom (July and August), and maintained even sampling
effort in terms of both total time and area sampled per
site. We sampled on sunny days with little cloud cover
and wind speeds less than 2 m/s during the peak squash
bloom period (18 July–21 August 2015 and 26 July–2
September 2016).
Bees were sampled via hand-netting and pan traps in

four 50-m transects. Three transects were randomly
placed within the field in line with the crop rows, and
one transect was placed along the field edge. Edges typi-
cally contained a mixture of native flowers and weeds.
We hand-netted pollinators within 1.5 m of each transect
line once for 30 minutes at 08:00, 10:00, 11:00, and
12:00. We did not collect in the afternoon because
squash flowers close by midday. Fluorescent blue, yel-
low, and white pan traps were set along the transect
between the crop rows 5 m apart in an alternating color
pattern. Pan traps were set prior to 07:00 and collected
at 12:00, after squash flowers close. Pan traps were
checked every 3 h. All insects collected were frozen for
later identification and viral analysis. Bee collection
method (i.e., netting or pan traps) was not correlated
with virus presence or absence (Appendix S1: Table S2).
Each specimen was identified using the Discover Life

key (available online).2 Most specimens were identified
to species. Lasioglossum and Halictus were identified to
genus because they are very difficult to key out to spe-
cies. Additionally, rare wasp genera with fewer than five
total occurrences in our sample were identified to genus.

Detecting viral positive strand prevalence

We tested for BQCV, DWV, and SBV within four pol-
linator species: Apis mellifera (n = 237), Bombus impa-
tiens (n = 252), Eucera pruinosa (n = 193), and
Lasioglossum spp. (n = 255). These four species were the
most consistently abundant species among all communi-
ties sampled (Appendix S1: Table S3). We tested up to
20 randomly selected individuals from each species per
site, and tested all individuals available when less than
20 were collected at a site (Appendix S1: Table S4).
Tissue from one-half of each bee’s abdomen was

homogenized using a FastPrep-24 (MP Biomedicals,
Santa Clara, California, USA) for 1 minute at 4.0 m/s.
RNA was extracted using TRIzol reagent (Ambion,
Austin, Texas, USA) according to manufacturer’s
instructions, eluted in 30 µL DNAse/RNAse-free H2O,
and RNA concentration was quantified using Qubit 3.0
Fluorometer (Invitrogen, Carlsbad, California, USA).
We found that RNA concentration did not impact the
likelihood of detecting viral presence (Appendix S1:
Table S2, Appendix S2: Section S1). Positive strand
complementary DNA (cDNA) synthesis reactions were
performed with 2 µL of RNA template in a 20-µL reac-
tion using M-MLV reverse-transcriptase (Promega,
Madison, Wisconsin, USA) and 0.25 µmol/L random

hexamers (Invitrogen) according to manufacturer’s
instructions.
We tested for the presence or absence of BQCV, DWV,

and SBV positive strand using PCR with established
virus-specific primers (Appendix S1: Table S5). The
DWV primer did not differentiate between DWV-A, -B,
or -C variants, therefore reported DWV prevalence
includes all three variants. All reactions included nega-
tive (H2O) and virus-specific positive controls. To con-
firm adequate RNA extraction and reverse transcription
of all bee samples, we ran PCR for each sample with A.
mellifera 18S rRNA gene primers (Cardinal et al. 2010)
as a control. Further reaction details are provided in
Appendix S2: Section S1. All PCR products were visual-
ized with gel electrophoresis to determine virus presence
or absence. We sequenced a subset of the PCR products
to confirm identification of viral RNA and the 18S
gene (GenBank Accession Numbers in Appendix S1:
Table S6).
The BQCV, DWV, and SBV prevalence observed in

this study are representative of current spillover among
pollinator species. The primers we used were created
from honey bee virus sequences (Singh et al. 2010), so
they could slightly underestimate the virus prevalence in
native bees. However, data from several studies indicate
that native bees share the same virus strains with local
honey bees (Singh et al. 2010, Genersch et al. 2011, Yang
et al. 2013, Levitt et al. 2013, F€urst et al. 2014, McMa-
hon et al. 2015, Radzevi�ci�ut _e et al. 2017, Bailes et al.
2018). Further, the primers we use are well established
for successfully testing for viral positive and negative
strand presence in many bee, wasp, and non-Hymenop-
teran insect species (Singh et al. 2010, Levitt et al. 2013,
F€urst et al. 2014, McMahon et al. 2015, Bailes et al.
2018).

Screening for the viral negative strand

We determined the infection status of a subset of
virus-positive samples with additional negative-strand
specific RT-PCR. Identifying the negative strand pro-
vides strong evidence of viral replication and an active
infection within the host (Ongus et al. 2004, Yue and
Genersch 2005). Up to 26 virus-positive bee samples
from each of the focal bee species per virus were ran-
domly selected from all sites to test for the presence of
the negative strand. If fewer than 20 virus-positive bee
samples for a species were available, then all virus-posi-
tive samples were used (Appendix S1: Table S7). Nega-
tive-strand-specific cDNA synthesis was carried out
with 2.5 µL RNA template with M-MLV reverse tran-
scriptase (Promega) and tagged negative-strand-specific
primers for BQCV, DWV, and SBV, followed by PCR
with negative and virus-specific positive controls (primer
details in Appendix S1: Table S5). All samples were visu-
alized with gel electrophoresis, and a subset of samples
were sequenced to confirm identification of the negative
strand viral sequences (GenBank Accession Numbers in2 http://www.discoverlife.org
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Appendix S1: Table S6). Additional reaction details are
in Appendix S2: Section S2.

Statistical analysis

All analyses were performed in the program R v4.0.2
(R Core Team 2020). We used a global Generalized Lin-
ear Mixed effects model (GLMM) of virus prevalence
including all three viruses within the four host species
with a binomial distribution and logit link function
(lme4 package; Bates et al. 2015). Here, we use “virus
prevalence” as the response variable in our global model
based on the presence or absence of the viral positive
strand for each individual bee. The “infection preva-
lence,” based on the presence of the viral negative
strand, had insufficient sample size among hosts and
sites to be used in the global model (see Appendix S2:
Section S3.1 for further discussion). For random effects,
we included visit number nested within site to account
for bees collected from sites on different days, and each
bee’s unique ID to account for testing each bee for
BQCV, DWV, and SBV. All models included species
richness, total pollinator abundance, virus type (BQCV,
DWV, and SBV), and host species (A. mellifera, B. impa-
tiens, Lasioglossum spp., and E. pruinosa) as main effects.
Total pollinator abundance was log-transformed, and all
continuous variables were z standardized. We evaluated
the model without interactions (Model 1) and each com-
bination of two- (Models 2a–f), three- (Models 3a–e),
and four-way interactions (Model 4) in a model selection
table ranked by lowest Akaike information criterion cor-
rected for sample size (AICc) score (MuMIn package;
Table 1, Appendix S1: Table S8, top model selection
details in Appendix S2: Section S3.2; Barton 2020). Sig-
nificant main effects do not differ between any of the
top models, indicating that our key results are robust.
All top models included a significant interaction

between virus type and host species. Interaction effects
in nonlinear GLMMs are complicated and cannot sim-
ply be evaluated by the coefficient or significance of the
interaction term (Ai and Norton 2003). Instead, we
investigated the asymptotic variance of the interaction
using a post hoc pairwise comparison of predicted virus
prevalence among each host species for each virus with a

Tukey method for adjusting the P-value for multiple
comparisons (package emmeans; Lenth 2020). We also
conducted a Type II Wald Chi-square test to construct
an Analysis of Deviance table for the main factors in
Model 2a and Model 3a (package car; Table 3,
Appendix S1: Table S9; Fox and Weisberg 2019). All fac-
tors in the top model had Variance Inflation Tests (VIF)
< 6, below the standard threshold of 10 for collinearity
issues (Appendix S1: Table S10) (Dormann et al. 2013).
Furthermore, we compared the results from the top
Model 2a to a model that included A. mellifera, B. impa-
tiens, Lasioglossum spp., and E. pruinosa specific abun-
dances (log-transformed) instead of total abundance,
and found similar results to Model 2a (Appendix S1:
Table S11). Viral prevalence was not associated with any
of the four focal host’s species-specific abundances.
However, we did not have the power to adequately test
the effect of the abundance of all potential host species
on virus prevalence because rarer species were not con-
sistently found at all sites.
There was no evidence of significant spatial autocorre-

lation in the model residuals for any model, indicating
that closely located communities did not have signifi-
cantly similar virus prevalence (Moran’s I test using
packages ape and DHARMa; Appendix S1: Table S12;
Paradis and Schliep 2018, Hartig 2020). Therefore, we
considered virus prevalence among different pollinator
communities as independent of each other.
To calculate apparent “infection prevalence” (based

on the presence of viral negative strand) within each host
species, we used the epi.prev function in the epiR pack-
age (Stevenson et al. 2021). The negative strand infection
prevalence is determined by the number of samples with
the viral negative strand present divided by the number
of virus-positive samples that were tested, which indi-
cates active replication in the host (Ongus et al. 2004,
Yue and Genersch 2005). We compared negative strand
infection prevalence in each of the four host species
within each virus using a chi-squared test of two propor-
tions. We used a Bonferroni correction for multiple com-
parisons to determine significant differences among host
species (a* = 0.05/6 = 0.0083). The chi-squared test
approach achieved similar results when compared with
the GLMM post-hoc analysis comparing differences in

TABLE 1. Model selection table comparing top four models based on lowest AICc.

Model Model details K logLik AICc Delta Weight

Model 3a Abundance + Richness 9 Virus Type 9 Host Species 27 �1206.03 2466.61 0.00 0.420
Model 2a Abundance + Richness + Virus Type 3 Host Species 16 �1217.45 2467.10 0.49 0.328
Model 3c Abundance 9 Richness + Virus Type 9 Host Species 17 �1217.04 2468.31 1.69 0.180
Model 3b Richness + Abundance 9 Virus Type 9 Host Species 27 �1207.79 2470.13 3.52 0.072

Notes: The simpler Model 2a was selected (shown in boldface type) as the top model based on very close performance compared
with Model 3a, but with only a single interaction term rather than a three-way interaction and three two-way interactions. The full
model selection table can be found in Appendix S1: Table S8, and model results for Model 2a and Model 3a in Table 3 and
Appendix S1: Table S9, respectively. K, number of model parameters; logLik, log-likelihood; AICc, Akaike information criterion
corrected for sample size; Delta, difference in AICc between ranked models; Weight, Akaike weight.
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virus prevalence (positive strand) among the four host
species.
Species richness, Simpson’s diversity index (1 � D),

and species-specific and total abundance for each polli-
nator community were determined from the collection
data for each site. Community composition was assessed
qualitatively through differences in the relative abun-
dance of pollinator species and nonmetric multidimen-
sional scaling (NMDS). We tested the nested
temperature of the pollinator communities sampled
compared to simulated null model communities follow-
ing Johnson et al. 2013b (method r00, function oeco-
simu, package vegan; Appendix S1: Fig. S1; Oksanen
et al. 2018). To determine if we captured the pollinator
species richness within each community, we created indi-
vidual-based rarefaction curves (iNext package) and
compared the observed species richness to the estimated
species richness at the asymptote of the rarefaction curve
(Appendix S1: Fig. S2; Hsieh et al. 2016). For inverte-
brate communities, it is rare that the observed species
richness ever reaches an asymptote (Novotn�y and Basset
2000, Gotelli and Colwell 2001). Although observed and
estimated species richness differed, there was strong con-
sistency in the ranking order of the communities
(Appendix S1: Table S13). Additionally, we found that
our results were robust regardless of method used to esti-
mate species richness because models with two different
methods of estimating species richness showed the same
results as Model 2a (Appendix S1: Table S14 and S15,
details in Appendix S2: Section S3.3). Therefore, the
observed species richness seemed to sufficiently describe
differences among the pollinator communities based on
our even sampling effort in both time spent sampling
and area covered by transects at each site.
To examine how community composition influenced

virus prevalence in different host species, we used
NMDS ordination of all pollinator species identities and
relative abundances collected at each site. Specifically,
this analysis examines whether other community mem-
bers beyond the four focal host species may be indicator
species correlated with higher virus prevalence by evalu-
ating the presence/absence and relative abundance of all
pollinator species in the community. We predict that
communities that include a key indicator species will
show a consistent correlation with high virus prevalence,
but we expect that rare and low-density pollinator spe-
cies are unlikely to show significant correlation with
virus prevalence. The NMDS ordination of the pollina-
tor communities was created using a Bray-Curtis dissim-
ilarity matrix (vegan package; Oksanen et al. 2018). A
two-dimensional solution for the NMDS ordination of
pollinator community composition yielded a stress value
of 0.1324, which showed that the two-dimensional fit
corresponded well with the actual multivariate distance
among communities and was well below the 0.2 stress
threshold.
We separately evaluated the correlation between

BQCV, DWV, and SBV prevalence within each of the

four host species and the ordination of pollinator com-
munities using fitted smooth surfaces (i.e., contour lines)
calculated using Generalized Additive Models (GAM)
with thin-plate splines (ordisurf function; vegan pack-
age). The correlation between host–virus prevalence and
pollinator community composition were evaluated with
GAM-fitted vectors that indicate the strongest linear
gradient along the fitted contour lines of virus preva-
lence in the ordination (adjusted R2). By comparing pat-
terns of virus prevalence and directionality of the fitted
vectors overlaid on the NMDS plots of pollinator com-
munity composition for each host–virus pair, we can
determine whether communities with similar composi-
tions tend to share patterns of virus prevalence (addi-
tional details in Appendix S2: Section S3.4).

RESULTS

How does pathogen prevalence differ among host species
and pathogens?

Virus and infection prevalence were highly variable among
honey bees and native bees.—The BQCV, DWV, and
SBV positive strands were detected in the four focal pol-
linator species: Apis mellifera, Bombus impatiens,
Lasioglossum spp., and Eucera pruinosa (Fig. 1,
Appendix S1: Table S16 and S17). Furthermore, virus
prevalence varied significantly among the three viruses
and different host species, as all the top GLMMs from
model selection included a significant interaction
between virus type and host species (Fig. 1, Table 1,
Appendix S1: Table S18). BQCV and DWV had the
same overall pattern of prevalence among the four host
species tested, where A. mellifera had significantly higher
prevalence than B. impatiens, which, in turn, was signifi-
cantly higher than both Lasioglossum spp. and E. pru-
inosa (Fig. 1). SBV prevalence showed a different
pattern among the four host species. A. mellifera and B.
impatiens had similar SBV prevalence, but SBV was
extremely rare in Lasioglossum spp. and E. pruinosa (esti-
mated 0.2% and 1.1% prevalence by Model 2a, respec-
tively).
We also tested the prevalence of viral infection by test-

ing for BQCV, DWV, and SBV negative strand in each
host species (hereafter, “infection prevalence”). The viral
negative strand for all three viruses was present in all
four host species, except for SBV in Lasioglossum spp.
(Table 2). Lasioglossum spp. had very low SBV preva-
lence detected (0.2%, a single SBV-positive individual),
so it is unsurprising that we found no evidence of the
SBV negative strand.
The patterns of infection prevalence varied among the

pollinator hosts and viruses. In general, virus-positive A.
mellifera and B. impatiens had higher infection preva-
lence compared to Lasioglossum spp. and E. pruinosa
(Table 2, Appendix S1: Table S19). The infection preva-
lence presented here was an estimate since we only tested
a subset of virus-positive specimen from each species,
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but the data clearly showed that there was variation in
the likelihood of infection among host species for all
three viruses.

How does pathogen prevalence vary among communities
that differ in host species richness, relative abundance, and

composition?

Pollinator communities varied in abundance, richness, and
composition.—Across both sampling years, we collected
4,737 bees and wasps from 14 communities, including
at least 126 species and 78 genera from five bee families
(Andrenidae, Apidae, Colletidae, Halictidae, and
Megachilidae) and nine wasp families (Aulacidae, Crab-
ronidae, Gasteruptiidae, Ichneumonidae, Pompilidae,
Sphecidae, Thynnidae, Tiphiidae, and Vespidae). The
most common genera were Lasioglossum (n = 1305),
Bombus (n = 1071), Eucera (n = 843), Apis (n = 508),
Vespula (n = 129), Augochlora (n = 127), and Halictus
(n = 105). The pollinator communities varied in species
richness (range 7–49 species) and total pollinator abun-
dance (range 46–756 individuals; Fig. 2). Furthermore,
pollinator community composition varied qualitatively
among sites, as the relative abundance of key pollinator
species differed among communities (Fig. 2,
Appendix S1: Fig. S3). The pollinator communities
were significantly nested compared to simulated null
community matrices, such that species-poor communi-
ties were composed of a subset of the species-rich com-
munities (observed nested temperature = 20.7°C;
average null model temperature = 54.2°C, P = 0.01;
Appendix S1: Fig. S1). All communities included A.
mellifera, B. impatiens, Lasioglossum spp., and E. pru-
inosa, except E. pruinosa was absent from K site. Simp-
son’s index of diversity (1 � D) ranged from 0.46 to
0.85 among the different communities (Appendix S1:
Table S13).

Virus prevalence was linked with pollinator species rich-
ness, but not pollinator abundance nor community compo-
sition.—Virus prevalence was more strongly associated
with pollinator species richness than with other com-
munity characteristics, like total host abundance or
species-specific abundances. Pollinator community spe-
cies richness was a significant main effect in the top
GLMM (Model 2a; Table 3). Specifically, all four host
species had significantly reduced DWV prevalence in
communities with greater pollinator species richness
(Fig. 3a). Additionally, A. mellifera and B. impatiens
had significantly reduced BQCV and SBV prevalence
in species-rich communities (Fig. 3a). Lasioglossum
spp. and E. pruinosa had relatively low BQCV and
SBV prevalence among all communities tested, and
therefore did not show as much variation in viral
prevalence. On the other hand, total pollinator abun-
dance and the species-specific abundances of A. mellif-
era, B. impatiens, Lasioglossum spp., and E. pruinosa
were not significant predictors of virus prevalence in
any of the top models (Fig. 3b, Table 3, Appendix S1:
Table S11).
Pollinator community composition generally did not

predict viral prevalence in most host species. The NMDS

FIG. 1. Virus prevalence varied significantly among differ-
ent host species. BQCV, DWV, and SBV prevalence with the
95% CI among Apis mellifera, Bombus impatiens, Lasioglossum
spp., and Eucera pruinosa (Appendix S1: Table S17). Different
letters indicate significant differences in virus prevalence among
host species and within each virus type. The data shown corre-
spond to the significant virus type 9 genus interaction
(P < 0.0001) from the Model 2a analysis (Table 3), and post-
hoc pairwise comparison with a Tukey P value adjustment for
multiple comparisons (Appendix S1: Table S18). Sample sizes
per host species: A. mellifera, n = 237; B. impatiens, n = 252;
Lasioglossum spp., n = 255; and E. pruinosa, n = 193
(Appendix S1: Table S16).

TABLE 2. DWV, BQCV, and SBV infection prevalence for Apis
mellifera, Bombus impatiens, Lasioglossum spp., and Eucera
pruinosa determined by the percentage of virus-positive
samples that had the viral negative strand present, indicating
active viral infections.

Species DWV BQCV SBV

Apis mellifera 26.9% (12.3,
46.5)

87.0% (68.0,
96.4)

96.0% (81.0,
99.8)

Bombus
impatiens

68.2% (45.2,
85.5)

66.7% (44.9,
84.8)

88.0% (69.7,
96.7)

Lasioglossum
spp.

15.0% (4.2,
36.9)

40.0% (18.6,
66.8)

0.0% (0.0,
95.0)

Eucera
pruinosa

10.0% (1.8,
31.6)

7.7% (0.4,
33.7)

50.0% (9.8,
90.2)

Notes: The 95% confidence intervals are in parentheses and
data include samples randomly selected from all sites. Specific
sample sizes for each host–virus pair are in Appendix S1:
Table S7, and P values for differences in infection prevalence
are in Appendix S1: Table S19.
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ordination was only significantly correlated with viral
prevalence in two of the 12 host–virus pairs, specifically
A. mellifera SBV prevalence and Lasioglossum spp.
DWV prevalence (A. mellifera SBV estimated df = 5.75,
residual df = 7.25, F = 3.02, P = 0.03, adjusted
R2 = 0.68; Lasioglossum spp. DWV estimated df = 4.39,
residual df = 8.61, F = 2.15, P = 0.02, adjusted
R2 = 0.60; Appendix S1: Fig. S4a and S4c).

Are relationships between pathogen prevalence and
community-level factors similar among hosts or

pathogens?

Consistent relationships between virus prevalence and pol-
linator community species richness and abundance in hosts
and pathogens.—All three viruses showed significantly
reduced virus prevalence in species-rich communities
within host species that had greater than 10% estimated
virus prevalence (Fig. 3a). The strength of the negative
relationships varied among host species based on their
relative viral prevalence. BQCV and SBV showed clear
negative slopes between virus prevalence and species
richness in A. mellifera and B. impatiens, hosts with high
BQCV and SBV prevalence. Meanwhile, Lasioglossum
spp. and E. pruinosa were rarely infected with BQCV or
SBV, and showed no strong relationship between virus
prevalence and species richness (Figs. 1, 3a). None of
the host–virus pairs had greater virus prevalence in spe-
cies-rich communities.

FIG. 2. Pollinator species richness, abundance, and community composition vary qualitatively among sites. Each bar depicts the
relative abundance of the six most common genera and all other genera grouped together per site, with the total height of the bar
representing the total pollinator abundance. The observed species richness at each site is shown at the top of each bar. Site abbrevia-
tion codes can be found in Appendix S1: Table S1.

TABLE 3. Analysis of deviance table for the top Model 2a
generalized linear mixed effects model (GLMM) output
based on the Type II Wald Chi squared test.

Main factors v2 df P

Total abundance 1.71 1 0.1907
Species richness 12.79 1 0.0003
Virus type 34.63 2 <0.0001
Host species 165.25 3 <0.0001
Virus type 9 Host species 131.18 6 <0.0001

Note: Factors with significant P values are shown in boldface
type.
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When comparing across either hosts or viruses, virus
prevalence was largely unlinked with community compo-
sition. In two of the 12 host–virus pairs, there were sig-
nificant relationships between viral prevalence and
community composition, but the direction of the rela-
tionships varied (Appendix S1: Fig. S4).
There were no significant relationships between virus

prevalence and pollinator community total abundance
among all host species and viruses tested (Table 3,
Fig. 3b, Appendix S1: Table S11).

DISCUSSION

Species richness is the most important community fac-
tor associated with reduced pathogen prevalence across
multiple hosts and multiple pathogens. In contrast, host
abundance and community composition are not consis-
tently associated with pathogen prevalence. This work
illustrates the dilution effect pattern for pollinator
viruses for the first time. For multiple viruses within

multiple bee host species, communities with greater pol-
linator species richness had lower viral prevalence than
species-poor communities, but the strength of the rela-
tionships appear to vary based on each species’ compe-
tence for each virus.

Species richness

Increasingly biodiversity–disease studies have begun
to focus on multi-host–pathogen systems to evaluate
how disease risk within different host species respond to
changes in host communities. However, investigations
that simultaneously compare biodiversity–disease rela-
tionships in multiple pathogens that infect similar com-
munities of hosts have been much rarer (but see Johnson
et al. 2013a). Here, we find that pollinator communities
with greater species richness exhibit consistently lower
virus prevalence for three multi-host viruses within four
focal bee species, while controlling for total host abun-
dance (Fig. 3). Broadly, our findings corroborate other

FIG. 3. (a) Species-rich communities are significantly correlated with lower predicted virus prevalence in Apis mellifera, Bombus
impatiens, Lasioglossum, and Eucera pruinosa (P = 0.0003). The strength of the negative slope varies among host–virus pairs
depending on the host’s relative virus prevalence (Fig. 1). (b) Total pollinator abundance was not significantly correlated with polli-
nator virus prevalence (P = 0.19). Total pollinator abundance is on a log scale. The data shown correspond to Table 3.
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multi-host pathogen studies that have found consistent
patterns of dilution in pathogen prevalence among mul-
tiple co-occurring hosts or community-wide pathogen
prevalence (Ezenwa et al. 2006, Johnson et al. 2013a,b,
Becker et al. 2014, Venesky et al. 2014, Strauss et al.
2018).
The pollinator–virus system has many characteristics

that typically facilitate the dilution effect in other host–
pathogen systems. The dilution effect is likely to occur
when the most competent host dominates species-poor
communities, and more disease resistant host species are
common in species-rich communities (LoGiudice et al.
2003, Keesing et al. 2006, Johnson et al. 2013b). Biodi-
versity is lost from pollinator communities in a non-ran-
dom order, where solitary and specialist native bees tend
to be extirpated first (Rader et al. 2014). Our results are
consistent with this pattern, as pollinator communities
in our study are nested (Appendix S1: Fig. S1). Species-
poor communities are dominated by the four focal hosts
in our study, two of which (A. mellifera and B. impatiens)
are competent hosts with high prevalence for all three
viruses (Fig. 1). Species-rich communities include many
native bee species, which are likely to be less or non-
competent viral hosts (Singh et al. 2010, Manley et al.
2015, Dolezal et al. 2016).
Our results suggest that the encounter reduction

mechanism of the dilution effect may operate in the pol-
linator–virus system. Specifically, species-rich host com-
munities may have lower encounter rates between
susceptible hosts and infectious viral particles or
infected hosts due to a higher proportion of non-hosts
or low competence hosts in species-rich communities
(Keesing et al. 2006). As highly competent hosts and flo-
ral generalists, A. mellifera and B. impatiens may dispro-
portionally impact virus prevalence in species-poor
communities by spreading viral particles to more flowers
and increasing the likelihood of hosts encountering viral
particles during visits to shared flowers (i.e., encounter
reduction; Keesing et al. 2006). Also, if native bee hosts
in species-rich communities can act as decoys or “diluter
hosts” that take up viral particles but do not become
infected during visits to shared flowers, then susceptible
hosts could have a reduced encounter rate with viral par-
ticles (Johnson and Thieltges 2010). Further investiga-
tion through paired experimental and natural studies is
needed to elucidate the specific dilution effect mecha-
nism(s) operating in pollinator pathogen systems and to
improve future predictions of disease risk.

Species abundance

Community factors other than biodiversity were not
strongly associated with virus prevalence, including total
pollinator abundance and the species-specific abun-
dances of the four focal host species (Fig. 3b, Table 3,
Appendix S1: Table S11). Changes in community diver-
sity often correspond with changes in the total host
abundance and/or relative abundance of specific host

species, which can lead to the “susceptible host regula-
tion” mechanism of the dilution effect (Rudolf and
Antonovics 2005, Randolph and Dobson 2012, Mihalje-
vic et al. 2014). Susceptible host regulation could oper-
ate in the pollinator–virus system if additional low-
competence hosts compete with susceptible hosts to con-
strain their abundance and reduce pathogen spread
(Keesing et al. 2006). Most of the other pollinator spe-
cies in these communities were rare (fewer than five indi-
viduals observed per site) and are unlikely to explain
community-level differences in virus prevalence (see
Appendix S1: Fig. S4 for an analysis that considers
additional pollinator species). Further, we found no rela-
tionship between pollinator host abundance and virus
prevalence over all, so susceptible host regulation is unli-
kely to mediate the dilution effect.
The lack of relationship between host abundance and

viral prevalence suggests that BQCV, DWV, and SBV
may have frequency-dependent transmission rather than
density-dependent transmission. The three viruses are
likely transmitted within and among host species
through interactions on flowers and contaminated pol-
len (Singh et al. 2010, McArt et al. 2014, McMahon
et al. 2015). As a result, viral transmission may depend
on the frequency of pollinator visits to shared flowers
rather than the abundance of pollinators in a commu-
nity. Pathogens with frequency-dependent transmission
are more likely to exhibit decreased pathogen prevalence
with greater community biodiversity (i.e., dilution effect)
that is not influenced by the total number of hosts in the
community (Rudolf and Antonovics 2005, Keesing et al.
2006). Future studies should explicitly examine the mode
of transmission of pollinator viruses and whether the fre-
quency of bee contacts with flowers provide a better fit
with patterns of pathogen prevalence among different
pollinator communities than host abundance.

Community composition

Pollinator community composition was rarely found
to influence virus prevalence among most host–virus
pairs tested. This is interesting because community com-
position is an important driver of observed dilution
effects in many host–pathogen systems (Roche et al.
2012, Salkeld et al. 2013, Johnson et al. 2013b, Becker
et al. 2014). Assuming that hosts species are not equally
competent for a pathogen, the presence or absence of a
particular species in a community can dramatically
influence pathogen transmission dynamics. This process
could be akin to the “selection effect” from the field of
biodiversity–ecosystem function (BEF), where a particu-
lar species has a disproportionate impact on pathogen
prevalence and/or transmission in species-rich communi-
ties, which could lead to either dilution or amplification
effects depending on the host species’ traits (Loreau and
Hector 2001). However, virus prevalence among all four
pollinator species was generally unrelated to community
composition.
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Community composition may also influence virus
prevalence if the presence of particular pollinator species
influences the likelihood of viral encounter or transmis-
sion by altering interactions among host species on
shared flowers. Though our study does not evaluate the
“complementarity effect” mechanism from BEF litera-
ture, where pathogen transmission is reduced through less
habitat sharing among host species in diverse communi-
ties, it could occur in pollinator pathogen systems (Lor-
eau and Hector 2001, Becker et al. 2014). Bees in diverse
communities may reduce their shared flower use through
greater specialization in foraging or utilize different parts
of the flower (e.g., nectar vs. pollen), which could reduce
the potential for viral encounter or transmission among
species through a complementarity mechanism. Future
work needs to investigate how specific pollinator interac-
tions on flowers among different communities contribute
to various dilution effect mechanisms.

Consistent evidence of dilution among pathogens and
hosts

We found similar, negative biodiversity–disease rela-
tionships among multiple viruses and multiple hosts, but
the strength of the dilution effect varied among hosts.
Variation in the strength of relationships between biodi-
versity and pathogen prevalence is likely due to variation
in relative viral competence among different host species.
A. mellifera and B. impatiens, the two most highly com-
petent hosts in our study displayed consistent dilution
effects for all three viruses. Meanwhile Lasioglossum spp.
and E. pruinosa are relatively less competent hosts for
DWV, and have a weaker dilution effect compared to A.
mellifera and B. impatiens. For BQCV and SBV,
Lasioglossum spp. and E. pruinosa are poor hosts with
extremely low virus prevalence, and consequently there
was little virus prevalence to dilute with greater commu-
nity biodiversity. The four host species differ in their
social behavior and whether they are floral specialists or
generalists. Both factors may influence variation viral
exposure and prevalence, and result in variable strength
in the observed dilution effects among hosts.
Perhaps we found similar biodiversity–disease rela-

tionships among pathogens because the three viruses are
quite similar. The three viruses are closely related (order
Picornavirales, DWV and SBV from Iflavirus genus),
predominantly infect Hymenopteran insects (bees and
wasps), particularly honey bees (A. mellifera), and have
similar modes of infection (i.e., fecal-oral and food-
borne) (Chen and Siede 2007, McMahon et al. 2018).
Similarly, Johnson et al. also found consistently reduced
infection success with greater host diversity for five out
of seven trematode parasites that share many pathogen
characteristics (Johnson et al. 2013a). Previous studies
and meta-analyses have compared biodiversity–disease
relationships among highly divergent pathogens, gener-
ally finding that pathogen ecology, transmission mode,
infectivity, or degree of host specialization influence

these relationships (Randolph and Dobson 2012, Salkeld
et al. 2013, Wood et al. 2014a,b, Rohr et al. 2020). Utiliz-
ing a comparative approach for multiple pathogens
within “replicate” host communities will clarify how dif-
ferences in either host or pathogen ecology may dictate
variation in biodiversity–disease relationships.

Virus prevalence in pollinators

Our virus prevalence results are consistent with other
studies that found BQCV, DWV, and SBV are shared
among many pollinator species (Singh et al. 2010, F€urst
et al. 2014, McMahon et al. 2015, Dolezal et al. 2016).
However, our study design more accurately assesses dif-
ferences in BQCV, DWV, and SBV prevalence by using
larger sample sizes per species. The results show that A.
mellifera are highly susceptible and competent hosts for
all three viruses. B. impatiens, a close relative of A. mel-
lifera, was also a relatively competent host for all three
viruses, but had lower DWV and BQCV prevalence. The
more distantly related E. pruinosa and Lasioglossum spp.
have lower viral and infection prevalence, suggesting
that both are likely poor hosts, less susceptible, and/or
less likely to encounter infective viruses.
BQCV, DWV, and SBV appear to vary in their host

ranges from generalist to relatively specialist pathogens
that primarily infect very closely related hosts. DWV
appears to be the broadest generalist pathogen of the
three, causing active infections in a wide range of Hyme-
noptera (Singh et al. 2010, Manley et al. 2015, Dolezal
et al. 2016). Meanwhile, SBV has the most restrictive
host range limited primarily to honey bees and bumble-
bees (Bombus spp.), and BQCV is intermediate between
the two (Manley et al. 2015). Despite some differences in
host range, all three viruses showed very similar biodi-
versity–disease relationships.

Limitations and future directions

Although our findings show intriguing patterns
among pollinator communities and pathogen preva-
lence, they are inevitably limited in scale. Communities
are rarely static through time and space as host species
vary in phenology, behavior, home ranges, and migration
patterns, which consequently can alter expected out-
comes for biodiversity–disease relationships (Estrada-
Pe~na et al. 2014, Rohr et al. 2020). In particular, pollina-
tor species vary in their phenology from short (less than
a month) to long (the full growing season; Burkle et al.
2013), and in their specific foraging and nesting habitat
requirements (Williams et al. 2010), which result in
highly dynamic pollinator communities through time
and space. Repeated temporal sampling of a few sites
showed that pollinator community diversity declined
throughout the growing season, but Nosema spp. and
Crithidia spp. parasite prevalence increased with greater
A. mellifera and Bombus spp. dominance in the commu-
nities (Graystock et al. 2020). Our study provides an
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initial investigation of biodiversity–disease relationships
for pollinator viruses toward the end of the growing sea-
son and across many similar local sites with variable sur-
roundings. Future studies that examine these
relationships over different spatial scales and with
repeated temporal sampling will be critical for under-
standing the context-dependence of biodiversity–disease
relationships in pollinator–pathogens (Johnson et al.
2015, Graystock et al. 2020, Rohr et al. 2020).

CONCLUSIONS

Overall, prevalence of three viruses in pollinator com-
munities was most strongly linked with species richness,
while host abundance and community composition were
rarely associated with virus prevalence. Notably, virus
prevalence was consistently negatively associated with
greater species richness, providing evidence of the dilu-
tion effect in multiple viruses infecting multiple pollina-
tor host species. However, we found that the strength of
the biodiversity–disease relationships varied based on
relative viral prevalence in each host. Host species with
high virus prevalence exhibited dilution effects, while
hosts with very low virus prevalence did not show a clear
biodiversity–disease relationship. Few empirical studies
have compared biodiversity–disease relationships among
multiple pathogens infecting multiple hosts. We show
that this is a powerful approach to assess commonalities
and differences in biodiversity–disease relationships
within natural systems. Incorporating more realistic
complexity of multi-host–multi-pathogen systems into
community–disease ecology will improve our under-
standing of underlying mechanisms that drive differ-
ences in pathogen prevalence.
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