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Abstract

The spread of parasites is one of the primary drivers of population decline of
both managed and wild bees. Several bee parasites are transmitted by the
shared use of flowers, turning floral resources into potential disease hotspots.
However, we know little about how floral morphology and floral species iden-
tity affect different steps of the transmission process. Here, we used the gut
parasite Crithidia bombi and its primary host, bumble bees (Bombus spp.), to
examine whether floral traits or species identity better predict three basic steps
of parasite transmission on flowers: feces deposition on flowers, survival of the
parasite on flowers, and acquisition by a new host. We also identified which
traits and/or species were most strongly associated with each step in the trans-
mission process. We found that both trait- and species-based models fit the
data on deposition of feces and survival of C. bombi on flowers, but that
species-based models provided a better fit compared with trait-based ones.
However, trait-based models were better at predicting the acquisition of
C. bombi on flowers. Although different species tended to support higher fecal
deposition or parasite survival, we found that floral shape provided explana-
tory power for each of the transmission steps. When we assessed overall trans-
mission potential, floral shape had the largest explanatory effect, with wider,
shorter flowers promoting higher transmission. Taken together, our results
highlight the importance of flower species identity and floral traits in disease
transmission dynamics of bee parasites, and floral shape as an important
predictor of overall transmission potential. Identifying traits associated with
transmission potential may help us create seed mix that presents lower
parasite transmission risk for bees for use in pollinator habitat.
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INTRODUCTION

Emerging infectious diseases (EIDs) are a threat to humans
as well as domestic animals and wildlife (Daszak et al., 2000).
EIDs can be driven by parasites that invade a new geographic
area, by spillover events or by parasites that increase in prev-
alence in their native range due to changes in external fac-
tors, such as alterations in environmental conditions that
facilitate parasite transmission (Antonovics, 2017; Dobson &
Foufopoulos, 2001). Bees (Hymenoptera: Apoidea) are hosts
to a wide variety of micro- and macroparasites (Graystock
et al., 2016; Hedtke et al., 2011; Shimanuki & Knox, 2000),
and some of these parasites have been linked to the decline
of both managed honey bees (Bianco et al, 2014;
VanEngelsdorp & Meixner, 2010) and wild bee populations
(Meeus et al., 2011; Potts et al., 2010). Given the important
ecological and economic role of bees as pollinators (Losey &
Vaughn, 2006), understanding the transmission dynamics
of bee parasites is an important step toward developing
strategies to slow parasite spread (Bonsall, 2004). Here,
we investigated the role of floral morphology and floral
species identity on several steps of the transmission process
for the model host—parasite system of the bumble bee
(Bombus spp., Apidae) and its gut parasite, Crithidia bombi
(Trypanosomatida).

Parasites can exploit the use of shared resources by their
hosts to infect new individuals. For example, avian
mycoplasmosis spreads through bird populations via shared
bird feeders (Adelman et al., 2015). In a similar vein, many
bee parasites spread to new individuals via shared flowers
(Graystock et al., 2015), in which 10%-30% of open flowers
in a field can harbor at least one bee parasite (Figueroa
et al., 2020; Graystock et al., 2020). Flower density plays an
important role on bee-parasite transmission dynamics, as
congregation of bees at flower-rich spots can increase trans-
mission (Piot et al., 2019), but an increase in flower avail-
ability can also reduce parasite transmission due to a
dilution effect (Piot et al., 2021). What remains less well
explored is how floral species or floral traits affect overall
bee-parasite transmission potential.

The transmission process of bee parasites via flowers
can be broken down into at least three basic steps: deposi-
tion of the parasite on flowers, survival of the parasite on
flowers until a new individual visits the flower, and acqui-
sition of the parasite by a new host (Figueroa et al., 2019;
McArt et al., 2014). However, most studies have only
focused on one of the transmission steps when comparing
plant species or traits as potential transmission venues
(Bodden et al., 2019; Durrer & Schmid-Hempel, 1994;
Graystock et al.,, 2015), even though a given floral trait
could have different or even opposing effects on each step
of the transmission process. For example, composite
flowers with large disk flowers could collect more bee

feces (Bodden et al., 2019) but, at the same time, UV radia-
tion on these types of flowers could reduce parasite sur-
vival over time (Figueroa et al., 2019; Schmid-Hempel
et al., 1999). Additionally, studies commonly evaluate only
a small number of plant species for one or more steps in
the transmission process (Alger et al.,, 2019; Durrer &
Schmid-Hempel, 1994; Figueroa et al., 2019; Graystock
et al., 2015) or evaluate a number of species but for only
one transmission step (Adler et al., 2018), making it diffi-
cult to determine what species or floral traits are facilitat-
ing overall transmission and why.

The goals of this study were to quantify the deposition,
survival, acquisition, and overall transmission of a bee para-
site on flowers, to assess the degree to which floral traits ver-
sus species identity better explained each parasite
transmission step, and to identify floral traits that were most
strongly associated with parasite transmission. Identifying
traits that can influence transmission would allow us to pre-
dict transmission potential of species or plant communities
that have not been tested, whereas a species-based approach
would require a new study for each new species, and
it would not provide insights about the mechanisms
by which flowers are impacting parasite transmission (Adler
et al., 2018; Han et al, 2015). We focused on the
trypanosomatid gut parasite C. bombi, the host bumble bee
Bombus impatiens, and 16 plant species commonly visited
by bumble bees. Specifically, we asked whether species-
based or trait-based models were better predictors of: (i) the
frequency of feces deposition on flowers (Experiment 1);
(ii) survival of C. bombi on flowers (Experiment 2); and
(iii) acquisition of C. bombi on flowers and subsequent inten-
sity of infection of its host (Experiment 3). Because these
transmission steps are multiplicative, we also used them to
assess how floral traits affected overall parasite transmission
potential. We predicted that both species- and trait-based
models would provide a reasonable fit to the data, but that
trait-based models would be better at predicting each of the
transmission steps, as trait-based models have proven to
have more predictive power in previous studies, probably
because they required fewer parameters to fit the data
(Adler et al., 2018; Cronin et al., 2010; Rowe et al., 2020).
Identifying traits that facilitate transmission of bee parasites
could allow us to select flower mixes that present a low risk
of transmission to be used in pollinator habitat, which could
slow down the spread of parasites in bee communities.

METHODS
Study system

Crithidia bombi (Lipa and Triggiani) (Trypanosomatida:
Trypanosomatidae) reproduces in the hindgut lumen of
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bumble bees, and new cells are released to the environ-
ment in feces 5-10 days after parasite ingestion (Schmid-
Hempel & Schmid-Hempel, 1993). The parasite is hori-
zontally transmitted when individuals ingest contami-
nated material either on flowers or through contact with
infected nest mates (Durrer & Schmid-Hempel, 1994;
Graystock et al., 2015; Imhoof & Schmid-Hempel, 1998).
When infected with C. bombi, bumble bee colonies pro-
duce fewer workers, as well as fewer new queens at the
end of the colony life cycle (Brown et al., 2003). Addition-
ally, infected overwintering queens are less likely to suc-
cessfully start a nest in the spring (Brown et al., 2003;
Schmid-Hempel, 2001). We used B. impatiens as a focal
bumble bee species, maintaining two or three colonies
infected with C. bombi isolated from B. impatiens col-
lected in Raleigh, NC (GPS coordinates: 35°48'26.6" N,
78°41'58.6” W), and used them to prepare inoculum for
the survival and transmission experiments, and as a
source of infected bees for the deposition experiment. We
also kept two or three uninfected colonies as sources of
bees for the acquisition experiments. We provide details
of colony origin and maintenance in Appendix S1:
Section S1.

In this study, we used 16 plant species in total across
eight plant families, but we could not test every plant spe-
cies in every experiment, as availability was variable
(Table 1). We chose plant species that were attractive to

Bombus, locally available at plant nurseries, and spanned
a range of variation in floral traits. We covered flowers
with mesh bags before the flowers opened to ensure that
no bees had deposited any parasites on the flowers.

Study site

Experiments were carried out at the Honey Bee Labora-
tory (HBL) at the Lake Wheeler Road Field Laboratory of
North Carolina State University (NCSU) (Raleigh, NC,
USA; GPS coordinates: 35°43/23.5” N, 78°40'25.2" W).
Cages for all experiments were 60 x 60 x 60 cm with
white mesh (680 pm aperture; MegaView Science Co,
Taiwan). When running experiments, cages with bees
were kept in the shade as much as possible. When plants
were not being used in trials, we kept them outdoors at
the HBL with flowers and flowers buds covered
by mesh bags.

Floral traits

For each plant species, we estimated floral size and shape
and the number of reproductive structures (number of
open flowers and flower buds) per inflorescence. We
counted the number of reproductive structures on

TABLE 1 The 16 plant species used in this study and the experiments (deposition, survival, and acquisition) that they were used in
Family Species Deposition Survival Acquisition
Apocynaceae Asclepia tuberosa Anthers and petals (42)

Asteraceae Coreopsis verticillata 30 Center and petal (38) 33
Solidago nemoralis Center (22)
Echinacea purpurea Center and petal (40)
Kalimeris integrifolia Center and petal (44)
Rudbeckia hirta 32 37
Lamiaceae Agastache foeniculum Lower and upper petal (42)
Vitex agnus-castus 25 Lower and upper petal (40) 54
Plectranthus sp.* Center and petal (32)
Caryopteris clandonensis 29
Phytolaccaceae Phytolacca americana Center (20)
Plantaginaceae Angelonia Angustifolia Center and upper petal (32)
Antirrhinum majus 16 Center and petal (34)
Polemoniaceae Phlox paniculata Center and petal (42)
Rubiaceae Pentas lanceolata 32 82
Verbenaceae Lantana camara 29 Center and petal (42) 71

Note: Numbers indicate sample size; for the deposition and survival experiments, the replicate unit was the cage, for the acquisition experiment the replicate
unit was individual bees. In the survival experiment, we also note the location where inoculum droplets were placed, and sample size indicates the number of
replicates for each flower part tested. Cells with ellipses indicate species that were not tested in particular experiments.

*Hybrid of P. saccatus and P. hilliardiae.
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20 inflorescences per species at peak bloom. We mea-
sured corolla length and width (Appendix S2) using digi-
tal calipers to the nearest 0.0l mm on 20 flowers per
species, with not more than five flowers coming from the
same individual plant. Due to collinearity among vari-
ables, we used corolla length and width in a principal
component analysis using all plant species (Adler
et al., 2018). The first component (PC1: 0.88 x corolla
length + 0.46 x corolla width, accounting for 77% of
total variance) was positively correlated with both corolla
length and width, and therefore it reflected floral size.
The second component (PC2: —0.46 x corolla length +
0.88 x corolla width, accounting for 23% of total vari-
ance) was positively correlated with corolla width and
negatively correlated with corolla length, therefore
reflecting floral shape (Appendix S3: Table S1). In this
case, small values of PC2 indicate flowers that are narrow
and long, whereas high values of PC2 indicate flowers
that are wide and short. We present means, SDs, and
sample sizes for all predictor floral traits in Appendix S3:
Table S2.

Crithidia bombi inoculum preparation and
estimating infection intensity

Crithidia bombi inoculum was prepared fresh every day we
ran a trial. We prepared inoculum according to a standard
protocol (Richardson et al., 2015). We used 5-10 workers
from a source colony to prepare inoculum that had a con-
centration of 1200 cells/pl (details of inoculum preparation
are provided in Appendix S1: Section S1). To estimate the
intensity of infection of experimental bees, we dissected the
guts of individual bees and prepared them using the same
protocol as for the inoculum preparation (Appendix SI:
Section S1), and then use a Neubauer chamber to estimate
cell concentration. We also collected the right forewing
from each bee we dissected and measured the length of the
radial cell as an estimate of bee size (Miiller et al., 1996),
using Image]J software (v.1.8).

Experiment 1: Deposition of feces on
flowers

We tested how frequently the feces of bumble bees
infected with C. bombi fell on the flowers of seven plant
species (Table 1). This experiment was carried out between
June and October 2019 at the HBL. We fed bees with
sucrose that contained a non-toxic fluorescent dye (Aurora
Pink dye, product number ECO11, DayGlo Color Corp.,
Cleveland, OH, USA), which allowed us to find the feces
droplets on the plants using a black light. The dyed

sucrose was prepared by adding 0.25g of the dye to
250 ml of 30% sucrose (as in Figueroa et al., 2019). At least
24 h before each trial, we fed workers from C. bombi
infected colonies ad libitum with the dyed sucrose. On the
day of the trial, in each cage we placed enough plants of a
particular focal species to cover ~80% of the cage’s floor
(usually two to four individuals). We recorded the number
of plants in the cage, number of blooming stalks, number
of open flowers, and the total area that plants covered
inside the cage. We placed five to seven bees from the
same colony per cage, and allowed them to forage on the
plants for 3 h. At 1.5 h, we checked each cage to make
sure bees were foraging on the flowers and counted the
number of visits to flowers in a 5-min period. If bees were
not foraging, we did not include that replicate in the data
analysis. However, this only occurred in two trials. When
the trial was over, we collected bees from the cages, and
the following day we dissected all bees and determined
whether they were infected with C. bombi and the inten-
sity of infection (cell/pl), to calculate the average level of
infection of that group of bees (Appendix S1: Section S1).
We only used data from trials in which three or more bees
were alive at the end of the trial and more than 50% of
bees in the cage were infected, as infected bees are more
likely to defecate on plants compared with uninfected bees
(Figueroa et al.,, 2019). After excluding trials that did not
meet these specifications, we had 25-32 cage replicates per
plant species, except for Antirrhinum majus, for which we
had 16 replicates (Table 1). After removing bees from the
cages, we carefully took the cages with the plants to a dark
room, and used a black light (Ustellar 100 LED, 395 nm)
to find feces droplets. We counted how many flowers per
cage had feces droplets on them, the number of droplets
inside and outside the corolla, and on the calices, leaves
and the floor of the cage. Droplets inside the corolla
included droplets on the flower head of asters, inside the
flower for snapdragon (A. majus), and inside the corolla
tube of tubular/closed flowers. Droplets outside the corolla
included droplets on the ligules of asters and outside the
corolla of all other flowers. We used the number of drop-
lets as the response variable because C. bombi has a rela-
tively low infective dose (Davis et al., 2021), so any
encounter with the fecal droplet of an infected bee is likely
to cause infection. After each trial, we thoroughly cleaned
the cage with 70% ethanol and removed all plant parts that
had feces on them.

Statistical analyses

We performed all data analyses in R (v.4.02) (R Core
Team, 2018). Our analyses assessed whether the number
of fecal droplets on several flower parts was predicted by
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plant species identity and by floral traits, and which one
was a better predictor.

Species-based models

To test whether plant species identity predicted the num-
ber of feces droplets on flowers and on different flower
parts, we constructed generalized linear models (GLM)
with negative binomial distribution using the package
glmmTMB (Skaug et al., 2018). We ran separate models
for five biologically meaningful response variables that
could affect subsequent transmission probability: the
total number of droplets on flowers, total number of
droplets inside the corolla, total number of droplets out-
side the corolla, total number droplets on the calix, and
the number of flowers per cage that had droplets on
them. For each response, the full model included as fixed
effects plant species, initial number of bees per cage,
average bee size, average intensity of infection of experi-
mental bees, and bee activity (number of flower visits in
5 min). To account for the variable number of flowers per
cage, we included it as an offset term in the models. We
initially included bee colony as a random effect, but given
that the random effect variance as negligibly small
(<1.833e—09), we removed it from the final models. We
did not include any interaction terms because they cau-
sed convergence problems in the models. We evaluated
the significance of terms with a likelihood ratio y* test,
implemented via the “dropl” function in R. We removed
terms that were not significant (p > 0.05) and compared
the fit of the full and the reduced models using Akaike
information criterion (AIC) values. We used Tukey’s hon-
estly significant difference (HSD) tests for post hoc,
pairwise comparisons using the Ismeans package
(Lenth, 2018). To check model assumptions, we used QQ
plots of residuals and residual versus predicted plots
using the package DHARMa (Hartig & Lohse, 2020).

Trait-based models

For models using floral traits to predict the number of
feces droplets on flowers and floral parts, we again used
GLM. As with the species-based models, we constructed
separate sets of models for each response of interest. The
full model had the same structure as the species-based
models, but instead of including species identity as a
fixed effect, we included floral size (PC1) and shape
(PC2) and number of reproductive structures per stalk
(from this point forwards floral traits). We log-transform
the number of reproductive structures per stalk because
one species (Caryopteris clandonensis) had values much
higher than the others and therefore high leverage. We
selected the best-fit model and conducted post hoc analy-
sis in the same way as for the species-based models.

Comparing species versus traits models

Here and in Experiment 2 and 3, we used AIC to com-
pare whether the species- or trait-based models provided
the best predictive insight into response variables. One
model was considered to have substantially better empiri-
cal support than the other if its AIC value was lower by
two or more units (Burnham & Anderson, 1998).

Experiment 2: Survival of C. bombi on
flowers

We measured the survival of C. bombi on flowers of
14 plant species (Table 1). This experiment was carried
out between June and October 2018 at the HBL. We
assessed C. bombi survival after 30 min, 1 h, and 3 h of
being placed on flowers, and for most species we also
tested differences in survival between two locations on
the flowers (Table 1; Appendix S2). Inside cages, we
placed four (if testing one flower part) or eight (if testing
two flower parts) flower stalks in florist water tubes to
keep flowers fresh. On each flower, we placed one 10 pl
drop of inoculum using a micropipette. We used 10 pl
because it is within the natural range for a single
B. impatiens fecal event (7 £ 5 pl, mean £+ SD) (Van
Wyk et al., 2021), and we did not add sucrose because
B. impatiens feces typically does not contain sugar
(Figueroa et al., 2019). We did not consider other com-
pounds that may be found in feces. When testing one
flower part (e.g., petal), each flower received one drop of
inoculum at the location of interest. When testing two
flower parts (e.g., ligules and flower head), four flowers
(each on separate stalks) received the inoculum at one
location, and another four flowers (again each on sepa-
rate stalks) received the inoculum at the second loca-
tion. At each time interval (0, 30 min, 1 h, and 3 h), we
collected one drop of inoculum per location using 10-pl
microcapillary tubes, and estimated the volume of the
recovered droplet. Care was taken to remove the entire
liquid droplet from the specified location. If the inocu-
lum droplet had evaporated, we placed 10 pl of distilled
water on the same place the inoculum was, to try to
recover any remaining C. bombi cells. We placed the
recovered droplet on a Neubauer chamber and esti-
mated the number of alive C. bombi per pl. We consid-
ered cells alive if they were “swimming” by flagellum
movement (Figueroa et al., 2019), and recorded alive
cells as present or absent. Each time we collected a
droplet from flowers, we measured temperature and rel-
ative humidity (AcuRite Digital Humidity & Tempera-
ture Monitor). We conducted 16-22 trials per plant
species (Table 1).
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Statistical analyses

We conducted hazard ratio analyses using Cox propor-
tional hazard models via the Survival package
(Therneau, 2020) in R. This analysis evaluated C. bombi
survival (whether there were any alive cells in the drop-
let) by time elapsed when the flower was inspected.

Species-based models

These Cox models included plant species and time
elapsed between inoculum preparation to the beginning
of the trial as fixed effects. We did not include weather
variables in the final models because they were correlated
with the date of the trials, and the effect was confounded
with plant species, as we tested different plant species on
different days and weeks based on their natural phenol-
ogy. We included Crithidia source colony as a random
effect, but just as in the deposition models, the random
effect variance was negligibly small, so again we left it
out of the final models. To determine the significance of
the terms in the models, we conducted a likelihood ratio
test comparing the full model with a model that excluded
plant species as an explanatory variable. Differences in
survival across plant species were determined post hoc
with Tukey’s HSD tests using the Ismeans package.

Trait-based models

These models had the same structure as the species-based
models, but instead of species identity, they included flo-
ral traits as fixed effects. To determine significance of
each floral trait, we conducted a likelihood ratio test com-
paring the full model with reduced models in which we
removed one of the floral traits at a time.

Effect of droplet location

As an additional analysis, we tested the effect of droplet
location on the survival of C. bombi separately for each plant
species. We did not include Plectranthus sp. in this analysis
due to high censoring (80%) for this species. For the rest of
the species for which we measured survival at two locations
on the flower (Table 1), we ran a proportional hazard model
testing C. bombi survival by time elapsed when the flower
was inspected. For each plant species, we wrote a model that
included droplet location as a fixed effect, and a second
model that did not include this variable. Then, we con-
ducted a likelihood ratio test comparing the two models.

Experiment 3: Acquisition of C. bombi from
flowers to bees

We evaluated the probability of acquisition of C. bombi
on flowers after a single bee visit on five plant species

(Table 1), with trials carried out between June and
October 2019. We prepared fresh inoculum each day
to have a concentration of 1200 cells/ul. To ensure the
inoculum was infective, we inoculated a control group of
10-12 bees from the same uninfected colony we used for
trials (inoculations as in Richardson et al., 2015).

For control bees, we prepared the inoculum to have
25% sucrose to encourage consumption. We starved con-
trol bees for 4 h and inoculated them with 10 pl of inocu-
lum (12,000 cells/bee). We placed them in individual
containers (12 x 7 x 5 cm) with sucrose and pollen ad
libitum. Seven days after inoculation, we dissected the
guts of individual bees and estimated the number of
C. bombi cells per pl using the same methods as for inoc-
ulum preparation (Appendix S1: Section S1). Any bees
that had nonzero counts were considered infected. We
only used data from days when more than 50% of the
control bees were infected with C. bombi.

As we were trying to simulate transmission via a fecal-
oral route, we did not add sucrose to the inoculum used in
acquisition trials. For acquisition trials at the HBL, we
placed four to six uninfected bees per cage and allowed
them to acclimate to the cage for 5-10 min. Then, we
placed one inflorescence in the cage. For Asteraceae, it
was one flower head per cage. For all other plants, it was
one inflorescence with multiple flowers. Then we applied
10 pl of inoculum (1200 cells/pl and 0% sucrose) to the
flowers in the form of three to four small droplets. For
inflorescences with multiple flowers, the inoculum drop-
lets were applied to three to four flowers, whereas for
asters the inoculum droplets were spread across the
flower. We placed the droplets simulating where we most
often observed feces falling in the deposition experiment,
or where we considered feces would probably fall when a
bee was visiting a flower of that species. We never placed
the inoculum on the nectaries or inside the corolla because
we typically did not find feces in these locations in the
deposition trials (please refer to “Results”). If bees did not
visit flowers after 2 min, we “presented” the stalks to bees
by raising them in front of the bees to encourage foraging.
When a bee started foraging, we allowed it to visit the
flowers and captured it in a vial when the bout was over. If
the bout lasted more than 10 min or if the bee stopped
probing flowers but was still on the stalk, we considered
the bout over and captured the bee. We then placed a new
bee in the cage and repeated the procedure with a new
stalk. Each bee captured was considered a replicate, and
for each bee captured, we recorded the number of flowers
per stalk (for asters it was considered one), length of the
bout (in sec), and elapsed time between inoculum prepara-
tion and trial (in min).

We returned bees to the laboratory and placed them
in individual containers with sucrose and pollen ad
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libitum. Seven days after each trial, we dissected out the
guts of individual bees and estimated the number of
C. bombi cells per pl. After removing bees from days that
did not meet the selection criterion, we had between 33-
82 replicate bees per plant species (Table 1).

Statistical analyses

We analyzed ‘incidence’ (presence/absence of C. bombi
infection) and ‘intensity’ (count of C. bombi in infected
bees) as separate components of C. bombi acquisition. We
used GLMM to analyze both components and to explore
the effect of plant species identity and floral traits on
C. bombi acquisition.

Incidence analysis

We modeled pathogen incidence using logistic regres-
sion with the package glmmTMB using binomial error
distribution. The response variable was the binary out-
come of whether a bee got infected or not. For the
species-based models, we included plant species,
length of the bout, time elapsed since inoculum prepa-
ration, number of flowers on the stalk used in the trial
and bee size as fixed effects. We tested experimental
bees’ source colony and C. bombi source colony as
potential random effects, but the random effect vari-
ances associated with these variables was negligibly
small (<2.951e—09), so we removed them from the
final models. To determine the significance of the
fixed effects, we followed the same approach as with
the deposition analysis. For trait-based models, we
used the same approach, but instead of using plant
species as a fixed effect in the models, we included flo-
ral traits.

Intensity analysis

We modeled intensity of C. bombi infection using only
data from bees that were infected, therefore we used a
truncated negative binomial error distribution in the
models. We used the cell count per 0.02 pl gut sample
as the response variable. The full model included the
same structure as the incidence model, and we tested
the same potential random effects, but again we did not
include them in the final models due to the small vari-
ance explained. To determine the significance of the
fixed effects, we followed the same approach as with
the deposition analysis. For trait-based models, we
included the same fixed effect structure, but instead of
plant species, we included floral traits. We determined
the significance of the fixed effects, checked for model
assumptions, and compared species-based and trait-
based models as in the incidence analyses.

Assessing overall transmission

We combined the results of the deposition, survival, and
acquisition experiments multiplicatively to provide a rela-
tive comparison of how much different traits might con-
tribute to overall transmission potential. We used the
relative number of droplets per flower per infected bee
from the deposition experiment, the relative droplet life-
time from the survival experiment, and the relative infec-
tion probability per contaminated inflorescence visited
from the acquisition experiment. Because the same plant
species were not used across all three experiments, we
compared overall transmission by floral traits only. First,
to avoid overextrapolation, we restricted each trait to the
intersection between the ranges of values used in the three
experiments. Next, for every set of trait values, we gener-
ated predictions of the relevant responses from the best
trait-based models of the three experiments, and then mul-
tiplied the results together (please refer to Appendix S1:
Section S1 for details on how the Cox proportional hazards
were used to assess relative droplet infectious lifetimes).
Finally, we rescaled the overall transmission values so that
the maximum value within the trait space was 1. We did
not utilize information about the intensity of infection
from the acquisition experiments. This is because we did
not know exactly how level of infection and droplet infec-
tivity were related.

RESULTS

Here we focus on the effect of the main factors of interest
(species identity and floral traits). A detailed description
of the effect of other covariates is found in Table 2 and
Appendix S1: Section S2.

Experiment 1: Deposition of feces on
flowers

Across all plant species, most of the fecal droplets we
observed were on the floor of the cage (mean percent-
age range across all species and trials: 63%-90% of drop-
lets on the cage floor), followed by plant leaves (mean
range: 1.4%-19.9% on leaves), and droplets on flowers
(mean range: 1.9%-16.6% on flowers) (Appendix S3:
Figure S1).

Species-based models

For all variables (number of droplets on flowers, number
of droplets inside and outside the corolla and on the
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TABLE 2
flowers

Response variable

Species models

No. droplets on flowers/cage Species ID

No. bees in the cage
No. droplets inside the corolla/cage Species ID
No. droplets outside the corolla/cage Species ID
No. bees in the cage
No. droplets on the calix/cage Species ID
No. bees in the cage
No. flowers with droplets in the cage Species ID
No. bees in the cage
Trait-based models

No. droplets on flowers Floral shape
Length of trial
Bee size
Level of infection
No. droplets inside the corolla/cage Floral shape
Bee size
Start time
No. droplets outside the corolla/cage Corolla size
Flowers/inflorescence
Length of trial
No. bees in the cage
Level of infection
Plant area
No. droplets on the calix/cage Floral shape
Bee size
No. flowers with droplets in the cage Floral shape
Flowers/inflorescence
Length of trial
Length of trial

Level of infection

Fixed effects terms left in the model

Experiment 1, deposition: Summary of the species-based and trait-based models for the deposition of bumble bee feces on

Effect  x° af p AIC
286.45 6 <0.0001 1208

+ 6407 1 0.0114
71.72 6 <0.0001 610
125.95 6 <0.0001 830

+ 8320 1 0.0039
81.76 6 <0.0001 306

+ 4.20 2 <0.0001
359.30 6 <0.0001 963

+ 9.99 2 0.0016

+ 86.70 1 <0.0001 1278

+ 16.38 1 <0.0001
3.88 1 0.0488

= 15.66 1 <0.0001

+ 68.16 1 <0.0001 666

+ 4.57 1 0.0330

= 5.63 1 0.0180

+ 4.57 1 0.0324 993

= 10.86 1 0.0009

+ 18.46 1 <0.0001

= 2.23 1 0.1351

= 16.63 1 <0.0001

= 4.74 1 0.029

+ 105.00 1 <0.0001 327

+ 4.01 1 0.029

+ 3.94 1 0.0470 1046

= 15.46 1 <0.0001

+ 15.55 1 <0.0001

= 6.87 1 0.0088

= 19.60 1 <0.0001

Note: Effect refers to factors that have a positive (4) or negative (—) effect on response variables. AIC, Akaike information criterion.

calix, and the number of flowers with droplets), species
identity was a significant predictor (p < 0.0001 in all
cases; Table 2). We observed differences between species
(Appendix S3: Tables S3-S7), with Rudbeckia hirta hav-
ing the most droplets on flowers, the most flowers with
droplets per cage (Figure 1a), and the most droplets
inside the corolla (Appendix S3: Figure S2a) relative to
all other plant species. R. hirta was also the species with
the most droplets outside the corolla (Appendix S3:
Figure S2b) and on the calix (Appendix S3: Figure S2c) in
most comparisons with other species.

Trait-based models

Floral shape was a significant predictor for all response
variables (Figure 1b) evaluated except the number of
droplets outside the corolla, with all variables increas-
ing as flowers became shorter and wider. Floral size
was only a significant predictor of the number of drop-
lets outside the corolla, with more droplets deposited as
the flowers got longer and wider. The number of repro-
ductive structures per inflorescence was a significant
predictor for the number of droplets outside the corolla
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FIGURE 1 Effect of species and floral shape on the three steps of Crithidia bombi transmission on flowers. (a) Boxplot of the
percentage of flowers per cage that had bee feces on them. Rudbeckia hirta had significantly more flowers with feces than other species.

(b) Effect of floral shape on the percentage of flowers per cage that had bee feces on them. As flowers get wider and shorter they collect more
feces. (c) Hazard ratio of each plant species to C. bombi. Plant species that present high hazard reduce C. bombi survival, compared with the
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C. bombi. (e) Probability of a bee getting infected with C. bombi in a single visit to a contaminated flower. (f) Effect of floral shape on the
estimated probability of infection in a single visit to a contaminated flower. As flowers get wider and shorter, the probability of infection
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and number of flowers with droplets per cage (Table 2),
with both variables decreasing as the number of flowers
per inflorescence increased.

Comparing species-based versus trait-based
models

Species-based models were better predictors than trait-
based models for the total number of droplets on flowers,
on all flower parts (inside corolla, outside corolla, calix)
and the number of flowers with droplets per cage
(AAIC > 21; Table 2).

Experiment 2: Survival of C. bombi on
flowers

In 69% of trials across all plant species, all C. bombi cells
became immobile after 3 h. However, for three plant species
(A. majus, Phlox paniculate, and Plectranthus sp.), C. bombi
survived longer than 3 h in more than 85% of trials
(Appendix S3: Table S8). The estimated restricted mean sur-
vival time across all species ranged from 117 to 180 min.

Species-based models

Species identity was a significant predictor of C. bombi sur-
vival on flowers (y*, = 171.08, p < 0.0001). A. majus,
P. paniculate, and Plectranthus sp. represented lower
hazard ratios, and therefore higher survival of C. bombi
(p < 0.001 in all cases from pairwise comparisons) whereas
Echinacea purpurea represented a higher hazard ratio, and
therefore lowest survival of C. bombi (Appendix S3:
Figure S3). All other species showed intermediate levels of
C. bombi survival that did not differ significantly from one
another (Figure 1c; Appendix S3: Table S9).

Trait-based models

Floral size and shape were significant predictors of the
survival of C. bombi on flowers (x*; = 11.34, p < 0.0001;
¥’1 = 90.30, p <0.0001, respectively). Larger flowers
supported higher parasite survival (or a lower hazard rate;
0.98), whereas an increase in flower shape (wider and
shorter flowers) was associated with a reduction in para-
site survival (higher hazard rate: 1.16) (Figure 1d). The
number of flowers per inflorescence was a marginally sig-
nificant predictor (y*, = 3.57, p = 0.058) of C. bombi sur-
vival, with survival decreasing (higher hazard rate: 1.12) as
the number of flowers per inflorescence increased.

Comparing species-based versus trait-based
models

The species-based model was a better predictor of the sur-
vival of C. bombi on flowers than the trait-based model
(AAIC = 41.5).

Location of the droplets on flowers

Location of the inoculum droplet on flowers only had a sig-
nificant effect for E. purpurea (Appendix S3: Table S10,
Figure S4). The mean survival time was 1.5-times higher on
the flower head than on the ligules (mean survival
time 4 SE: 146 4 8.3 min (flower head) and 93 4 8.8 min
(ligules); y* = 22.1, p < 0.0001).

Experiment 3: Acquisition of C. bombi on
flowers

Across all plant species and trials, C. bombi acquisition
rates ranged between 4%-19% (Figure 2). Given this low
acquisition rate, there were few infected bees that
we could use in our analyses of infection intensity (range:
3-7 infected bees per plant species tested).

Species-based models

Species identity was the only factor retained in the final
model for incidence, but it was not a significant predictor
(¢*s = 7.83, p = 0.098; Figure 1e). For the intensity of
infection, species identity, length of bout and time
elapsed since inoculum preparation were retained in the
final model, but again, none of these factors were signifi-
cant predictors (x5 = 848, p = 0.075; y* = 2.22,
p = 013; ¥*, = 3.10, p = 0.078, respectively;
Appendix S3: Figure S5).

Trait-based models

Floral shape was a significant predictor for incidence
(¢*1 = 6.27, p = 0.012); the probability of acquisition
increased as flowers got wider and shorter (Figure 1f).
Floral shape was not a significant predictor for the inten-
sity of infection (x*; = 1.29, p = 0.105).

Comparing species-based versus trait-based
models

For incidence of infection, the trait-based model was a
better fit (AAIC = 8.5), whereas for the intensity of
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infection, both species-based and trait-based models pro-
duced similar fits (AAIC = 0.6). However, the best trait-
based model required fewer parameters than the best
species-based model.
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transmission

Despite having found that all three traits were statisti-
cally significant in at least one of the three models, the
marginal effect sizes of floral size and number of repro-
ductive structures per inflorescence (Figure 2a,c) were
small. In contrast, floral shape had a large marginal effect
on transmission potential, with large values (wider
and shorter flowers) leading to higher transmission
(Figure 2b). Looking at the individual models, a large
value for floral shape reduced the droplet infectious life-
time, but this was more than compensated for by the
higher deposition and acquisition rates. Plotting the con-
ditional dependence on the three traits revealed the same
patterns (Appendix S3: Figure S8; with only floral shape
having a large effect on transmission potential).

DISCUSSION

Here, we present the first combined analysis of the effects
of floral traits on three main steps of bee-parasite trans-
mission on flowers. In general, species-based models
provided better fits than trait-based models for parasite
deposition and survival, whereas trait-based models
performed better for parasite acquisition. Floral shape had
a strong overall effect on transmission potential, with wide
and short flowers having higher transmission potential.

Species-based models

Although other studies have not found differences in feces
deposition between plant species (Figueroa et al., 2019),
we found that R. hirta, an aster with platform-like flowers,
was the species most likely to collect feces droplets. It has
been observed that flowers with large area are more likely
to collect feces than tubular flowers (Bodden et al., 2019).
Although there were no significant differences between
species, R. hirta was also the species with the highest
acquisition rate. Unfortunately, we did not test R. hirta for
C. bombi survival on flowers, but other asters of similar
size, such as E. purpurea, reduced the survival of the

FIGURE 2
traits. Transmission potential was assessed by combining the best-

Overall transmission potential varies with floral

fit trait-based models from the three experiments multiplicatively,
and then rescaled to a maximum of 1 for the range of trait values
being considered. (a-c) Dependence on flower size, shape, and
number of reproductive structures per inflorescence respectively,
each marginalized across the other two trait values.
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parasite, so the overall effect of platform-like flowers and
R. hirta still needs to be tested.

For C. bombi survival on flowers, the maximum survival
time we observed for most species was 3 h, which is similar
to previous reports (Figueroa et al., 2019). However, for
three plant species (A. majus, P. paniculate and Plectranthus
sp.), C. bombi lived longer than 3 h in 85% of trials. This
indicates that the maximum time a contaminated flower
can remain infective could depend on the plant species and
potentially environmental variables. Earlier studies have
speculated on the role of desiccation and exposure to UV
light in causing C. bombi mortality (Figueroa et al., 2019;
Schmid-Hempel et al, 1999). In an additional analysis
based on our data of cell counts in the droplets
(Appendix S1: Section S1; Appendix S3: Figures S6, S7), we
found that droplets with 100% cell loss had almost always
completely evaporated, whereas the losses before evapora-
tion were typically much more gradual. This suggests that
although UV exposure or other processes behind the grad-
ual losses can somewhat reduce the infectivity of a droplet,
rapid desiccation after evaporation is nonetheless required
for a complete loss of infectivity.

Parasite acquisition by hosts can vary widely. For acqui-
sition of the dengue virus by Aedes aegypti mosquitos, it can
range from 5% to 20% depending on the mosquito and virus
genotype (Gloria-Soria et al., 2017). Reports of acquisition of
C. bombi on flowers range from 20% to 80% depending on
the flower species (Adler et al., 2018; Durrer & Schmid-
Hempel, 1994), whereas our acquisition rate ranged from
4% to 19%. This lower rate is probably due to the difference
that previous studies used a sugar solution as a medium for
the inoculum placed on flowers, which could inflate acquisi-
tion rates as the presence of sugar can encourage consump-
tion by bees. This is unrealistic, as C. bombi is rarely found
in the nectar of wild plants (Cisarovsky & Schmid-Hempel,
2014), and bumble bee feces contains little to no sugar
(Figueroa et al., 2019). As we did not add sugar to the inocu-
lum, we suspect that our acquisition rate is closer to natural
acquisition levels. We note, however, that although prior
studies are likely to report unnaturally high parasite acquisi-
tion rates, they may still provide comparative insight into
which species result in higher transmission risk.

Trait-based models

Floral shape was a predictor of almost all measures of feces
deposition on flowers, survival of the parasite, and acquisi-
tion by new bees. Wider and shorter flowers had a higher
percentage of flowers in the cage with droplets, more drop-
lets per flower, and increased the probability of a bee of get-
ting infected when visiting a flower contaminated with
C. bombi. Wider and shorter flowers (platform-like) could
collect more feces given the larger surface area. Floral

morphology can also shape the behavior of floral visitors
(Laverty, 1994), so it is possible that wide and short flowers
could encourage a behavior or body positioning on the
flower that would increase the chances of coming into con-
tact with the parasite. In platform-like flowers, such as
R. hirta and E. purpurea, bees usually walk on the flower
head probing multiple florets, which could increase the
chances of encountering a feces droplet. Conversely, oppo-
site to the effect on deposition and acquisition, wide and
short flowers reduced the survival of C. bombi on flowers.
This is consistent with the idea that platform-like flowers
can increase exposure to UV light and provide less protec-
tion against environmental factors that reduce parasite sur-
vival or increase the evaporation of the fecal droplet
(Figueroa et al., 2019, Schmid-Hempel et al., 1999).

Understanding each step of parasite transmission is cru-
cial to understand parasite dynamics. For example, for
malaria, in order to transmit it to humans, a mosquito first
needs to feed on an infected host, then survive long enough
for the parasite to develop, before feeding on a susceptible
host (Killeen, 2014). Additionally, decomposing these
steps can also allow us to identify nonlinearities in the
transmission process and to achieve a more realistic esti-
mate of f (transmission coefficient) for transmission models
(McCallum et al., 2017). For C. bombi, we found that wide
and short flowers decreased parasite survival, but at the
same time increased deposition of feces and acquisition
rate. This shows that to be able to determine whether a par-
ticular trait is going to have an overall positive effect on
parasite transmission, we need to assess its effect not only
on the acquisition of parasites on flowers. Although our
analysis indicates that wide and short flowers are more
likely to contribute to parasite transmission, our conclu-
sions are limited to the trait range of the species we tested.
Before making general recommendations about what type
of flowers could be used to slow down parasite spread in
managed landscapes, we need to assess a wider span of flo-
ral traits, to confirm that the pattern we observed is consis-
tent as we increase trait variation.

For floral size and the number of flowers per inflores-
cence, they were significant predictors of feces deposition
on some flower parts and survival of the parasite on
flowers, but they were not predictors of acquisition on
flowers, and their overall effect on parasite transmission
potential was small compared with floral shape. Other
studies have found that traits such as the arrangement of
the flowers on the inflorescence and the number of repro-
ductive structures can also influence parasite acquisition
rates (Adler et al., 2018; Durrer & Schmid-Hempel, 1994).
This suggests that we need to test a wider range of trait
variation on each step of transmission and that the likeli-
hood of detecting patterns may be a function of where in
trait space the species reside, interactions among traits,
and experimental conditions.
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Comparing species-based versus trait-based
models

We found that species-based models provided a better fit for
the deposition of feces on flowers and survival of C. bombi
on flowers, whereas trait-based models provided a better fit
for the acquisition of the parasite. Trait-based models could
be preferred for predicting parasite transmission because
within-species variation can be included, results can be gen-
eralized across communities due to taxonomic indepen-
dence, and we could predict transmission potential of
flower species that have not been tested (Dobson, 2004;
Truitt et al., 2019). That species-based models were a better
fit for two out of three transmission steps in our study could
be due to limited trait variation in the plants we tested.
Moreover, it is also possible that the traits that we measured
were not the most relevant traits for each of the transmis-
sion steps, or that there are additional traits that should be
included to improve the fit of the trait-based models. For
example, adding six additional traits to a model that
predicted rodent species as zoonotic reservoirs increased
accuracy from 75% to >90% (Han et al., 2015).

It is important to note that floral traits or species iden-
tity can also influence other factors that affect parasite
transmission on flowers, including bee visitation rates to
flowers and bee behavior. Floral traits such as floral area,
flower height, color and scent can influence visitation
rates (Gumbert, 2000; Rowe et al., 2020) and bee behavior
could interact with floral traits to determine the probabil-
ity of parasite deposition and acquisition. For example,
flowers that receive longer visits by honey bees are more
likely to become contaminated with viruses (Alger
et al., 2019). Additionally, bumble bees can recognize and
avoid flowers that are contaminated with C. bombi (Fouks &
Lattorff, 2011), which would ultimately reduce the risk of
transmission on flowers. Another area that should be consid-
ered in future studies is the interaction of floral traits with
environmental factors, as some transmission steps, such as
parasite survival on flowers, are likely to be affected by atmo-
spheric conditions such as relative humidity, possibly leading
to changes in the relative effect of a particular trait over sea-
sons. Models that include traits that influence both transmis-
sion as well as visitation, behavior, and environmental
factors will be important extensions of this research.

Future directions

One approach commonly used to improve habitat for bee
pollinators is wildflower strips on private and public lands
or near agricultural settings (Goulson, 2009; Hatfield
et al.,, 2012), but in most cases, this approach primarily
focuses on maximizing forage for pollinators (Blaauw &

Isaacs, 2014; Landis, 2017). However, flower plantings
could turn into transmission hotspots for bee parasites, as
increased density of bees foraging in those areas can lead to
higher transmission rates (Bailes et al., 2020; Theodorou
et al., 2016). Identifying floral traits or species that discour-
age parasite transmission could help us select flower mixes
that reduce the risk of parasite transmission in flower plant-
ings while providing floral resources for bees. Although our
results suggest that wide and short flowers are more likely
to transmit C. bombi, we need to increase the trait variation
and the number of traits tested to provide clear seed mix
guidelines. Large-scale experiments in managed pollinator
habitat would be an important next step.
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