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Abstract

Pollinators are threatened by diverse stressors, including microbial pathogens such as Crithidia
bombi. Consuming sunflower pollen dramatically reduces C. bombi infection in the bumble bee
Bombus impatiens, but the mechanism behind this medicinal effect is unclear. We asked whether
diet mediates resistance to C. bombi through changes in the gut microbiome. We hypothesized
that sunflower pollen changes the gut microbiome, which in turn reduces Crithidia infection. To
test this, we performed a gut transplant experiment. We fed donor bees either a sunflower pollen
treatment or buckwheat pollen as a control treatment, and then inoculated recipient bees with
homogenized guts from either sunflower-fed or buckwheat-fed donor bees. All recipient bees
were then fed a wildflower pollen diet. Two days after the transplant, we infected recipients with
C. bombi, and two days later, we provided another donor gut transplant. To quantify infection,
we performed both fecal screens and dissections of the recipient bees. We found no significant
differences in C. bombi infection intensity or presence between bees that received sunflower-fed
microbiomes versus buckwheat-fed microbiomes. This suggests that sunflower pollen's effects

on pathogen resistance are not mediated by gut microbiota.
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Main text

Pollinators have widespread impacts on our environment and economy [1, 2], but they
are susceptible to microbial pathogens, some of which are implicated in their declines [3]. One
such pathogen is Crithidia bombi (‘Crithidia’ hereafter), which commonly infects bumble bees
(Bombus spp.). Crithidia negatively impacts bumble bee fitness; it reduces learning and foraging
ability [4], and under stressed conditions increases worker mortality [5] and reduces colony-
founding by nearly 40% [6]. It is transmitted fecal-orally, on flowers or within colonies [7], [8].

The gut microbiome can play a significant role in bee health; variation in the bumble bee
gut microbiome predicts susceptibility to Crithidia infection [9]. Low Crithidia counts are
associated with high microbial diversity, large gut bacterial load, and the presence of certain
bacterial taxa such as Apibacter, Lactobacillus Firm-5, and Gilliamella spp. [10]. Furthermore,
gut microbial communities are a stronger predictor of host susceptibility to Crithidia than host
genetics [9].

In addition to the gut microbiome, diet can play an important role in bee resistance to
pathogens. For example, sunflower pollen (Helianthus annuus) has consistently and dramatically
reduced Crithidia infection in Bombus impatiens workers [11], and sunflower abundance on
farms was associated with reduced worker infection and increased colony reproduction [12].
Currently, two studies have linked diet to changes in bee gut microbiomes [13, 14], but none
have connected these changes to pathogen resistance. We asked if the anti-pathogenic effects of
a sunflower pollen diet are mediated by changes in the gut microbiome. Our study aims to shed
light on the interactions between diet, pathogens, and the gut microbiome, which will improve
our understanding of how floral resources affect bee health and may inform conservation
strategies for these important pollinators.

Feeding bees different diets and observing effects on pathogen resistance does not
distinguish whether resistance was due to direct effects of diet, or mediated by the diet-induced
changes in the gut microbiome. To disentangle these effects we used a gut transplant experiment,
inoculating a recipient host with the whole dissected gut contents of a donor host. This approach
is a relatively inexpensive and straightforward way to assess effects of the gut microbiome on

host phenotype, without requiring sequencing or culturing. Previous studies have used gut


https://www.zotero.org/google-docs/?broken=FOTHZE
https://www.zotero.org/google-docs/?broken=yjV8Sg
https://www.zotero.org/google-docs/?broken=MSrD7P
https://www.zotero.org/google-docs/?broken=dMYUFC
https://www.zotero.org/google-docs/?broken=yQT00B
https://www.zotero.org/google-docs/?broken=gA7Yxs
https://www.zotero.org/google-docs/?broken=vT6fUE
https://www.zotero.org/google-docs/?broken=S2n8Fw
https://www.zotero.org/google-docs/?broken=DAawPk
https://www.zotero.org/google-docs/?broken=hPe9zn

75
76
77
78
79
80

81

82
83
84
85

86
87
88
89

transplants to determine the effects of gut microbial communities on Crithidia infections [9, 10,
15], but have not addressed the potential role of diet in these interactions.

Experiments took place at the University of Massachusetts Amherst campus from May to
September 2022. We fed “donor” B. impatiens workers either sunflower pollen or buckwheat
pollen and then dissected out their guts and fed them to experimental “recipient” bees (Fig. 1)

that were then inoculated with Crithidia. We hypothesized that recipients that received gut

f Donor bees Fed either pollen h
type for 7 days _
) /."’. il : -
4‘/” ﬂ — oo Dissect gut Homogenize 7
V) P AR / \ |
{ ! ! ) g Sunflower
/./'- -+ / e . A 3 )
?‘rﬁ/ “/ﬂ ’ Dissect gut Homogenize '
) ! Buckwheat '
s J

[ Recipient bees Fed wildflower pollen for entire trial

\J \j

Assess Crithidia

1st donor gut Sy 2nd donor gut counts in feces
inoculation Crithidia exposure inoculation and guts
Day 1 Day 3 Day 5 Day 8

Fig. 1 Diagram of the experimental procedure. We treated recipient bees with a gut solution from
the dissected donor bees. On day 3 we inoculated them with Crithidia and on day 5 we gave
them a second gut treatment. We performed fecal screens and gut dissections on day 8 to assess
infection

microbes from sunflower-fed bees would exhibit lower Crithidia infections compared to those
that received gut microbes from buckwheat-fed bees. We conducted two rounds of the

experiment, using 36 recipient bees in the first round and 48 in the second, for a total of 84 bees
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(42 per microbiome treatment; bees were maintained individually and are the unit of replication).
We outline our basic methods and statistical analysis below; additional details can be found in
the supplemental material.

We removed donor bees from their natal colony and assigned them to sunflower or
buckwheat pollen diets. We placed groups of 5-10 bees (with the same diet and natal colony) in
separate containers (15 cm x 15 cm x 9 cm; Biobest LTD., Ontario, Canada) in a dark incubator
at 27 °C, and fed them their respective diet for 7 d. Then, we removed three bees per group,
dissected their guts, pooled together the supernatant solution, and mixed it with equal parts 50%
sucrose to create the microbiome solution.

Next, we removed recipient bees from the same natal colonies and randomly assigned
them to a “buckwheat-fed microbiome” or “sunflower-fed microbiome” treatment. We used non-
sterile adult workers who were presumably already inoculated with gut microbes from their
nestmates, so that our treatments are an augmentation of the existing gut microbiome. We fed
recipient bees 15 pl of microbiome solution of their assigned treatment from donors originating
from the same colony, observing until they consumed all the solution. We then isolated each bee
in a 16 oz. deli cup and fed them a wildflower pollen ball and 15 ml of 30% sucrose solution,
replaced every 2-3 days. Two days after the initial gut transplant treatment, we inoculated
recipient bees with 15 pl of Crithidia inoculum (600 cells/ul; 9000 cells total). Two days later,
we administered a second dose of sunflower and buckwheat microbiome treatments to the
recipients.

Five days after Crithidia inoculation, we quantified infection via both fecal screens and
gut dissection. Since volumes of fecal samples were often too small to assess cell counts on a
hemocytometer, we diluted feces with Ringer’s solution (Sigma-Aldrich). We counted moving
Crithidia cells in 0.02 pl aliquots of both diluted fecal samples and homogenized gut solution at
400X using a compound light microscope. After counting cells in 0.02 pl diluted feces, we
calculated cells/ul feces after accounting for dilution, while in guts we retained counts per 0.02
ul as our response. We collected the right forewing of each bee and measured marginal cell
length using ImageJ to estimate bee size [16].

We used R version 4.2.1 [17] for all analyses and the glmmTMB function [18] for all
models. We analyzed four responses in separate models: Crithidia presence and cell counts in 1

ul of feces and Crithidia presence and cell counts in 0.02 pl of gut solution. We used
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microbiome treatment and bee size (estimated as marginal cell length) as fixed effects, with
Crithidia inoculation date and colony as random effects in all initial models, including fecal
volume as an additional fixed effect in the fecal models. We used the DHARMa package [19] to
assess model fit, and AIC for model selection (AICcmodavg package [20]). Microbiome
treatment was always retained in the final models since that was our variable of interest. Colony
was retained as a random effect in the models for cells per ul feces and probability of cell
presence in 0.02 pl of gut solution. Sample sizes for sunflower and buckwheat microbiome
treatments were 24 and 32 respectively for the fecal models, and 30 and 34 for the gut models.
We found no significant difference in Crithidia cell counts between buckwheat-
microbiome and sunflower-microbiome bees in feces or gut solutions (Fig. 2a and 2c, Table 1a
and 1c). There was also no significant difference in probability of Crithidia presence in feces or
gut solution (Fig. 2b and 2d, Table 1b and 1d). Surprisingly, higher fecal volume corresponded
with a higher probability of cells in feces (Table 1d), but lower cell counts (Table 1c). Larger

Terms a. Cells/0.02 ul gut b. Probabliz of cells in c. Cells/ul feces d. Probal::cielic;of cells in
x? p x° p x° P x? p
Treatment 0.069 0.793 0.602 0.438 0.078 0.780 0.262 0.609
Bee size 2.962 0.085 5.024 0.025 0.098 0.754 7.182 0.007
\F/ZTSLqe n/a n/a n/a n/a 5.536 0.019 6.482 0.011

Table 1. X? and p values from final models predicting (a) Crithidia cells per 0.02 ul of gut
solution, (b) the probability of Crithidia cells in 0.02 pl of gut, (¢) Crithidia cells per pl of feces,
and (d) the probability of Crithidia cells in 1 pl of feces. Bold text indicates p < 0.05
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Fig. 2 Effect of sunflower pollen on (a) Crithidia cells per pl of feces, (b) the probability of
Crithidia cells in 1 pl feces, (¢) Crithidia cells per 0.02 ul of gut solution, and (d) the probability
of Crithidia cells in 0.02 pl of gut solution in Bombus impatiens workers. Means estimated by a
generalized linear model; error bars indicate standard error back-transformed by emmeans

bees also had lower probability of Crithidia presence in feces (Table 1d) and a non-significant
trend for lower counts in gut solution (Table 1a).
Our results suggest that sunflower pollen’s ability to reduce Crithidia infection in B.

impatiens is not due to changes in the gut microbiome. There may have been diet-induced
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changes in the gut microbiome, but they did not significantly reduce Crithidia infection. We used
workers with already established gut microbial communities, due to high mortality of newly
emerged bees in prior versions of the experiment. This may have made it more difficult for the
microbiome treatments to alter the existing microbial community. Additional experiments using
newly emerged bees without an established microbiome may show stronger treatment effects.
However, recent data show that Bombus impatiens workers fed sunflower pollen exhibited
similar gut bacterial communities, in both composition and diversity, to those fed a wildflower
pollen mix (Fowler et al., in prep). Compared to the control, bees fed sunflower pollen did not
have higher prevalence of the bacterial taxa associated with lower Crithidia infections found in
previous research [10]. This finding is consistent with our results that gut bacterial communities
transplanted from sunflower-fed bees had no effect on Crithidia infection in recipients. Together,
these results suggest that sunflower pollen does not alter the bee gut microbial community in
ways that reduce Crithidia infection.

The mechanism underlying sunflower pollen’s dramatic effect on Crithidia infection is
still not established. However, new research suggests that the spiny sunflower pollen exine is
responsible [21], which may mean the effect is mechanical rather than chemical. Uncovering the
mechanism behind sunflower pollen’s medicinal properties will help further our knowledge of

how certain plants may benefit declining pollinator populations.


https://www.zotero.org/google-docs/?broken=gaillN

170
171
172
173
174

175
176

177
178
179

180
181
182

183
184
185

186
187
188

189
190

191
192
193

194
195
196

197
198
199

200
201

202
203
204

205

References

1. Klein A-M, Vaissiere BE, Cane JH, et al (2007) Importance of pollinators in changing
landscapes for world crops. Proc R Soc B Biol Sci 274:303-313.
https://doi.org/10.1098/rspb.2006.3721

2. Ollerton J, Winfree R, Tarrant S (2011) How many flowering plants are pollinated by
animals? Oikos 120:321-326. https://doi.org/10.1111/j.1600-0706.2010.18644.x

3. Cameron SA, Lozier JD, Strange JP, et al (2011) Patterns of widespread decline in North
American bumble bees. Proc Natl Acad Sci 108:662—667.
https://doi.org/10.1073/pnas.1014743108

4. Gegear RJ, Otterstatter MC, Thomson JD (2005) Does parasitic infection impair the ability of
bumblebees to learn flower-handling techniques? Anim Behav 70:209-215.
https://doi.org/10.1016/j.anbehav.2004.09.025

5. Brown MJF, Loosli R, Schmid-Hempel P (2000) Condition-dependent expression of virulence
in a trypanosome infecting bumblebees. Oikos 91:421-427. https://doi-
org.silk.library.umass.edu/10.1034/j.1600-0706.2000.910302.x

6. Brown MJF, Schmid-Hempel R, Schmid-Hempel P (2003) Strong context-dependent
virulence in a host-parasite system: reconciling genetic evidence with theory. J] Anim Ecol
72:994-1002. https://doi-org.silk.library.umass.edu/10.1046/1.1365-2656.2003.00770.x

7. Durrer S, Schmid-Hempel P (1997) Shared use of flowers leads to horizontal pathogen
transmission. Proc R Soc Lond B Biol Sci 258:299-302. https://doi.org/10.1098/rspb.1994.0176

8. Otterstatter MC, Thomson JD (2007) Contact networks and transmission of an intestinal
pathogen in bumble bee (Bombus impatiens) colonies. Oecologia 154:411-421.
https://doi.org/10.1007/s00442-007-0834-8

9. Koch H, Schmid-Hempel P (2012) Gut microbiota instead of host genotype drive the
specificity in the interaction of a natural host-parasite system. Ecol Lett 15:1095-1103.
https://doi.org/10.1111/5.1461-0248.2012.01831.x

10. Mockler BK, Kwong WK, Moran NA, Koch H (2018) Microbiome structure influences
infection by the parasite Crithidia bombi in bumble bees. Appl Environ Microbiol 84:€02335-17.
https://doi.org/10.1128/AEM.02335-17

11. Giacomini JJ, Leslie J, Tarpy DR, et al (2018) Medicinal value of sunflower pollen against
bee pathogens. Sci Rep 8:14394. https://doi.org/10.1038/s41598-018-32681-y

12. Malfi RL, McFrederick QS, Lozano G, et al (2023) Sunflower plantings reduce a common
gut pathogen and increase queen production in common eastern bumblebee colonies. Proc R Soc
B Biol Sci 290:20230055. https://doi.org/10.1098/rspb.2023.0055

13. Billiet A, Meeus I, Van Nieuwerburgh F, et al (2016) Impact of sugar syrup and pollen diet


https://www.zotero.org/google-docs/?broken=3d5nt3
https://www.zotero.org/google-docs/?broken=3d5nt3
https://www.zotero.org/google-docs/?broken=3d5nt3
https://www.zotero.org/google-docs/?broken=YDXJxl
https://www.zotero.org/google-docs/?broken=YDXJxl
https://www.zotero.org/google-docs/?broken=5JgThT
https://www.zotero.org/google-docs/?broken=5JgThT
https://www.zotero.org/google-docs/?broken=5JgThT
https://www.zotero.org/google-docs/?broken=czEQaO
https://www.zotero.org/google-docs/?broken=czEQaO
https://www.zotero.org/google-docs/?broken=czEQaO
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=cO7898
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://www.zotero.org/google-docs/?broken=lniN9Y
https://doi-org.silk.library.umass.edu/10.1046/j.1365-2656.2003.00770.x
https://www.zotero.org/google-docs/?DdKgfd
https://www.zotero.org/google-docs/?DdKgfd
file:///C:/Users/rachelyost/Downloads/Otterstatter%20MC,%20Thomson%20JD%20(2007)%20Contact%20networks%20and%20transmission%20of%20an%20intestinal%20pathogen%20in%20bumble%20bee%20(Bombus%20impatiens)%20colonies.%20Oecologia%20154:411–421.%20https:/doi.org/10.1007/s00442-007-0834-8
file:///C:/Users/rachelyost/Downloads/Otterstatter%20MC,%20Thomson%20JD%20(2007)%20Contact%20networks%20and%20transmission%20of%20an%20intestinal%20pathogen%20in%20bumble%20bee%20(Bombus%20impatiens)%20colonies.%20Oecologia%20154:411–421.%20https:/doi.org/10.1007/s00442-007-0834-8
file:///C:/Users/rachelyost/Downloads/Otterstatter%20MC,%20Thomson%20JD%20(2007)%20Contact%20networks%20and%20transmission%20of%20an%20intestinal%20pathogen%20in%20bumble%20bee%20(Bombus%20impatiens)%20colonies.%20Oecologia%20154:411–421.%20https:/doi.org/10.1007/s00442-007-0834-8
https://www.zotero.org/google-docs/?broken=J0EsSF
https://www.zotero.org/google-docs/?broken=J0EsSF
https://www.zotero.org/google-docs/?broken=J0EsSF
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=1N99FA
https://www.zotero.org/google-docs/?broken=JlzWCo

206
207

208
209
210

211
212
213

214
215

216
217

218
219
220
221

222
223

224
225

226
227
228

on the bacterial diversity in the gut of indoor-reared bumblebees (Bombus terrestris). Apidologie
47:548-560. https://doi.org/10.1007/s13592-015-0399-1

14. Ricigliano VA, Williams ST, Oliver R (2022) Effects of different artificial diets on
commercial honey bee colony performance, health biomarkers, and gut microbiota. BMC Vet
Res 18:1-14. https://doi.org/10.1186/s12917-022-03151-5

15. Népflin K, Schmid-Hempel P (2016) Immune response and gut microbial community
structure in bumblebees after microbiota transplants. Proc R Soc B Biol Sci 283:20160312.
https://doi.org/10.1098/rspb.2016.0312

16. Nooten SS, Rehan SM (2020) Historical changes in bumble bee body size and range shift of
declining species. Biodivers Conserv 29:451-467. https://doi.org/10.1007/s10531-019-01893-7

17. R Core Team (2021) R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna (Austria). https://www.R-project.org/

18. Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen A, Skaug HJ,
Maechler M, Bolker BM (2017) glmmTMB balances speed and flexibility among packages for
zero-inflated generalized linear mixed modeling. R J 9:378—400. https://doi.org/10.32614/RJ-
2017-066

19. Hartig F (2022) DHARMa: residual diagnostics for hierarchical (multi-level / mixed)
regression models. R package version 0.4.6. https://CRAN.R-project.org/package=DHARMa

20. Mazerolle M J (2023) AICcmodavg: model selection and multimodel inference based on
(Q)AIC(c). R package version 2.3.2. https://cran.r-project.org/package=AICcmodavg

21. Figueroa LL, Fowler A, Lopez S, et al (2023) Sunflower spines and beyond: mechanisms and

breadth of pollen that reduce gut pathogen infection in the common eastern bumble bee. Funct
Ecol 37:1757-1769. https://doi.org/10.1111/1365-2435.14320

10


https://www.zotero.org/google-docs/?broken=JlzWCo
https://www.zotero.org/google-docs/?broken=JlzWCo
https://www.zotero.org/google-docs/?broken=JlzWCo
https://www.zotero.org/google-docs/?broken=JlzWCo
https://www.zotero.org/google-docs/?broken=wGTD9M
https://www.zotero.org/google-docs/?broken=wGTD9M
https://www.zotero.org/google-docs/?broken=wGTD9M
https://www.zotero.org/google-docs/?broken=wGTD9M
https://www.zotero.org/google-docs/?broken=wGTD9M
https://www.zotero.org/google-docs/?broken=wGTD9M
https://www.zotero.org/google-docs/?broken=wGTD9M
https://www.zotero.org/google-docs/?broken=wGTD9M
https://www.zotero.org/google-docs/?broken=wGTD9M
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=vpkXp6
https://www.zotero.org/google-docs/?broken=dcgGGK
https://www.zotero.org/google-docs/?broken=TXYucZ
https://www.zotero.org/google-docs/?broken=TtfPaU
https://www.zotero.org/google-docs/?broken=pWjQsb
https://www.zotero.org/google-docs/?broken=LFQSR1
https://www.zotero.org/google-docs/?broken=66lMmv
https://www.zotero.org/google-docs/?broken=66lMmv
https://www.zotero.org/google-docs/?broken=66lMmv
https://www.zotero.org/google-docs/?broken=66lMmv
https://www.zotero.org/google-docs/?broken=66lMmv
https://www.zotero.org/google-docs/?broken=66lMmv
https://www.zotero.org/google-docs/?broken=66lMmv
https://www.zotero.org/google-docs/?broken=Cj3bZI
https://doi.org/10.1111/1365-2435.14320

229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246

Statements and Declarations

Funding
This work was supported by National Science Foundation Integrative Biology grant 2128221 and
USDA/CSREES (Multi-state Hatch) NE2001.

Competing Interests
The authors have no competing interests.

Author contributions

LSA and AEF conceived and designed the experiment. RTY collected the data and carried out
the research. AEF analyzed the data. RTY wrote the first draft of the manuscript and all authors
contributed to subsequent drafts. All authors read and approved the final manuscript.

Data availability

All data and code will be made publicly available at Scholarworks@UMass upon acceptance for
publication.

11



