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Abstract

Resource limitation is a central ecological phenomenon shaping pollinator behavior,
reproduction, and community dynamics. Many studies have looked at these interactions, but few
have forced competition and explored species-specific responses. Here, we experimentally
evaluated behavioral and reproductive responses of honey bees (Apis mellifera), bumble bees
(Bombus impatiens), and mason bees (Osmia bruneri) in controlled single and multispecies
foraging environments. Across all treatments, each species exhibited distinct forms of behavioral
compensation when exposed to increased interspecific competition. Apis mellifera reduced the
number of foraging events in mixed species cages yet showed variation in colony growth. B.
impatiens increased foraging effort when co-foraging with other species, but this heightened
activity did not translate into increased colony growth. O. bruneri maintained consistent foraging
effort across treatments but exhibited reduced reproduction and a marked shift in floral host use,
switching from preferred species (Phacelia tanacetifolia and Melilotus alba) to less-preferred
alternatives (Collinsa grandiflora and Trifoliumincarnatum) when competing with social bees.
Regardless of compensatory behaviors, all three species demonstrated reduced reproductive
success under competitive conditions. Our findings underscore the importance of evaluating

interspecific competition when placing managed bees in natural or semi-natural habitats to avoid
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inadvertently stressing wild or managed bee populations and taking into consideration species-

specific responses in addition to community level responses to competition.

I ntroduction

Resource availability is a fundamental ecological phenomenon shaping the behavior,
distribution, and fitness of organisms across taxa (Tilman 1982, Holt and Bonsall 2017, Filipiak
and Weiner 2017, Jeavons et al. 2022). The availability of food, nesting sites, or water are scarce
and/or unpredictable, and consumers often exhibit behavioral shifts that enhance their ability to
locate, acquire, and defend these limited resources (Auer et al., 2020, Abrahms et al., 2021,
Duchenne et al., 2020). Such behavioral plasticity can influence community structure, alter
interspecific interactions, and drive evolutionary trajectories. Among pollinators, access to floral
resources determines individual survival, colony growth, and reproductive output, making them
especially sensitive to changes in resource availability (Roulston and Goodell 2010, Vaudo et al.
2015). When resources become scarce, whether due to natural variability (i.e. weather), habitat
degradation, or elevated forager densities, pollinators often exhibit compensatory behavioral
responses aimed at maintaining energetic balance (Nagano et al. 2023, Treanore et al. 2025).
Such shifts can precede detectable declines in abundance or fitness, underscoring the importance

of identifying the behavioral mechanisms underpinning competitive interactions.

Competition in pollinators for limited resources generally occurs through two main
pathways: interference competition and exploitative competition. Interference competition
involves direct interactions such as aggression or displacement at flowers. However, in many
pollinator systems, interference is relatively rare (Brittain et al. 2013, Graham et al. 2018,
Rasmussen et al. 2021), whereas exploitative competition, indirect depletion of shared floral

resources, has been found to affect foraging intensity, floral choice, and reproductive
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performance (Thomson 2004; Goulson 2010). Additional stressors, including reduced pollen
quality, asynchronous flowering, and anthropogenic pressures, may further exacerbate resource
limitation and its consequences (Rankin et al. 2020, Stuligross and Williams 2020, Trunschke et
al. 2024, McCabe et al. 2026). Among pollinators, the interactions between managed honey bees
with wild bees and how these relationships shape positive or negative fitness between species has
received major research attention (Hudewenz and Klein 2015, Paini and Roberts 2005). Despite
many studies looking at this competitive interaction, no generalizations have been made, and it
seems like these interactions are based on location, carrying capacity of the system, stocking
rates on honey bees, and which species/traits are being measured (Mallinger et al. 2017, Pike and

Rittschof 2025).

Despite many studies investigating the effects of honey bee competition on wild bees or
other non-Apis bees, almost all studies lump bees into one of two dichotomies, honey bees or
non-honey bees (Hudewenz and Klein 2013, Maclnnis et al. 2023) or rather just honey bees and
bumble bees (Elbgami et al. 2014, Wojcik et al. 2018,). This broad grouping overlooks the
importance of species! Ispecific behavioral responses to competition. More directly, experimental
additions of honey bee colonies have been shown to reduce fitness in certain native species, for
instance, cavityl Inesting bees experienced skewed sex ratios, higher offspring mortality, and
reduced nest provisioning (Prendergast et al. 2025). Individual species interactions have also
shown to alter honey ™ bee foraging and increase single[visit effectiveness when non 1 Apis bees
col1forage (Brittain et al. 2013). By lumping diverse species into two or three broad groups,
honey bees, other social bees, and solitary bees, meaningful variation may be concealed in how
individual species respond to competition. Recognizing speciesCispecific responses is essential

for understanding and maintaining resilient, functionally robust bee communities.
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In this experiment, we explicitly forced interspecific competition in semi_field cages to
test specieslIspecific behavioral compensation and fitness outcomes for honey bees (Apis
mellifera L), bumble bees (Bombus impatiens Cesson, 1863), and mason bees (Osmia bruneri
Cockerell, 1897). We tested species-specific response as evidenced through their behavior and
fitness (via reproduction or colony growth) with and without competition. To do this we
examined bee-bee interactions, changes in floral selection, foraging patterns, and reproductive
output in floral restricted cage environments. By establishing mixed-species pollinator
communities in semi-controlled environments, we measured changes in nesting success, pollen
use, and interspecific interactions. We predict that A. mellifera and B. impatiens would increase
foraging effort under resource depletion but would be buffered from negative outcomes. Social
bees, specifically A. mellifera and B. impatiens, can rely on labor reallocation and social
homeostasis to buffer short-term stress (Seeley 1997; Donaldson-Matasci & Dornhaus 2012;
Perry et al. 2015). In contrast, solitary bees, specifically O. bruneri, lack colony-level buffering
and must instead adjust at the individual level, often through changes in floral preference or
reductions in nest provisioning (Hudewenz & Klein 2015; Iwasaki et al. 2018; Eckhardt et al.
2014). Our second prediction, therefore, is that O. bruneri would exhibit decreased reproduction
due to their solitary nature (i.e. no worker caste) which subjects them to the inability to adjust
foraging efforts. However, in response to a decrease in preferred floral resources we expect to

see O. bruneri switch hosts to less preferred plants.

Methods

Sudy Systemand Floral Resources: This study was conducted at the USDA ARS
Pollinating Insect Research Unit (PIRU) experimental garden located on the Utah State

University campus in Logan, Utah, USA over three years: 2020, 2021, and 2022. Trials took
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94  place inside portable screened cages (6.1 x 6.1 x 1.8 m) over cultivated row crops of flowering
95  plants, using three species of bees: honey bees (Apis mellifera), bumble bees (Bombus
96 impatiens), and mason bees (Osmia bruneri). Year one (2020) did not yield analyzable data
97  because we found that unlike O. bruneri, which we have successfully reared in cages provisioned
98  with asingle floral species (Lacy phacelia), this method was insufficient to sustain honey bees
99  and bumblebees (Williams and Christian 1991, Sprague et al. 2016). The following two years
100 (2021, 2022) nine plant species from six families (Table 1) were selected to span a wide range of
101  taxonomic diversity, flowering phenologies, and floral characteristics to provide a diverse supply
102  of pollen and nectar throughout the growing season for all three bee species. All plants were
103 sown from commercially available seed in rows such that each cage had an even distribution of
104  flowers (totaling three rows of each plant species per cage), received irrigated water throughout
105  the trials and were weeded as necessary. A total of fifteen cages were set over the rows in three
106  replicates. Each replicate consisted of five cages randomly assigned to each bee species alone
107  (three cages) or with all three bee species combined (two cages). Trials began when it was
108  determined that an adequate supply of bloom (~ 30% bloom) was available and ended after
109  bloom was complete for a total of four weeks in 2021 (June 12 — July 10) and six weeks in 2022
110  (June 20 — August 2). Floral resource availability was not quantified in 2021, however in 2022
111 we collected weekly data on floral abundance and blooming periods of each plant species. To do
112 this we estimated plant cover (as a percentage of the three rows planted per species) and bloom
113 (percentage of plant cover in bloom), with three people recording values to calculate an average

114  in each cage (Supplemental Figure 1).

115  Bees: Micro honey bee colonies were started new each year using commercially available bees

116  purchased from commercial supplier in California. Packages contained 1.4 Ib (0.64 kg) of
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117  workers and a new queen were installed in Eco Bee Boxes (Saskatoon, Saskatchewan, Canada).
118  Each micro colony consisted of three boxes (each containing six mini frames with a natural was
119  starter strip) between a top cover and bottom board (with landing board). Colonies were allowed
120  to establish for two weeks on a sucrose solution and a small patty of Ultra Bee artificial pollen

121 (www.mannlakeltd.com), while also freely foraging for local resources outside cages. Prior to

122 trials, each colony was inspected and equalized such that each contained a live queen, ten frames
123 covered with worker bees, six frames of brood and three frames of honey/pollen. Fresh water

124  was provided in each cage. Colonies were weighed weekly and inspected for varroa mites.

125  B. impatiens colonies were purchased from Koppert Biological Systems, Inc.

126 (https://www.koppertus.com) and reduced in size so that there was one queen,10 workers, and

127  their developing brood. Colony containers were installed in a larger plastic container with vent
128  holes and an inspection port allowing the use of a borescope for periodic inspection as described

129  in Koch et al. (2021). Colonies were weighed and inspected weekly.

130  O. bruneri were sourced locally from a population managed by PIRU for over ten years.

131 Artificial nest blocks (12.7 x 15.2 x 15.2 cm) were constructed of foam laminates containing

132 sixteen —4 mm straws. Nest blocks were placed in cages inside an open container that provided
133 protection from rain (approximately 1.5 m off the ground). A total of twenty bees (ten each male
134  and female) were released in each cage. Completed nest straws were removed daily and replaced

135  with empty straws to not limit nesting rates.

136  Behavioral responses evaluated in 2022 included interactions, visitations, and foraging rates.

137 Interactions: To determine interference competition, we monitored behavioral

138 interactions of five individuals of the study species once a week. In each cage, we observed the
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139  foraging behavior of five individual bees for each species. Foraging behavior data included

140  which flowering species were visited, the duration spent on each flower or inflorescence, and if
141  they touched or where in proximity to another bee (of the same or different species), as well as
142 any post-interaction response (i.e. flew away or no response). Interactions were scored as a

143  presence/absence, and included any individual being bumped, pushed, or moved by another

144  individual, and the context of that interaction.

145 Visitation: Visitation rates and floral preferences were calculated weekly by counting

146  Dbees visits at each of the nine plant species for up to 30 minutes per sample at five times

147  throughout the day at 08:00, 10:00, 12:00, 14:00 and 16:00. Observers would count the number
148  of bees on each inflorescence, identifying both the bee species and the plant species, regardless
149  of whether they were observed collecting pollen, nectar, or another behavior (e.g., grooming). To
150 calculate floral preference, we used the selection ratio method described in Simanonok et al

151 (2021). The average selection ratio ([number of bee visits to a specific plant species/total bee
152 visits to all plant species within that site]/the percent cover available of that plant species) + SE
153  was calculated for each plant species in each cage. Plant species are considered selected for when
154  the selection ratio is closer to one. For each bee species, overall differences between mixed and
155  single cage treatments were tested using PERMANOVA on Euclidean distances computed from
156  cage-level score vectors; divergence between treatment means was summarized using Euclidean,
157  Cosine (1 - similarity), and Bray—Curtis distances. For each plant species, score distributions
158  were compared between treatments using the Wilcoxon rank “Isum test with Benjamini—

159  Hochberg FDR adjustment, and Cliff’s delta quantified nonparametric effect sizes and direction.

160  All statistical analyses were conducted using R 4.1.0 using packages tidyverse (Wickham et al
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161 2019), vegan (Oksanen et al 2026), effectsize (Ben-Shachar et al 2020), and philentropy (Drost

162 2018).

163 Foraging rates and numbers. Foraging rates were monitored to detect differences in

164  foraging time between single treatments and interaction treatments. We conducted foraging

165  observations weekly over five time periods throughout the day, similar to visitation rates, but on
166  different days. For each observation period an observer would track five individuals per bee

167  species in each cage for up to five minutes maximum. The observer would select a bee that was
168  coming out of the nest/hive and start recording how long that individual spent at each flower or
169 inflorescence, and the total time it took them to return to nest/hive. Monitoring stopped when the
170  bee returned to the hive/nest, stopped visiting flowers (e.g., bounced off cage walls or stayed in

171 one location), or was lost to the observer (i.e., flew rapidly away).

172 To test the number of foragers we counted bee visits at each of the nine plant species for up to 30
173 minutes per sample at five times throughout the day at 08:00, 10:00, 12:00, 14:00 and 16:00.

174  Observers would count the number of bees on each inflorescence, identifying both the bee

175  species and the plant species, regardless of whether they were observed collecting pollen, nectar,
176  or another behavior (e.g., grooming). we ran a generalized linear mixed model (GLMM) to test
177  for differences between bee species and treatments (single vs mixed interactions). For this model
178  we compared the number of plants visited in the 5-minute observation period by treatment and
179  species, with cage # being a random effect. Additionally, we wanted to test if foraging changed
180  throughout the day or if it changed throughout the season. To do this we ran six GLMMs, one
181  model for each species for time of day and over the season. These models were all structured the
182  same way by filtering just the data of one the three species (A. mellifera, B. impatiens, or O.

183  bruneri) and averaging the number of visits across the season into their respective time intervals
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with visits as the response variable and treatment and time of day and the predictor variables,
once again cage was a random effect. Likewise, for seasonally changes, visits were averaged to
weekly observations and tested where visits were the response variable and treatment, and week
were the predictor variables. All statistical analyses were done using R 4.1.0 using packages

Ime4 (Bates et al 2015).

Reproductive output or colony growth: We measured reproductive output of all three bee species
in species-specific ways. Reproduction and colony growth metrics were measured in 2021 and
2022. Weight (g) measurement was taken weekly to measure the reproductive success of the A.
mellifera microcolonies. Weight is an indicator to colony growth we attributed increased colony
growth as a “healthy” colony (Lefebvre and Pierre 2006). Additionally, we took measurements
on several colony indicators, including number of live workers, number of dead brood, number
of cells with honey, and the presence of a queen. At the end of the season frames were pulled out
of each hive, and the number of live workers were counted, and the occupied cells were counted
and categorized. We tested for differences in colony weight over time with linear regression
models with weight as the response variable and treatment and year as predictor variables (H1:
we predict that there will be a decrease in colony weight over time if there were limited
resources available for A. mellifera). Since many of the colonies did so poorly, we ran zero-
inflated GLM’s with Poisson distributions for the colony size metrics One of the three metrics
(number of live workers, number of dead brood, and number of cells with honey) were used as
the response variable in the fitted GLM model with treatment as the predictor variables. Prior to
analyses we tested for zero-inflated and overdispersal to determine which models to use (H2: we
predict that there will be a decrease in number of live workers, number of dead brood, and

number of cells with honey if there were limited resources available for A. mellifera). Statistical
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207  analyses were done using R 4.1.0 using packages glmmTMB (Brooks et al 2017) and DHARMa

208  (Hartig 2024) to test residuals.

209 B. impatiens colony reproduction was estimated by measuring weight of colony growth
210  during the season, amount of colony organic matter in the colony at end of season, and number
211 of open cells of male and females in the colonies. Colonies were weighed bi-weekly and queen
212 status determined. At end of season, the colonies were culled by freezing and taken apart to

213 determine number of nest cells, bumble bee created organic matter (bees, wax, silk), and other
214  measures. From the deceased colonies, we measured total colony weight, weighed the total

215  organic material produced, and the number of open cells. We fit three GLM’s with Poisson

216  distributions for the colony size metrics. One of the three metrics: 1) colony weight (H1: we

217  predict that there will be a decrease in colony weight over time if there were limited resources
218 available for B. impatiens), 2) total organic material (H2: We predicted that total organic matter
219 would increase with colony strength given that strong colonies tend to be larger ), 3) open cells
220  (H3: We predicted that colonies with more open cells would be healthier and large colonies,

221 since open cells can be an indication on emerged individuals) were used as the response variable
222 in the fitted GLM model with treatment as the predictor variables. Prior to analyses we tested for
223 overdispersal to determine which model family to use. Statistical analyses were done using R
224 4.1.0 using packages gimmTMB (Brooks et al 2017) and DHARMa (Hartig 2024) to test

225  residuals.

226 O. bruneri, nesting straws were collected at night once a week in the same data
227  collection period as A. mellifera and B. impatiens. A radiograph image of each nest was taken to
228  determine the number of cells laid during that week. Nest straws were returned to the same place

229  that night, to not disturb reproduction. Furthermore, radiograph images were taken for all
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230 completed nests at the end of the study to determine the total number of cells made, and the

231 contents of the cells. We used a Faxitron 48804N, (Faxitron Bioptics, Tuscon, AZ) to capture a
232 radiograph of each bee nest at 28 KV for 15 seconds. To test if reproduction differed between
233 treatments (single v mixed interactions) we fit four GLMs to examine four reproduction metrics:
234 1) number of cells made per cage (H1: we predict that there will be a change in the number of
235  cells made per cage if there were limited resources available for the female O. bruneri to

236 provision nests); 2) Number of cells per nest, (H2: O. bruneri typically provisions 3- 5 cells per
237  nest, likewise we suspect that a decrease in this number could indicate lower resource

238  availability). 3) Number of alive adults pre-overwintering. (H3: O. bruneri overwinter as adult
239 and there we predict that limited resources would limit development and therefore produce less
240  bees that made it to adulthood); 4) Number of “pollen balls”, which is a provision mass that was
241  fully made and either had an egg laid on it that never developed or never had an egg laid on it.
242 (H4: We predict that an increase of pollen balls could signify a stressful environment.) One of
243 these four reproduction metrics were used as the response variable in the fitted GLM model with
244  treatment as the predictor variables, using a binomial distribution. Statistical analyses were done

245  using R 4.1.0 using packages Ime4 (Bates et al. 2015).

246 Results

247 I nter actions. We found no evidence of interference competition between any of the species.
248  Atotal of 1,598 floral visitations by individual bees were recorded, equally represented across
249  species. Of those visits, only 41 interactions (i.e. bees “bumping” bees off visiting flowers) were
250  observed (2.57% of total interactions) with 10 interactions observed in single species treatments
251  and the other 31 interactions in the mixed species treatments (Tabel 1). 55% of the mixed species

252 treatments interactions (17/31 interactions) were intraspecific interactions, mainly O. bruneri -
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253  O. bruneri interactions. While the other 48% (14/31 interactions) consisted of A. mellifera- O.
254  bruneri interactions (19%) and A. mellifera- B. impatiens (26%) interactions where A. mellifera

255  was “bumping” the other species off the flower.

256 Floral Preference: Community floral preference between single and mixed changes did not
257  significantly change for A. mellifera (df =5, F = 0.55, p = 0.651) or B. impatiens (df =5, F =
258  1.63, p =0.414). However, the mixed and single treatments did impact floral preference for O.
259  bruneri (df =5, F=3.51, p =0.028). O. bruneri shifted from P. tanacetifolia (p = 0.009) to

260  higher visitations of T. incarnatum (p = 0.005) and R. sativus (p = 0.002) in mixed cages (Figure
261 1), despite T. incarnatum being less abundant in some of the cages. Strong preference of O.

262  bruneri for M. alba was also noted but we failed to detect a significant difference between

263 treatments (p = 0.36). In both single and mixed cages A. mellifera preferred M. alba followed
264  closely by P. tanacetifolia (Figure 1). B. impatiens strongest preference was H. annuus and then
265 M. alba in both mixed and single cages (Figure 1). While the overall model was not significant,

266  B. impatiensdid show a small shift towards P. tanacetifolia (p = 0.051) when in mixed cages.

267 Foraging: Foraging patterns differed between species and among treatments. A. mellifera

268  exhibited decreased floral visitation when placed in mixed species treatments versus when they
269  were alone (df =5, F=16.72, p <0.001). On average A. mellifera had 35 visitations in single
270  species treatments and 17 visitations per cage per day in mixed species treatments. Conversely,
271 B.impatiensincreased their number of floral visitations (df = 5, F=9.98, p < 0.001) with an

272 average visitation of 4 visitations per cage per day in the single species treatments and 14 in the
273 mixed species treatments. O. bruneri floral visitations did not change between treatments (df =5,
274  F=0.285, p =0.594), and on average there were 3 visitations in the single species and 3.1

275  visitations in mixed species treatments.


https://doi.org/10.64898/2026.07.20.739566

bioRxiv preprint doi: https://doi.org/10.64898/2026.07.20.739566; this version posted July 21, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

276 Similar patterns were observed with foraging throughout the day (~10 hours of daytime

277  activity observed). The number of bees foraging in a treatment cage changed based on species
278  and time of day. The number of A. mellifera foragers linearly increased from 08:00 — 16:00 (df =
279 5,F=7.07, p<0.001). With the average number of foragers amounting to 10 individuals at

280  08:00 to nearly 40 individuals at 16:00. In cages with all three species, the number of foragers
281  present was greater at all sampling times as compared to those cages that only contained A.

282  melifera(df =5, F=16.72, p < 0.001). On average, the all-species cages had 14 more A.

283  mellifera foragers than in the singular species cage. B. impatiens foragers also increased linearly
284  in number of foragers throughout the day; except they did not start foraging until 10:00. Average
285  number of foragers at 10:00 was 5 and at 16:00 it was 10 individuals. Treatment cages with all
286  species had an average of ten B. impatiens foragers, while bees in treatments cages with only B.
287  impatienshad an average of six foragers. O. bruneri foraging started at 10:00 similarly to B.

288  impatiens. However, rather than increasing throughout the day O. bruneri followed a parabolic
289  distribution where peak foraging was between 12:00 — 14:00 with about five foragers at peak

290  during the 14:00 hour.

291 Reproductive Output: For colony weight of A. mellifera, the two years differed significantly
292  inthe changes in weight over the course of the season (df = 58, F= 34.3036, p < 0.001), with all
293  colonies gaining weight in 2021 (P= 0.001), without significant differences in colony weight

294  between treatments in singles (4.45 +/- 0.26 kg) or mixed cages (4.74 +/- 0.25 kg) (P=0.148). In
295 2022, the A. mellifera colonies lost weight during the season (P=0.008) and competition by the
296  three species had negative impact (P=0.023) (A. mellifera by self, 5.9 +/- 0.14 kg; A. mellifera
297  with other species, 5.65 +/- 0.12 kg) (df=51, F=3.9035, p = 0.0032). The number of live workers,

298  dead brood and cells with honey all showed negative impacts in the mixed species treatment
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299  compared to the single species treatment (Fig 6). Mixed species cages had 20.6 +/- 6.07 live

300  workers at the end of the season compared to the 65.33 +/- 26.27 live workers in the single

301 treatment (df =5, Z=5.395, p < 0.001). Dead brood was four times higher in mixed cages than in
302  single species cages with 202.83 +/- 64.16 dead brood cells in mixed treatments compared to 55
303  +/- 11.02 dead brood cells in single species treatment (df =5, Z =-15.73, p < 0.001).

304  Additionally, cells with honey production also increased in single species treatments, 523 +/-

305  301.95 cells in single species treatment and 92 +/-45.42 cells in mixed treatments (df =5, Z =
306 43.29, p <0.001). Finally, we also noted queen presence at the end of the season. Only one queen

307  out of the 15 colonies survived, and that was in a single species cage.

308 We found differences in B. impatiens colony weight between 2021 and 2022. \We observed
309 that colonies maintained their weights in 2021 but lost weight in 2022. Interactions with other
310  species was only a significant effect in 2022 when looking at weight changes over time (df= 53,
311 F=27.8197, p < 0.001), with colonies by themselves (2063.4 +/- 19.15 g) weighing significantly
312 more than colonies with other species (2010.7 +/- 13.5 g). Measured at the end of the seasons, B.
313  impatienscolonies had better growth metrics when alone than when in cages with other species.
314  The total B. impatiens organic matter in each colony reflects the total productivity of the colony.
315  Inthe two years, colonies by themselves had more total B. impatiens organic matter (62.6 g +/-
316  3.04) than colonies with other species (37.05 g +/- 2.32) (df= 110, F=70.07, p < 0.001), and

317  colonies produced more organic matter in 2022 versus 2021 (p=0.0001). Likewise, more open
318  cells for males and females were produced in colonies by themselves (130.31 cells +/- 7.6)

319  versus in colonies with other species (94.81 +/- 5.8) (df= 110, F=17.125, P < 0.0001), with more
320  open cells made in 2021 versus 2022 (p=0.0002). In 2021, one colony by itself made three

321 queen cells; none of the other B. impatiens colonies made queen cells in either 2021 or 2022.
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Osmia bruneri experienced decreased reproduction when in cages with A. mellifera and B.
impatiens (F =12.2, p = 0.011, Figure 9). In cages where only O. bruneri was present, 3x more
nests were made than when O. bruneri was in a cage with the other two species. Additionally, O.
bruneri females made on average two more cells per nest when in cages alone than when
combined with other species (F = 8.62, p = 0.026, Figure 9). Females in cages with only O.
bruneri averaged 5.8 +\- 0.8 cells per nest while females in cages with all three species averaged
3.6 +/- 1.2 cells per nest. Both treatments experienced pollen ball and immature mortality.
However, there was no significant difference in the number of pollen balls provisioned between
the two treatments (F= 4.133, p = 0.081, Figure 9). However, immature mortality of O. bruneri
was heightened in cages with all species compared to the treatment with only O. bruneri (F =
7.63, p =0.028, Figure 9). On average treatments with only O. bruneri had 6% unexplained

immature death, where all species treatments had 16% unexplained immature death.

Discussion

Across all three focal taxa, A. mellifera, B. impatiens, and O. bruneri, we found evidence of
species-specific behavioral compensation in response to interspecific competition, yet these
adjustments were insufficient to prevent declines in reproductive output. Identifying how
pollinators adjust their behavior and reproductive investment under competitive pressure is
essential for predicting community stability and for designing management strategies that

minimize unintended stress on wild and managed bees.

A. mellifera reduced their foraging activity in mixed-species cages, a pattern consistent with

previous work showing that A. mellifera modulates foraging intensity in response to resource
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344  depletion or increased forager density (Donaldson-Matasci & Dornhaus 2012). A. mellifera

345  colony growth by weight differed between years which may be due to colony health prior to

346  release in the cages. Despite this reduction, A. mellifera colony growth did not differ between
347  treatments in 2021 and showed only modest declines in 2022, which could suggest colony-level
348  buffering (Ulgezen et al. 2024). However, the other colony size metrics showed negative

349  impacts, where mixed species cages also had negative impacts on the colonies’ ability to build up
350 and maintain a queen. Ultimately A. mellifera did better when it was just A. mellifera alone and
351  notin resource-depleted environments. Additionally, it’s possible that due to poor colony growth
352 and queen die off in both the treatments, there was not sufficient resources in the cage

353 environments to support a honey bee colony (Banada and Paxton 1990, Abrol 2012).

354 B. impatiens exhibited the opposite pattern to A. mellifera. B. impatiens increased floral

355  visitation in mixed-species treatments, indicating compensatory foraging to offset reduced

356  resource availability. Similar increases in foraging effort under competitive stress have been

357  reported in B. impatiens species (Thomson 2004; Goulson 2010). Yet this heightened activity did
358  not translate into improved colony performance. Colonies in mixed-species cages produced less
359  organic matter, fewer open brood cells, and no queen cells, suggesting that energetic constraints
360  or reduced pollen quality limited reproductive investment. Because our colonies began the

361  experiment with standardized worker numbers, one conclusion could be lack of gyne production
362  in competitive environments may reflect insufficient resource accumulation to trigger the switch
363  to reproductive output (Amslem et al. 2025). However, many of the colonies we received had
364  already begun to produce gynes and drones, despite us requesting young colonies. This could

365  have conflate our results with number of gyne cells produced.
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366 O. bruneri showed a third compensatory strategy, O. bruneri maintained consistent foraging
367  rates across treatments but shifted floral host use and reduced nesting activity. This strategy is
368  not surprising given that O. bruneri is a solitary species and cannot change number of foraging
369  females to compensate for decreased resources. Host switching from preferred species (P.

370 tanacetifolia, M. alba) to less-preferred alternatives (Collingia sp., T. incarnatum) mirrors

371  patterns observed in other solitary bees under competitive pressure (Hudewenz & Klein 2015;
372 lIwasaki et al. 2018). Because solitary bees rely on individual foraging trips to provision each
373 brood cell, even subtle reductions in pollen quality or handling efficiency can have strong fitness
374  consequences (Eckhardt et al. 2014). The reduced number of nests and lower cell counts per nest
375 in mixed-species cages indicate that resource limitation directly constrained reproductive output.
376  Additionally, the increase in unexplained immature death in the mixed species cages may

377 indicate poor nutrition of the provision mass (Knauer et al. 2022), potentially influenced by the

378  host switch is a less suitable/nutritious plant.

379 The results of this study align with broader patterns observed in other studies and highlights
380 the subtlety of early behavioral indicators (Treanore et al 2025). None of the species shifted their
381  foraging time of day, and interference competition was rare (<3% of interactions). Instead,

382  changes in visitation rates, foraging intensity, and floral choice emerged as the primary

383  behavioral signals of competitive saturation. These metrics may serve as early indicators in field
384  settings, where resource depletion often precedes detectable declines in bee abundance or

385  reproduction.

386 Some studies have reported negative effects of A. mellifera competition (Cane and Tepedino
387  2017; Page and Williams 2023a,b; Quinlan et al. 2024), while others emphasize context

388  dependence (e.g., Paige et al 2024, Bommarco et al 2021, Pike and Rittschof 2025). In
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389 landscapes with abundant floral resources, A. mellifera may have minimal or no detectable

390 impact on wild bees (Herrera 2020; Ropars et al. 2022). Some studies even document neutral or
391  positive interactions, such as increased crop yield when A. mellifera and Osmia bees co-forage
392  (Brittan et al. 2018; Boyle et al. 2019; McCabe et al. 2024). Our results do not contradict these
393  findings; rather, they demonstrate that when resources are fixed and bee numbers exceed the
394  carrying capacity, as in our cage experiment, competition becomes unavoidable, and all species

395 incur fitness costs.

396 The results of this study may have important implications for placing managed bees in
397  natural or semi-natural habitats. Even when behavioral changes appear modest, reproductive
398  declines may already be underway and may be masked until bees exhibit measurable declines.
399 Identifying the carrying capacity of a landscape, including temporal patterns of floral resource

400  availability, is therefore essential for minimizing resource stressors on wild pollinators.

401  Conclusions

402 Our experiment demonstrates that A. mellifera, B. impatiens, and O. bruneri bees all
403  exhibit behavioral plasticity under competitive conditions, yet neither of the species could fully
404  compensate for resource limitation. Behavioral shifts, reduced foraging, increased foraging, or
405 altered floral choice, may serve as early indicators of competitive saturation, preceding

406  measurable declines in reproduction. These findings reinforce the need to consider interspecific
407  competition when deploying managed bees and highlight the importance of maintaining

408  abundant, diverse floral resources to support coexistence among pollinator species.
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Single Mixed
Intraspecific Intraspecific Interspecific
A. mdlifera 0.2 0.4 1.4
B. impatiens 0 0 0.8
O. bruneri 1.8 3 0.6
490 Table 1: Average number of interactions in an observation day (8:00 — 16:00) per cage between
491  and among species for single or multispecies treatments.
492
Apis Bombus Osmia
Phacelia.tanacetifolia q t H- H —— —— %
Melitotus.alba Hi— — i
Helianthus.annuus | W } * .
Raphanus.sativus L 1 = %
Trifolium.incarnatum-{ ™ ] e *
Gaillardia.aristata{ HH -
Fagopyrum.esculentumq # L] 1
Collinsia.sp1 * "
Nemaophila.maculata 1 -
D.IDD D.I25 D.IED 075 1.IDD D.IDD D.éS D.ISD 075 1.IDD D.IDD D.I25 D.ISD 075 1.IDD
493 Selection Ratio (mean + SE)
494  Figure 1: Average selection ratio (number of bee visits to a specific forb species/total bee visits
495  to all forb species within that site)/the percent cover available of that species) £ SE for each forb
496  species in the cage. Forb species are considered selected for when the selection ratio is closer to
497  one. Selection ratio in the single cages is indicated by the yellow point and mixed caged are
498 indicated by the purple point. Selection ratios where the SE does not overlap are considered
499  significantly different from one another and indicated by a red asterisk.

Treatment
—#- Mixed

Single
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501  Figure 2: Average number of flowers visited by each species (from left to right: A. mellifera, B.
502 impatiens, and O. bruneri) in single species cages (yellow) and mixed species cages (purple) per

503  cage. Averaging both seasonality and time of day observations.

504

505
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507  Figure 3: Average number of plants visited by each species (from left to right: A. mellifera, B.
508 impatiens, and O. bruneri) in single species cages (yellow) and mixed species cages (purple)

509 throughout the season.
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511  Figure4: Average number of plants visited by each species (from left to right: A. mellifera, B.
512  impatiens, and O. bruneri) in single species cages (yellow) and mixed species cages (purple) by

513  time of day.
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Figure 5: A. mellifera colony weight + SE over time in single species cages (yellow) and mixed

species cages (purple). 2021 data is indicated by circle points and 2022 data is indicated by

triangle points. Overlapping SE indicated non-significant differences between treatments or
years.
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Figure 6: Colony success metrics for A. mellifera in single species cages (yellow) and mixed
species cages (purple). Where colony success was measured by number of workers alive (A),

number of brood produced (B), and number of cells with honey (C) at the end of the season.
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523

524  Figure7: Colony success metrics for B. impatiensin single species cages (yellow) and mixed
525  species cages (purple). Where reproductive success was measured by weight (A), organic

526  material produced (B), and number of male/female cells produced (C) at the end of the season.
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528  Figure 8: Reproductive success for O. bruneri in single species cages (yellow) and mixed
529  species cages (purple). Where reproductive success was measured by A) number of nests
530 produced per cage, B) cells made per nest and C & D) percentage of viable offspring (shown as

531  number of eggs/provisions that made it to adulthood, and then number of pollen balls produced).
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534  Supplemental Figure 1: Stacked floral abundance for the duration of the study.
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