individuals. Across all years, sites and species, successfully marked individuals represented at least 78%
of all trap-nest occupants (based on the conservative assumption that each nest constructed by an
unmarked bee belonged to a different unmarked individual). Details on the number of nests built by

individuals of each species are in Figure S1. 3.

1.4.1 Question 1: Consequences of nesting timing

For all five bee species, individuals that initiated nesting early in the season produced significantly more
brood cells over their lifetimes (Figure 1.1, Table S1. 5). We recorded cocoon completion (or lack
thereof) for 203 H. fulgida larvae from 43 nests (18 nests in 2017, 25 in 2018). Of these, 153 had
completed cocoons by late August. Larvae born later in the season were less likely to have initiated
cocoon-spinning (Figure 1.2a; Z-score = —3.2; p = 0.002). Nests initiated earlier in the season had
significantly higher proportions of offspring that had initiated cocoon spinning by the end of the season
(Figure 1.2b; Z-score = —3.5, p < 0.001). Nests initiated earlier (in 2014, 2017 and 2018) also had
generally higher proportions of emerged offspring (in 2015, 2018 and 2019 respectively), but this result
was non-significant (Figure 1.2c; Z-score = —0.77, p = 0.444). The proportion of cocooned offspring in
2017 and 2018 was significantly correlated with the proportion of emerged offspring in 2018 and 2019
respectively (Figure S1. 4; »=0.54, df =32, p=0.001).

Figure 1.1. Bee reproductive output vs. nest
initiation day.

Bee reproductive output as a function of nest
initiation day for individual bees at seven
study sites across six years. Lines are GAMM
fits from a univariate model with year and site
as random effects. Shading represents 95%
confidence intervals of predicted fits. Sample
sizes (n): Osmia iridis: n =208, O.
coloradensis: n =52, O. montana: n =171, O.
subaustralis: n = 66, H. fulgida: n = 48.
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Figure 1.3. Seasonal patterns of floral density and
temperature.

Floral density (log-transformed) for (a) floral hosts of O.
iridis, (b) aster specialists, and (¢) mix of taxa used by
H. fulgida over the course of the season. Lines represent
data collected over 6 years from 7 study sites for a total
of 38 “site-year” combinations (some sites were not
surveyed in every year). Each light line represents the
total floral density (summed across all plant taxa for
each flower guild) on a given day of the year, for a given
site-year. Heavy lines represent floral density averaged
across all site-years. (d) Average accumulated daily
degree-days (above a threshold temperature of 10 °C)
over the course of the season. Light lines represent
values for each site-year. Heavy line represents the mean
across all site-years. Lines for (d) show a 20-day moving
average. Box-plots denote minimum, maximum,
interquartile range, and median nest initiation day
determined over all sites and years across all individuals
of each bee species. Temperature curves in relation to
bee nesting phenology plotted separately for each site-
year for each species can be found in Figure S1. 5.
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Figure 1.4. Bee nesting rate and reproductive output vs. floral abundance and temperature.

Bee nesting rate as a function of (a) floral density and (b) average daily accumulated degree-days. Each
datapoint in these figures represents one observation of a nesting bee (with multiple observations per bee).
Figures displaying individual datapoints can be found in Figure S1. 6 and Figure S1. 7. Bee reproductive
output as a function of (c) average floral density and (d) average daily accumulated degree-days
experienced by individually marked bees. An average of 3 and 8 average daily accumulated degree-days
corresponds to average diurnal temperatures (8h00—-20h00) of approximately 15 °C and 23.5 °C. Data are
from seven study sites across six years. Lines are GAMM fits from multivariate models with year and site
as random effects. Shading represents 95% confidence intervals of predictions. Lines are solid if the
effect of the predictor is significant in multivariate models (p < 0.05) and dashed otherwise. Sample sizes
for (a) and (b) are in Figure S1. 6 and Figure S1. 7. Sample sizes for (c) and (d) are as in Figure 1.1.
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Figure 1.5. Bee reproductive output vs. longevity and temperature.

Bee reproductive output vs. (a) nesting duration (proxy for longevity) and (b) average daily accumulated
degree-days after accounting for nesting duration. Lines are GAMM fits from post hoc multivariate
models (Table 1.2) with year and site as random effects. Shading represents 95% confidence intervals of
predictions. Lines are solid if the effect of the predictor is significant (p < 0.05) and dashed otherwise.
Sample sizes as in Figure 1.1.
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produced by each individual and not only those that were unparasitized. Indirect effects of temperature
could also be resource-mediated. Elevated temperatures can reduce flower abundance and/or reward
production (Descamps et al. 2018, 2020); however, we see no indication of a negative relationship between
floral density and temperature in our data (results not shown). Foraging activity of other pollinators other
than our focal species may also increase in warmer conditions, possibly increasing competition for floral
resources. However, given the inconsistent relationships between reproductive output and floral density we
observed (Figure 1.4c), the negative relationships between temperature and reproductive output are likely

not driven by floral resources.

We note that we have not explicitly tested whether temperature affects bee longevity, and that
manipulative field experiments, perhaps in which bees are exposed to different temperatures in flight
cages, may be required to identify the underlying processes at play; however, such studies are logistically
difficult. Nevertheless, although we are unable to pinpoint exact mechanisms in our study, the negative
association between temperature and bee longevity (Figure 1.6a), and the positive association between
longevity and reproductive output (Figure 1.5a) were strong. Together, these results suggest that
increasingly warm temperatures may not be beneficial despite the short-term benefits of increased nesting
rate. With regards to nesting timing, it is therefore possible that early-nesters benefit from cooler early-

s€ason temperatures.

1.5.3 Additional determinants of lifetime reproductive success

Because our study is observational, we cannot segregate the effects of extrinsic and intrinsic factors on
nesting timing and reproductive success. Here, we have addressed the roles of extrinsic factors specific to
our study area (floral resources, temperature); however, the intrinsic qualities of reproducing females should
not be ignored. Indeed, given that directional selection for early phenology is widespread across many
taxonomic groups (Price et al. 1988, Olsson and Shine 1997, Varpe et al. 2007, Austen et al. 2017), there
are likely general, non-taxon-specific processes at play. Specifically, females in better overall condition
may be able to breed earlier and raise more offspring (Price et al. 1988). Early-reproducing individuals may
therefore exhibit greater fecundity not because they reproduced early, but because they were in superior
condition at the outset. As such, we are cautious in our interpretation of nesting early and continually
producing brood throughout the season as a “reproductive strategy”. Rather, early nesting and long nesting
duration may simply be manifestations of individual quality. Studies manipulating bee phenology are
therefore useful complements to observational studies in disentangling the effects of correlated traits from

the actual effects of nesting timing (Farzan and Yang 2018). We also note that while the patterns we
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observed are consistent with directional selection for early nesting, we do not know whether nesting timing
in our focal populations is heritable (determining this would likely require selection experiments). As such,
while we may have observed selection for early nesting, we cannot determine whether this selection will

yield an evolutionary response.

1.5.4 Implications for a changing climate

Climate change has been linked to earlier seasonal activity in numerous organisms (Ge et al. 2015, Asch
2015, Bourret et al. 2015). In our study region, flowering phenology has advanced in recent decades
(CaraDonna et al. 2014); whether there have been parallel shifts in bee phenology is unclear. We have so
far assumed that the bee traits observed in our study are adaptive in the current selective landscape—that
is, the observed timing of bee nesting is adaptive given the seasonal patterns of floral abundance and
temperature we observed over our six-year study. This may not be true, as temperature and flowering
conditions may have shifted independently of bee nesting phenology before our study began. This could in
principle explain the apparent selection for earlier nesting observed in our study—although, as
aforementioned, the relatively inconsistent associations between reproductive output and floral abundance
(Figure 1.4c), as well as our observation that the aster specialists already initiate nesting before peaks in
flower abundance (Figure 1.3b), suggest this is unlikely. Moreover, because the association between early
phenology and high reproductive output is so widely documented across many taxa, selection for early

reproduction may not require the invocation of climate change.

Regardless, one might expect that climate-driven advances in bee phenology will improve bee reproductive
success since early-nesting bees exhibited the highest reproductive output. Female bees may indeed benefit
from longer growing seasons, which could relax the time constraints on bee reproduction and larval
development (Buckley et al. 2015). While this positive effect of advancing phenology is superficially
plausible, other covarying factors might be harmful. For example, earlier spring snowmelt is also associated
with increased frost-damage to flower buds of some plant species in our study region (Inouye 2008). Bees
active early in the season might therefore experience resource shortages. Also, given the generally negative
effect of temperature on bee longevity and reproductive output, the increasing summer temperatures
typically following an early spring might negate the positive effects of a longer season. For these reasons,
while our study demonstrates the benefits of nesting early in the season, we do not suggest that increasingly

earlier nesting will have favourable outcomes.
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Figure S1. 7. Bee nesting rate vs. temperature (separated by bee species).

Bee nesting rate (number of brood cells constructed per day) as a function of average daily accumulated
degree-days. Each datapoint in these figures represents one observation of a nesting bee (with multiple
observations per bee). Data are from seven study sites across six years. Lines are GAMM fits from
multivariate models (Table S1. 3). Shading represents 95% confidence intervals of predictions. Lines are
solid if the effect of the predictor is significant in multivariate models (p < 0.05) and dashed otherwise.
Figure 1.4b in the main text shows identical information but without datapoints.
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Table S1. 6. Post hoc results of linear models for bee reproductive output.

Post hoc linear mixed-effects model (LMM) results of bee reproductive output as a function of nest
initiation day, floral density, average daily accumulated degree-days, and nesting duration. Year and site
included as random effects. Bold indicates significant results (f0.05). Marginal R? values (R%y) were
determined using univariate LMMs.

Species Predictor Estimate SE df t )/ R%
O. iridis Nest initiation day —0.028 0.006 164.1 —4.8 <0.001 0.313
(Floral density)®? 0.582 0.223 181.2 2.6 0.010 0.104
Temperature 0.317 0.058 200.4 5.5 <0.001 <0.001
(Nesting duration)’? 2.590 0.166 198.8 15.6 <0.001 0.388
O. coloradensis Nest initiation day —0.041 0.012 42.6 -3.5 0.001 0.239
(Floral density)*2* 1.102 0.386 44.6 2.9 0.007 0.006
Temperature 0.114 0.148 46.5 0.7 0.444 <0.001
(Nesting duration)’? 1.007 0.467 46.2 2.2 0.036 0.321
O. montana Nest initiation day —0.008 0.010 39.7 -0.8 0.436 0.123
(Floral density)®?° -0.175 0.336 21.0 -0.5 0.609 0.004
Temperature -0.057 0.127 14.2 -0.4 0.662 0.080
(Nesting duration)®?’ 1.403 0.354 63.5 4.0 <0.001 0.290
O. subaustralis Nest initiation day —-0.022 0.007 60.7 -2.9 0.005 0.112
(Floral density)*2* 0.621 0.253 60.8 2.5 0.017 0.085
Temperature 0.144 0.057 40.5 2.5 0.016 0.072
(Nesting duration)’? 2.264 0.280 56.6 8.1 <0.001 0.683
H. fulgida Nest initiation day —-0.011 0.012 17.0 -0.8 0.409 0.217
(Floral density)®?® 1.226 0.579 8.3 2.1 0.066 0.117
Temperature 0.156 0.127 43.0 1.2 0.227 0.012
(Nesting duration)®?’ 1.842 0.483 42.9 3.8 <0.001 0.312
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Table S1. 8. Pairwise concurvity indices for bee reproductive output models.

Estimated pairwise concurvity indices for multivariate models testing the effects of nest initiation day,
floral density, temperature, and nesting duration on bee reproductive output. Values are bounded between
0 and 1 indicating no and full concurvity respectively. Details in main text and in (Wood 2020).

Osmia iridis:

Nest initiation day Floral density Temperature Nesting duration
Nest initiation day 0.45 0.14 0.04
Floral density 0.4 0.12 0.05
Temperature 0.13 0.08 0.26
Nesting duration 0.05 0.03 0.23
Osmia coloradensis:

Nest initiation day Floral density Temperature Nesting duration
Nest initiation day 0.52 0.25 0.26
Floral density 0.58 0.23 0.19
Temperature 0.38 0.33 0.39
Nesting duration 0.18 0.08 0.27
Osmia montana:

Nest initiation day Floral density Temperature Nesting duration
Nest initiation day 0.51 0.3 0.18
Floral density 0.45 0.41 0.24
Temperature 0.24 0.41 0.19
Nesting duration 0.27 0.08 0.16
Osmia subaustralis:

Nest initiation day Floral density Temperature Nesting duration
Nest initiation day 0.44 0.19 0.13
Floral density 0.5 0.32 0.27
Temperature 0.13 0.29 0.28
Nesting duration 0.3 0.25 0.34
Hoplitis fulgida:

Nest initiation day Floral density Temperature Nesting duration
Nest initiation day 0.26 0.56 0.29
Floral density 0.14 0.13 0.11
Temperature 0.55 0.2 0.38
Nesting duration 0.39 0.17 0.44
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Table S1. 9. Pairwise concurvity indices for bee nesting rate models.

Estimated pairwise concurvity indices for multivariate models testing the effects of day of year, floral
density and temperature on bee nesting rate. Values are bounded between 0 and 1 indicating no and full
concurvity respectively. Details in main text and in (Wood 2020).

Osmia iridis

Day of year Floral density Temperature
Day of year 0.29 0.19
Floral density 0.28 0.06
Temperature 0.11 0.05
Osmia coloradensis

Day of year Floral density Temperature
Day of year 0.55 0.19
Floral density 0.58 0.18
Temperature 0.28 0.16
Osmia montana

Day of year Floral density Temperature
Day of year 0.53 0.3
Floral density 0.55 0.24
Temperature 0.34 0.22
Osmia subaustralis

Day of year Floral density Temperature
Day of year 0.58 0.24
Floral density 0.6 0.2
Temperature 0.23 0.17
Hoplitis fulgida

Day of year Floral density Temperature
Day of year 0.2 0.39
Floral density 0.11 0.07
Temperature 0.47 0.18
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Appendix B - Chapter 2 Supplementary information

Table S2. 1. Site information.

Site names, site abbreviations, years in which they were monitored, elevation, and distance from the
RMBL (study location for long-term dataset used in analysis of floral resource abundance). VB was
visited weekly as its high elevation meant that bee nesting progressed more slowly (hence requiring less
frequent monitoring).

= 2 H =2 = = =2 aq Frequency of Distance from
<> <> <> <> <> = <> [ =
A a a a a a a a Elevation (m) site visits RMBL (km)

BrushCreek (BC) x x x X X X X X X 2729 12
401 Trail (FT) X X X X X X X X X 2970 1.6
KeblerK(gearmg X X X X X X X X 2958 12.3

(KC) Every
3-5 days
Kebler Pass (KP) X X X X X X X X 3034 15
Mount Crested
Butte (MC) xoxox 2889 7.5
RosyPoint(RP) x x x X X X X X X 2900 3.2
Virginia Basin
(VB) X X X X X X X X X 3400 Weekly 2.5
Rocky Mountain
Biological X X X X X X X X X 2900 Every NA
Laboratory 2-3 days
(RMBL)
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Floral groups

Table S2. 2. Floral hosts of focal bee species.

Floral groups for each bee species and approximate number of floral host species in each group; the
number and identity of species vary among sites. Floral host usage was determined by examining pollen
samples taken from pollen-nectar provisions in nests under a microscope. Species numbers are
approximate and given as ranges for the asteraceae and generalist floral groups because counts of
congeneric plant species were combined during surveys and the exact number of distinct host species at
some sites is unclear (Forrest 2024). Note that numbers do not reflect the number of host species available
to bees at any given time as species vary in flowering phenology and not all species occur at each site.
Floral host usage was determined by examining pollen samples taken from pollen-nectar provisions in
nests under a microscope.

Bee species Floral group Number of floral host species used

O. coloradensis

O. montana Asteraceae ~10-15
O. subaustralis

Osmia iridis Fabeae (tribe) 2

O. tristella Generalist hosts ~30-40

Additional details on temperature data

HOBO data were downloaded annually and batteries exchanged as needed to ensure that they continued
to log throughout the course of the study, even through the winter months when we were not present.

Some of the climate metrics we used in analysis covered months prior to initial site (and HOBO)
establishment in the spring of 2013 and 2014. For example, water-year drought severity (September of the
previous year to August of the current year) for 2013 requires temperature data from September—
December 2012, and January—April 2013. In these cases, we accessed daily temperature data using the
parameter-elevation regressions on independent slopes model (PRISM). We then imputed the missing
temperatures using the relationship between PRISM temperatures and available HOBO data from the
specific site for which data were missing. These imputed temperatures contributed to metrics for only 7
out of 55 site-years analysed.
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Figure S2. 1. Yearly climate data for the RMBL from 1976-2022.

(a) Drought severity (-1 * 12-month Standardized Precipitation-evapotranspiration index), (b) Total
water-year precipitation and (c) Water-year mean temperature from 1976-2022. Data in (a) are for the
Rocky Mountain Biological Laboratory (RMBL; long-term site) only. Data in (b) and (¢) are for both the
seven study sites and the RMBL. Site abbreviations are in Table S2. 1. Climate data captured prior to bee
monitoring (RMBL data) are semitransparent (a), or in light grey (b, c). In (c), temperatures at the seven
study sites are scaled to the range of RMBL temperatures for visualization and do not reflect temperatures
measured in the field. Sensor placement differed between studies resulting in different temperature
ranges; this panel serves to contextualize temperature conditions from 2013-2022 relative to previous
decades (e.g., number and frequency of historical “extremes”) and to visualize the extent to which
conditions at the seven study sites reflected these temporal patterns. For (a), large positive values indicate
severe drought; large negative values indicated cooler and wetter conditions. Drought severity for all sites
are in Figure S2. 2. Horizontal dashed lines represent median values for the baseline period 1976-2012.
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Figure S2. 2. Drought severity from 2013-2022.

Drought severity (-1 * 12-month Standardized Precipitation-evapotranspiration index) for each of the
seven study sites and the RMBL from May 2013 to August 2022. See Table S2. 1 for site abbreviations.
Large positive values (red) indicate hotter and drier conditions, large negative values (blue) indicate
cooler and wetter conditions.
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R? values for individual predictors

Table S2. 6. R? values for individual predictors.

R? values for each model predictor. For maximum floral density and total brood cells, R?s are marginal
R?s from univariate models (i.e., random effects of species, site and year included). Values were
calculated using the “rsquared. GLMM?” function in the R package “MuMIn” and univariate models with
one predictor at a time (Barton 2020). For total floral density, R?s are adjusted R?s from univariate models
containing the predictor of interest only. Values were calculated using the “Im” function in base R.
Nesting date, precipitation and temperature (water-year and summer) were scaled and centred to mean =
0 and standard deviation = 1 in all models containing these variables. Maximum floral density was natural
log-transformed (7 sites), and total floral density was fourth-root transformed (RMBL).

Response Predictor R?
Water-year Precipitation * Summer Temperature 0.02
Max. floral density Water-year drought severity 0.02
(7 sites) Floral group 0.41
Water-year Precipitation * Summer Temperature 0.06
Total floral density Floral group 0.76
(RMBL) Water-year drought severity 0.03
Summer precipitation <0.01
Summer temperature <0.01
Total brood cells Summer drought severity <0.01
Max. floral density <0.01

Nesting date 0.18
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Appendix E - Marginal R* values across chapters

Table SO. 1. Explanatory power of climate predictors across chapters (marginal R? values).

Marginal R? values characterizing the univariate relationships between climate variables and total brood
cell production (individual reproductive output) for Chapters 1 and 2, and juvenile mass for Chapter 4.
Note that multivariate models which included other predictors or covariates were used to examine overall
relationships and that these univariate models were used only to evaluate the explanatory power of
climate variables. “Average daily accumulated degree-days” represents average conditions experienced
by each individual bee over the course of her nesting duration. One degree-hour accumulated whenever
the hourly temperature was 1°C above the threshold temperature of 10 °C between 08:00 and 20:00 hr
(e.g., an hourly temperature observation of 15 °C equals 5 degree-hours). Models were run separately for
each species in Chapter 1. Summer precipitation, temperature, and drought severity for Chapter 2 were
calculated as mean temperature conditions from May to August for each site and year. For Chapter 4,
summer nest temperature represents mean temperatures inside trap-nests from May 24 to September 17 of
each year.

Chapter Resl.)onse Predictor R%, Reference
variable
0. iridis: <0.001
Total brood cell Average daily O. coloradensis: <0.001 Appendix A:
! roduction accumulated degree-days O. montana: 0.08 Table S1. 6
p g Y O. subaustralis: 0.07 ’
H. fulgida: 0.01
Summer precipitation <0.01 Appendix B:
Summer temperature <0.01 Table S2.
Total brood cell 6Table S2. 6.
2 roduction R2 values for
p Summer drought severity <0.01 oo
individual
predictors.
4 Juvenile mass Summer nest temperature <0.01 Rep c;;t;d -
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Appendix F - Miscellaneous natural history observations

This appendix contains a collection of anecdotal observations I made while conducting fieldwork in
Colorado for this dissertation (Ch. 1-3). Some of these observations have no direct relation to the thesis,
but I include them here for documentation purposes and in case others find them useful for future studies.

Trap-nesting insects from Colorado

Interesting features of the aster-specialist trap-nest occupants

Date:
General observations from 2017-2024

Context:
Observations made while checking trap-nest occupancy at high-elevation sites for Chapter 3 (Avery Peak,
Mount Baldy, Gothic Mountain), at Jessica Forrest’s long-term trap-nest monitoring sites (Chapters 1 and

2), and sites in and around the RMBL used for a larval transplant experiment (not included in this thesis).

Observations:

Osmia montana and Osmia subaustralis (both in the subgenus Cephalosmia) were frequently observed
trap-nest occupants in our study area. Females of both species provision their nests exclusively with aster
pollen, both use masticated leaf material to construct brood cell walls, and both pack their brood cells
very tightly with pollen, leaving little to no space between the pollen provision and nest walls. (As an
aside, the pollen provisions are crumbly in texture, and have a sweet, yeasty, slightly fermented taste and

odour).

They are similar in body size; however, in bright sunlight, females of O. subaustralis seemed to have a
slightly bluer and more iridescent integument with lighter-coloured hairs compared to O. montana, whose
integuments appeared darker and had black hairs (Figure SO. 1a & b). A front view of the females of these
species allowed them to be easily distinguished as O. montana females have much larger jaws compared

to O. subaustralis.
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In Chapter 3, I combined data for these two species in analysis, noting that their nests were
morphologically indistinguishable. (I was also unable to ascertain the identity of the nest occupant based
on the distinguishing morphological features of the nesting females as nests were not monitored
sufficiently frequently). That said, I did notice some differences in nest construction (which did not
manifest consistently enough for me to rely on them). Namely, the construction habits of Osmia
subaustralis seemed less tidy compared to those of O. montana. For the former, I often observed crumbs
of pollen conspicuously scattered around the nest entrance (Figure S0. 1¢) and smeared on the wood of
the trap-nest near the entrance. These residues typically remained even after the nest was completed and
sealed. The occupant herself (if seen) also often had pollen residues clinging to the hair on her face. In
contrast, O. montana nests were generally more kempt. There were sometimes stray crumbs of pollen
inside the nest during its active construction, but these were usually tidied up by the nest owner. I noted
however, that O. montana nests sometimes had a pale, and barely distinguishable yellow stain along the
inside of the unoccupied portions of the nest (Figure SO. 1b). Perhaps this stain was produced by the
occupant tidying the crumbs of pollen by dragging them along the straw.

(b)

A

-
- 2
‘

Figure S0. 1. Distinguishing features of cavity-nesting aster specialist bees.

(a) Osmia subaustralis females have smaller jaws and lighter-coloured hairs. (b) Osmia montana
females have large jaws and darker integument and hair. There is a pale, yellow stain along the
unoccupied portion of the straw, and some stray pollen crumbs that were likely tidied up before this
individual sealed her nest (although I unfortunately neglected to make note of whether this was the case
for this particular nest). (c) Pollen crumbs are present around the nest entrance of this O. subaustralis
individual (who happened to have been in the process of re-orienting herself in the nest when this photo
was taken). Photo credit: LHW.

Differences in nest construction aside, I also noted that Osmia subaustralis females seemed bolder—if the

nesting female happened to be present when I extracted the paper straw containing her nest, she often ran
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Solitude is only a human presumption. Every
quiet step is thunder to beetle life underfoot;
every choice is a world made new for the

chosen. All secrets are witnessed.

~ Barbara Kingsolver, Prodigal Summer
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