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Life-history traits, which are physical traits or behaviours that affect growth,
survivorship and reproduction, could play an important role in how well
organisms respond to environmental change. By looking for trait-based
responses within groups, we can gain a mechanistic understanding of
why environmental change might favour or penalize certain species over
others. We monitored the abundance of at least 154 bee species for 8 con-
secutive years in a subalpine region of the Rocky Mountains to ask
whether bees respond differently to changes in abiotic conditions based
on their life-history traits. We found that comb-building cavity nesters and
larger bodied bees declined in relative abundance with increasing tempera-
tures, while smaller, soil-nesting bees increased. Further, bees with narrower
diet breadths increased in relative abundance with decreased rainfall.
Finally, reduced snowpack was associated with reduced relative abundance
of bees that overwintered as prepupae whereas bees that overwintered as
adults increased in relative abundance, suggesting that overwintering
conditions might affect body size, lipid content and overwintering survival.
Taken together, our results show how climate change may reshape bee
pollinator communities, with bees with certain traits increasing in abun-
dance and others declining, potentially leading to novel plant—pollinator
interactions and changes in plant reproduction.

1. Introduction

Unprecedented global warming is causing species to undergo changes in distri-
bution and abundance [1-3]. These climate change responses can be highly
variable among species, even within guilds, with some species performing
better under climate change while other species are declining and becoming
extirpated [4,5]. Thus, it is difficult to make predictions about how entire com-
munities will shift under a changing climate. However, recent studies suggest
that an examination of consistent abundance responses within groups based
on life-history traits can help predict how biodiversity will be affected by cli-
mate change [6,7]. Further, because life-history traits that predict responses to
environmental change can also relate to traits that determine species’ functional
roles in ecosystems, a trait-based approach may provide insight into how cli-
mate change will affect important ecosystem functions and services, such as
pollination [8,9].
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Bees are dominant pollinators globally [9] and are highly
diverse in sociality, dietary breadth, body size and nesting
behaviour, and these differences have been shown to affect
how bees respond to environmental change [7,10-13]. For
example, increased urbanization results in declines of soil-
nesting bees due to the loss of pervious surfaces [14], and
smaller bodied bees are sensitive to increased agricultural
dominance across the landscape because they cannot forage
as far from their nests as larger bees [15]. Environmentally
induced changes in trait distributions of bee communities
can modify flower preference, foraging behaviour and polli-
nation efficiency [16], with potential cascading effects on
plant-pollinator interactions, plant reproductive success and
plant community composition [17-19]. While many studies
have examined the effects of climate change on pollination,
most have done so from the plant’s perspective [20,21], by
examining plant-pollinator interactions [22-24], or by focus-
ing on eusocial bumblebees [5,25]. Few studies explore how
the remaining approx. 20000 species of bees, the majority
of which are solitary, are responding to a changing climate
[26-29]. This lack of data is concerning given that the abiotic
environment plays a pivotal role in bee physiology and fora-
ging activity [30]. Because increased trait diversity helps
maximize pollination services and acts as a buffer against
human disturbance [18], it is important to understand
which groups of bees are most vulnerable to climate change
and which groups might be tolerant of or even increase
with climate warming.

To understand the effects of climate on bee communities
and to assess the degree to which a trait-based approach can
predict the response of bees to changing abiotic conditions,
we collected bees every two weeks throughout the flowering
season over 8 years in a montane region of the Rocky Moun-
tains, USA. Montane systems are advantageous for studying
climate change in field settings because changes in weather pat-
terns are happening at a greater rate than in other ecosystems
[31]. We hypothesized that climate change will reshape bee pol-
linator communities, with bees with certain traits increasing in
abundance and others declining, which could lead to novel
plant-pollinator interactions and changes in pollination ser-
vices. Based on previous research [32], we predicted that bees
would respond differently to increased summer temperatures
based on their body size, with larger bees responding more
negatively to higher yearly summer temperatures compared
to smaller bees. Further, we predicted that bees with narrower
diet breadths would be more susceptible to changing patterns
in precipitation and temperature compared to bees with
broader diet breadths. Finally, due to potential variation in insu-
lation capabilities across nesting substrates [33], we predicted
that bees that nest in soil would respond differently to snow-
pack depth and precipitation than comb-building cavity
nesters or bees that nest in pre-existing or constructed holes.

2. Methods

(a) Study system and site selection

This study was conducted in meadows surrounding the Rocky
Mountain Biological Laboratory (RMBL) in Gothic, Colorado,
USA (elevation 2950 m). The RMBL is located in a sub-alpine
region hosting over 150 species of bees and a diverse mixture
of perennial flowering plants, many of which rely on bees for
successful reproduction [34,35]. This area is particularly

vulnerable to climate change as spring temperatures have
increased by approximately 1.6°C [36], and spring snowmelt
has occurred at a rate of 3.5 days earlier per decade over the
last 40 years [35]. Despite long-term trends of increased tempera-
ture and earlier snowmelt, during the 8 years of data collection
for this study (2009-2016), spring and summer weather patterns
were highly variable, with some years experiencing earlier
snowmelt and dry summers, and other years experiencing later
snowmelt and heavy precipitation (electronic supplementary
material, table S1). For example, year 2012 had some of the
lowest snowfalls and the earliest date of bare ground over a 40-
year observation period (b. barr 2020, personal communication).
Though year-to-year climate variability is increasing with climate
change in many regions globally [37], low snowfall and earlier
snowmelt is typical of the growing season we would expect
under long-term climate change projections [35,38]. Thus, we
are able to use variation over the 8 years of this study to assess
how bees might respond to years of higher temperatures, earlier
snowmelt and drier conditions based on their life-history traits.

We collected bees from nine sampling sites and grouped them
into three blocks based on elevation and proximity. Blocks were
separated from each other by at least 1 km and ranged in elevation
from 2884 to 3072 m (electronic supplementary material, table S2).
Each block contained three sites, located between 200 m and 1 km
apart (electronic supplementary material, table 52), with three
regionally dominant habitat types represented: dry meadow,
Salix spp.-dominated wet meadow and Veratrum tenuipetalum-
dominated wet meadow [34,39].

(b) Bee dataset

Sites were sampled for bees every two weeks throughout the
flowering season using the methods outlined by Gezon et al.
(electronic supplementary material, information S1, [34]). Briefly,
during each sampling period, we placed painted bowls of alter-
nating colours (white, fluorescent blue, and florescent yellow and
filled with soapy water to attract bees) on the ground every 3 m
along two fixed 30 m transects between approximately 09.00 and
17.00 on clear, sunny days. Bee bowls collect predominately
small- to medium-sized bees [34], so we also used a non-lethal
method of collecting larger bees (in our case primarily bumble-
bees) by netting for 2 h at each site (1h each in the morning
and afternoon every day that bowls were out at a site). Bumble-
bees were captured with a net, transferred to a clear vial,
identified based on pile colours using identification guides [40],
marked with a non-toxic paint pen to avoid re-capturing, and
then released back into the site. Because the bee bowls varied
in how many hours they were out due to changing weather con-
ditions and the growing season length, we standardized bee
abundance across years by taking the weighted arithmetic
mean of both male and female bees caught per hour of sampling
(i.e. total individuals of a species/total hours of sampling; [37]).
We only considered bees that were identified to species with
the aid of taxonomists (i.e. Lasioglossum: J. Gibbs; Melissodes:
K. Wright; Megachile: J. Neff; Anthophora: M. Orr; Andrena:
C. Sheffield; Hylaeus: R. Oram; Osmia: T. Griswold and
M. Rightmyer; remaining genera: J. Ascher; and see [41]). In excep-
tion to this, we were unable to identify individuals of seven genera
down to species level due to the difficulty of species-level identi-
fication: Anthidium, Ashmeadiella, Epeolus, Holcopasites, Nomada,
Sphecodes and Triepeolus. We included individuals from these
genera in analyses where the life-history traits were consistent
across the genus but excluded them from any analyses where
the traits could differ across species within the genus.

(c) Climate variables
Following Lynn ef al. [42], we used interpolation models to esti-
mate the local climate variables because precise weather data
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were unavailable at each site. To do this, we constructed linear
mixed effects models using historical data from 29 weather
stations in Gunnison and Pitkin Counties, CO (including data
from Snow Telemetry (SNOTEL), Southwest Climate and
ENvironmental Information Collaborative (SCENIC), and RMBL
stations as well as Gothic, CO data from b. barr). Models to predict
the variables of interest incorporated slope, aspect and elevation as
fixed effects, and water year and weather station as random effects.
For model selection, we compared AICc scores of variations of the
models in which the effects were iteratively removed. For all
models except mean annual temperature (where including
aspect did not improve model fit), we found that including all
available effects produced the best fits. We trained the models
on data from 1978 to 2016 and predicted variables for the years
of this study. All analyses were done in R v. 3.4.0 [43] . We then
compiled data on the following annual climate variables within
each block to describe the climate at our sampling sites. Climate
variables were chosen based on knowledge of the site as well as
the literature on the environmental drivers of montane ecosystems
[35,36,39,44]. These variables were average summer (May-
September) and winter (October—April) temperatures; average
annual rainfall; average annual snowfall (October-April) and
average April snowpack (which is strongly correlated with
date of bare ground; F,43=177.6, p<0.0001; electronic sup-
plementary material, figure S1). Because of the annual life cycle
of most native bees, their responses to variation in the abiotic
environment could be due to changes that occurred in the current
year or the previous year, and so we considered both current year
and lagged effects. The 10 climate variables (five each from the
current year and lagged year) were not strongly correlated with
one another (r<0.40 in most cases; electronic supplementary
material, table S3) and have been shown to affect bee foraging
behaviour, physiology and colony build-up (for social species) in
other studies [17,26].

(d) Bee species traits

Using primary sources, we described each bee species based on
six life-history traits that have been shown to be affected by
changes in abiotic conditions: diet breadth (lecty), nesting sub-
strate, spring emergence date, overwintering developmental
state, parasitism (brood parasite status versus not) and body
size (electronic supplementary material, table S4). For lecty, we
classified species as either polylectic if bees collect pollen from
flowers in multiple plant families or oligolectic if bees collect
pollen from flowers in just one family [45]. Previous studies
have shown that insects with narrower diet breadths are more
susceptible to environmental change due to their inability to
switch hosts [46,47]; thus, any changes in climate that could
also affect the flowering community might affect bees differently
based on their diet breadth. We described nesting based on the
substrate the females use for nest construction: constructed
cells, soil, large comb-building cavity nesters, and pre-existing
or constructed holes. These substrates might differ in their insu-
lation and permeability, thus affecting how well bees can
acclimate to environmental changes within their nests. Early
season bees might be the most susceptible to reduced snowpack
and earlier snowmelt under climate change; therefore, we esti-
mated spring emergence by determining the average number
of days past date of bare ground in Gothic, CO, from b. barr’s
weather data that an individual of each species was first recorded
across all years of our study. Overwintering state included three
phases: emerged adults, unemerged adults, or prepupae/pupae.
As bees that overwinter in the prepupae state must undergo
additional development before emergence [48], their abundance
may change with climate variables that affect bee physiology
and probability of successful development [41]. We included
parasitic bees in our parasitic trait analysis (brood parasite

status versus not) but removed these species from our nesting
and diet trait analyses as they do not collect pollen or build
their own nests. As there is a severe lack of understanding of
social characterization of Western North American halictid bees
at high elevation, we only classified Bombus as eusocial in our
study system. We therefore excluded sociality because this trait
was highly correlated with nesting substrate as Bombus were
also the only bees categorized as large comb-building cavity
nesters. We used nesting substrate rather than sociality, as pre-
vious studies have shown differences in bee response to
climate change based on nesting behaviour [41]. We estimated
bee body size by measuring intertegular distance, which is the
distance across a bee’s thorax between the base of the wings
[49], for up to 10 female specimens per species using the software
program Image] (National Institutes of Health, USA). Previous
studies have shown differences in thermal tolerance based on
body size [32,50]; thus, this trait might be important in determin-
ing bee response to temperature. We ran each trait analysis
separately so if life-history information for a species was missing
for that specific trait, we removed the species, but included it in
other trait analyses for which the life history was known.

(e) Statistical analyses

We used fourth-corner analysis in the R package ade4 [51] to
identify bee life-history traits that are associated with climate vari-
ables. In our analysis, the fourth-corner correlation is the Pearson
correlation between a climate variable and a trait value (or a
binary indicator for a categorical trait value), calculated across
individual specimens [51]. It then compares the observed corre-
lation to two different null models, one randomizing climate
variables across sites, and one randomizing trait values across
species [52]. Randomization tests assume that replicate obser-
vations are exchangeable; however, we identified replicate site-
years and species as two important sources of non-independence,
and accordingly restricted the randomizations to make our tests
more conservative. Because our sites are spatially grouped, we
restricted randomizations between site-years to only occur
within blocks. Because bee species are phylogenetically non-
independent, we constrained species randomizations so that
trait values were more likely to be exchanged between more clo-
sely related species using the methods outlined in Harrison et al.
[53]. We used 9999 randomizations for each of our permutations,
and only interpreted correlations between traits and climate if
they were significant in both null model tests. Finally, we re-ran
the trait analysis with Bombus excluded as they represent a
single phylogenetically related group and comprised half of the
dataset, which could bias the results independent of traits.

To visualize a significant fourth-corner correlation, we fit an
abundance-weighted linear regression between site-years’ com-
munity weighted mean trait value and the climate variable. This
regression slope is directly proportional to the fourth-corner corre-
lation coefficient (rescaled by the ratio of the abundance-weighted
standard deviations of the trait and climate variable; [52,53]).

3. Results

Overall, we sampled 22 160 bees comprising five families, 29
genera and representing at least 154 species. The number of
species collected each year ranged from 44 to 96 species.
The five most common genera collected across all 8 years
were Bombus (48.77%), Lasioglossum (25.47%), Panurginus
(7.71%), Halictus (5.70%) and Hylaeus (2.68%). We were able
to collect life-history traits for all 154 species through direct
measurements or congeneric representatives (electronic
supplementary material, table S4). We found that of the six
life-history traits measured, body size, nesting substrate,
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Figure 1. Out of 30 tested fourth-comer correlations between bee species’ traits and climate variables, we highlight four results: (a) body size (ITD) and summer
temperature, (b) nesting substrate and summer temperature, (c) diet breadth (lecty) and summer rainfall, and (d) overwintering state and snowpack from the
previous year. Each tested fourth-corner correlation is proportional to the regression slope between the community weighted mean trait value (or equivalently,
the proportion of individual bees expressing a categorical trait value) and the environmental variable, weighted by total abundance at each site-year (n = 24;

larger points represent higher abundances). (Online version in colour.)

lecty, and overwintering state were significantly correlated
with at least one of the climate variables (figure 1; electronic
supplementary material, table S5). We did not detect any sig-
nificant correlations for three climate variables (the previous
year’s summer temperature and the current and previous
year’s winter temperature), and for two traits (spring emer-
gence date: number of days past bare ground bee was first
collected) and parasitism (brood parasite versus not; figure 2).

(a) Body size

Bee body size was negatively correlated with increased tempera-
tures (r = —0.19, p = 0.02; figure 1a) such that smaller bodied bees
were more common and larger bodied bees were less common
in warmer years. We also found a negative correlation between
body size and increased snowfall from the previous year
(r=-0.12, p=0.03). We did not find any effect of temperature,
snowfall or any other climate traits, on body size when
Bombus, comprising the majority of our large-bodied bees,
were excluded from our analyses (p >0.10 in all cases).

(b) Nesting substrate

Bee relative abundance was also associated with temperature
based on nesting substrate. We found that the relative abun-
dance of soil-nesting bees increased with increased
temperatures (r=0.19, p=0.02; figure 1b), whereas the comb-

building cavity nesters, comprised only of Bombus, decreased
in relative abundance with increased temperatures (r=-0.21,
p=0.02; figure 1b). Additionally, soil-nesting bees decreased in
relative abundance with reduced snowfall from the previous
year (r=-0.25, p=0.03), and comb-building cavity nesters
increased in relative abundance with reduced snowfall from
the previous year (r=0.21, p = 0.02). We did not find any effect
of climate variables on the relative abundance of bees that
nest in pre-existing holes or constructed cells (r<0.02 and
p>0.11 in all cases). When we removed Bombus from our analy-
sis, we did not find any difference in how bees responded to
climate variables based on their nesting behaviour (p > 0.15 in
all cases).

(c) Lecty

Lecty showed a strong association with precipitation from both
the previous and current years. We found that the relative abun-
dance of more specialized oligolectic bees responded positively
to reduced summer rainfall (drier conditions) from both the cur-
rent and previous years, whereas the relative abundance of
more generalized polylectic bees responded negatively to
reduced summer rainfall (current year rainfall: ¥=0.15, p=
0.02 and previous year rainfall: »=0.17, p =0.003; figure 1c).
When we removed Bombus, oligolectic bees still responded posi-
tively to drier conditions for both the current and previous years
(r=0.17, p=0.05 and r =0.18, p = 0.04, respectively).
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(d) Overwintering state

We found that the relative abundance of bees that overwinter
as emerged adults responded negatively to decreased
summer rainfall from the previous year (r=-0.12, p=0.05),
whereas reduced snowpack from the previous year increased
the relative abundance of these bees (r=0.11, p=0.06;
figure 1d). Bees that overwinter as prepupae/pupae respon-
ded positively to reduced summer rainfall (r=0.13, p=0.01)
and negatively to reduced snowpack from the previous year
(r=-0.11, p=0.07; figure 1d). We found no effect of climate
variables on bees that overwinter as unemerged adults (r <
0.08 and p>0.10 in all cases; figure 1d). When we removed
Bombus from the analysis, we saw similar but non-significant
trends in bee response to precipitation from the previous
year (emerged adults: r=—-0.11, p=0.17; prepupae/pupae:
(r=0.14, p=0.09).

4, Discussion

We found that life-history traits predicted bee responses to
changes in climate conditions, with bees of some traits
likely increasing in relative abundance and others declining
in relative abundance under climate change. The reshaping
of biodiversity under climate change is becoming a consistent
theme across many taxonomic groups, including plants [35],
birds [3], butterflies and moths [46,54], and reptiles [55]. By
using a trait-based approach, we gained a more mechanistic
understanding of why climate change might favour some
species over others. Trait—climate relationships were strongest
for four traits in our study: body size, nesting substrate, lecty
and overwintering state. Given the future climate change
projections for this region, under a warmer and drier
climate with reduced snowfall and earlier snowmelt timing,
we would expect there to be a shift towards smaller and soli-
tary bees, those with more specialized diets, and a decline
in relative abundance of some of the larger-bodied and

comb-building cavity nesters in our study system. Because
comb-building cavity nesters were dominated by Bombus,
which are also social, it is important to note that we cannot
fully separate the effects of traits associated with sociality
and nesting substrate in the analyses, and experimental
studies will be needed to do so. Moreover, removing Bombus
from our analysis showed that this group introduces strong
variation in the bee community, and it is responding differ-
ently to climate change than the smaller and solitary bees.
Nonetheless, our results suggest that the higher temperatures
and earlier or reduced snowfall expected under climate change
in montane systems [38] will likely reshape pollinator commu-
nities by favouring bees with certain life-history traits over
others, with potential reductions in functional redundancy
due to loss of trait diversity.

Based on our findings, increasing summer temperatures
in montane systems will likely be associated with a decrease
in the relative abundance of larger bodied bees. Body size of
insects can have profound effects on their physiologies and
thermal heat tolerances [56,57]. Bees have been shown to
have species-specific differences in thermal heat tolerances
[58-60], and some of this variation can be linked to species
traits, such as body size. For example, larger bodied bees
have been shown to forage earlier in the day when tempera-
tures are cooler [17,61], and in a 125-year study using
museum specimens, the larger bumblebee species showed
significant population declines compared to smaller species
[62]. This trend of smaller species being able to cope better
with increased temperatures has been shown in very different
contexts, including in urban systems where city centres tend
to be hotter than the surrounding rural areas [53,63], and
under different projected temperature scenarios in agricul-
tural systems [17]. Thus, climatic warming might cause
shifts towards smaller species on a global scale. Future
studies that measure the thermal limits of an entire commu-
nity of bees and across body size will allow us to determine
how body size and thermal limits interact to affect local bee
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abundance. Because larger surface-to-volume ratios are gen-
erally favoured under warmer temperatures, smaller body
size may be a common feature of climate warming at popu-
lation and community levels in terrestrial and aquatic
ecosystems [63].

Nesting substrate was also a strong driver of bee response
to increased summer temperatures and reduced snowfall.
Bombus, which nest in large cavities such as abandoned
rodent burrows and hollow trees, had lower relative abun-
dances under increased temperatures and reduced snowfall
from the previous year. Conversely, bees that nest directly in
the soil showed the opposite response. Large cavities used by
Bombus and small, individual nests that are built directly into
the soil might differ in their nesting depth and cell lining
materials [33]. These differences could affect insulation,
permeability and humidity inside the nest [33], which could
explain why we found differences in these nesting substrates
based on temperature and snow cover. Further, snowpack
moderates soil temperatures; years with lower snowfall and
snowpack cause soils to be more exposed to colder air tempera-
tures and undergo higher frequencies of freeze—thaw cycles
[64]. As Bombus queens hibernate directly in the soil, winters
with reduced snowfall could expose queens to harsher
conditions during hibernation.

Bee abundance associated with lecty, the diet breadth of a
species, responded predominantly to precipitation. We found
that the relative abundance of more-specialized oligolectic
bees decreased with earlier date of bare ground shown by
decreasing snowpack in April from the previous year, but
increased in relative abundance with declines in annual
rainfall from both the current and previous years. More gener-
alized polylectic bees showed the opposite response. This was
an unexpected result as previous studies with butterflies have
shown that those with narrower diet breadths are more suscep-
tible to environmental change due to their inability to switch
hosts [46,47]. Decreased snowpack and rainfall usually leads
to lower floral abundance [39], which should decrease food
resources for bees. However, increased rainfall could have
several negative effects on bees, and these effects could dispro-
portionately affect oligolectic bees. We highlight that effects
could be driven directly by changes in bee physiology or
indirectly mediated through flowering host plants. First, rain-
fall could directly affect pollinators by hindering their foraging
ability [65]. Though this could negatively affect all bees regard-
less of their diet breadth, oligolectic bees usually have shorter
foraging phenologies than polylectic bees because their
activity period tracks the flowering period of their host
plants [66]. Thus, the foraging window for oligolectic bees
could be shortened during years with prolonged periods of
rain. Second, increased rainfall could cause pollen degra-
dation, nectar dilution, altered volatiles and physical damage
to the plants, which could indirectly affect bees through the
loss of food resources [65]. These often-overlooked negative
effects of increased rainfall could have stronger negative effects
on oligoletic bees if their host plant is damaged. However, as
polylectic bees can switch plant hosts, it is likely that they are
benefiting from increased floral abundance of any plant
species due to increased precipitation. Future studies that
tease apart the relative importance of direct physiological
effects of the abiotic environment versus the indirect effects
mediated through floral resources on the entire bee community
would yield important ecological insights. One study con-
ducted with bumblebees showed that the indirect effects of

climate on floral resources were more important than the
direct effects [39]; whether this pattern holds for other bee
species and life-history traits awaits further investigation.

Bees that overwinter as emerged adults increased in rela-
tive abundance with reduced snowpack from the previous
year, but declined in relative abundance with reduced precipi-
tation from the previous year. The abiotic conditions during
which a bee hibernates can affect body size, lipid content and
overwintering survival [67,68]. Thus, prolonged hibernation
due to increased snowpack and later snowmelt timing could
affect the survival of bees that overwinter as adults through
the depletion of lipid storage. If the depletion of lipids leads
to reduced female fitness, this may lead to lower relative abun-
dance of bees the following summer. Experimental studies
would be important in testing this hypothesis.

One important caveat to consider in the interpretation of
these results is that the patterns we report are correlational,
and some trait combinations, such as between larger body
size and nesting substrate, were associated with one another.
Further, measures of bee abundance and community traits
can be affected by sampling method and environmental
conditions, and it is unclear how well abundance reflects
population size, particularly in social species [69,70].
Additional experimental research will be important in testing
the patterns highlighted here, many of which would not have
been observable without long-term data. Moreover, similar
patterns are starting to emerge in other regions. For example,
Hamblin et al. [32] found a similar interaction between heat tol-
erance and nesting substrate in the southeastern USA where
bees that nest in pre-existing cavities had lower tolerances to
higher temperatures than bees that nest in soil or stems.

Our findings that both larger bodied bees and comb-build-
ing cavity nesters are expected to decline in relative abundance
with increased temperatures are primarily driven by the genus
Bombus, thus suggesting that this group is more threatened
under climate warming than other bees in our system. The
threat of climate change to Bombus is a worldwide concern,
with other studies showing population declines and range
contractions due to increased temperatures [5,71]. Bumblebees
are the dominant pollinators in many ecosystems [25]; thus,
the loss of this group under climate change could reduce pol-
lination services both in natural and agricultural settings.
Previous studies have shown that their decline is associated
with lower heat tolerances than other bees, which is why
many species have shifted their ranges towards higher lati-
tudes and elevations [72]. Our study suggests that their
nesting behaviour and body size could also make them more
vulnerable to temperature increases under climate change,
though as these traits were highly correlated, future studies
are needed to tease apart which trait has a stronger implication
for bumblebees under a warming climate.

5. Conclusion

Our research suggests that climate-induced changes in temp-
erature, snowpack and summer precipitation may drastically
reshape bee communities. In montane regions that are experi-
encing increased temperatures and earlier snowmelt, our
findings suggest that the bee community will shift towards
smaller bodied and solitary bees, those that nest in the soil,
and those with narrower diet breadths. We might specifically
expect to see a decline in the relative abundance of some of
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the larger bodied species of Megachile, Osmia, Anthophora,
Melissodes and Bombus. Indeed, many of these genera were
shown to be decreasing in abundance in a study that tracked
bee responses to environmental change over a 140-year
period in the northeastern USA using museum specimens
[6], suggesting that declines in large-bodied bees are not
restricted to montane ecosystems. Furthermore, as montane
systems are expected to become drier over time [38], we
may observe shifts towards bees with narrower diet breadths.
However, many other regions are expected to increase in pre-
cipitation under climate change [73] and our results extended
to these other regions would suggest an increase in the ratio
of generalist bee species over specialist species. The degree
to which these results can be accurately extended to other
ecoregions with different climate change projections warrants
further investigation.

A reshaping of the bee community under projected
climate scenarios could result in novel plant-pollinator inter-
actions and possibly changes in plant reproduction due to
shifts in species identities and associations with flowering
plants. For example, we could see an increase in pollination
by smaller bees, which could act as a buffer against pollina-
tion loss from declines in larger bodied bees [6,12]. This
prediction assumes that these smaller species can pollinate
similar plant species as larger bodied bees and any differ-
ences in pollination efficiencies are offset by increases in
foraging rates. One potential consequence of the loss of
larger bodied bees could be a decline in long-distance
pollen transfer as foraging range is positively correlated
with body size [74]. Another change in pollination that
might occur under climate change is increased specialization
among bees due to drier conditions, which could increase
conspecific pollen transfer among plants and increase pollina-
tion to host plants of oligolectic bees [75,76]. Previous studies
have shown that climate change is reshaping plant commu-
nities [35,77]. Our study shows that climate change is also
reshaping pollinator communities towards smaller bees,

ground-nesting bees and bees with more-specialized diets,
which could have cascading effects on pollination and
ecosystem functioning.

Data accessibility. The data and R codes used in this study are publicly
accessible at https://github.com/gpardee/Traits-Paper.git. Further,
a fully detailed sampling protocol can be accessed at https://osf.
io/kmxyn/.

The data are provided in the electronic supplementary material
[78].
Authors” contributions. G.L.P.: conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodology, writing—
original draft and writing—review and editing; S.R.G.: conceptualiz-
ation, data curation, formal analysis, methodology, writing—original
draft and writing—review and editing; M.S.: data curation, formal
analysis, resources, software and writing—review and editing; T.H.:
conceptualization, formal analysis, resources, visualization and
writing—review and editing; Z.M.P.: methodology, resources, valida-
tion and writing—review and editing; M.RK.: methodology,
resources and writing—review and editing; ]J.S.L.. methodology,
resources, writing—review and editing; D.W.L: conceptualization,
funding acquisition and writing—review and editing; R.E.I.: concep-
tualization, data curation, funding acquisition, supervision and
writing—review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. Funding was provided by the National Science Foundation
(NSF) Graduate Research Fellowship DGE-1143953 to G.L.P., an
NSF LTREB award to D.W.I. and R.E.I. (DEB-1354104), and funds
from NC State University.

Acknowledgements. We thank Z. Gezon, E. Graber, R. Brennan,
R. Polanco, A. Slominski, S. Turner and J. Welch for help with field-
work, J. Ascher, J. Gibbs, T. Griswold, ]J. Neff, M. Orr, M. Rightmyer,
C. Sheffield and K. Wright for help with taxonomy, billy barr for
Gothic weather data and L. Ponisio for sharing her knowledge of
bee life-history traits for some of the species. We also thank the
RMBL (including their special use permit) and private landowners
for long-term and continued access to field sites. Any opinions, find-
ings and conclusions or recommendations expressed in this material
are those of the authors and do not necessarily reflect the views of the
National Science Foundation.

(doi:10.1126/science.aax8591)

insecticides on the life-history traits of bees and the

References
Parmesan C. 2006 Ecological and evolutionary 6. Bartomeus |, Ascher J, Gibbs J, Danforth B, Wagner consequences for pollination. Basic Appl. Ecol. 12,
responses to recent climate change. Ann. Rev. Ecol. D, Hedtke S, Winfree R. 2013 Historical changes in 321-331. (doi:10.1016/j.baae.2010.12.004)
Evol. Syst. 37, 637-669. (doi:10.1146/annurev. northeastern US bee pollinators related to shared 11.  Cariveau D, Williams NM, Benjamin F, Winfree R.
ecolsys.37.091305.110100) ecological traits. Proc. Nat/ Acad. Sci. USA 110, 2013 Response diversity to land use occurs but does
Hooper DU et al. 2012 A global synthesis reveals 4656—4660. (doi:10.1073/pnas.1218503110) not consistently stabilise ecosystem services
biodiversity loss as a major driver of ecosystem 7. Williams NM, Crone EE, Roulston TH, Minckley RL, provided by native pollinators. Ecol. Lett. 16,
change. Nature 486, 105-108. (doi:10.1038/ Packer L, Potts SG. 2010 Ecological and life-history 903-911. (doi:10.1111/ele.12126)
nature11118) traits predict bee species responses to 12. Bartomeus I, Ascher JS, Wagner D, Danforth BN,
Jetz W, Wilcove DS, Dobson AP. 2007 Projected environmental disturbances. Biol. Conserv. 143, Colla S, Kornbluth S. 2011 Climate-associated
impacts of climate and land-use change on the 2280-2291. (doi:10.1016/j.biocon.2010.03.024) phenological advances in bee pollinators and
global diversity of birds. PLoS Biol. 5, 1211-1219. 8. Kremen C, Williams NM, Bugg RL, Fay JP, Thorp RW. bee-pollinated plants. Proc. Nat/ Acad. Sci. USA 108,
(doi:10.1371/journal.pbio.0050157) 2004 The area requirements of an ecosystem 20 645-20 649. (doi:10.1073/pnas.1115559108)
McKinney ML, Lockwood JL. 1999 Biotic service: crop pollination by native bee communities 13. Hall MA, Nimmo DG, Cunningham SA, Walker K,
homogenization: a few winners replacing many in California. Ecol. Lett. 7, 1109-1119. (doi:10.1111/ Bennett AF. 2019 The response of wild bees to tree
losers in the next mass extinction. Trends Ecol. Evol. }-1461-0248.2004.00662.x) cover and rural land use is mediated by species’
14, 450-453. (doi:10.1016/50169-5347(99) 9. Ollerton J, Winfree R, Tarrant S. 2011 How many traits. Biol. Conserv. 231, 1-12. (d0i:10.1016/j.
01679-1) flowering plants are pollinated by animals? Oikos biocon.2018.12.032)
Soroye P, Newbold T, Kerr J. 2020 Climate change 120, 321-326. (doi:10.1111/j.1600-0706.2010. 14. Pereira FW, Carneiro L, Gongalves RB. 2020 More
contributes to widespread declines among bumble 18644.x) losses than gains in ground-nesting bees over 60
bees across continents. Science 367, 685—688. 10. Brittain C, Potts SG. 2011 The potential impacts of years of urbanization. Urban Ecosyst. 24, 233-242.

(doi:10.1007/511252-020-01030-1)

169271207 68T g 05 Y 20id  qdsi/jeuinol/bio:buiysigndAsnosiefol H



19.

20.

21.

22.

2.

24.

25.

26.

2].

28.

De Palma A, Kuhimann M, Roberts SPM, Potts SG,
Borger L, Hudson LN, Lysenko I, Newbold T, Purvis
A. 2015 Ecological traits affect the sensitivity of
bees to land-use pressures in European agricultural
landscapes. J. Appl. Ecol. 52, 1567—1577. (doi:10.
1111/1365-2664.12524)

Potts SG, Vulliamy B, Dafni A, Ne G, Toole (O,
Roberts S, Willmer P. 2003 Response of plant—
pollinator communities to fire: changes in diversity,
abundance and floral reward structure. Oikos 101,
103-112. (doi:10.1034/j.1600-0706.2003.12186.%)
Rader R, Reilly J, Bartomeus I, Winfree R. 2013
Native bees buffer the negative impact of dimate
warming on honey bee pollination of watermelon
crops. Glob. Change Biol. 19, 3103-3110. (doi:10.
1111/gch.12264)

Bartomeus |, Park MG, Gibbs J, Danforth BN, Lakso
AN, Winfree R. 2013 Biodiversity ensures plant—
pollinator phenological synchrony against climate
change. Ecol. Lett. 16, 1331-1338. (doi:10.1111/
ele.12170)

Miller-Struttmann NE et al. 2015 Functional
mismatch in a bumble bee pollination mutualism
under dimate change. Science 349, 75-78. (doi:10.
1126/science.aab0868)

Thomson JD. 2010 Flowering phenology,

fruiting success, and progressive deterioration of
pollination in an early-flowering geophyte. Phil.
trans. R. Soc. Ser. B 365, 3187-3199. (doi:10.1098/
15th.2010.0115)

Rafferty NE, Ives AR. 2011 Effects of experimental
shifts in flowering phenology on plant—pollinator
interactions. Ecol. Lett. 14, 69-74. (doi:10.1111/j.
1461-0248.2010.01557.x)

Hegland SJ, Nielsen A, Lazaro A, Bjerknes AL,
Totland @. 2009 How does dimate warming affect
plant—pollinator interactions? Ecol. Lett. 12,
184-195. (d0i:10.1111/}.1461-0248.2008.01269.x)
Gilman RT, Fabina NS, Abbott KC, Rafferty NE. 2011
Evolution of plant—pollinator mutualisms in
response to climate change. Evol. Appl. 5, 2-16.
(doi:10.1111/j.1752-4571.2011.00202.x)

Rafferty NE, CaraDonna PJ, Bronstein JL. 2015
Phenological shifts and the fate of mutualisms.
Oikos 124, 14-21. (doi:10.1111/0ik.01523.
Phenological)

Cameron SA, Lozier JD, Strange JP, Koch JB, Cordes
N, Solter LF, Griswold TL. 2011 Patterns of
widespread decline in North American bumble bees.
Proc. Natl Acad. Sci. USA 108, 662—667. (doi:10.
1073/pnas.1014743108)

Radmacher S, Srohm E. 2011 Effects of constant and
fluctuating temperatures on the development of the
solitary bee Osmia bicornis (Hymenoptera:
Megachilidae). Apidologie 42, 711-720. (doi:10.
1007/513592-011-0078-9)

Forrest JRK, Chisholm SPM. 2017 Direct benefits and
indirect costs of warm temperatures for high-
elevation populations of a solitary bee. Ecology 98,
359-369. (doi:10.1002/ecy.1655)

Slominski AH, Burkle LA. 2019 Solitary bee life
history traits and sex mediate responses to
manipulated seasonal temperatures and season

29.

30.

31

32

33

34.

35.

36.

37.

38.

39.

1.

42.

length. Front. Ecol. Evol. 7, 1-15. (doi:10.3389/fevo.
2019.00314)

McCabe LM, Cobb NS, Butterfield BJ. 2019
Environmental filtering of body size and darker
coloration in pollinator communities indicate
thermal restrictions on bees, but not flies, at
high elevations. Peer/ 7, €7867. (doi:10.7717/
peerj.7867)

Polatto LP, Chaud-Netto J, Alves-Junior VV. 2014
Influence of abiotic factors and floral resource
availability on daily foraging activity of bees.

J. Insect Behav. 27, 593—612. (doi:10.1007/510905-
014-9452-6)

Seddon AWR, Macias-Fauria M, Long PR, Benz D,
Willis KJ. 2016 Sensitivity of global terrestrial
ecosystems to climate variability. Nature 531,
229-232. (doi:10.1038/nature16986)

Hamblin AL, Youngsteadt E, Lopez-Uribe MM, Frank
SD. 2017 Physiological thermal limits predict
differential responses of bees to urban heat-island
effects. Biol. Lett. 13, 20170125. (doi:10.1098/rsbl.
2017.0125)

Harmon-Threatt A. 2020 Influence of nesting
characteristics on health of wild bee communities.
Annu. Rev. Entomol. 65, 39-56. (doi:10.1146/
annurev-ento-011019-024955)

Gezon ZJ, Wyman ES, Ascher JS, Inouye DW, Irwin
RE. 2015 The effect of repeated, lethal sampling on
wild bee abundance and diversity. Methods Ecol.
Evol. 6, 1044—1054. (doi:10.1111/2041-210X.12375)
CaraDonna PJ, ller AM, Inouye DW. 2014 Shifts in
flowering phenology reshape a subalpine plant
community. Proc. Nat/ Acad. Sci. USA 111,
4916-4921. (doi:10.1073/pnas.1323073111)

ller AM, Inouye DW, Hoye TT, Miller-Rushing AJ,
Burkle LA, Johnston EB. 2013 Maintenance of
temporal synchrony between syrphid flies and floral
resources despite differential phenological responses
to dimate. Glob. Change Biol. 19, 2348—2359.
(doi:10.1111/gch.12246)

Lawson (R, Vindenes Y, Bailey L, van de Pol M.
2015 Environmental variation and population
responses to global change. Ecol. Lett. 18, 724-736.
(doiz10.1111/ele.12437)

Milly PCD, Dunne KA. 2020 Colorado River flow
dwindles as warming-driven loss of reflective snow
energizes evaporation. Science 367, 1252-1255.
(doi:10.1126/science.aax0194)

Ogilvie JE, Griffin SR, Gezon ZJ, Inouye BD,
Underwood N, Inouye DW, Irwin RE. 2017
Interannual bumble bee abundance is driven by
indirect climate effects on floral resource phenology.
Ecol. Lett. 20, 1507-1515. (doi:10.1111/ele.12854)
Williams PH, Thorp RW, Richardson LL, Colla SR.
2014 Bumble bees of North America. Princeton, NJ:
Princeton University Press.

Stemkovski M et al. 2020 Bee phenology is
predicted by dimatic variation and functional traits.
Ecol. Lett. 23, 1589-1598. (doi:10.1111/ele.13583))
Lynn JS, Canfield S, Conover RR, Keene J, Rudgers
JA. 2018 Pocket gopher (Thomomys talpoides) soil
disturbance peaks at mid-elevation and is
associated with air temperature, forb cover, and

4.

45.

47.

49.

50.

51.

52.

53.

54.

55.

56.

plant diversity. Arctic Antarct. Alpine Res. 50,
€1487659. (doi:10.1080/15230430.2018.1487659)
R Core Team. 2016 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. See http://
www.R-project.org/.

Inouye DW. 2008 Effects of climate change on
phenology, frost damage, and floral abundance of
montane wildflowers. Ecology 89, 353-362. (doi:10.
1890/06-2128.1)

Cane JH, Sipes S. 2006 Floral specialization by bees:
analytical methods and a revised lexicon for
oligolecty. In Plant—pollinator interactions: from
specialization to generalization (eds N Waser,

J Ollerton), pp. 99-112. Chicago, IL: University of
Chicago Press.

Stefanescu C, Penuelas J, Filella I. 2003 Effects of
dimatic change on the phenology of butterflies in
the northwest Mediterranean Basin. Glob. Change
Biol. 9, 1494-1506. (doi:10.1046/).1365-2486.2003.
00682.X)

Boggs CL, Inouye DW. 2012 A single dimate driver
has direct and indirect effects on insect population
dynamics. Ecol. Lett. 15, 502-508. (doi:10.1111/j.
1461-0248.2012.01766.x)

Forrest JR. 2016 Complex responses of insect
phenology to climate change. Curr. Opin. Insect Sdi.
17, 49-54. (doi:10.1016/j.0is.2016.07.002)
Cariveau DP, Nayak GK, Bartomeus |, Zientek J,
Ascher JS, Winfree R. 2016 The allometry of

bee proboscis length and its uses in ecology.
PLoSONE 11, e0151482. (doi:10.1371/journal.pone.
0151482)

Oyen KJ, Giri S, Dillon ME. 2016 Altitudinal variation
in bumble bee (Bombus) critical thermal limits.

J. Therm. Biol 59, 52-57. (doi:10.1016/j jtherbio.
2016.04.015)

Dray S, Legendre P. 2008 Testing the species traits—
environment relationships: the fourth-corner
problem revisited. Fcology 89, 3400—3412. (doi:10.
1890/08-0349.1)

Peres-Neto PR, Dray S, ter Braak CJ. 2017 Linking
trait variation to the environment: critical issues
with community-weighted mean correlation
resolved by the fourth-corner approach. Ecography
40, 806-816. (doi:10.1111/ecog.02302)

Harrison T, Gibbs J, Winfree R. 2017 Forest bees are
replaced in agricultural and urban landscapes by
native species with different phenologies and life-
history traits. Glob. Change Biol. 24, 287-296.
(doi:10.1111/gcb.13921)

Forsman A, Betzholtz PE, Franzén M. 2016 Faster
poleward range shifts in moths with more variable
colour patterns. Sci. Rep. 6, srep36265. (doi:10.
1038/srep36265)

Bohm M, Cook D, Ma H, Davidson AD, Garcia A,
Tapley B, Pearce-Kelly P, Carr J. 2016 Hot and
bothered: using trait-based approaches to

assess climate change vulnerability in reptiles.
Biol. Conserv. 204, 32-41. (doi:10.1016/j.biocon.
2016.06.002)

Johnson DJ, Stahlschmidt ZR. 2020 City limits: heat
tolerance is influenced by body size and hydration

16971707 68T § 20S Y 20i4  qdsi/[eusnol/bio-buiysijgndisposesos =



57.

58.

59.

60.

61.

62.

63.

64.

state in an urban ant community. Ecol. Evol. 10,
4944-4955. (d0i:10.1002/ece3.6247)
Gonzalez-Tokman D, Cérdoba-Aguilar A, Dattilo W,
Lira-Noriega A, Sanchez-Guillén RA, Villalobos F.
2020 Insect responses to heat: physiological
mechanisms, evolution and ecological implications
in a warming world. Biol. Rev. 95, 802-821.
(doi:10.1111/brv.12588)

Burdine JD, McCluney KE. 2019 Differential
sensitivity of bees to urbanization-driven changes in
body temperature and water content. Sci. Rep. 9,
1-10. (doi:10.1038/541598-018-38338-0)

Hamblin AL, Youngsteadt E, Frank SD. 2018 Wild
bee abundance declines with urban warming,
regardless of floral density. Urban Ecosyst. 21,
419-428. (doi:10.1007/s11252-018-0731-4)

Oyen KJ, Dillon ME. 2018 Critical thermal limits of
bumblebees (Bombus impatiens) are marked by
stereotypical behaviors and are unchanged by
acdimation, age or feeding status. J. Exp. Biol. 221,
jeb165589. (doi:10.1242/jeb.165589)

Willmer P, Finlayson K. 2014 Big bees do a better
job: intraspecific size variation influences pollination
effectiveness. J. Pollination Ecol. 14, 244-254.
(doi:10.26786/1920-7603(2014)22)

Nooten SS, Rehan SM. 2020 Historical changes in
bumble bee body size and range shift of declining
species. Biodivers. Conserv. 29, 451-467. (doi:10.
1007/510531-019-01893-7)

Merckx T et al. 2018 Body-size shifts in aquatic and
terrestrial urban communities. Nature 558,
113-116. (doi:10.1038/541586-018-0140-0)
Sanders-Demott R, Templer PH. 2017 What about
winter? Integrating the missing season into climate
change experiments in seasonally snow covered

65.

66.

67.

68.

69.

70.

1.

ecosystems. Methods Ecol. Evol. 8, 1183-1191.
(doiz10.1111/2041-210X.12780)

Lawson DA, Rands SA. 2019 The effects of rainfall
on plant—pollinator interactions. Arthropod-Plant
Interact. 13, 561-569. (d0i:10.1007/511829-019-
09686-2)

Robertson C. 1929 Phenology of oligolectic bees and
favorite flowers. Psyche 36, 112—118. (doi:10.1155/
1929/72735)

Schenk M, Mitesser O, Hovestadt T, Holzschuh A.
2018 Overwintering temperature and body
condition shift emergence dates of spring-emerging
solitary bees. Peer/ 6, e4721. (doi:10.7717/
peerj.4721)

Sgolastra F, Kemp WP, Buckner JS, Pitts-singer TL,
Maini S. 2011 The long summer: pre-wintering
temperatures affect metabolic expenditure and
winter survival in a solitary bee. J. Insect.

Physiol. 57, 1651-1659. (doi:10.1016/j.jinsphys.
2011.08.017)

Portman ZM, Bruninga-Socolar B, Cariveau DP. 2020
The state of bee monitoring in the United States: a
call to refocus away from bowl traps and towards
more effective methods. Ann. Entomol. Soc. Am.
113, 337-342. (doi:10.1093/aesa/saaa010)
Thompson A, Frenzel M, Schweiger 0, Musche M,
Groth T, Roberts SPM, Kuhlmann M, Knight TM.
2021 Pollinator sampling methods influence
community patterns assessments by capturing
species with different traits and at different
abundances. Ecol. Indic. 132, 108284. (doi:10.1016/
j-ecolind.2021.108284)

Pyke GH, Thomson JD, Inouye DW, Miller T). 2016
Effects of climate change on phenologies and
distributions of bumble bees and the plants

72.

73.

74.

75.

76.

71.

78.

they visit. Ecosphere 7, €01267. (doi:10.1002/
ecs2.1267)

Kerr JT et al. 2015 Climate change impacts

on bumblebees converge across continents.
Science 349, 177-181. (doi:10.1126/science.
aaa7031)

Trenberth KE. 2011 Changes in precipitation with
climate change. Clim. Res. 47, 123-138. (doi:10.
3354/cr00953)

Greenleaf SS, Williams NM, Winfree R, Kremen C.
2007 Bee foraging ranges and their relationship to
body size. Oecologia 153, 589-596. (doi:10.1007/
500442-007-0752-9)

Schlindwein C, Wittmann D. 1995 Specialized
solitary bees as effective pollinators of South
Brazilian species of Notocactus and Gymnocalycium
(Cactaceae). Bradleya 13, 25-34. (doi:10.25223/
brad.n13.1995.a4)

(arvalho AT, Schlindwein C. 2011 Obligate
association of an oligolectic bee and a seasonal
aquatic herb in semi-arid north-eastern Brazil.
Biol. J. Linn. Soc. 102, 355-368. (doi:10.1111/j.
1095-8312.2010.01587.x)

Miller-Rushing AJ, Inouye DW. 2009 Variation in
the impact of climate change on flowering
phenology and abundance: an examination of two
pairs of closely related wildflower species.

Am. J. Bot. 96, 1821-1829. (doi:10.3732/ajb.
0800411)

Pardee GL, Griffin SR, Stemkovski M, Harrison T,
Portman ZM, Kazenel MR, Lynn JS, Inouye DW,
Irwin RE. 2022 Life history traits predict
responses of wild bees to climate variation.
Figshare. (https://doi.org/10.6084/m9.figshare.c.
5926232)

16971707 68T § 20S Y 20i4  qdsi/[eusnol/bio-buiysijgndisposesos



