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Abstract

Climate change is shifting the environmental cues that determine the phenology of interacting spe-
cies. Plant–pollinator systems may be susceptible to temporal mismatch if bees and flowering
plants differ in their phenological responses to warming temperatures. While the cues that trigger
flowering are well-understood, little is known about what determines bee phenology. Using gener-
alised additive models, we analyzed time-series data representing 67 bee species collected over
9 years in the Colorado Rocky Mountains to perform the first community-wide quantification of
the drivers of bee phenology. Bee emergence was sensitive to climatic variation, advancing with
earlier snowmelt timing, whereas later phenophases were best explained by functional traits
including overwintering stage and nest location. Comparison of these findings to a long-term
flower study showed that bee phenology is less sensitive than flower phenology to climatic varia-
tion, indicating potential for reduced synchrony of flowers and pollinators under climate change.

Keywords

Climate change, emergence, environmental cues, GAM (generalised additive models), Hymenop-
tera, mismatch, peak, phenophases, senescence.

Ecology Letters (2020) 23: 1589–1598

INTRODUCTION

Ecological relationships break down when the synchrony of
interacting species is disrupted. Climate change is altering the
phenology (timing of life-history events) of species, with
spring events generally happening earlier (Bell et al., 2015;
Cohen et al., 2018) and fall events later (Gallinat et al., 2015).
Crucially, the rate of phenological shift varies among co-oc-
curring species and guilds (Thackeray et al., 2016; König
et al., 2018). This is of particular concern for species within
cross-guild associations, such as plants and their pollinators,
because the two groups may have different sensitivities to
environmental cues (Forrest and Thomson, 2011; Rafferty
et al., 2015). Positively interacting species that experience a
phenological mismatch due to different directions or rates of
response to climate change are likely to suffer reduced fecun-
dity or increased mortality (Visser and Gienapp, 2019). Mis-
matches due to climate change have been observed in
consumer-resource systems (Kharouba et al., 2018) and mutu-
alistic interactions (Petanidou et al., 2014). In the short term,

mutualist species that experience a phenological mismatch are
expected to suffer fitness losses, followed by adaptation to
reestablish synchrony (Visser and Gienapp, 2019). If climate
change outpaces the rate of adaptation, however, mutualists
may experience irreparable de-coupling. Thus, it is critically
important to understand the drivers of phenological shifts and
compare their magnitudes for interacting species.
In plant–pollinator systems, phenological mismatch due to

earlier spring events has been reported for early season flow-
ers and their pollinators (Kudo et al., 2004; Kudo and Ida,
2013). As spring events such as snowmelt timing are projected
to occur earlier under climate change (IPCC, 2014), these mis-
matches are expected to become more common and pro-
nounced. Phenological mismatch in a pollination system could
have negative fitness consequences for plants through pollen
limitation (Rafferty and Ives, 2012; Kudo and Ida, 2013), and
pollinators through a lack of floral resources (CaraDonna
et al., 2018; Schenk et al., 2018). At the community level, mis-
matches can lead to a collapse of the mutualism (Warren and
Bradford, 2014), and may reduce crop yield in agricultural
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systems if pollinator species richness is low (Bartomeus et al.,
2013). While phenological responses to climate change have
been well documented for plants (Parmesan and Yohe, 2003;
CaraDonna et al., 2014; König et al., 2018), less is known
about the responses of pollinators, especially insect pollinators
such as bees (Bartomeus et al., 2011). Even if bee and flower-
ing phenologies are both responsive to temperature (Hegland
et al., 2009; Forrest and Thomson, 2011; Renner and Zohner,
2018), they may not be equally sensitive to variation in tem-
perature, potentially leading to a future mismatch under cli-
mate change (Ellwood et al., 2012; Ovaskainen et al., 2013;
Petanidou et al., 2014; Olliff-Yang and Mesler, 2018). The few
studies that have examined the phenological response of bees
to environmental cues have been limited by practical con-
straints mostly to small subsets of the total bee community
(e.g. Kehrberger and Holzschuh, 2019; Slominski and Burkle,
2019). To understand the full effects of climate change on
plant communities, it is imperative to determine the commu-
nity-level drivers of bee phenology given the role of bees as
the primary pollinators in most ecosystems (Klein et al.,
2007).
From the perspective of pollination, the most important bee

activity is the flight period in which adults transfer pollen. The
flight period can be described by three points in time (hereafter
phenophases): emergence from nests (the beginning of adult for-
aging, rather than the time of eclosion), timing of the peak abun-
dance of foragers, and senescence (the end of foraging). These
phenophases may be driven by different environmental cues, but
may also be linked by developmental time (Donnelly et al., 2011;
Keenan and Richardson, 2015; Ettinger et al., 2018). Differences
in temperature (Forrest and Thomson, 2011), soil moisture
(Danforth, 1999; Olliff-Yang and Mesler, 2018), and snowmelt
timing along elevation gradients in montane regions (Pyke et al.,
2011) may shift bee emergence phenology. Snowmelt timing may
be particularly influential in areas where the growing season is
limited by many months of persistent snowpack. Given these
sensitivities, bee phenology has advanced, on average, due to cli-
mate change (Bartomeus et al., 2011). Certain functional traits
(those that influence fitness) may shape bee phenology (Dia-
mond et al., 2011; Forrest, 2016), including variable thermal tol-
erance due to body mass (Stone and Wilmer, 1989), nest
location (Bartomeus et al., 2011), and the life stage in which bees
overwinter (Fründ et al., 2013). Species that nest above ground
are expected to be more responsive to climatic variation, as air
temperature is more variable than soil temperature (Parton and
Logan, 1981), and the stage in which bees overwinter may inter-
act with climate to determine when they can emerge from nests
because prepupae-overwintering species must undergo additional
development before emergence (Forrest, 2016). While these dri-
vers of phenology have been described in isolation, understand-
ing their relative importance and potential interactions is
impossible without a comprehensive study that examines them
simultaneously at the community level.
Here, we present findings on the drivers of bee phenology

using 9 years of time-series data from a study of solitary bees
along an elevation gradient. To make phenology estimates
from a sparse time-series data set and to avoid the biases of
first-observation dates (Miller-Rushing et al., 2008; Lindén,
2018; Inouye et al., 2019), we introduce an approach based on

generalised additive models that calculate the first 5%, middle,
and last 5% of a distribution (van Strein et al., 2008), corre-
sponding to the three phenophases of foraging bee popula-
tions. We used these estimates to determine the drivers of bee
phenology at the community level, including climate, topogra-
phy, and bee traits, by comparing phenological variation
among years. Specifically, we investigated the predictions that
earlier phenophases are more strongly affected by climate
variation compared to late phenophases (Forrest, 2016), and
that snowmelt timing is the primary driver of bee phenology
in the subalpine ecosystem of this study, as it is for flower
phenology (Inouye, 2008). We also predicted that species that
overwinter as adults emerge earlier than those that overwinter
as pre-pupae, because they are less constrained by develop-
ment time in the early growing season (Fründ et al., 2013).
Motivated by the idea that species’ phenological plasticity to
climatic variation may be mediated by their traits (Diamond
et al., 2011), we tested for an interaction between two traits
(nest location and overwintering stage) and snowmelt timing.
Finally, to explore whether bee phenology will track flower
phenology under climate change (Ogilvie et al., 2017), we
compared rates of advance in bee phenology in response to
earlier snowmelt timing to published rates in flowering phe-
nology at nearby study sites (CaraDonna et al., 2014). By
providing the first community-level assessment of the drivers
of bee phenology, our findings give insight into the future of
plant–pollinator systems under forecasted climate change.

METHODS

Study system

We gathered data at 18 sites around the Rocky Mountain
Biological Laboratory (RMBL) in the Elk Mountains of west-
ern Colorado, USA from 2009 to 2017 (Table S2). Sites were
located along an elevation transect (2456–3438 metres above
sea-level) in montane and subalpine habitats dominated by a
diverse mixture of perennial flowering species (CaraDonna
et al., 2014). The area is highly seasonal, with snowpack typi-
cally persisting from November until May. The short growing
season of only a few summer months results in predominantly
univoltine bee life cycles, although some bee species may exhi-
bit parsivoltine life cycles (Forrest et al., 2019). The European
honey bee Apis mellifera and other non-native bees were
absent during the study period.

Bee data collection

We sampled bees in habitat types that were representative of
dominant vegetation types: wet meadows dominated by Vera-
trum tenuipetalum, those dominated by Salix spp., rocky dry
meadows, and Artemisia spp. steppe. We conducted biweekly
bee abundance surveys at each site using pan traps (following
LeBuhn et al., 2003). We set out 10 each of white, fluorescent
yellow, and fluorescent blue pan traps along two approx. per-
pendicular 45-m transects at intervals of 3 m, an array that
passively attracts bees by mimicking a display of flowers. We
deployed pan traps between approx. 0800 and 1700 (the per-
iod of maximum bee activity) only on warm, calm, sunny
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days and removed traps when these conditions changed drasti-
cally. Further details of the bee sampling are provided by
Gezon et al. (2015). Specimens were identified to the lowest
taxonomic resolution possible using a variety of resources
(Michener et al., 1994; Michener, 2000; Gibbs, 2010; Scott
et al., 2011). We excluded the pollen-foraging genera Anthid-
ium, Ashmeadiella, Atoposmia, Eucera, Diadasia, and Dianthid-
ium and all cleptoparasites (Coelioxys, Epeolus, Holcopasites,
Nomada, Stelis, Sphecodes, and Triepeolus) because we were
unable to identify them to species or they were very rare (to-
gether, individuals from these genera made up 4% of the col-
lection). We were unable to identify most species of the
diverse genus Andrena, so only four species in this genus are
included in the analysis (this omission represents 3% of the
total collection). The list of species included in the analysis is
presented in Table S3. The population estimates at each sam-
pling date were calculated as bees captured/hour of sampling,
to account for variable sampling effort, including females and
males (with the exception of Lasioglossum spp. for which we
were only able to identify females). Because pan traps over-
represent small bees such as Halictids and under-represent
large bees (Cane et al. 2000), we excluded the large-bodied
genus Bombus from analyses (3% of pan-collected specimens).

Climate, topographic, and trait data

To explain variation in bee phenology, we gathered data on
yearly climate variation, topographic data associated with
sites, and bee functional traits. We selected snowmelt timing,
summer temperature, and summer rainfall as climate vari-
ables, elevation and solar incidence as topographic variables,
and body mass, nest location, and overwintering stage as
functional traits. Full details on the methods for gathering
these data and justifications for their inclusion in the analyses
are available in Supporting Information 1.

Phenophase estimation

To bypass the problems of first-occurrence measures of sparse
time-series data for many taxa including bees, take into
account variable uncertainty, and estimate emergence, peak,
and senescence dates from distributions of unknown form, we
developed a novel application (validated in Supporting Infor-
mation 2) of Generalized Additive Models (GAMs; Wood
2017). For each species/site/year combination, we fit a GAM
with day-of-year as the explanatory variable and abundance
as the response using a cubic spline smoothing basis with a
Gaussian distribution family and performed generalised cross-
validation to avoid over-fitting. We set the dimension of the
smoothing basis to 4 when there were < 5 observations, and 5
for ≥ 5 observations. For each model fit, we determined the
peak timing by calculating the predicted date of the maximum
of the model fit and found the first and last occurrence of 5%
of the maximum to determine dates of emergence and senes-
cence, respectively. We did not record estimates of emergence
or senescence in cases where sampling began too late or ended
too early to observe the tails of the distribution below 5% of
the maximum. We also did not record estimates of peak abun-
dance when we did not unambiguously observe the “crest” of

the abundance curve, though we were able in some cases to
estimate emergence or senescence but not peak by identifying
the transition from zeroes to positive abundances. Due to this
conservative approach, we were able to make emergence esti-
mates for 47% of the total time-series, 40% for peak, and
53% for senescence. We calculated confidence intervals as
twice the standard error at each phenophase. GAMs were
implemented using the mgcv R-package (Wood, 2017).

Modeling drivers of phenology

We created three candidate models by modelling emergence,
peak, and senescence timing as functions of climate, topo-
graphic, and species trait variables, accounting for pseudo-
replication at the site and species level by modelling these as
random effects according to the equation

DOYphase ∼ θclimþθtopoþθtraitþ esiteþ esp

where DOYphase is the estimated day-of-year (DOY) of each phe-
nophase, θclim are the climate variables (snowmelt date, summer
temperature, and summer precipitation), θtopo are the topo-
graphic variables (elevation and solar incidence), θtrait are species
traits (body mass, nest location, and overwintering stage), esite
are sites, and esp are species. θ terms represent fixed effects,
whereas e terms represent random effects, forming a mixed
effects model (Bates et al., 2014). All terms were modelled as
additive effects, with no interactions in this top model. Due to
heterogeneity in the frequency of sampling, population numbers,
and shape of the abundance curves, phenophase estimates have
heterogeneous confidence intervals. To propagate this uncer-
tainty through our analysis, we weighted the estimates based on
the inverse of their standard errors. To generate directly compa-
rable standardised effect sizes, we scaled and centred explanatory
variables (Gelman and Hill, 2006). To make categorical variables
comparable to continuous ones, we scaled the continuous vari-
ables by 0.5 standard deviations (Gelman, 2008).
Because it is not known which of the proposed variables

determine bee phenology at the community level, we
employed a model averaging protocol, following Burnham
and Anderson (1998), to determine which variables were influ-
ential. We fit models with each possible combination of pre-
dictor variables and averaged coefficients from models within
4 AIC units of the best one. Because model averaging can
bias estimates (Cade, 2015), we compared the averaged coeffi-
cients to the coefficients from the top model for each pheno-
phase, finding very tight correlations (Pearson r > 0.999 for
all three models, Figure S5). Additionally, we tested for multi-
collinearity, finding sufficiently low variance inflation factors
for each predictor (Supporting Information 3).
To investigate whether climate would more strongly affect

emergence timing, whereas other variables would be more
influential for later phenophases, we calculated marginal and
conditional R2 values based on the single best model in the
top model set and investigated variance partitioned between
climate and trait variables by calculating the proportion of
variance explained by models fitted with just climate and trait
variables vs. the top model. Due to small sample sizes for
some species/predictor variable combinations, we were unable
to estimate independent parameter values for every species,
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and treated species as a random effect in the full model. To
provide a visual aid of some species-specific responses to
advancing snowmelt and to compare with reported flower
phenology shifts, we performed a reduced analysis with the
most common species (those that had ≥ 10 species/site/year
estimates for two or more phenophases), modelling species
responses as DOYphase ∼ θsnowmelt∗speciesþesite. This analysis
was conducted for 10 species: three from the Andrenidae, one
from the Colletidae, four from the Halictidae, and two from
the Megachilidae. We did not control for phylogeny in the
analyses because we did not seek to describe the evolution of
the present traits. To investigate whether certain traits influ-
ence the phenological responsiveness of species to climate, we
modelled phenophase estimates as functions of snowmelt (for
other climatic variables, see Supporting Information 3) inter-
acting with nest location and overwintering stage, with vari-
able intercepts and slopes, holding all else equal, modelled as
DOYphase ∼ θsnowmelt∗θtraitþ espþ esite. We did not include inter-
action terms in the top model due to the difficulty of estimat-
ing many additional parameters with limited data and
complications with model averaging (Galipaud et al. 2014).
We also tested for the presence of phenological sequences
(Keenan and Richardson, 2015; Ettinger et al., 2018) by mod-
elling peak and senescence as linear functions of emergence.
Model averaging and R2 calculation (r.squaredGLMM func-
tion) were done using the MuMIn package (Barton 2015). We
tested for significance of interactions using the lmerTest pack-
age (Kuznetsova et al., 2017), and all analyses were run in R
version 3.4.4 (R core team 2018).

RESULTS

The bee monitoring study yielded 1606 time-series of at least
four abundance measures for 67 species at 18 sites (Table S2) in
9 years (2009–2017), representing 23,742 collected specimens
across 751 sampling periods. The mean maximum species-speci-
fic catch rate across all time-series was 1.48 bees/hour, ranging
from 0.11 to 35.14 bees/hour per sampling period. We were able
to estimate 519 emergence, 438 peak, and 584 senescence dates.
The mean emergence day-of-year across all years, sites, and spe-
cies was 24 June � 25 days, mean peak was 10 July � 21 days,
and mean senescence was 30 July � 23 days. Responses to
snowmelt, measured as the slope coefficient, fell generally
between 0 and 1 days of phenological advance per day of snow-
melt advance for most species (Figure 1; Table S4). Five pheno-
phases across four species (Halictus virgatellus emergence and
peak, Lasioglossum sedi senescence, Panurginus ineptus emer-
gence, and Pseudopanurgus bakeri senescence) delayed in
response to advanced snowmelt, though these effects were not
significant. Hoplitis fulgida exhibited the greatest response in
emergence to variation in snowmelt timing, whereas Hoplitis
robusta had the greatest peak response (Figure 1). As an illus-
trative example, in the severe drought year of 2012, snowmelt
occurred 25 days earlier than in other years, the median emer-
gence phenology advanced by 34 days, peak by 15 days, and
senescence by 4 days.
Each candidate predictor variable was represented in the

model set (Figure 2). Bees emerged (11.52 � 2.68), peaked
(12.82 � 2.42), and senesced (7.81 � 2.44) later in years with

later snowmelt date, and snowmelt timing had the largest
absolute effect size among the climate variables for each phe-
nophase. Elevation had the largest effect of the topographic
variables, with bees at higher elevations emerging
(13.57 � 3.23) and peaking later (7.76 � 3.65), but senescing
earlier (−5.92 � 4.05). Of the species traits, nest location had
the largest effect on emergence timing; compared to bees that
nest above ground, those that nest below ground emerged
(11.21 � 4.30) later but peaked (−4.57 � 3.84) and senesced
earlier (−9.82 � 4.29). Overwintering stage had the largest
effects on peak and senescence timing; bees that overwinter as
adults emerged (1.91 � 3.52), peaked (11.20 � 3.23), and
senesced earlier (20.91 � 3.59) than those that overwinter as
pre-pupae. Each phenophase model was roughly equally able
to predict the variation in yearly phenology (Figure 3a). When
phenophases were predicted with subsets of the predictor vari-
ables, climate variables explained a higher proportion of the
total variation for earlier phenophases, whereas species traits
explained more variation in later phenophases (Figure 3b).

Figure 1 Common species vary in their responses to snowmelt timing,

with most phenophase shifts falling between no response (0, dashed line)

and perfect tracking (1, dotted line) of snowmelt. Points to the left of

zero represent advances in response to advanced snowmelt timing, and

those to the right represent delays. Blue points represent emergence shifts,

green points represent peak, and brown points represent senescence. The

width of bars represents twice the standard errors around the estimates of

response.
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Full numerical details including significance are provided in
Tables S5 and S6.
There was a significant interaction between nest location

and snowmelt timing for emergence (t433 = −3.278, P < 0.01)
and peak phenology (t360 = −2.861, P < 0.01) (Figure 4), and
the difference in slope decreased across the phenophases. The
interaction between snowmelt timing and overwintering stage
was greatest for peak timing and smallest for senescence tim-
ing, but these interactions were not statistically significant
(emergence: t441 = −0.867, P > 0.05, peak t368 = −1.565,
P > 0.05, senescence t470 = −0.481, P> 0.05). Lastly, we
found that emergence significantly predicted peak timing
(F1,212 = 201.2, P < 0.0001) and senescence timing
(F1,104 = 29.63, P < 0.0001) but that emergence described less
variation in senescence (R2 = 0.22) than in peak timing
(R2 = 0.49) (Figure S6).

DISCUSSION

We analysed time-series abundance data from a 9-year bee
monitoring project to provide the first community-wide assess-
ment of the main predictors of bee emergence, peak, and
senescence phenology. While yearly climatic variation, topog-
raphy, and species functional traits all shaped bee phenology,
the emergence and peak phenophases were particularly sensi-
tive to climate. Following patterns in early-season flowering
phenology (Inouye, 2008), the timing of early snowmelt,
which is a determinant of how much thermal energy is

received by bee nests in this montane study area, was particu-
larly influential in advancing the early phenophases. The later,
senescence phenophase was determined to a greater extent by
functional traits including nest location and the life stage in
which bees overwinter (Fründ et al., 2013). Nest location also
disposed certain species to respond more dynamically to cli-
matic variation. Contrary to predictions (Forrest, 2016), we
did not find that adult-overwintering species responded more
dynamically to climatic cues despite being less limited by
development time prior to emergence. These findings lead us
to predict that under increasing temperatures and earlier
snowmelt due to climate change, the bee community foraging
season will begin earlier and increase in overall duration.
However, certain species may be less able to shift their phe-
nology due to variable responses (Figure 1) on the basis of
functional traits (Figure 4).

Bee phenology is determined by climate, topography, and species

traits

Snowmelt timing was the main climatic driver of bee phenol-
ogy, with earlier dates of snowmelt advancing emergence and
peak in particular (Figure 2, panel 1). Snowmelt in this system
is a major determinant of how much thermal radiation is
received by bee nests (for species that nest below ground), so
this finding supports previous work suggesting that adult bee
emergence has thermal requirements (Kemp and Bosch, 2005;
White et al., 2009; Forrest and Thompson, 2011). Thus, we

Figure 2 Bee phenology is determined by interannual climatic variation, topography, and several species traits. The drivers vary in their relative effect

across the phenophases, with the effect of climate variables generally lower for later phenophases. The first panel shows the standardised effect sizes of

climate variables, the second topographic variables, and the third species traits on emergence (blue), peak (green), and senescence timing (brown) with

standard errors around the estimates shown as brackets. Values greater than 0 represent later phenology, and those less than 0 represent earlier phenology.

Standardised effect sizes are defined as the slope coefficients derived from scaled and centred explanatory variables.
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expect bee species in areas without persistent snowpack to
similarly adjust their phenology on the basis of thermal
energy. Higher summer temperatures and lower summer rain-
fall resulted in significantly earlier bee emergence but not peak
or senescence, resulting in longer community-wide flight peri-
ods. Spring events that shape the onset of a phenological pro-
cess can have cascading effects on later phenophases, leading
to phenological sequences, but this cascade can become less
pronounced due to variation in developmental time and the
influence of other cues (Keenan and Richardson, 2015; Ettin-
ger et al., 2018). We found that emergence timing did predict
peak and senescence timing, but that emergence timing
described less variation in senescence than in peak timing
(Figure S6). Thus, the earlier phenophase of bee foraging
influences, but does not determine, the later phenophases.
Sites at higher elevations experienced later bee emergence and
peak times, but earlier senescence time (though the senescence
effect was not significant), resulting in a shortened foraging
season (Figure 2, panel 2). These findings support studies that
found a phenological shift in bumble bee abundance based on
elevation (Pyke et al., 2011) and are in line with findings on
flower phenology (Theobald et al., 2017). We note that
because we calculated climatic variables as constant across
sites within each year, the elevation effect may be driven by
local variation in snowmelt timing, which is determined in
part by solar incidence and elevation in montane regions.
Turning to species traits, nest location and overwintering

stage, but not body mass, had significant effects on pheno-
phases (Figure 2, panel 3). Ground-nesting bee species
emerged later than those that nest above ground, but senesced
earlier, indicating that below-ground nesting bee species have
shorter average foraging periods. While our finding that
adult-overwintering bees have earlier phenology supports the

idea that overwintering stage has a large effect on insect phe-
nology broadly (Fründ et al., 2013; Forrest, 2016), we were
surprised to find that the effect was larger on peak and senes-
cence timing than on emergence timing, which deviates from
our initial expectation that overwintering stage would primar-
ily dictate emergence phenology. It may be that there is an
evolutionary trade-off between adult mortality rate and the
fast development rate that allows certain species to overwinter
as adults [see Wright et al. (2010) for an example in plants] or
simply that adult-overwintering species have shorter effective
foraging lifespans because they spend more time in the adult
phase. More long-term studies are needed to understand if
this is a general trend, and mechanistic studies would provide
insight on the physiological underpinnings of the pattern.
While climatic variation, topography, and species traits

determine the date of bee phenophases when viewed sepa-
rately, bee species’ functional traits mediate their climate sen-
sitivities (i.e., our models support an interaction between
functional traits and environment). Above-ground nesting spe-
cies are more sensitive to snowmelt timing (Figure 4, top
panel) and average summer temperature (Supporting Informa-
tion 3) than those that nest below ground. This finding is
slightly counter-intuitive when we consider that ground-nest-
ing bees are buried by snow. The discrepancy may be
explained by recognising that snowmelt timing is correlated
with other potential phenological cues such as spring tempera-
ture. We would expect above-ground nesting bees to be more
sensitive to temperature fluctuations, as above-ground temper-
ature varies more than below-ground (Parton and Logan,
1981), and their nests are not insulated by snowpack. This
suggests that above-ground nesters may suffer less phenologi-
cal mismatch with plants under increased variability due to
climate change. Surprisingly, we did not find a significant

(a) (b)

Figure 3 While the models were roughly equal in their ability to predict phenological shifts across all phenophases (panel a), early phenophases were

predicted more strongly by climate variables and late phenophases by species traits (panel b). Panel a compares the marginal and conditional R2 values

across the top models for each phenophase, and panel b shows the ratio of variance explained by reduced models of only climate and trait variables vs. the

variance explained by the top model. The ratio of variance in panel b was calculated as R2
subset/R

2
total where R2

subset is the marginal R2 of a model

containing just climate or just species trait variables and R2
total is that of the top model containing all variables.
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interaction between bee overwintering stage and snowmelt tim-
ing (Figure 4, bottom panel). Bees that overwinter as adults
require less developmental time before emerging in the spring,
so we expected their phenology to be more responsive to snow-
melt timing. The finding that adult-overwintering bee species
do not take advantage of this shorter developmental time sug-
gests that there may not be a benefit to greater phenological
sensitivity, or that other factors limit their sensitivity.

Different drivers of emergence and senescence phenology

The effect of snowmelt timing on emergence was nearly
50% greater than it was on senescence, and the absolute
effects of temperature and rainfall on emergence were nearly
an order of magnitude higher than on senescence, indicating
that the onset of foraging is timed by external cues,
whereas the end is less dynamic. These results match plant
phenology findings that showed a reduction in the effect of
snowmelt timing on later phenophases (Wipf, 2010). Simi-
larly, in butterflies, early phenophases have been shown to
advance more frequently in response to recent climate
change (Roy and Sparks, 2000). Summer temperature and
rainfall span the entirety of the active bee foraging season
and also had larger effects on emergence than on later phe-
nophases (Figure 2, panel 1), indicating that the pattern of
a greater climate influence on early phenology is not
entirely a byproduct of spring-specific climate variables.
Late season phenology may be less sensitive to climatic fall
events such as the date of first frost because adult bees –
particularly those that nest below ground – are insulated
from cold nights in their nests.

Although the predictive power of our models was similar
for all phenophases (Figure 3a), climate variables explained
more variance for early phenophases, and traits explained
more variance for later phenophases (Figure 3b, Supporting
Information 3). The effect of snowmelt on senescence is
diluted by inherent interspecific variation in foraging flight
period. In other words, the effect of the phenological sequence
becomes reduced in later phenophases (Figure S6). Some
plants exhibit stronger climatic control of spring phenology
(Menzel, 2003) but stronger genetic control of autumn phenol-
ogy (Fracheboud et al., 2009), and our results hint at a similar
pattern in bees. The drivers of senescence phenology in insects
may be particularly complex due to variation in life-history
strategies (Gallinat et al., 2015). For example univoltine insect
species are expected to advance their fall senescence, whereas
multivoltine species may delay the end of their active period
by producing additional generations. Lastly, our finding that
spring and fall phenophases are determined by different dri-
vers’ points to the necessity of studying the whole phenologi-
cal distributions rather than focusing on the onset of an
active period.

Climate change implications

Two of the main effects of climate change in montane regions
are an advance of snowmelt timing and increased tempera-
tures (Ogilvie et al., 2017). Bee phenology at the community
level is tied to snowmelt but does not precisely track it, and
phenophases exhibit different responses to climatic variation.
As climate explained more variation and produced larger
shifts in early phenophases (Figure 2b), we expect that

Figure 4 Bee species that nest above ground and those that overwinter as adults are more sensitive to variation in snowmelt timing than species that nest

below ground and that overwinter as pupae or prepupae. The top three panels show predicted phenophase responses to snowmelt based on nesting

location, and the bottom panels show the same based on overwintering stage. The slope of the lines represents the sensitivity of each phenophase to

snowmelt timing. P-values are presented for the two significant differences in slope at the α = 0.01 level.
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emergence and peak timing in areas of the world with increas-
ing temperatures and decreasing precipitation will shift at
greater rates than senescence, extending the active flight per-
iod of adult solitary bees. This could lead to additional gener-
ations during the growing season (Altermatt, 2010), or
potentially a developmental trap in which species produce a
maladaptive second generation that is ill-prepared for autumn
conditions (Van Dyck et al. 2015). An extended active bee
foraging season may have positive pollination outcomes,
allowing pollen-limited plants to reproduce for longer periods
of time, though this effect may be tempered by phenological
mismatches or declining populations (Hedhly et al., 2009;
Vanbergen et al., 2013).
Given observed trends and projections for earlier snowmelt

timing, it is relevant to compare variation in bee phenology to
that of flowers. A 39-year study of flowering phenology at the
RMBL documented that the date of first flowering has
advanced by 0.89 � 0.083 days per day of snowmelt advance
(Caradonna et al., 2014). The flowering community in this
subalpine region shows two distinct peaks in total floral abun-
dance (Aldridge et al., 2011) which have shifted at different
rates (first peak: 0.74 � 0.056 days per day of snowmelt; sec-
ond peak: 0.53 � 0.095 days). We found that bee emergence
timing shifted by 0.49 � 0.11 days per day of snowmelt
advance (peak 0.49 � 0.09 days, and senescence 0.28 � 0.1
days). Thus, bee phenophases are potentially less sensitive
than flowering phenophases to shifts in snowmelt timing, with
bee emergence advancing at 55% the rate of first flowering,
and bee peak advancing at 67% and 93% the rate of the two
flower peaks. The discrepancy in the rates of shift of bee
emergence and first flowering may be partially due to differ-
ences in the metric of onset, as first occurrence data may be
biased and are inherently different from our measure of the
first 5% of the foraging population (van Strien et al., 2008).
We also note that the flower phenology study comprised a
narrow elevation band at separate sites in the middle of the
present study’s roughly 1000 m elevation transect, and pat-
terns of phenological shift may vary across elevation. Never-
theless, this difference in the sensitivities of bee and flowering
phenology indicates the potential for a community-wide mis-
match in this plant–pollinator system due to climate change.
While the ability of both bees and flowering plants to respond
to climatic cues is a promising sign for future synchrony
under climate warming, the difference in rates of shift suggests
at least short-term mismatches, which may become chronic if
the interacting species are not able to adapt or shift their
ranges to match the rate of climate change (van Asch et al.,
2007).

CONCLUSIONS

Community-level bee phenology is shaped primarily by cli-
matic cues, elevation, nest location, and overwintering stage.
Early phenology is particularly sensitive to climatic variation,
whereas later phenology is determined more by functional
traits, suggesting that climate change will affect emergence
more than senescence, potentially lengthening the active forag-
ing period of bees. And while more long-term and species-
level studies are needed, the present results suggest that the

responsiveness of bee phenology may lag behind that of flow-
ers.
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