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Climate change poses a threat to organisms globally, but its effects may be
particularly pronounced in multi-trophic systems. For example, pollinators
are vulnerable to changes in climate, as are flowering plants, but the extent
of direct versus floral-mediated indirect effects of climate on pollinators has
not been studied for most solitary bee species. We use a long-term dataset
(9 years) encompassing a diverse assemblage of bees (13 species) and their
flowering plants from a region experiencing rapid effects of climate change
(Rocky Mountains, USA). Utilizing piecewise structural equation models,
we assess direct and flower-mediated indirect effects of climate variables
(snow cover duration and growing degree day accumulation) on each bee
species’s abundance. For 62% of species, longer snow cover duration had a
direct, positive effect on bee abundance the following year and on flower
abundance and duration. However, flower abundance and duration in the
preceding year did not affect bee abundance the following year. Snow cover
provides temperature stabilization for energy-efficient diapausing among
bees and frost protection for flowering plants. Given the shift towards
earlier snowmelt in this system, our findings raise concern for regional bee
community stability and underscore the importance of seasonal snow cover
for bees in other systems.

1. Introduction

Global climate change is threatening the distribution, abundance and
biodiversity of functionally important organisms [1-3]. Regional shifts in
climate are characterized by changes in temperature, precipitation and the
frequency and intensity of extreme weather events [4]. The impacts of these
shifts can radiate across trophic levels, threatening ecosystem function [5,6].
For example, a meta-analysis of marine systems found that herbivores are
more vulnerable to ocean acidification and warming compared with higher
trophic levels, possibly contributing to ecosystem destabilization through
negative bottom-up effects [7]. In terrestrial plant-insect herbivore interac-
tions, climate change effects can lower the dietary quality of plants (e.g.
produce plants with tougher, thicker leaves and more defensive compounds),
while directly increasing insect metabolism [6]. Together, these indirect and
direct impacts can increase rates of herbivory, as insects attempt to com-
pensate for low-quality food and meet their metabolic needs [6]. Thus,
climate change may imperil functionally important relationships through
direct impacts on organisms and by affecting the resources upon which they
rely [5,6]. Few studies have simultaneously assessed these direct and indirect

© 2025 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.

Downl oaded from http://royal soci etypubl i shing.org/rspb/article-pdf/doi/10.1098/rspb. 2025. 1887/ 4439664/ r spb. 2025. 1887. pdf

by guest
on 01 April 2026


http://orcid.org/
http://orcid.org/0000-0002-9814-3936
http://orcid.org/0000-0002-2101-1062
http://orcid.org/0000-0002-1394-4946
http://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2025.1887&domain=pdf&date_stamp=2025-12-15
https://doi.org/10.1098/rspb.2025.1887
https://doi.org/10.6084/m9.figshare.c.8145750
https://doi.org/10.6084/m9.figshare.c.8145750

effects of climate on organisms, limiting the ability to effectively manage species in the face of climate change.

Pollinators may be affected directly and/or indirectly by climate change [8-10]. Assessments of direct effects of climate
change on pollinators reveal changes in emergence timing [11], foraging activity [12], sex ratios [13,14], and overall survival,
abundance and/or fecundity [11,15,16]. Pollinators may also be affected indirectly, through climate change effects on flowering
plants [17-19]. Climate change can alter the phenology [18,20-22], attractiveness [17,23] and reproductive success [19] of
flowering plants. Thus, many studies have raised concerns about indirect consequences of climate change on plant-pollina-
tor dynamics, including phenological mismatch [24] and depressed pollination efficiency [25,26], resulting in overall lower
abundance of plants [20,27,28] and pollinators [29,30]. While an increasing number of studies examine effects of climate change
on pollinators or flowering plants, very few studies have explicitly considered whether climate change is primarily having
direct versus indirect effects on bees (reviewed in [9]). Furthermore, the pollinators used to develop inferences about the
effects of climate change are limited in taxonomic scope, focusing mostly, albeit not solely, on pollinating social insects, such as
bumblebees [10,31,32].

The degree to which results from social species apply to solitary species is unknown, and the relative importance of direct
versus floral-mediated indirect effects of climate could vary by taxa. One study found that floral-mediated indirect effects were
more important than direct effects across three bumblebee species [10]. Bumblebees have behavioural adaptations to regulate
nest temperatures [33] as well as behavioural and physiological adaptations to regulate their body temperature [33,34] and
therefore may be less susceptible to the direct effects of climate change. Bumblebees’ larger body size and social nature may
also lead to higher nutritional requirements [35,36]. Furthermore, bumblebees have specific foraging behaviours, prioritizing
pollen quality over quantity [37], which may make them particularly susceptible to floral-mediated indirect effects of climate
change. Bumblebees’ climate responses may thus not predict the direct and indirect effects of climate change on bees with other
traits, highlighting the importance of examining diverse species separately. However, drawing conclusions on the effects of
disturbances—such as climate change—on diverse species assemblages is often limited by the availability of detailed, long-term
data [30,38].

Here, we use a long-term dataset from the Rocky Mountains of Colorado, USA, to examine the direct and flower-mediated
indirect effects of shifting climate conditions on interannual mean abundance across a diverse assemblage of solitary bees. We
hypothesized that we would observe both direct and flower-mediated indirect effects of climate on bee abundances, but that the
relative importance of direct versus indirect effects would vary by species.

2. Methods
(a) Study system

To determine the direct and flower-mediated indirect effect of climate on bee abundance, we used long-term datasets on bee
and flowering plant assemblages from the Rocky Mountain Biological Laboratory (RMBL) in the Elk Mountains of western
Colorado, USA. Like many mountainous systems, the Rocky Mountains are experiencing rapid climate shifts [39]. Over the past
four decades, this region has experienced warmer spring and summer temperatures, shifting snowmelt earlier in spring [20,40].
Flowering phenology has likewise shifted earlier and expanded in duration [22], resulting in the expansion of a mid-season
floral dearth period [41].

Annually between 2010 and 2018, bee and floral surveys took place at nine core sites, ranging in elevation from 2877 m to
3072 m (electronic supplementary material, table S1). These subalpine sites are characterized as flower-rich meadows with over
680 non-graminoid plant species and over 170 bee species. We sampled bees and flowers in sites representing three dominant
vegetation types: rocky dry meadow (three sites), wet meadows dominated by Veratrum tenuipetalum (three sites) and wet
meadows dominated by Salix spp. (three sites).

(b) Bee surveys

Bee sampling took place approximately every two weeks from snowmelt in the spring to the end of the flowering season,
typically early to mid-May through early to mid-September. At each site, bees were sampled using bowl traps placed at ground
level along two transects at 3 m intervals with alternating bowl colours (fluorescent blue, fluorescent yellow or white). The two
transects met approximately in a cross with 15 bowls per transect (30 bowls total per site, 10 per colour). Bowl traps were placed
in the field between approximately 09.00 and 15.00 on sunny, clear days and, when needed, were removed early or placed in
the field late to avoid precipitation. This resulted in an average sampling effort of 5 h 43 min + 1 h 20 min (mean * standard
deviation) per sampling event. Trapped bees were identified to species either using a key developed for bees around the RMBL
or by taxonomists (i.e. Lasioglossum: J. Gibbs; Melissodes: K. Wright; Megachile: ]. Neff; Anthophora: M. Orr; Andrena: C. Sheffield;
Hylaeus: R. Oram; Osmia: T. Griswold and M. Rightmyer; remaining genera: J. Ascher). See Gezon et al. [42] for additional
sampling details and Stemkovski et al. [43] for additional bee identification details.

From these bee data, we selected the most abundant (>100 female individuals) species across all sampling events, exclud-
ing Bombus species (see [10] for Bombus-specific assessment). This resulted in 13 common, solitary species for further study
(electronic supplementary material, table S2) across seven genera (five species of Lasioglossum, two Halictus, two Panurginus and
one species each of Dufourea, Pseudopanurgus, Hoplitis and Hylaeus). Note that while some Lasioglossum and Halictus species can
be weakly eusocial and Halictus rubicundus can be social or solitary depending on the environment, nests near RMBL are solitary
due to the short season at high elevation [44,45]. To quantify bee abundance, we calculated the mean number of female bees
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collected per hour of sampling effort, for each site, in each year, across all sampling rounds. We considered several alternative n
metrics of bee abundance but consider this to be the most robust approach; all alternative metrics were highly correlated
(electronic supplementary material, figure S1).

(c) Flower surveys and bee associations

Flowering data were collected at the same sites, on the same sampling days as bees. At each site, within six 2 x2 m plots
(three plots each along the two bee-sampling transects at each site), all actively flowering plants (i.e. plants with open blooms,
available to be foraged upon) were identified to their lowest possible taxonomic resolution (mostly to species) and all flowers
or flowering units (e.g. capitula for Asteraceae) were counted. From these flowering data, we created bee-specific flowering
datasets (subsets of the full flowering dataset based on known associations with each of our 13 focal bee species). Bee-flower
associations were curated from netting observations from the same study sites [46], Discover Life [47] and a review of the
literature and observations from other sites in the RMBL vicinity (]J. E. Ogilvie, 2025, unpublished data; electronic supplemen-
tary material, table S3).

From these floral surveys and bee—flower association datasets, we calculated two floral variables for each site-year combina-
tion—floral abundance and duration. We calculated floral abundance as the daily average number of flowering units associated
with each bee species observed per site per year. We calculated floral duration as the number of survey days that had sufficient
floral resources for the focal bee species within a site-year. We defined sufficient resources as at least three flowering units
per plot (or 0.75 flowers m™); lower values represent days of low forage availability [10]. In our analyses, similar results were
obtained across various low flower thresholds from 0 to 1 flower m™. Additional justification for floral metrics can be found in
electronic supplementary material, file S1.

During the spring and summer, female solitary bees provision their young with floral resources (i.e. pollen and nectar). The
number of offspring they can produce is related to resource availability (i.e. floral abundance) as well as the window of time
these resources are available (i.e. floral duration) [48]. Offspring typically emerge the following year, creating a time lag in the
effects of climate and floral resources on bee abundance. Therefore, in our modelling approach, we related floral metrics to the
following year’s bee mean abundance.

19915707 <267 § 205y 704 qdsy/jewnof/BioBuiysyqndiiaposiefos

(d) Climate data

To characterize climate conditions across years and sites, we used temperature and snowmelt timing data from the RMBL
Spatial Data Platform [49]. From these data, we calculated growing degree days and snow cover duration to use in our models.
These variables were not correlated (r = —0.12) based on Pearson’s correlation. Growing degree day accumulation from 1 April to
30 September was calculated using the averaging method [50], with a base temperature of 8°C ((Tmhax * Tmin)/2) — 8). Growing
degree day accumulation is a typical temperature metric used to predict the growth and development of plants and insects
[51-53]. Higher growing degree day accumulation represents warmer average conditions and is associated with a greater rate
of growth for flowering plants and earlier emergence timing for bees [51-53]. Snow cover duration is the number of days from
the onset of snow in the autumn (year - 1) to snowmelt the following spring (year). Snow cover duration was highly correlated
with alternative climate variables we considered, including spring snowmelt timing (r = 0.96) and autumn snow onset (r = -0.89)
based on Pearson’s correlation; for this reason, we did not use these other snow timing variables as predictors. In this system,
flower and bee phenology are closely tied to snow cover, which sets an upper and lower bound on the growing and foraging
season [43,52,54]. Among potential consequences for bees and plants, early snowmelt in the spring exposes flowering plants to
potential frost damage [55], while delayed snow cover in autumn may lead to greater energy expenditure by bees, depleting
fat stores and disrupting diapause [56]. Cold temperatures associated with snow cover also provide an essential period of
dormancy for many bees [56,57] and a vernalization period for many flowering plants [58].

As with the lagged floral data, we associated climate data with the following year’s bee mean abundance data. Note that
snow cover duration is tabulated by the preceding water year. So, for example, bees collected in 2010 are associated with snow
cover data from autumn 2008 to spring 2009, to reflect conditions influencing maternal bee emergence and foraging.

(e) Statistical methods

To compare the direct and flower-mediated indirect effects of the climate variables (growing degree days and snow cover
duration) on bee mean abundance for each species, we used piecewise structural equation models (SEMs), implemented in R v.
4.4.1 [59] using the piecewiseSEM package [60]. Structural equation modelling is a form of path analysis that allows testing of
directional relationships among variables, including hypothesized direct and indirect effects [61,62]. Piecewise SEMs build upon
this modelling approach by independently estimating each linear equation locally, which allows for more flexibility in model
specification (e.g. unique sampling distributions) and theoretically lower sample size requirements [63].

For each bee species, we constructed a set of alternative SEMs—a full SEM composed of all hypothesized paths (figure 1) and
14 subset SEMs, for which we removed paths to assess simplified combinations of direct effects on bee mean abundance. Each of
the SEMs, in the full and subset models, included three generalized linear mixed effects models (GLMMs) to assess effects on (i)
bee mean abundance, (ii) floral abundance and (iii) floral duration. In all SEMs, the GLMMs for floral abundance and duration
had the same predictors—growing degree days and snow cover duration. The SEMs differed only in the predictors used to
model bee mean abundance, with the full model including the previous year’s floral abundance, floral duration, growing degree
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days and snow cover duration. Subset models included all possible combinations of these variables, with 1-4 predictors. All [ 4 ]
GLMMs, implemented in nlme [64], included a random intercept of site, a first-order autoregressive error structure to account
for potential temporal autocorrelation across years, and a log-normal error distribution (floral data and bee abundance data
were transformed using log(x + 1)). All predictor and response variables were scaled and centred within each model to assist
with convergence and allow for direct comparison of effect sizes among variables.

To assess candidate models for missing connections among variables, we used Shipley’s test of directed separation. This test
provides a statistic, Fisher’s C, which can be used in a chi-square test to determine goodness-of-fit in these alternative SEMs [63].
We used a cutoff of a = 0.05 to identify complete SEMs that represented the data well. C can also be used for model selection
by calculating Akaike’s information criterion corrected for small sample sizes (AICc) [65]. After excluding SEMs with missing
paths, we report results from the model with the lowest AICc value. Equally supported models (AAICc < 2) showed comparable
results. For the selected SEM(s) for each species, we report path correlation coefficients and p-values, using a more stringent o =
0.01 due to the multiple tests performed.

3. Results

Bee mean abundance varied across the 9 year study period (2010-2018; figure 2), as did snow cover duration (figure 2),
floral abundance and duration (electronic supplementary material, figures S2 and S3) and growing degree days (electronic
supplementary material, figure S4). Across sites and years of the study, snow cover lasted 192 days on average, ranging from
159 to 228 days. The growing degree day accumulation was 468 degree units on average (range: 296-592 degree units).

Climate variables directly predicted mean abundance for 9 of 13 species, as well as floral metrics associated with nine
species. However, floral abundance did not, in turn, predict bee abundance, offering poor evidence for indirect effects of climate
on bee abundance (figure 3; electronic supplementary material, table S4). In all eight SEMs for which it was predictive, snow
cover duration had a strong, direct, positive effect on mean bee abundance the following year (figure 2). Snow cover duration
likewise had a consistent, positive effect on the abundance and/or bloom duration of flowering plants associated with four
different bee species. Growing degree day accumulation negatively affected bee abundance for one species (Dufourea harveyi),
while also affecting floral abundance and duration in differing directions across seven SEMs.

Direct climate effects on bee mean abundance and floral abundance/duration varied among bee species. For Lasioglossum sedi
and L. tenax, there was a positive effect of the previous year’s snow cover duration on bee abundance and floral duration. Floral
communities associated with L. tenax further showed a weak positive correlation between floral abundance and snow cover
duration and a negative correlation between floral duration and growing degree day accumulation. Similarly, the abundance of
L. ruidosense was positively related to snow cover duration, while growing degree day accumulation was negatively correlated
with floral duration. Both L. inconditum and L. nigrum also showed a positive correlation between snow cover duration and bee
abundance. And for L. nigrum, growing degree day accumulation was positively correlated with floral abundance.

Similar to the Lasioglossum, snow cover duration had a positive effect on the abundance of Hoplitis robusta, Halictus virgatellus
and Ha. rubicundus. The floral duration of plants associated with the Halictus species additionally showed a positive correla-
tion with growing degree day accumulation. For Panurginus cressoniellus, growing degree day accumulation was positively
associated with floral duration and floral abundance, and snow cover duration was positively correlated with floral abundance.
Snow cover duration likewise had a weak positive effect on the abundance of flowers associated with Pseudopanurgus. bakeri.
There were no significant paths at a = 0.01 associated with Pa. ineptus. Finally, growing degree day accumulation was negatively
correlated with the abundance of D. harveyi and negatively affected the floral duration of plants associated with Hylaeus
annulatus.

19915707 <267 § 205y 704 qdsy/jewnof/BioBuiysyqndiiaposiefos

4. Discussion

In multitrophic systems, such as those involving plant-pollinator interactions, climate can affect species directly as well as
indirectly via the resources they rely upon [5,6]. Here, we assessed the direct and floral-mediated indirect effects of climate on a
diverse assemblage of bee species in the Rocky Mountains of Colorado, USA, an area experiencing rapid rates of climate change
[20,40]. We found diverse responses to climate among the 13 solitary bee species we studied, with a notable, positive, direct
effect for most species of snow cover duration on both bee abundance in the following year and flowering plant abundance and
duration. In contrast, we did not observe significant indirect climate effects on bees via flowers. These findings offer insight into
the mechanisms by which climate and ongoing climate change, particularly shorter snow cover duration, may influence wild
bee communities now and in the future.

Among most of the species we studied (8 of 13), there was strong evidence for direct effects of snow cover duration on mean
bee abundance the following year. Snow cover has a prevailing influence on seasonality —snowmelt signals the beginning of
the flowering/foraging season in the spring and places a hard stop on the growing season in autumn. Snow cover is likewise
strongly associated with temperature and precipitation [66] and thus serves as a robust indicator of overall climatic variation
among the years. Our findings demonstrate that years with prolonged snow cover are associated with higher bee abundance
in the subsequent generation. This effect is likely mediated by the importance of snow cover to overwintering by the maternal
generation [67]. During the winter in temperate climates, bees go into diapause, a physiological state of arrested development
and reduced metabolic activity [68]. Cold temperatures allow for efficient use of energy reserves during diapause, while
warm or fluctuating temperatures, often present in autumn and spring, can lead to inefficient energy expenditure, particularly
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Figure 1. All hypothesized direct and indirect paths included in the structural equation models. From left to right, climate variables are shown in blue, followed by
floral variables in purple and bee abundance in green.
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Figure 2. Variation in bee mean abundance (year) and snow cover duration (year — 1) across time, by species. Lines illustrate a generalized additive model smooth
across data points, with shaded areas indicating 95% confidence intervals. Snow cover duration (solid blue) and bee mean abundance (dashed gold) are plotted
together to illustrate their relationship across time.

in the absence of temperature-stabilizing snow cover [56,69]. Efficient energy use during overwintering can lead to greater
overwintering survival, higher fecundity and larger bee population sizes the following year [70,71]. For instance, previous
work on Osmia showed that delayed diapause leads to greater fat body depletion, decreased winter survival [56], decreased
post-emergence longevity, delayed egg maturation and reduced larval provisioning [70], as well as reduced ovary development
and fecundity [71]. These mechanistic findings are consistent with the ecological patterns we observed, which demonstrate
downstream consequences of shortened snow cover duration on bee abundances the following year for a diversity of bees.
Long-term climate data for these sites show that spring snowmelt has shifted earlier by nearly two weeks over the past four
decades [10], potentially impacting overwintering stability and reducing bee population sizes.

Snow cover duration may affect bee species differently, depending upon their functional traits such as nesting, overwintering
stage and seasonality [70]. Ground-nesting bees may be particularly vulnerable to changes in snow cover duration, due to the
moderating effect that snow cover has on soil temperature variability [72]. All but two species (H. robusta and Hy. annulatus)
in our study nest belowground (electronic supplementary material, table S5) [43], which could explain the significant role of
snow cover duration in this study. Still, for H. robusta, which nests in pithy stems [73], there was a positive relationship between
abundance and snow cover duration. Aboveground-nesting bees may be sensitive to air temperature fluctuations, which may
correlate with snow duration. While our analysis does not parse effects of snow cover duration from correlated climate variables
(e.g. temperature and precipitation), additional climate factors could be explored further in the future. Many of the bees in
our study also overwintered as adults (electronic supplementary material, table S5), and all seven species that overwinter as
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adults showed a significant, positive correlation between snow cover duration and bee abundance. This finding is consistent
with Bosch et al. [70], who suggest that adult-overwintering bees may be more susceptible to late winter onset because they
experience an elevated rate of winter weight loss compared with the prepupal stage. None of the bees that overwinter in the
prepupal stage, except H. robusta, showed a significant effect of snow cover duration on bee abundance. But, as previously
discussed, H. robusta may be susceptible to cold temperatures as an aboveground-nesting bee. Each of the bees that showed a
positive correlation with snow cover duration tended to be spring bees (electronic supplementary material, figure S5). This is
somewhat surprising given that longer snow cover duration is associated with later spring snowmelt, which would theoretically
shorten foraging time for spring bees. However, snow cover may also prevent spring bees from emerging too early and risking
exposure to cold temperatures in early spring. In our study system, abundant bee species tended to have similar traits (e.g.
nesting below ground, overwintering as adults), and sample sizes were too small to statistically examine species with other
traits (though see electronic supplementary material, figure S6). In the future, more extensive bee sampling may enable explicit
assessment of bees’ direct and indirect responses to climate as a function of their functional traits.

Beyond direct effects on bees, climate variables had direct effects on flowering plant communities. Snow cover duration was
positively associated with the abundance and/or bloom duration of flowering host plants for 4 of the 13 species studied. These
findings are consistent with Ogilvie et al. [10], who found that in years with later snowmelt, floral duration increased among
flowering plants associated with three different bumblebee species. While earlier snowmelt expands the flowering season, the
proportion of low floral abundance days increases, driven by spring frost damage [20] and/or elevated summer temperature
and drought [41]. Accumulation of growing degree days was also positively associated with floral abundance for the plants
visited by L. nigrum and Pa. cressoniellus. Conversely, growing degree day accumulation had a variable effect on floral duration,
showing a negative effect for three species (L. tenax, L. ruidosense and Hy. annulatus) and a positive effect for three other
species (Ha. virgatellus, Ha. rubicundus and Pa. cressoniellus). Previous work in agricultural systems shows that bloom duration
depends upon growing degree day accumulation both before and during bloom, expanding bloom duration under certain
conditions [74] but shortening it under others [75]. In this system, warming temperatures have led to a more intense mid-season
dearth, bifurcating bloom into spring and late summer periods with lower flower abundance in mid-summer [41]. Thus, years
with high growing degree accumulation may truncate floral duration in spring or autumn and decrease floral abundance
in mid-season. These complex dynamics likely underscore the varied responses we observed among different genera’s floral
communities in response to growing degree day accumulation.

While growing degree day accumulation can predict insect phenology [52,53], we only detected a significant, direct
relationship between bee abundance in the following year and growing degree days for one species (D. harveyi). Dufourea
harveyi is a late-season bee, and accumulation of growing degree days had a negative effect on its abundance the following year.
Rapid accumulation of growing degree days early in the season may lead to earlier emergence of this bee [52,76], and as an
oligolectic species, this may put it at greater risk of temporal mismatch with its flowering host plants if the host plants do not
track growing degree accumulation in the same way [52,77,78]. Indeed, other late-season species such as Hy. annulatus and P.
bakeri showed no correlation with growing degree accumulation but are polylectic. Similar to our findings, a flight-cage study
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found that a later-season specialist Osmia species had significantly lower fecundity following a short (3 day) temporal mismatch
with its host plant, compared with early/mid-season generalist Osmia species [79]. Warm days, associated with growing degree
day accumulation, may also correlate with the opportunity to forage. Here, the lack of correlation between growing degree day
accumulation and bee mean population the following season for most species in our study may suggest that bees had sufficient
opportunity to forage across years.

Remarkably, we found poor evidence for floral-mediated indirect effects of climate on bee abundance, with none of the 13
species exhibiting a significant indirect path from any of our climate metrics to flower metrics to bee abundance. This finding
contrasts with similar work on three bumblebee species in the same study system, which found primarily indirect effects of
climate on bees via floral resources [10]. This discrepancy may stem from differences in body size and sociality among species.
Compared with Bombus, the species in this study are quite small (electronic supplementary material, table S5) and therefore
require fewer floral resources on a per-bee basis [35]. These bees may be able to obtain all the resources they need from
relatively few flowering plants without facing resource limitation. Bombus are also eusocial and produce large colonies through
the foraging effort of a worker population, and colony growth has been connected to the quantity of floral resources in the
landscape [80,81]. However, we examined trends for only 13 solitary bee species out of a diverse community with over 100
species. Other solitary species could show different trends and could be examined in the future (see electronic supplementary
material, figure S6).

Mountainous ecosystems such as the Rocky Mountains, USA, are experiencing rapid climate change [39], including earlier
spring snowmelt. We found that shorter snow cover duration drives lower bee abundance across multiple species of solitary
bees. Based on results from our structural equation models, snow cover duration primarily had direct effects on bee abundance
in the following year, rather than indirect effects through floral resources. Snow cover may provide temperature stability in
the spring and autumn, improving diapause conditions for the maternal generation and leading to higher fecundity and bee
population sizes the following year. These findings demonstrate direct, multi-generational effects of climate on multiple bee
species and highlight how future climate change may affect bee populations.

Ethics. Invertebrates are exempt from the Institutional Animal Care and Use Committee's (IACUC) oversight. All bee sampling was done in
accordance with Standardized Protocol For Collecting Community-level Bee Data [82]. Specimens were collected under the Rocky Mountain
Biological Laboratory Special Use Permit, issued by the US Forest Service.
Data accessibility. Code and required data are available on Zenodo [83].
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