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Abstract

1. Climate warming is a major driver of global pollinator declines, including social
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bees that live in large colonies and provide critical pollination services. Nesting

biology plays a key role in determining a colony's resilience to climate change, but
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ground and below-ground nests, assessed temperature dependence of foraging
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C:;;e:pgzmizce activity and conducted controlled trials to quantify worker thermoregulatory
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L . 3. Contrary to predictions, our results show that warming will increase optimal
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foraging hours for bumble bees and reduce brood incubation needs, potentially
improving foraging performance. However, extreme summer temperatures could
greatly increase fanning demands, particularly for above-ground nests, which
would divert workers from foraging and other essential colony tasks.

Handling Editor: Carmen Rose Burke da 4. Our findings highlight that above-ground-nesting bumble bees are particularly
Silva vulnerable to warming due to escalating thermoregulatory demands, which could
lead to colony failure under extreme conditions. Conservation efforts should
consider nesting environment as a critical factor in climate resilience strategies

for bees and other animal species.
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1 | INTRODUCTION variability are particularly concerning, as they can disrupt
foraging behaviour, alter floral resource availability and impose

Bees are vital pollinators in both natural and agricultural physiological stress on both individual bees and their colonies,

ecosystems, yet their populations are declining worldwide due
to habitat loss, pesticide exposure, disease and climate change
(Goulson et al., 2015; Potts et al., 2010; Zattara & Aizen, 2021).

Among these factors, rising temperatures and increasing climate

compounding other stressors (Forrest, 2015; Soroye et al., 2020;
Vasiliev & Greenwood, 2021). Social bees—including honeybees
(Apis mellifera) and bumblebees (Bombus spp.)—present unique

challenges for understanding climate impacts because they live in
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colonies where temperature influences not only individual foragers
but also brood development and collective thermoregulation
(Abou-Shaara et al., 2017; Ostwald et al., 2024). As a result, their
responses to warming arise from both individual-level traits, such
as foraging performance, and emergent colony-level dynamics
shaped by cooperative behaviours.

A common approach for predicting species' responses to cli-
mate change is to measure their critical thermal limits (CT,_,, and
CTmin), which define the maximum and minimum temperatures an
animal can withstand before losing muscle control (Terblanche
et al., 2011). Thermal limits have been found to correlate with spe-
cies distributions and responses to warming (Deutsch et al., 2008;
Diamond et al., 2012; Sunday et al., 2011), including work on bees
along urban and altitudinal thermal gradients (Hamblin et al., 2017,
Oyen et al., 2016). However, it is not always clear how differences
in thermal limits translate into differential responses to warming ob-
served among species. Most species never experience temperatures
that exceed their thermal limits under normal conditions (Sunday
et al, 2011), and even if temperatures do exceed an organism's
CT

max they may be able to seek shade or employ other thermoreg-

ulatory behaviours to avoid exposure (Sunday et al., 2014). Instead,
it is likely that thermal limits correlate with other aspects of ther-
mal performance, such as foraging efficiency or development rate,
that have subsequent effects on fitness (Penick et al., 2017; White
& Dillon, 2023).

In bees, temperature influences a wide range of physiological
and behavioural processes (Johnson et al.,, 2023) and depends
on temperatures experienced both outside and inside the nest.
Outside the nest, workers forage within a specific thermal range,
with extreme heat potentially limiting foraging time or increas-
ing energetic costs (Clarke & Robert, 2018; Cooper et al., 1985;
Corbet et al., 1993; Heinrich, 1972; Kenna et al., 2021; Naumchik
& Youngsteadt, 2023). Inside the nest, temperature affects colony
metabolism, larval development and reproductive output (Bretzlaff
et al., 2023; Heinrich, 1972; Heldmaier, 1987; Jones et al., 2005;
Jones & Oldroyd, 2006). To regulate nest temperature, honeybees
and bumblebees exhibit thermoregulatory behaviours, including
fanning to cool the nest and incubation to warm the brood (Egley
& Breed, 2013; Vogt, 1986). These behaviours are energetically
costly, as workers engaged in thermoregulation cannot simultane-
ously forage, potentially reducing colony resource intake during
periods of high thermal stress (Stewart et al., 2021). Consequently,
climate warming could have cascading effects on both foraging
efficiency and nest thermoregulation, ultimately influencing col-
ony fitness.

Among social bees, bumblebees have experienced particu-
larly steep population declines (Cameron et al., 2011; Goulson
etal., 2008), with warming identified as a major driver of range con-
tractions at lower latitudes and elevations (Janousek et al., 2023;
Kerr et al., 2015; Soroye et al., 2020). Unlike honeybees, which
maintain large perennial colonies, bumblebees form smaller
annual colonies that must rapidly grow and reproduce within
a single season (Goulson, 2010). While previous studies have

examined how temperature affects bumblebee foraging in rela-
tion to individual thermal limits (Hamblin et al., 2017; Naumchik
& Youngsteadt, 2023; Oyen et al., 2016), relatively little is known
about how warming influences the balance between foraging and
thermoregulation at the colony level. Additionally, nest location
may play a key role in shaping colony responses to climate warm-
ing. Some bumblebee species nest above-ground in grass tussocks
or abandoned bird boxes, while others nest below-ground in old
rodent burrows or soil cavities (Liczner & Colla, 2019). These
different nesting environments are likely to experience distinct
thermal conditions, with above-ground nests exposed to greater
temperature fluctuations and extreme heat events compared with
the more thermally buffered conditions of below-ground nests
(Baudier et al., 2015; Penick & Tschinkel, 2008).

Here, we use bumblebees as a model to investigate how cli-
mate warming affects both individual foraging performance and
colony-level thermoregulation, with explicit comparisons across
nesting strategies and thermal environments. To compare thermal
conditions experienced by above- and below-ground nesting spe-
cies, we simulated both nest types using replicated, standardized
nest analogues and recorded internal temperatures throughout
the growing season. To examine how temperature influences col-
ony thermoregulatory behaviour under controlled conditions, we
focused on the common eastern bumblebee (Bombus impatiens), a
tractable and economically important species (Kleijn et al., 2015;
Treanore et al., 2021). Although B. impatiens itself is not in decline in
its native range (Cameron et al., 2011; Jackson et al., 2022; Jacobson
et al., 2018; Janousek et al., 2023), species distribution models indi-
cate a significant negative effect of warmer temperature on B. im-
patiens occurrence, with sensitivity near the genus mean for North
American Bombus (Jackson et al., 2022). To quantify how tempera-
ture shapes foraging performance across species, we measured
visitation rates of bumblebees and other pollinators to cucumber
flowers (Cucumis sativus) at community gardens in six eastern U.S.
cities spanning 8.6° of latitude and encompassing a broad range of
ambient temperatures.

We used these data to estimate thermal performance curves for
bumblebee foraging and to project changes in foraging opportunity
under mid- (2050-2069) and late-century (2070-2099) warming
scenarios (IPCC, 2022). We predicted that warming would compress
optimal foraging hours during summer while extending foraging
opportunities in spring and fall, and that warmer conditions would
increase competitive pressure from other pollinators. Within colo-
nies, we expected increased thermoregulatory demands—particu-
larly fanning—during summer and reduced incubation requirements
during cooler periods. Finally, we hypothesized that above-ground-
nesting species would experience higher thermoregulatory costs
than below-ground nesters due to greater exposure to thermal ex-
tremes, as inferred from temperatures measured in simulated nests.
Together, these comparative approaches link thermal environments
experienced inside and outside the nest to colony performance,
providing insight into how nesting strategy mediates bumblebee re-
sponses to future climate warming.
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2 | MATERIALS AND METHODS
2.1 | Study species and nest temperature

We investigated the effects of climate warming on bumblebee
health using the common eastern bumblebee (Bombus impatiens)
as our primary model species, supplemented with published
data from other North American Bombus species (Table S1;
Figure S1). This study did not require ethical approval, though all
procedures were conducted with care to minimize harm to bees.
Bumblebees are social insects that form annual colonies with up
to 350 individuals and nest either below-ground or above-ground,
with nesting strategy varying both among species and, in some
cases, within species (Goulson, 2010). Below-ground nests are
commonly found in abandoned rodent burrows, 0.3-1m below-
ground (Plath, 1922), while above-ground nests may occur in brush
piles, hollow logs or empty birdhouses. Some species incorporate
insulating materials or build a thin wax canopy over the brood to
reduce heat loss, but this structure primarily aids heat retention
during incubation and is often absent in colonies occupying
warmer nesting sites (Heinrich, 1979). Commercial bumblebee
colonies are also typically housed in above-ground nest boxes
even when using predominantly below-ground species, such as B.
impatiens (Velthuis & van Doorn, 2006). The colony cycle typically
begins in spring when a solitary queen establishes a nest, with
the growing season extending through summer and into early fall,
depending on latitude and species.

To determine the temperatures that bumblebees experience
over their colony cycle, we measured ambient air temperature as
well as nest temperature in simulated below-ground and above-
ground nests using Hygrochron iButtons® (Maxim Integrated,;
San Jose, CA, USA). Ambient air temperature and below-ground
nest temperatures were recorded continuously at 20-min in-
tervals from March through November 2021 at the Kennesaw
State University Field Station in Kennesaw, GA, USA (34.061798,
-84.603070). Ambient air temperature was measured at a single
location using an iButton® housed in a passively ventilated radia-
tion shield (Tarara & Hoheisel, 2007) and suspended 1.2m above
the ground in an open field (Figure S2a). Below-ground nest tem-
peratures were recorded from six simulated nests, including three
placed in an open habitat and three in an adjacent forested habi-
tat (<100m apart). Because temperatures did not differ between
habitats, data from all six nests were averaged for subsequent
analyses. Simulated below-ground nests consisted of 4-cm diam-
eter, 50-cm deep holes drilled at a 45° angle, reflecting typical
nest dimensions under which many Bombus nests are established
(Plath, 1922), and were covered with metal screens to prevent dis-
turbance by animals (Figure S2b,c).

Above-ground nest temperatures were recorded during three
seasonal windows (spring [March 20-April 2], summer [June 22-
July 5] and fall [September 22-October 6] of 2021) by placing sen-
sors inside an empty commercial Quad® hive box, a configuration
widely used in commercial pollination, and shaded with a corrugated
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plastic arch (Figure S2d). Because above-ground temperatures were
not recorded for the entire season, we modelled them from ambi-
ent air temperature using a linear regression (Adjusted R?=0.942,
F=24,550, df=2, 3021, p<0.0001, Figure S3) and used these pre-
dictions, combined with measured values, in subsequent analyses.
Below-ground nest temperatures were used directly without mod-
elling. Although simulated nests are likely to be cooler than occu-
pied natural nests due to the absence of metabolic heat production,
simulated nests represent the baseline environmental temperatures
to which living bumblebees must respond through physiological tol-
erance or nest thermoregulation.

2.2 | Nestthermoregulatory behaviour

We quantified fanning and incubation behaviours across a range
of nest temperatures in Bombus impatiens colonies purchased
from Koppert Biological Systems (Howell, Ml, USA). From these
colonies, we derived microcolonies that each consisted of
a~14x10cm comb and 20 randomly selected workers housed in
a ventilated 18.5x 13 x9.5cm plastic container (Pioneer Plastics;
Dixon, KY, USA) with ad libitum access to a 1:1 sucrose solution. To
assess the effects of temperature on fanning and incubation, we
placed each colony in a DigiTherm® incubator (Tritech Research;
Los Angeles, CA, USA) set to 25°C. After a 10-min acclimation
period, we increased or decreased the temperature by 3°C every
15min to induce fanning or incubation, respectively. Fanning trials
ended at 40°C, and incubation trials ended at 7°C. Microcolonies
were reused for both heating and cooling trials, with all colonies
undergoing both treatments separated by a resting period of at
least 24 h. The order of heating and cooling trials was randomized
to remove bias. All trials were recorded at 30 fps and 1440K
resolution using a HERO7 Black GoPro® (GoPro; San Mateo, CA,
USA).

Behavioural analyses were conducted using video footage
from the last 5 min at each temperature. We recorded the number
of workers performing each behaviour at the 1-, 2-, 3-, 4- and 5-
min marks and averaged these counts. Fanning was defined as a
bee standing motionless while flapping its wings for at least 5 s.
Incubation was defined as a bee making full-body contact with a
brood cell, with legs splayed and abdomen elongated, remaining
still except for rhythmic abdominal pumping for at least 5 s. All be-
havioural trials were conducted blind, with observers unaware of
the temperature or colony identity. We supplemented our experi-
mental dataset with behavioural measurements from Vogt (1986),
which measured the percentage of workers performing fanning or
incubation across a range of nest temperatures for both B. impa-
tiens and B. daffinis. The raw values were not available, so we ex-
tracted data points directly from published figures. Importantly,
Vogt found no differences in fanning or incubation thresholds
between B. impatiens and B. daffinis, allowing us to combine the
data to increase sample size and broaden the species scope of our
analyses.
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To construct thermal performance curves for worker fanning
and incubation, we combined our data with the Vogt dataset and
applied the thermal performance model of Boatman et al. (2017)
using Bayesian inference with Markov Chain Monte Carlo (MCMC)
sampling. The model describes the proportion of bees engaged
in each behaviour as a function of temperature, incorporating
parameters for maximum activity level, residual variation and
curve shape. We constrained the temperature range based on
previous estimates of thermal limits (Hamblin et al., 2017; Oyen
& Dillon, 2018) and applied logit transformations to activity pro-
portions. Full model details, including equations and priors, are
provided in Methods S1.

2.3 | Foraging activity

To assess the impact of temperature on foraging activity, we
measured the flower visitation rate of Bombus spp. as well as other
pollinators from June to August in 2021 and 2022 at 37 farms and
gardens across six cities (Table S1, Figure S1). We used cucumber
flowers (Cucumis sativus) as a model, as they are a commonly grown
crop across this range and are regularly pollinated by bumblebees
(Velthuis & van Doorn, 2006). To measure foraging rates, we observed
three groups of cucumber flowers (~10-20 flowers per group) for
5min during multiple time periods (three to five) from 7:30AM and
ending at 2:30PM when cucumber flowers began to close. During
each trial, we recorded the number of visits, identifying each visitor
to species, genus or family level without collecting specimens.
Observers were trained entomologists familiar with the local fauna
and pinned reference specimens. Each visit was counted separately,
even if the same individual returned to a flower multiple times.
Simultaneously at each site, we measured ambient temperature
using Hygrochron iButtons® housed in heat shields (as described
above), suspended from a shepherd's hook 1.2m above the surface,
and set to log temperature and humidity at 10-min intervals. We
matched the temperature recorded at each site with the timing of
the visitation trials to determine the ambient temperatures when
Bombus foragers were active.

To model the effects of temperature on Bombus foraging, we fit
the thermal performance curve of Briere et al. (1999; their equa-
tion 2) using Bayesian inference with MCMC sampling. To account
for excess zero counts in foraging observations, we used a zero-
inflated Poisson (ZIP) model (Kéry, 2010). The model describes the
number of Bombus visits to a cucumber flower in 5 min as a function
of temperature, incorporating parameters that control the maximum
foraging rate, curve asymmetry and temperature limits. We assumed
a minimum foraging temperature of 10°C and a maximum of 40.1°C,
consistent with our incubation and fanning models. We fit versions
of the model where key parameters were either held constant or
allowed to vary as a random effect of city. Priors were chosen to en-
sure computational stability while allowing for biologically reason-
able parameter variation. Full model details, including equations and
priors, are provided in the supplement (Methods S2).

2.4 | Statistical analyses

All analyses were conducted using R version 4.4.1 (R Core
Team, 2025), with Bayesian MCMC performed using JAGS version
4.3.1 (Plummer, 2003). We used the R package R2jags version 4-15
(Plummer et al., 2024) to call JAGS from R, and the package extraDistr
version 1.10.0 (Wolodzko, 2023) to use the truncated normal
distribution within R. Model selection was based on the deviance
information criterion (DIC) (Spiegelhalter et al., 2014). To assess
parameter convergence, we used the Gelman-Rubin diagnostic (R)
with a cut-off of 1.01 (Gelman & Rubin, 1992) and visually inspected
MCMC chains to evaluate convergence and mixing (Kéry, 2010).

To assess the effects of warming on Bombus foraging, we used
ambient temperature measurements and model outputs to deter-
mine the number of daylight hours each month when foraging was
viable under current and future conditions. We defined the optimal
foraging temperature range as the interval between the tempera-
ture at which peak foraging was predicted and the temperature at
which foraging dropped to 75% of its maximum rate (25.0-37.7°C
based on analyses below). To estimate foraging hours under pro-
jected warming, we extracted seasonal mean temperature deltas
from the Climate Mapper tool (https://climatetoolbox.org) under
the RCP 8.5 high emissions scenario and fit cosine functions in R to
extrapolate monthly temperature increases for two projection win-
dows (2050-2069 and 2070-2099). These deltas were then added
to observed hourly temperatures to simulate future thermal environ-
ments, approximating mid- and late-century outcomes under SSP5-
8.5 (IPCC, 2022). We used linear models to test for the effect of
climate scenario (current, mid-century and late-century) on optimal
foraging hours, with month included as an additional fixed effect.
Since competition with other pollinators could further impact forag-
ing success, we also quantified the abundance of potential compet-
itors at cucumber flowers to assess whether competitive pressure
would increase with warming using methods similar to those applied
for Bombus.

To model the impacts of climate warming on colony thermo-
regulation, we used measurements of above- and below-ground
nest temperatures to estimate investment in thermoregulatory
behaviours under current conditions and projected warming sce-
narios. Using the thermal performance curves described above, we
identified the nest temperatures at which more than 25% of work-
ers would be engaged in fanning or incubation. We also estimated
the maximum nest temperature a colony could tolerate before its
thermoregulatory capacity was exceeded, defined as the upper x-
intercept for fanning. Projected warming was modelled using the
same methods described above: seasonal temperature deltas were
extracted under an RCP 8.5 scenario and cosine functions were fit to
interpolate monthly warming values for mid- (2050-2069) and late-
century (2070-2099) projections. These monthly deltas were added
to observed above-ground nest temperatures, while below-ground
nest temperatures were adjusted using the average delta across
seasons to reflect thermal buffering. We then calculated the num-
ber of hours per week from March through November when nest
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temperatures exceeded the 25% worker engagement threshold for
fanning or incubation under both current and future climates. We
used linear models to test for the effect of climate scenario (current,
mid-century and late-century) on thermoregulatory behaviour, with
nest type (above or below-ground), month and their interaction in-
cluded as additional fixed effects.

3 | RESULTS

3.1 | Nesttemperature

Below-ground nests exhibited minimal daily temperature variation
(+0.3°C on average) and remained relatively stable throughout the
growing season, with temperatures ranging from 10.9 to 24.8°C
(Figure 1). This stability contrasts with above-ground nests, which
experienced much larger temperature fluctuations. Above-ground
nest temperatures closely followed ambient air temperature, with
daily fluctuations of up to 23.7°C. The degree of fluctuation varied
with weather conditions, with cloudy or overcast days reducing
temperature swings. On clear days, above-ground nest tempera-
tures exceeded ambient air temperature, even in shaded condi-
tions (Figure 1b). The above-ground nest was exposed to greater
thermal extremes both daily and seasonally, with lows reaching
6.6°C and highs exceeding 39°C from May to September. These
conditions resulted in a more variable and extreme thermal envi-
ronment compared with the relatively stable conditions of below-

ground nests.

3.2 | Nestthermoregulation

By combining results from our temperature trials with previously
published incubation and fanning rates from Vogt (1986), we
observed clear thermal dependence curves for incubation and
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fanning (Figure 2). For incubation behaviour, peak activity occurred
at 12.9°C, at which point an estimated 58.7% of workers were
incubating (Figure 2a). Above this temperature, incubation rates
declined gradually as temperatures approached 40°C, with at least
25% of workers incubating between 6.3 and 22.7°C. The best-
fitting model indicated that both the maximal incubation activity
(r,.q) and the shape parameter (a) varied as fixed effects depending
on the data source (Table S2). For fanning behaviour, peak activity
occurred at 37.2°C, at which point an estimated 95.6% of workers
were engaged in fanning (Figure 2b). The percentage of workers
fanning increased sharply above 27°C, with at least 25% of workers
engaged in fanning between 32.9 and 39.4°C. The best-fitting model
included both shape parameters (a and b) as fixed effects varying
by data source (Table S3). When comparing model fits derived
from our dataset and from Vogt (1986), we observed a modest shift
towards warmer temperatures for thermoregulatory performance in
our data; however, we focus on the combined analysis as the most
robust estimate of general trends given differences in sample size

and experimental methods.

3.3 | Flower visitation rate

Using cucumber (Cucumis sativus) as a model, we found that Bombus
species were the most frequent flower visitors across all recorded
taxa. Over 2years, we observed 3570 visits by Bombus spp. during
858 trials, accounting for 56% of total visits (62% in 2021 and 45% in
2022). Within this group, B. impatiens was the most common species,
with 3325 visits, followed by B. griseocollis (76 visits), B. pensylvani-
cus (50 visits), and other Bombus identified only to genus (119 visits).
The second most common visitor overall was Apis mellifera, which
accounted for 19% of total visits (11% in 2021 and 29% in 2022).
All other bee species combined made up 24% of total visits, while
non-bee insects, including butterflies and hoverflies, accounted for
less than 2%.
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FIGURE 1 (a) Mean daily air temperature and nest temperature inside simulated above-ground and below-ground Bombus nests in 2021
in Georgia (USA). Tick marks represent weeks, with larger tick marks indicating the first week of each month. (b) Air temperature and internal
nest temperatures recorded every 20min from 12 to 18 August 2021. The grey bar indicates a period of rain.
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FIGURE 2 (a) Percentage of bumblebee workers performing incubation behaviour in relation to nest temperature, with results combined
from this study and Vogt (1986). (b) Percentage of bumblebee workers performing fanning behaviour in relation to nest temperature,

with results combined from this study and Vogt (1986). (c) Bumblebee visitation rate to cucumber flowers in relation to environmental air
temperature. (d) Combined plot showing the relationships between incubation, fanning and foraging behaviour in relation to temperature. In
all plots, the line and shaded area represent model predictions and the 95% credible interval of the thermal performance model.

Across all Bombus spp., visitation rate peaked at 32.7°C, with an
estimated maximum visitation rate of 4.3 visits/5min (Figure 2c).
Visitation increased steadily from approximately 13°C until this peak
and then declined rapidly as temperatures approached 40°C. The
best-fitting model for visitation rate included constant shape param-
eters and a zero-inflation parameter of yw=0.428+0.017 (Table S4).
Models that allowed shape parameters to vary as random effects by

city failed to converge, showing multiple parameters with R> 101

3.4 | Impact of climate scenario on foraging

Our prediction that future warming would reduce optimal foraging
hours for Bombus spp. was not supported. Instead, we found the op-
posite: optimal foraging hours increased by 22% under mid-century
climate projections and by 54% under late-century projections at our
site in Georgia, USA (Table 1; Figure 3a). Additionally, we found no
evidence that Bombus spp. would face increased competition from
other bees or insect pollinators as temperatures rise: Bombus spp. ex-
hibited the highest optimal foraging temperature based on visitation
rates to cucumber flowers (32.7°C, credible interval: 32.5-32.8°C),
compared with Apis mellifera (30.8°C, credible interval: 30.5-31.2°C),
all other bees (31.8°C, credible interval: 31.3-32.2°C) and all other
insects (29.4°C, credible interval: 28.1-30.8°C; Figure 3b,c).

3.5 |
fanning

Impact of climate scenario on incubation and

Climate scenario significantly affected incubation and fanning rates,
with contrasting responses between above-ground and below-
ground nests (Table 1). Based on temperatures in Georgia (USA),
warming consistently reduced incubation requirements in both nest
types, but increased fanning only in above-ground nests (Figure 4).
In below-ground nests, fanning remained unchanged because tem-
peratures never exceeded the threshold for 225% of workers to fan
under either current or future conditions.

In above-ground nests, incubation rates were highest in early
spring and late fall, requiring 225% of workers to incubate for
16-24h per day during the coldest weeks under current condi-
tions. Under late-century projections, this requirement dropped
to 8-23h per day. During the warmest part of the year, incuba-
tion averaged 3 h per day under current conditions and was elim-
inated entirely (Oh per day) under late-century warming. Fanning
in above-ground nests peaked at 8h per day in summer under
current conditions but rose to 12h per day under late-century
projections. In below-ground nests, incubation persisted at 24 h
per day through the third week of June under current conditions,
then dropped to zero until September. With late-century warming,
this drop occurred about 2 weeks earlier (late May) and lasted until
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October. Temperatures in below-ground nests never reached the
fanning threshold at any point in the season, so fanning activity

did not change with warming.

TABLE 1 Linear model results testing the effects of climate
scenario (2021, 2040-2069 and 2070-2099), season (spring:
March-May; summer: June-August; and fall: September-
November) and nest type (above- vs. below-ground) on optimal
foraging hours, incubation and fanning. Comparisons involving
incubation plus fanning, as well as hours exceeding peak fanning
thresholds, were limited to above-ground nests, as below-ground
temperatures did not reach fanning conditions.

Predictor df F p

Optimal foraging hours

Climate scenario 2 8.69 0.0003***
Season 2 83.42 <0.0001***
Incubation

Climate scenario 2 4.39 0.0136*
Nest type (above or below) 1 12.95 0.0004***
Season 2 110.96 <0.0001***
Nest type x Climate scenario 2 0.23 0.7947
Fanning

Climate scenario 2 20.15 <0.0001***
Nest type (above or below) 1 103.49 <0.0001***
Season 2 42.18 <0.0001***
Nest type x Climate scenario 2 10.08 <0.0001***
Incubation + fanning (above)

Climate scenario 2 2.73 0.0674°
Season 2 3771 <0.0001***
Past peak fanning (above)

Climate scenario 2 8.61 0.0003***
Season 2 12.03 <0.0001***

Note: Significance levels are indicated as following: ***p<0.001,
**p<0.01, *p<0.05,and *p<0.1.
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Our prediction that increased nest temperatures would negatively
impact colony performance was not supported for below-ground nest-
ers and was only partially supported for those in above-ground nests.
In below-ground nests, temperatures never exceeded the threshold
for 225% of workers to fan, and incubation requirements decreased
with warming, indicating reduced overall thermoregulatory needs. In
above-ground nests, climate scenario had a marginally significant ef-
fect on thermoregulation (Table 1), and the response to moderate (mid-
century) warming was opposite to our prediction: thermoregulatory
needs declined across all seasons (Figure 5a), largely due to reduced
incubation requirements. Only under the late-century warming sce-
nario did thermoregulatory activity increase, and this effect was slight
and confined to peak summer (Figure 5a). A more substantial concern
arose when examining the number of hours above the peak fanning
performance threshold (37.2°C), which could be lethal if colonies can-
not cool the nest below this temperature. For above-ground nests, this
value increased sharply with warming from 8h per year under current
conditions to 198 h per year under late-century projections (Figure 5b).

4 | DISCUSSION

Bumblebees are expected to experience widespread declines in
response to climate warming (Kerr et al., 2015; Soroye et al., 2020),
yet we found that most metrics associated with thermal performance
improved under projected warming scenarios. Climate warming
increased the number of hours per day within the optimal thermal
range, and we found no evidence that bumblebees would face
greater competition from other pollinators under warmer conditions.
Where the effects of warming differed, however, depended on
nesting location. For below-ground nesters, such as Bombus
impatiens and B. affinis, warming would push colonies closer to their
thermal optimum and reduce the need for nest incubation in spring
and fall. In contrast, for species that nest above-ground-assuming
they have similar threshold as the species we tested-the effects

of warming could be more severe: future warming would increase
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FIGURE 3 (a) Weekly optimum foraging hours in Georgia (USA) within a given temperature range (25.0-37.7°C) under three climate
scenarios: Current (2021), Mid-century (2040-2069) and Late-century (2070-2099). Trend lines for each scenario were fitted using

a polynomial smoothing function (loess method, span=0.4) with 95% confidence intervals. (b) Flower visitation rate as a function of
environmental air temperature for Bombus, Apis, all other bees and all other insects. Lines represent model predictions, with shaded areas
indicating the 95% credible interval of the thermal performance model. (c) Probability density distribution of predicted thermal optima for
foraging, based on flower visitation rates, for Bombus, Apis, all other bees and all other insects.
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FIGURE 4 (a-c) Weekly hours during which 225% of workers in above-ground nests in Georgia (USA) would be engaged in incubation or
fanning under three climate scenarios: Current, mid-century and late-century. (d-f) Weekly hours during which 225% of workers in below-
ground nests would be engaged in incubation or fanning under three climate scenarios: Current, mid-century and late-century. Trend lines
for each scenario were fitted using a polynomial smoothing function (loess method, span=0.4) with 95% confidence intervals.

fanning demands, and summer nest temperatures would frequently
exceed the maximum performance output for fanning, potentially
resulting in colony mortality. Given that a substantial proportion of
Bombus species nest above-ground (Liczner & Colla, 2019), these
results highlight important vulnerabilities to increasing temperature
extremes.

We predicted that warming would result in a loss of optimal
foraging time during the hottest periods of the year, but this
was not supported. Instead, optimal foraging time increased by
22-50% at our site in Georgia (USA) under mid- and late-century
climate scenarios, respectively. Bumblebees were active across a
wider thermal range than most other pollinators, foraging at tem-
peratures as low as 17°C and as high as 32.7°C—surpassing the
maximum for Apis mellifera (30.8°C) and all other bees and insects
in our study. These results suggest that warming may not lead to
increased competition at higher temperatures; instead, bumble-
bees may benefit from reduced competition during extreme heat
across the habitats we sampled. However, other environmental

factors, such as humidity, could also influence foraging perfor-
mance (Botsch et al., 2024). Bumblebees are generally considered
cold-adapted (Hines, 2008), with traits such as dense hair and
the ability to shiver for thermogenesis (Heinrich & Esch, 1994),
yet they may be more vulnerable to desiccation than some co-
occurring bee taxa (Burdine & McCluney, 2019). In arid systems,
a combination of heat and desiccation tolerances best predicts
bee abundance under climate change (Kazenel et al., 2024), high-
lighting the need for future studies to test whether drought stress
could offset the potential benefits of extended warm-weather for-
aging windows.

We measured foraging on cucumber flowers because they pro-
vided a standardized floral resource across all sites, enabling direct
comparisons over time, temperature and location. A key question
is whether the temperature-foraging patterns we observed are
specific to cucumber (Cucumis sativus) or reflect a broader trend
across floral resources. While cucumber's nectar-reward dynamics
could partly influence the thermal response we recorded, evidence
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FIGURE 5 (a) Weekly hours during which 225% of workers

in above-ground nests in Georgia (USA) would be engaged in
incubation or fanning (combined) under three climate scenarios:
Current (2021), Mid-century (2040-2069) and Late-century
(2070-2099). Rates of incubation are predicted to decline with
warming in spring, while rates of fanning are predicted to increase
with warming in summer. (b) Weekly hours during which max
fanning temperature would be exceeded for workers in above-
ground nests under three climate scenarios: Current, mid-century
and late-century. Trend lines for each scenario were fitted using a
polynomial smoothing function (loess method, span=0.4) with 95%
confidence intervals.

from other systems suggests that these patterns are not cucumber-
specific. For example, similar trends have been observed on un-
related floral species, such as lacy phacelia (Phacelia tanacetifolia),
where bumblebees reached maximum foraging density earlier and
maintained it longer than honeybees (Williams & Christian, 1991).
Field and laboratory studies are broadly consistent in suggesting
that bumblebee foraging performance often peaks around ~32°C
but declines when temperatures exceed this range. Field studies
on Bombus terrestris in Europe show that flight speed and forag-
ing activity peak at 32°C (Sepulveda-Rodriguez et al., 2024), while
experimental work on captive B. impatiens colonies found signifi-
cantly higher visitation rates at 32°C than at 24°C, driven by faster
flight and shorter visit durations (Gérard et al., 2024). In contrast,
simulated heatwave experiments report reduced foraging bout du-
ration and total plant or flower visitation when temperatures ex-
ceed ~33°C, although behaviour changes may represent combined
effects of warming in both the foraging arena and inside the nest
(Hemberger et al., 2023). Differences among studies likely reflect
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variation in temperature regimes (gradual warming versus acute
heatwaves), response variables (visitation rate versus bout dura-
tion), colony condition and the extent to which elevated tempera-
tures also alter floral rewards (Hemberger et al., 2023; Vanderplanck
et al., 2019; Walters et al., 2025), all of which can shape observed
foraging responses. Together, these studies suggest that foraging
may increase up to ~32°C but declines sharply when temperatures
exceed this threshold.

While these patterns suggest potential benefits for foraging
under warmer conditions, colony success also depends on main-
taining suitable nest temperatures. Foraging gains could be offset
if warming increases the energetic and labour costs of nest climate
control. Nest temperatures are rarely considered in studies esti-
mating thermal performance, yet the presence of sophisticated
nest thermoregulatory behaviours in social insects highlights the
importance of temperature regulation for colony success. Our
findings align with previous research showing that fanning and
incubation increase as nest temperatures fluctuate from the op-
timum of 30°C (Gardner et al., 2007; Vogt, 1986; Weidenmidiller
et al.,, 2002). Investment patterns differed sharply between the
two behaviours: fanning effort rose steeply, with nearly 100% of
workers in microcolonies fanning at just 7°C above optimum, while
incubation peaked at only ~60% of workers, even at the cold-
est temperatures before chill coma halted activity. This contrast
suggests that fanning is substantially more labour-intensive than
incubation. Because fanning typically occurs during the warmest
parts of the day when foraging would also be at its peak, greater
fanning demands under warming could directly compete with for-
aging activity, diverting more workers from resource collection to
nest climate control.

The thermoregulatory challenges posed by warming are likely to
be most severe for above-ground-nesting species. Our behavioural
measurements were taken from two below-ground nesters (B. im-
patiens and B. affinis), but similar patterns occur in other bumblebee
species. For example, Bombus bifarius nearcticus, another below-
ground nester, shows steep increases in both fanning and incubation
when temperatures deviate from its thermal optimum, with fanning
effort rising more rapidly than incubation despite the species' cooler-
climate distribution (O'Donnell & Foster, 2001). Although no directly
comparable studies have been conducted with above-ground nest-
ers, research on B. griseocollis shows that incubation is among the
most frequently observed worker behaviours across all age groups
when colonies are held at 20°C (Cameron, 1989). Many below-
ground nesting species, including B. impatiens, also establish above-
ground colonies, which are more exposed to thermal extremes.
This is particularly relevant for the commercial pollination industry,
where B. impatiens colonies are typically housed in above-ground
boxes identical to those used in our experiments. Importantly,
our own previously unpublished measurements of critical thermal

maximum (CT__ ) across eight species (four above-ground and four

max
below-ground nesters) indicate no differences between nesting
types (Methods S3; Figure S4). Without higher physiological heat

tolerance to offset greater thermal exposure, above-ground nesters
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are more likely to encounter conditions exceeding their thermoreg-
ulatory capacity.

Under the current climate, neither above-ground nor below-
ground B. impatiens colonies in Georgia (USA) need to exert maxi-
mum fanning effort except in rare cases. Notably, we observed no
scenarios in which 225% of workers would fan in below-ground
nests, raising the question of why ground-nesting bees retain this
behaviour at all. One possibility is that species such as B. impatiens
facultatively nest above-ground and therefore experience condi-
tions under which fanning is necessary. In addition, fanning may
serve functions beyond temperature regulation, such as enhanc-
ing nest ventilation and reducing CO, accumulation (Seeley, 1974).
Above-ground colonies, however, are likely to require maximum
fanning effort during much of the summer (June-August) with pro-
jected climate warming, which could negatively impact colony sur-
vival. Previous research suggests that workers are unable to lower
brood temperatures when nest temperatures match those predicted
for late-century warming (Vogt, 1986), meaning that colonies could
face conditions exceeding their thermoregulatory capacity for up
to 12weeks each year. Even approaching these elevated tempera-
tures can impair adult and brood health, including reduced cognitive
function (Gérard et al., 2022; Jones et al., 2005; Perl et al., 2022).
In contrast, below-ground nests benefit from natural insulation and
rarely reach such high temperatures. This pattern is not unique to
bumblebees—any species nesting in exposed environments may
face similar risks, including paper wasps, twig-nesting bees and
ants, and tree-nesting birds and mammals (Mainwaring et al., 2017).
Given these vulnerabilities, conservation strategies should prioritize
protection of above-ground-nesting species and account for the el-
evated risks faced by commercially managed bumblebees in above-
ground housing.

These results also raise an important question: if climate warming
extends foraging time and pushes most bumblebee species closer to
their thermal optimum due to their frequent use of below-ground
nests, why are bumblebees disappearing from the southern edges
of their ranges in the Northern Hemisphere (Kerr et al., 2015)? One
possible explanation is that rising temperatures increase mortality
of overwintering queens or reduce their founding success if spring
conditions become too hot. Heat waves can cause mass die-offs of
queens before colony establishment (Rasmont & Iserbyt, 2012). In
addition to direct mortality, sub-lethal heat exposure can reduce re-
productive performance; for example, elevated temperatures have
been shown to lower sperm viability in male bumblebees, potentially
reducing queen mating success and long-term colony viability even
when foraging conditions appear favourable (Campion et al., 2023).
Another factor is the disruption of synchrony between bee emer-
gence and floral blooming cycles; bees and flowers respond dif-
ferently to temperature and photoperiod cues, and warming has
already caused these responses to diverge (Renner & Zohner, 2018),
leading to resource gaps during critical early colony growth (Kudo
& Ida, 2013). Late-summer nectar dearths may further compound
these pressures. Unlike honeybees, bumblebees store limited nec-
tar due to their annual colony cycle, making them vulnerable to

prolonged shortages, which are expected to become more frequent
with climate change. In addition, extended foraging near the thermal
optimum may elevate dehydration risk (Burdine & McCluney, 2019;
Glass et al., 2024), particularly in hotter, drier southern climates.
Reduced humidity, declining soil moisture around below-ground
nests, and limited nectar availability as a water source could exac-
erbate desiccation stress, offsetting the apparent benefits of longer
foraging windows. Together, these factors suggest that while warm-
ing may benefit certain aspects of bumblebee thermal performance,
it can simultaneously undermine population persistence through
effects on reproduction, resource availability and seasonal survival.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. Sampling sites and dates for measuring flower visitation
rate.

Table S2. Model selection table for hierarchical Bayesian models
of bumblebee (Bombus) foraging activity at experimental cucumber
flower stations in 9 cities in the continental United States.

Table S3. Model selection results for Bayesian nonlinear thermal
performance curve (TPC) models of bumblebee (Bombus) fanning
activity in experimental nests.

Table S4. Model parameters for foraging activity.

Figure S1. Geographic range of Bombus impatiens (shaded in purple).
Cities where foraging visitation trials were conducted are labeled
for reference (Detroit, MI; Toledo, OH, Raleigh, NC; Durham, NC;
Atlanta, GA; and Athens).

Figure S2. (A) Radiation shield housing an iButton® used to record
air temperature. (B) Entrance to a simulated belowground nest
within which temperature was recorded from March to November
of 2021. (C) Arrangement of three simulated belowground nests,
spaced approximately 1-3 meters apart. (D) Commercial Quad®
bumble bee.

Figure S3. Linear relationship between above-ground nest
temperature and ambient air temperature. The model is based on
air and nest temperatures recorded in spring (March 20 - April 2),
summer (June 22 - July 5), and fall (September 22-October 6) of
2021.

Figure S4. Boxplots (median, 25%-50%, and range) showing CT_ -
of eight Bombus species that differ in nesting mode (below- vs.
aboveground nesting).
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