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ABSTRACT 25 

Climate change poses a growing threat to bees, which provide essential pollination services 26 

in natural and agricultural ecosystems. Although the critical thermal maximum (CTmax) is 27 

widely used to assess the vulnerability of pollinators to climate change, we lack a 28 

comprehensive understanding of the factors shaping heat tolerance across bee species 29 

globally. We conducted a systematic review and meta-analysis of experimental CTmax 30 

measurements, extracting 339 effect sizes from 35 studies spanning 198 bee species. Across 31 

all moderator variables tested, we found that only three variables were significantly 32 

associated with variation in heat tolerance: nesting behaviour, climate zone, and ramping 33 

rate. On average, the CTmax of below-ground nesting bees was 1.3oC lower than that of 34 

above-ground nesters. This difference was most pronounced in solitary species and weaker 35 

in eusocial species, which may benefit from colony-level behavioural thermoregulation. 36 

Tropical species had slightly lower CTmax than temperate species, while species distributed 37 

across both tropical and temperate regions had the highest thermal tolerance. We also 38 

found that CTmax increased strongly with ramping rate, consistent with predictions of heat 39 

injury accumulation during dynamic assays. However, sex, body size, and five other 40 

methodological factors were not significantly associated with variation in CTmax, which may 41 

reflect species-specific responses differing in direction and magnitude, obscuring any overall 42 

pattern. We also found that variation in heat tolerance is strongly phylogenetically 43 

structured (43% of explained heterogeneity), suggesting that evolutionary adaptation to 44 

historical environmental conditions has shaped present-day thermal limits. Our synthesis 45 

identified substantial geographic and taxonomic biases, highlighting key priorities for future 46 

experimental research. By identifying important ecological drivers of heat tolerance 47 

evolution, our study provides a foundation for predicting bee heat tolerance and potential 48 

vulnerability to climate change.  49 

 50 

Key words: critical thermal maxima; global warming; nesting ecology; quantitative synthesis; 51 

thermal plasticity; thermal tolerance  52 
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INTRODUCTION 53 

Climate change is a major threat to global biodiversity, altering habitat suitability, disrupting 54 

ecosystem functioning, and increasing extinction risks (Bellard et al., 2012; Arneth et al. 55 

2020). Rising temperatures and more frequent extreme weather events are already affecting 56 

bees, raising concerns about the future stability of pollination services (Soroye et al., 2020; 57 

Zapata-Hernández et al., 2024). These impacts are expected to intensify as species are 58 

pushed increasingly close to their upper thermal limits (Deutsch et al., 2008; Sunday et al., 59 

2014). Understanding thermal limits is particularly important for ectotherms because their 60 

body temperatures and physiological performance are directly influenced by environmental 61 

conditions (Angilletta, 2009). Previous work has shown that heat tolerance in ectotherms is 62 

often evolutionarily constrained (Araújo et al., 2013; Hoffmann et al., 2013; Kellermann et 63 

al., 2012), but it is also shaped by species ecology, leading to variation in thermal tolerance 64 

among species (Diamond et al., 2012; da Silva et al., 2026). Consequently, investigating the 65 

ecological drivers of heat tolerance across phylogenetically related taxa can advance our 66 

understanding of how life-history traits shape the evolution of thermal limits and improve 67 

predictions of species vulnerability to climate change (Bennett et al., 2021; da Silva et al., 68 

2026; Kellermann et al., 2012).  69 

Bees are a useful model for investigating the evolution of heat tolerance because of 70 

their broad taxonomic, ecological, and geographic diversity (Michener, 2007). They occur on 71 

every continent except Antarctica, and exhibit remarkable variation in nesting ecology, 72 

sociality, body size, and climatic distribution (Michener, 2007). This diversity suggests that 73 

different bee lineages have experienced distinct selective pressures, which could drive the 74 

evolution of thermal limits (Bennett et al., 2021). For example, tropical bee species may 75 

exhibit higher heat tolerance than temperate species because they have evolved under 76 

warmer environmental conditions (Duarte et al., 2012; Sunday et al., 2019). Nesting ecology 77 

is also known to influence thermal tolerance, as below-ground nests typically provide cooler 78 

and more thermally stable microclimates than above-ground nests (da Silva et al., 2026; 79 

Mullan et al., 2026). Likewise, sociality may affect the evolution of heat tolerance because 80 

eusocial species can regulate nest temperatures through colony-level thermoregulatory 81 

behaviours (Jarimi et al., 2020; Gonzalez et al., 2022c), whereas solitary species must rely 82 

primarily on individual physiological and behavioural responses to cope with thermal stress 83 

(deHaan et al., 2025; Gonzalez et al., 2020). This broad ecological and evolutionary diversity 84 
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of bees makes them particularly well suited for investigating which ecological and 85 

evolutionary factors drive variation in thermal limits. 86 

  Despite growing interest in quantifying the sensitivity of bees to heat stress, the 87 

factors driving variation in heat tolerance across species remain poorly understood (Baena-88 

Díaz et al., 2026). Comparisons among studies are often complicated by substantial 89 

methodological variation (Baena-Díaz et al., 2026). For instance, experimental factors such 90 

as ramping rate and acclimation temperature can strongly influence critical thermal maxima 91 

(CTmax) estimates, which measure the upper thermal limits of a species (Terblanche et al. 92 

2007; and Kovacevic et al. 2019; Gonzalez et al., 2022b; Weaving et al., 2022), and 93 

methodological differences across studies can thus obscure underlying biological patterns 94 

(Noble et al., 2022). In addition, CTmax is highly phylogenetically conserved (Kellermann et 95 

al., 2012; Araújo et al., 2013; Hoffmann et al., 2013), and ignoring phylogenetic relatedness 96 

among species can lead to biased inferences about the drivers of variation in heat tolerance 97 

because ecological traits can covary with shared evolutionary history (Pottier et al., 2024). 98 

Consequently, identifying ecological drivers of heat tolerance evolution requires a 99 

quantitative synthesis that accounts for methodological differences among studies and 100 

phylogenetic relatedness among species. 101 

In this study, we conducted a systematic review and meta-analysis of experimental 102 

studies measuring the CTmax of bees to identify the drivers of variation in heat tolerance 103 

across species. We focused on CTmax because it is a widely used proxy for upper physiological 104 

limits and one of the most commonly studied traits in thermal biology (Kovacevic et al. 2019; 105 

Baena-Díaz et al., 2026). Specifically, we examined (1) how CTmax varies among bee species; 106 

(2) how variation in CTmax is broadly associated with climate zone, nesting ecology, sociality, 107 

body size, sex, and experimental methodology; and (3) how these factors interact to shape 108 

heat tolerance across the bee tree of life. We hypothesized that tropical and above-ground 109 

nesting bees would exhibit higher CTmax than temperate and below-ground nesting bees. 110 

However, we did not have a priori directional predictions for sociality, body size, or sex, given 111 

conflicting reports in the literature. 112 

 113 

MATERIALS AND METHODS 114 

We used the PRISMA-EcoEvo Checklist to report this systematic review and meta-analysis 115 

(Table S1; O’Dea et al., 2021). 116 
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 117 

Literature search  118 

We conducted a systematic review using the Scopus (accessed through Mahidol University, 119 

Thailand) and Web of Science (accessed through the University of Gothenburg, Sweden) 120 

databases, covering all dates available at the time of the search (1997 to 16 January 2026). 121 

We used the following search string: TITLE-ABS-KEY(("CTmax" OR "Critical Thermal 122 

Maximum" OR "thermal tolerance" OR "heat tolerance" OR “upper thermal limits” OR 123 

“thermal critical range” OR “upper critical temperature”) AND ("bee" OR "bees")).   124 

We identified 196 records across both databases, with 72 duplicates (see PRISMA 125 

flow diagram in Fig. S1). We manually assessed titles and abstracts for relevance, and no 126 

records were excluded from this initial screening phase. Therefore, the full text of each 127 

study was retrieved and evaluated in detail. Studies were eligible for inclusion if they 128 

reported experimentally determined critical thermal maximum (CTmax) in adult bees 129 

(Hymenoptera: Apoidea) using a thermally controlled apparatus such as a water bath, dry 130 

bath (aluminium block), or programmable environmental chamber. CTmax is defined as the 131 

upper thermal limit for an organism, or the temperature at which it loses motor function 132 

and is unable to escape from conditions leading to death (Cowles & Bogert, 1944). 133 

Therefore, studies needed to clearly define the CTmax endpoint, such as loss of motor 134 

function, muscle spasms, or failure to flip right-side up. Additionally, studies had to specify 135 

the initial temperature and increase temperature gradually with a constant ramping rate, 136 

rather than subjecting individuals to sudden heat exposure. We therefore excluded studies 137 

that measured time to heat stupor at constant temperatures. Finally, the studies needed to 138 

report sufficient data for extraction (e.g., sample sizes, means and standard deviations, or 139 

the raw data from which we could extract such values). We also included an additional 140 

study of the authors (da Silva et al., 2026) that was under review at the time of the search.  141 

In total, we found 35 studies that met the criteria for our systematic review 142 

(Atmowidjojo et al., 1997; Kovac et al., 2014; Oyen et al., 2016; Hamblin et al., 2017; Oyen & 143 

Dillon, 2018; Burdine & McCluney, 2019; Sánchez-Echeverría et al., 2019; Gonzalez et al., 144 

2020, 2022a, 2022b, 2022c, 2023, 2024a, 2024b, 2025; Pimsler et al., 2020; da Silva et al., 145 

2021; Maebe et al., 2021; Christman et al., 2022; Barrett et al., 2023; Bretzlaff et al., 2023; 146 

Johnson et al., 2023; Nacko et al., 2023; Naumchik & Youngsteadt, 2023; Sepúlveda & 147 

Goulson, 2023; Barreiro et al., 2024; Gudowska & Moroń, 2024; Jones et al., 2024; Léger et 148 
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al., 2024; Robinson & Baudier, 2024; deHaan et al., 2025; Elmer et al., 2025; Poore et al., 149 

2025; Ratoni et al., 2025a; da Silva et al., 2026).  150 

 151 

Moderator variables 152 

Prior to analysis, we identified potential moderator variables that we hypothesized might 153 

explain variation in heat tolerance across bee species, such as climate zone (Kovac et al., 154 

2014), nesting behaviour (deHaan et al., 2025; da Silva et al., 2026), sociality (Hamblin et al., 155 

2017; Ostwald et al., 2024), sex (Feuerborn et al., 2023), body size (Gonzalez et al., 2022c; 156 

Gonzalez et al., 2024a), ramping rate (Oyen & Dillon, 2018), and acclimation temperature 157 

(Terblanche et al., 2007). We also extracted information about other experimental sources 158 

of variation directly from the publications: initial temperature of the ramping assay, 159 

experimental apparatus (water bath, dry bath, or experimental chamber), number of trials 160 

(whether each study bee was used in a single CTmax trial, or tested in a CTmin trial before the 161 

CTmax trial), and bee source (wild versus commercial). Given the small number of studies 162 

that used experimental chambers (n = 7 effect sizes from 4 studies), we included them in 163 

the dry bath category. For articles that reported data for multiple levels of a moderator 164 

(e.g., multiple acclimation temperatures, ramping rates, etc.), we extracted a separate 165 

effect size for each level. Ten studies (206 effect sizes) either did not acclimate bees in the 166 

laboratory or did not report acclimation temperature.  167 

Data on climate zone was obtained from the Global Biodiversity Information Facility 168 

(www.gbif.org; GBIF Secretariat, 2026) and we classified bees as tropical (distribution was 169 

restricted within the Tropics of Cancer (23.4°N) and Capricorn (23.4°S)), temperate 170 

(distribution fell outside this tropical region), or tropical and temperate (distribution crossed 171 

either tropical line). For nesting behaviour, we classified bees as below-ground or above-172 

ground nesting, which was sometimes reported in the source article, but often had to be 173 

retrieved from other published literature (Table S2). When nesting ecology could not be 174 

found for specific species, we used data from congeners (Table S2). We recognize that the 175 

microclimatic conditions experienced by bees during foraging and nesting are likely to be 176 

more biologically relevant predictors of thermal tolerance than our coarse classifications of 177 

climate zone and nesting behaviour. However, precise locality information and detailed life 178 

history data were unavailable or inconsistently reported across studies, precluding finer-179 

scale analyses. Body size was approximated from intertegular distance (ITD) since ITD is the 180 
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most widely used proxy for bee body size in CTmax studies (Gonzalez et al., 2024b). 181 

Moreover, ITD directly reflects the size of the thorax, which houses the flight muscles, and is 182 

closely correlated with other measures of overall body size, such as dry mass (Greenleaf et 183 

al., 2007). For species in which ITD values were not directly reported, we obtained data from 184 

museum databases or other published sources or measured photographed specimens 185 

(Table S3), but could not find data for 48 bee species (59 effect sizes). 186 

For sociality, we originally attempted to classify bees into three groups: eusocial 187 

(species that live in complex, cooperative colonies with reproductive division of labour and 188 

cooperative brood care), social (species that obligately or facultatively form small social 189 

groups of fewer than 20 bees, including species that are sometimes solitary and sometimes 190 

social), or solitary (species in which all females are fertile and construct their own nests 191 

independently). Subsocial species (females provide extended care to offspring but adult 192 

females do not nest together) and communal species (females nest together but all females 193 

are fertile and provision their own offspring independently) were also categorized as solitary 194 

given that all females construct and provision their own nests. However, given the small 195 

sample size for social bees (7 effect sizes, 7 species), and the fact that sociality is variable or 196 

unknown for many non-eusocial bees (136 effect sizes from 85 bee species), we decided to 197 

pool social bees with solitary bees since the effects of climate change on social bees are 198 

expected to be more similar to those of solitary bees (e.g., thermoregulation at the 199 

individual level) than those of eusocial bees (e.g., thermoregulation collectively achieved by 200 

hundreds to thousands of individuals within a hive). We therefore retained two categories 201 

for sociality: eusocial (113 effect sizes across 44 species) and non-eusocial (226 effect sizes 202 

across 154 species) (Table S2). 203 

 204 

Data extraction and effect size calculation 205 

We conducted all analyses in R v.4.4.2 (R Core Team, 2024). We used an arm-based meta-206 

analytic approach to analyse CTmax as our response variable (Pottier et al., 2024). We 207 

calculated effect sizes and sampling variances from means, standard deviations, and 208 

samples sizes using the “escalc” function (“metafor” package version 4.8-0; Viechtbauer, 209 

2010). When means and SD were not reported, we calculated them from the raw data. We 210 

extracted multiple effect sizes from each publication that reported data for multiple bee 211 

species, or reported data separately for more than one sex, acclimation temperature, or 212 
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ramping rate, in order to explain heterogeneity in effects among studies (Noble et al., 2022). 213 

When studies reported data separately for levels of factors that we did not analyse (e.g., 214 

year or elevation), we pooled the data. From the 35 studies that met our criteria, we 215 

extracted 339 effect sizes from 198 bee species. S. Karnchananiyom screened the literature 216 

and extracted the data, and all extracted data were checked for accuracy by multiple co-217 

authors (A. Stewart, N. Warrit, and K. Wayo). 218 

 219 

Statistical analyses 220 

We conducted multilevel meta-analytic models using the “rma.mv” function (“metafor” 221 

package, version 4.8-0; Viechtbauer 2010). We included the following factors as random 222 

effects to account for non-independence: phylogenetic relatedness among species, species 223 

ID (similarity among species not explained by phylogenetic relatedness, such as shared 224 

ecological niches; Cinar et al., 2022), study ID (effect sizes from the same study may be more 225 

similar due to shared experimental conditions and location), and effect size ID (within study 226 

effects). We created a phylogeny of our study species from a recent bee phylogeny with 227 

over 4,500 species (Henríquez-Piskulich et al., 2024). Of our 198 study species, 124 matched 228 

directly with the original tree, 69 were grafted onto the branches of represented sister 229 

species, and 5 were grafted onto the branches of sister genera (see Fig. S2, Table S4 for 230 

details). We assigned branch lengths using Grafen’s method (“compute.brlen” function, 231 

“ape” package, version 5.8-1; Paradis & Schliep, 2019) and we calculated the phylogenetic 232 

correlation matrix using the “vcv” function (“ape” package, version 5.8-1; Paradis & Schliep, 233 

2019).  234 

To examine variation in CTmax across bee species, we first fitted uni-moderator 235 

models with each of the 11 moderators of interest: climate zone, nesting behaviour, 236 

sociality, sex, body size (ITD), ramping rate, acclimation temperature, initial temperature, 237 

experiment type (water bath, dry bath, or experimental chamber), number of trials (CTmax 238 

only, or CTmin and CTmax), and bee source (wild versus commercial). We used exploratory 239 

graphs to check for potential interactions between climate zone, nesting, and sociality. We 240 

found that the interaction between nesting and sociality may explain significant variation in 241 

CTmax, so we also fitted a model with nesting, sociality, and their interaction. For each 242 

model, we calculated marginal means using the “emmeans” function (“emmeans” package, 243 

version 1.10.6; Lenth 2024) to test for significant differences between moderator levels. We 244 
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then fitted two full models for model selection, one with all moderators of interest, 245 

including ITD (which excluded 59 effect sizes for the 48 bee species with unknown ITD), and 246 

one without ITD (which retained all 339 effect sizes across 198 bee species). We excluded 247 

acclimation temperature from these models for 3 reasons: we lacked data for 206 effect 248 

sizes, acclimation temperature explained less than 1% of variation in CTmax, and acclimation 249 

temperature was highly correlated with initial temperature (Pearson’s correlation: r = 0.71, 250 

p < 0.001). Thus, we fitted the full models with the remaining moderators and the nesting-251 

by-sociality interaction, and used the “dredge” function (“MuMIn” package, version 1.48.11; 252 

Bartoń, 2025) for model selection. To assess the relative contribution of each moderator 253 

among the top models (ΔAICc < 2), we calculated the relative variable importance (RVI) by 254 

summing the Akaike weights across all models in which the moderator appeared. We then 255 

fitted our final model based on the model selection results and calculated marginal means 256 

to examine differences between moderator levels. We visualized all results using the 257 

“ggplot2” (version 3.5.2; Wickham, 2016), “ggtreeExtra” (version 1.16.0; Xu et al., 2021), 258 

and “orchaRd” (version 2.1.3; Nakagawa et al., 2023) packages. 259 

 260 

Sensitivity analyses and publication bias 261 

We conducted sensitivity analysis at the study and species levels to assess the robustness of 262 

our meta-analytic results. To examine whether any one single study or species affected the 263 

validity of our findings (Viechtbauer & Cheung, 2010), we applied a leave-one-out approach 264 

by iteratively re-fitting the model 35 times (removing a single study ID in each iteration) and 265 

198 times (removing a single species in each iteration) and tested whether individual studies 266 

or species disproportionately influenced model estimates (Notes S1).  267 

We also tested for publication bias, which can arise when certain findings, such as 268 

non-significant results, are less likely to be published, potentially skewing the available 269 

evidence (Egger et al., 1997; Lagisz et al., 2021). To test for publication bias we fitted models 270 

that included either sampling variance or the square root of the sampling variance as 271 

moderators (Notes S2; cf. Nakagawa et al., 2022).   272 

  273 
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RESULTS 274 

Overview of the dataset 275 

We extracted a total of 339 effect sizes from 35 studies (Fig. 1A) and 198 bee species (Fig. 276 

1B-E). The studied taxa spanned 5 families: Apidae (n = 152 effect sizes, 77 species), 277 

Colletidae (n = 92 effect sizes, 57 species), Halictidae (n = 78 effect sizes, 51 species), 278 

Megachilidae (n = 16 effect sizes, 12 species), and Andrenidae (n = 1 effect size, 1 species). 279 

The most studied genera were Lasioglossum (n = 50 effect sizes, 32 species), Hylaeus (n = 47 280 

effect sizes, 25 species), Bombus (n = 47 effect sizes, 13 species), and Apis (n = 20 effect 281 

sizes, all of which came from a single species, A. mellifera). More data came from temperate 282 

species (n = 154 effect sizes, 79 species) than from tropical species (n = 73 effect sizes, 62 283 

bee species) or species found in both temperate and tropical regions (n = 112 effect sizes, 284 

57 bee species) (Fig. 1E). Above-ground nesting bees (n = 179 effect sizes, 109 species) were 285 

slightly better represented than below-ground nesting bees (n = 160 effect sizes, 89 species) 286 

(Fig. 1E). Consistent with the greater diversity of non-eusocial bees, our dataset contained 287 

more effect sizes for non-eusocial species (i.e., solitary and social; n = 226 effect sizes, 154 288 

species) than for eusocial species (n = 113 effect sizes, 44 species) (Fig. 1E). We obtained 289 

more effect sizes for female bees (n = 192) than male bees (n = 98), and sex was not 290 

reported for 49 effect sizes. 291 

 292 

Uni-moderator models 293 

 Of the uni-moderator models tested, only ramping rate (β = 3.67; 95% CI = 2.04, 294 

5.29; p < 0.001), nesting (Δβabove-below = 1.17; 95% CI = 0.32, 2.01; p = 0.007), and climate 295 

(βtropical = 46.2, 95% CI = 42.3, 50.1; βtemperate = 46.3, 95% CI = 42.5, 50.1; βtropical/temperate = 296 

47.2, 95% CI = 43.3, 51.0; p = 0.007) were significantly correlated with CTmax (Table 1). For 297 

every 1°C per minute increase in ramping rate, we estimated that CTmax increases by 3.67 ± 298 

0.83°C (mean ± SE). Species that nest above ground had significantly higher CTmax than those 299 

that nest below ground, with an estimated difference of 1.17 ± 0.43°C (mean ± SE). 300 

However, we found a significant interaction between nesting and sociality (Fig. 2, Fig. 3C). 301 

While the heat tolerance of above and below ground nesters did not differ significantly 302 

among eusocial bee species (Δβabove-below = 0.95; 95% CI = -0.86, 2.76; p = 0.29), they did 303 

among non-eusocial bees (Δβabove-below = 1.24; 95% CI = 0.27, 2.20; p = 0.01). The CTmax of 304 

above-ground non-eusocial species was 1.24 ± 0.47°C (mean ± SE) higher than those of 305 
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below-ground non-eusocial species (Fig. 3C). Broadly distributed species spanning both 306 

tropical and temperate regions had the highest CTmax, which were significantly higher than 307 

that of temperate species (Δβtropical/temperate-temperate = 0.85; 95% CI = 0.10, 1.60; p = 0.02) and 308 

marginally significantly higher than tropical species (Δβtropical/temperate-tropical = 0.95; 95% CI = -309 

0.10, 2.00; p = 0.08). In contrast, the CTmax of tropical and temperate species did not differ 310 

significantly (Δβtemperate-tropical = 0.10; 95% CI = -1.02, 1.23; p = 0.97).  311 

 312 

Multi-moderator models 313 

 Model selection performed on both full multi-moderator models (with and without 314 

ITD) yielded comparable results. Both analyses retained eight top models (ΔAICc < 2), all of 315 

which included nesting behaviour, climate zone, and ramping rate (Table 2), which aligned 316 

with the significant moderators identified from uni-moderator analyses. The final model 317 

therefore contained these three moderators. Above-ground nesting species exhibited 318 

significantly higher thermal tolerance than did below-ground nesting species (Δβabove-below = 319 

1.33; 95% CI = 0.47, 2.19; p = 0.003; Fig. 3A). Moreover, broadly distributed species 320 

spanning tropical and temperate regions had significantly higher CTmax values than did 321 

species found in temperate regions (Δβtemperate-tropical/temperate = -0.94; 95% CI = -1.66, -0.21; p 322 

= 0.01) and tropical regions (Δβtropical-tropical/temperate = -1.06; 95% CI = -2.09, -0.04; p = 0.04), 323 

but CTmax values did not differ significantly between tropical versus temperate species 324 

(Δβtemperate-tropical = 0.13; 95% CI = -0.97, 1.22; p = 0.95) (Fig. 3B). Finally, CTmax increased 325 

significantly with ramping rate, by approximately 1.41°C for every 1°C per minute increase in 326 

ramping rate (β = 1.42; 95% CI = 0.79, 2.04; p < 0.001; Fig. 3D). The other 7 moderators 327 

(sociality, sex, ITD, initial temperature, experimental apparatus, number of trials, bee 328 

source) were not statistically significant (Fig. S3-S9; Notes S3). 329 

The best model explained 96.2% of variation in CTmax (conditional R2), and the 330 

moderators (ramping rate, nesting, and climate zone) explained 10.0% (marginal R2) (Table 331 

2). Of the four random factors included in the model, study ID (49.7%) and phylogenetic 332 

relatedness (42.9%; Fig. 4) explained the most heterogeneity, followed by effect size ID 333 

(4.2%) and species (3.1%). Leave-one-out sensitivity analyses showed that results were 334 

robust to the removal of single studies and bee species (Notes S1). Finally, we found small 335 

but significant evidence for publication bias (Notes S2). The average CTmax across all bee 336 
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species dropped slightly from 46.4oC to 46.3oC when sampling variance was added to the 337 

final model, or 45.9oC when the square root of variance was fitted (Notes S2). 338 

 339 

DISCUSSION 340 

Understanding the ecological and evolutionary drivers of variation in thermal tolerance is 341 

important for predicting risks imposed by climate change on bees. Here, we show that 342 

nesting ecology, sociality, and biogeography are important drivers of heat tolerance 343 

evolution. We also show that variation in heat tolerance is highly clustered phylogenetically, 344 

likely reflecting adaptation to past environmental conditions. Below, we discuss the 345 

implications of these results to our ability to predict heat tolerance and climate vulnerability 346 

in bees. 347 

 348 

Nesting ecology and sociality jointly drive heat tolerance evolution 349 

We found that nesting ecology was the strongest predictor of variation in heat tolerance 350 

among bee species. Consistent with our original hypothesis, below-ground nesting bees had 351 

lower thermal tolerance than above-ground nesting bees. Nests constructed below ground 352 

are thermally buffered, experiencing less intense heat than above-ground nests (da Silva et 353 

al., 2026; Mullan et al., 2026). Conversely, bees that nest above ground are subjected to 354 

direct insolation (if the nest receives direct sunlight), diffuse solar radiation, and relatively 355 

high temperature fluctuations characteristic of exposed habitats (deHaan et al., 2025; Mullan 356 

et al., 2026). Consequently, above-ground nesting bees likely experience greater selection 357 

pressure to evolve high heat tolerance compared to below-ground bees (Bračić et al., 2026; 358 

da Silva et al., 2026; Mullan et al., 2026). Other studies have also reported higher thermal 359 

tolerance in above-ground than below-ground nesting bees in Fiji, Australia and Japan (da 360 

Silva et al., 2021, 2026; Hearn et al., 2026), and our meta-analysis confirms the generality of 361 

this pattern across species.  362 

While sociality alone was not a statistically significant predictor of heat tolerance 363 

variation, we found a significant interaction between nesting ecology and sociality. Notably, 364 

below-ground nesting bees had significantly lower heat tolerance than above-ground bees in 365 

solitary and social species, but not among eusocial species (Fig. 3C). One possible explanation 366 

for this pattern is that eusocial species may rely on collective behavioural thermoregulation, 367 

resulting in weaker selection for physiological heat tolerance, even in above-ground nesting 368 
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species. In contrast, solitary species (and social species that form small groups but 369 

independently provision their own nests) do not benefit from such collective behaviour. 370 

Thus, weaker opportunities for behavioural thermoregulation could have contributed to the 371 

evolution of higher thermal tolerance in above-ground solitary and other non-eusocial 372 

species. Indeed, collective thermoregulation among eusocial bees is well documented, and 373 

includes behaviours such as fanning (convective cooling), spreading water droplets across 374 

the comb (evaporative cooling), nest evacuation or bearding (large numbers of workers 375 

remain on the outside of the hive to reduce metabolic heat inside the hive), and heat 376 

shielding (workers place their ventral surfaces against the hive to absorb heat, then move 377 

elsewhere to dissipate heat away from the hive) (Bonoan et al., 2014; Ostwald et al., 2016; 378 

Stabentheiner et al., 2021; Zhao et al., 2021; Jhawar et al., 2023). Other studies examining 379 

the effects of sociality on bee thermal tolerance are limited. Burdine and McCluney (2019) 380 

found that highly eusocial honey bees had lower CTmax than primitively eusocial bumble 381 

bees, and they also suggested that low heat tolerance in honey bees may be due to greater 382 

hive thermoregulation and therefore less selection for heat tolerance, consistent with our 383 

findings. Hamblin et al. (2017) reported higher heat tolerance among social species than 384 

solitary species, but they used a different classification system for sociality (as they classified 385 

subsocial species with eusocial), and their results at the species level are generally consistent 386 

with ours (e.g., eusocial species had among the lowest CTmax and subsocial species among 387 

the highest). Therefore, mixed findings about how sociality drives the evolution of  heat 388 

tolerance could be dependent, in part, on nesting ecology. 389 

Heat tolerance in bees is shaped not only by species ecology, but also reflects their 390 

evolutionary history. Phylogenetic relatedness explained 43% of the variation in our meta-391 

analysis. Other studies have also demonstrated that heat tolerance is phylogenetically 392 

conserved in bees (da Silva et al., 2026) and other ectotherms (Araújo et al., 2013; Hoffmann 393 

et al., 2013; Holzmann et al., 2026). These strong patterns may reflect constraints on the 394 

evolution of heat tolerance or may result from local adaptation to similar habitats and 395 

selective pressures among closely related species, although the relative contributions of 396 

these processes are difficult to disentangle because nesting ecology is also phylogenetically 397 

conserved (Kellermann et al., 2012; Araújo et al., 2013; da Silva et al., 2026). Mapping 398 

nesting ecology and sociality onto the phylogeny shows that heat tolerance appears to be 399 

highly conserved in some bee lineages, regardless of life history (Fig. 4). For example, most 400 
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non-eusocial Apidae nest above ground and have high heat tolerance, but below-ground 401 

nesting species within the clade (e.g., Peponapis, Melissodes, Ptilothrix, Exomalopsis) have 402 

retained high heat tolerance despite their cooler nesting sites (Fig. 4). Among the eusocial 403 

Apidae, which includes below-ground nesting bumble bees (Bombus spp.) and above-ground 404 

nesting honey bees (Apis spp.) and stingless bees (Meliponini), heat tolerance is generally 405 

low across the clade (Fig. 4), which may reflect phylogenetic inertia or reduced selection for 406 

heat tolerance in eusocial species, as discussed in the previous paragraph. On the other 407 

hand, heat tolerance appears to be more labile among the Colletidae, where transitions to 408 

below-ground nesting across different genera are often associated with lower heat tolerance 409 

compared to above-ground nesting colletids (Fig. 4). Overall, the strong phylogenetic 410 

patterns found by our meta-analysis suggest that it may be possible to infer the heat 411 

tolerance of unstudied bee species  from sister taxa, particularly if nesting ecology and 412 

sociality are known. 413 

 Contrary to our original hypothesis, we found no evidence that heat tolerance differs 414 

between temperate and tropical species. However, geographic breadth appears to be 415 

important. Our study shows that the species whose distributions span both temperate and 416 

tropical areas had, on average, the highest heat tolerance. Other studies have demonstrated 417 

that wide-ranging species exhibit higher heat tolerance and acclimation capacity than those 418 

with narrow ranges, supporting the hypothesis that higher thermal limits can enable greater 419 

geographic expansion (Lancaster 2016; Diamond & Chick, 2018; Markle and Kozak, 2018). 420 

Thus, bee species with broad distributions could have expanded their niche, in part, because 421 

of their high heat tolerance. In contrast, species with narrower distributions might be 422 

especially vulnerable to global warming due to their lower heat tolerance, particularly 423 

species that are already living close to their thermal limits and thus have small thermal safety 424 

margins (Deutsch et al., 2008; Kingsolver et al., 2013). While our meta-analysis provides 425 

evidence for trends at broad scales, other studies have demonstrated that inferences based 426 

on regional or global patterns likely obscure important microclimate variation in thermal 427 

exposure (Pintanel et al., 2025; da Silva et al., 2026). Given that life history data for most bee 428 

species is limited or entirely absent, more detailed information about the microclimate 429 

conditions experienced by different bee species (e.g., nesting depth for below-ground 430 

species; nesting height, substrate, and solar exposure for above-ground species; and 431 

preferred foraging habitats and times) is necessary to help refine our coarse-scale results. 432 
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We found that neither sex nor body size (as measured by ITD) was associated with 433 

variation in heat tolerance, which is congruent with mixed findings in the literature 434 

(Feuerborn et al., 2023; Medina et al., 2023; Boustani et al., 2024). For example, previous 435 

studies have reported that queens have lower heat tolerance than males (Feuerborn et al., 436 

2023), that males have lower heat tolerance than queens (Medina et al., 2023), that sexes do 437 

not differ in heat tolerance (Jones et al., 2024; Gonzalez et al., 2020, 2025), and that results 438 

vary largely between species (Boustani et al., 2024). Findings are similarly mixed for body 439 

size. While some studies report a positive correlation between body size and heat tolerance 440 

(Oyen et al., 2016; Barrett et al., 2023; Gonzalez et al., 2024b; Jones et al., 2024), others 441 

found a negative (Feuerborn et al., 2023; Ratoni et al., 2025b), or no correlation (Maebe et 442 

al., 2021; Gonzalez et al., 2023; Gudowska & Moroń, 2024; da Silva et al., 2026). Such 443 

heterogeneity in findings indicates that sex and body size are unlikely to be universal drivers 444 

of heat tolerance across bee species. 445 

 446 

Heat tolerance is influenced by ramping rate but not by other methodological factors 447 

Among the methodological factors considered, we found that variation in heat tolerance was 448 

most strongly associated with ramping rate. The positive correlation between ramping rate 449 

and CTmax is well documented (Terblanche et al., 2007; Oyen & Dillon, 2018; Kovacevic et al., 450 

2019; Gonzalez et al., 2022b; Gudowska & Moroń, 2024; Baena-Díaz et al., 2026). This 451 

pattern occurs because slower ramping rates prolong exposure to sublethal high 452 

temperatures, allowing heat injury to accumulate and lead to physiological failure at lower 453 

measured heat tolerance limits (Oyen & Dillon, 2018). In contrast, with faster ramping rates, 454 

organisms have less time to accumulate physiological stress and cellular damage, allowing 455 

them to reach higher limits (Sørensen et al., 2013). In our meta-analysis, most studies used a 456 

ramping rate of 0.5oC/min (14 studies) or 0.25oC/min (9 studies), although some studies used 457 

rates as low as 0.1oC/min or as high as 1.5oC/min. There has been considerable debate about 458 

which ramping rate is most appropriate, with some contending that faster ramping rates 459 

reduce the confounding effects of dehydration and starvation (e.g., Santos et al., 2011), and 460 

others arguing that slower ramping rates are more reflective of warming rates in nature (e.g., 461 

Terblanche et al., 2011). It is therefore important to consider the relevance of a given 462 

ramping rate when assessing the heat tolerance of bees and other ectotherms. 463 
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Another methodological factor commonly reported to influence heat tolerance is 464 

acclimation or initial ramping temperature (Gunderson & Stillman, 2015; Kingsolver & 465 

Umbanhowar, 2018; Semsar-Kazerouni & Verberk, 2018; Weaving et al., 2022; Turriago et al., 466 

2023; Ruthsatz et al., 2024). Like ramping rate, initial temperature affects the length of 467 

exposure to sublethal high temperatures (Kingsolver & Umbanhowar, 2018), while warmer 468 

acclimation temperatures can induce physiological responses that increase heat tolerance, 469 

such as the upregulation of heat-shock proteins (Dalvi et al., 2012; Colinet et al., 2013; Wang 470 

et al., 2013; Metz et al., 2025). However, our meta-analysis found little evidence that 471 

acclimation affected bee heat tolerance. The apparent lack of an acclimation effect may 472 

reflect substantial biological and methodological variation among studies, although 473 

numerous experiments have also reported limited acclimation capacity (Oyen & Dillon, 2018; 474 

Sepúlveda & Goulson, 2023; Gonzalez et al., 2024b; Gudowska & Moroń, 2024; Elmer et al., 475 

2025; Poore et al., 2025). One possible explanation is that acclimation treatments may have 476 

been generally too mild or too short to elicit physiological responses. None of the studies 477 

included in our review used acclimation temperatures above 38°C, and most acclimated bees 478 

for less than one hour, whereas significant induction of heat-shock proteins has typically 479 

been observed only after exposure to higher temperatures or much longer acclimation 480 

periods (Ma et al., 2019; Li et al., 2023; Kuo et al., 2023; Kim et al., 2024). Nevertheless, 481 

some studies acclimating bees for over 3 weeks still did not observe any changes in heat 482 

tolerance (Elmer et al., 2025; Poore et al., 2025). An alternative explanation for the limited 483 

acclimation capacity of bees is that behavioural thermoregulation may weaken selection for 484 

physiological plasticity, as predicted by the Bogert effect (Bogert, 1949; Huey et al., 2003). 485 

Given the high variation in microclimates that can occur over relatively small scales in 486 

terrestrial habitats, terrestrial ectotherms such as bees may generally rely on behavioural 487 

thermoregulation, thus reducing selection for high thermal plasticity (Gunderson & Stillman, 488 

2015; Pottier et al., 2022). Examples of behavioural strategies for avoiding high temperatures 489 

include selecting cooler nest sites (e.g., in the shade, or deeper underground) and foraging 490 

during cooler times of the day (Frankie et al., 1988; Cane, 1991; Hranitz et al., 2009; Wilson 491 

et al., 2020; de Farias-Silva & Freitas, 2021; Robinson & Baudier, 2024). Distinguishing among 492 

these explanations will require experiments spanning a broader range of acclimation 493 

temperatures and durations across a more representative diversity of bee species. 494 
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 Interestingly, we found no evidence for variation in measured heat tolerance 495 

between experimental apparatuses, bee sources, or number of trials. However, our analyses 496 

pooled diverse bee taxa, which may limit our ability to detect species-level differences. While 497 

the number of trials was not significant, bees tested for CTmin before CTmax did have lower 498 

CTmax values on average than bees tested for CTmax alone (Fig. S8). Thus, prolonged exposure 499 

to stressful conditions may result in lower measured heat tolerance. However, studies 500 

directly comparing the two treatments generally show that testing CTmin before CTmax does 501 

not reduce CTmax measurements (Oyen & Dillon, 2018; Gonzalez et al., 2022b). Moreover, 502 

using the same bee individual to test both CTmin and CTmax may be necessary for species that 503 

are rare or difficult to catch, or for endangered species, where catching the fewest individuals 504 

possible is preferable.  505 

 506 

Limitations and future directions 507 

Our meta-analysis revealed important patterns across diverse bee species, but the generality 508 

of our inferences is limited by geographic and taxonomic biases. We obtained CTmax 509 

measurements from North and Central America, Europe, and Australia, with no such 510 

published studies conducted in Asia, Africa, and most of South America (Fig. 1A). Moreover, 511 

our dataset covers just 1.3% of Apidae (77 of ~6,000 species), 0.3% of Megachilidae (12 of 512 

~4,100 species), 1.5% of Halictidae (51 of ~3,500 species), 0.03% of Andrenidae (1 of ~3,000 513 

species), and 2.3% of Colletidae (57 of ~2,500 species), with no representatives from 514 

Mellitidae (~200 species) or Stenotritidae (~21 species). Therefore, large geographic and 515 

taxonomic gaps limit the scope of our inferences. Measures of heat tolerance in bees are 516 

particularly needed from Asia, Africa, and South America, which are also predicted to be 517 

among the areas most affected by climate change (Fan et al., 2021; Yang and Zhao, 2024). 518 

Another limitation is incomplete and imprecise life history data. While the 198 519 

species in this study are some of the most common and best studied bee species out of the 520 

approximately 20,000 described species, we still have limited life history data for many taxa. 521 

This lack of data precludes finer categorization of our ecological moderators, and likely 522 

contributes to their relatively low explanatory power. For example, above-ground nests can 523 

be exposed (e.g., Apis dorsata and A. florea), built in small stems (e.g., Ceratina spp.), or 524 

constructed in large tree cavities (e.g., Xylocopa spp.), while below-ground nests can occur at 525 

different depths, all of which are subject to different thermal conditions (Michener, 2007; da 526 
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Silva et al., 2026). Nevertheless, such detailed nesting information is not available for most 527 

species. Similarly, there is considerable variation in temperature within climate zones 528 

(Bonebrake and Deutsch, 2012; Scheffers et al., 2014), meaning that the broad categories of 529 

"tropical" and "temperate" do not capture the fine-scale thermal environments experienced 530 

by species, which can forage in different habitat types (e.g., open versus forested) and exhibit 531 

different daily and seasonal activity patterns. Finally, sociality spans a continuum (e.g., 532 

solitary, subsocial, communal, quasisocial, semisocial, primitively eusocial, highly eusocial), 533 

but detailed information is lacking for most non-eusocial species. There is considerable 534 

nuance within each of the ecological moderators, and additional knowledge on the life 535 

history of bees will be a valuable asset for future studies of heat tolerance and beyond.  536 

 537 

CONCLUSIONS 538 

Our meta-analysis demonstrates that heat tolerance in bees is shaped by a combination of 539 

ecological, evolutionary and methodological drivers. Nesting ecology emerged as the 540 

strongest ecological predictor of heat tolerance, while sociality and biogeography were also 541 

influential. Strong phylogenetic structuring indicates that evolutionary history contributes to 542 

variation in heat tolerance across bee lineages and may reflect adaptations to past 543 

environments. Although substantial geographic, taxonomic, and life-history data gaps 544 

remain, the broad patterns identified here provide a foundation for improving predictions of 545 

heat tolerance in unstudied species based on their ecology and phylogeny. Obtaining 546 

measurements of heat tolerance across underrepresented regions and taxa, together with 547 

more detailed information on the microclimates experienced by different species, will further 548 

improve our understanding of the drivers of heat tolerance evolution. Such knowledge will 549 

strengthen predictions of the vulnerability of bees to climate change and help inform 550 

conservation strategies to safeguard the pollination services upon which both natural 551 

ecosystems and agricultural production depend. 552 

 553 

AUTHOR CONTRIBUTIONS 554 

Suntaree Karnchananiyom: Conceptualization (equal); Data Curation (equal); Formal 555 

Analysis (equal); Investigation (lead); Methodology (equal); Visualization (equal); Writing – 556 

Original Draft Preparation (equal); Writing – Review & Editing (equal). Natapot Warrit: 557 

Investigation (supporting); Supervision (supporting); Writing – Review & Editing (equal). 558 



Page 19 of 38 
 

Patrice Pottier: Formal Analysis (supporting); Methodology (supporting); Writing – Review & 559 

Editing (equal). Kanuengnit Wayo: Investigation (supporting); Visualization (equal); Writing – 560 

Review & Editing (equal). Carmen R. B. da Silva: Investigation (supporting); Writing – Review 561 

& Editing (equal). Vanessa Kellermann: Investigation (supporting); Writing – Review & Editing 562 

(equal). Alyssa B. Stewart: Conceptualization (equal); Data Curation (equal); Formal Analysis 563 

(equal); Funding Acquisition (lead); Investigation (supporting); Methodology (equal); Project 564 

Administration (lead); Supervision (lead); Visualization (equal); Writing – Original Draft 565 

Preparation (equal); Writing – Review & Editing (equal). 566 

 567 

ACKNOWLEDGMENTS 568 

We thank the authors of the original studies for providing data and answering our questions. 569 

This study was partially supported by Scholarships for Ph.D. Student from Mahidol University, 570 

awarded to S.K. under the supervision of A.B.S.  571 

 572 

DATA AVAILABILITY STATEMENT 573 

Al l  data  and code f rom th is  study are  public ly  avai lable  in  Mendeley Data at 574 

https://data.mendeley.com/datasets/t94yn435wp/1 [DOI: 10.17632/t94yn435wp.1]. 575 

 576 

REFERENCES 577 

Angilletta, M. J. (2009). Thermal adaptation: A theoretical and empirical synthesis. Oxford 578 

University Press. https://doi.org/10.1093/acprof:oso/9780198570875.001.0001 579 

Araújo, M. B., Ferri-Yáñez, F., Bozinovic, F., Marquet, P. A., Valladares, F., & Chown, S. L. 580 

(2013). Heat freezes niche evolution. Ecology letters, 16(9), 1206-1219. 581 

Arneth, A., Shin, Y. J., Leadley, P., Rondinini, C., Bukvareva, E., Kolb, M., ... & Saito, O. (2020). 582 

Post-2020 biodiversity targets need to embrace climate change. Proceedings of the 583 

National Academy of Sciences, 117(49), 30882-30891. 584 

Atmowidjojo, A. H., Wheeler, D. E., Erickson, E. H., & Cohen, A. C. (1997). Temperature 585 

tolerance and water balance in feral and domestic honey bees, Apis mellifera L. 586 

Comparative Biochemistry and Physiology Part A: Physiology, 118(4), 1399–1403. 587 

Baena-Díaz, F., Morales-Gómez, M., Ratoni, B., Gonzalez, V. H., & Dáttilo, W. (2026). General 588 

Patterns and Predictors of Thermal Tolerance in Bees: A Global Synthesis Across Taxa 589 

and Environments. Journal of Thermal Biology, 104538. 590 



Page 20 of 38 
 

Barreiro, J. B., Ratoni, B., Baena-Díaz, F., González-Tokman, D., & Dáttilo, W. (2024). Thermal 591 

tolerance of honeybees (Apis mellifera L.) changes across an elevation gradient in the 592 

Mexican Transition Zone. Sociobiology, 71(1), e10155-e10155. 593 

Barrett, M., Tigreros, N., Davidowitz, G., & O'Donnell, S. (2023). Impact of body size on 594 

critical thermal maxima in female solitary desert bees. Ecological entomology, 48(6), 595 

785-789. 596 

Bartoń, K. (2025). MuMIn: Multi-Model Inference. R package version 1.43.17. 597 

<https://CRAN.R-project.org/package=MuMIn>. 598 

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., & Courchamp, F. (2012). Impacts of 599 

climate change on the future of biodiversity. Ecology letters, 15(4), 365-377. 600 

Bennett, J. M., Sunday, J., Calosi, P., Villalobos, F., Martínez, B., Molina-Venegas, R., Araújo, 601 

M. B., Algar, A. C., Clusella-Trullas, S., Hawkins, B. A., Keith, S. A., Kühn, I., Rahbek, C., 602 

Rodríguez, L., Singer, A., Morales-Castilla, I., & Olalla-Tárraga, M. Á. (2021). The 603 

evolution of critical thermal limits of life on Earth. Nature Communications, 12, Article 604 

1198.  605 

Bogert, C. M. (1949). Thermoregulation in reptiles, a factor in evolution. Evolution, 3, 195–606 

211. 607 

Bonebrake, T. C., & Deutsch, C. A. (2012). Climate heterogeneity modulates impact of 608 

warming on tropical insects. Ecology, 93(3), 449-455. 609 

Bonoan, R. E., Goldman, R. R., Wong, P. Y., & Starks, P. T. (2014). Vasculature of the hive: 610 

heat dissipation in the honey bee (Apis mellifera) hive. Naturwissenschaften, 101(6), 611 

459-465. 612 

Boustani, M., Martinet, B., Michez, D., Nemer, N., & Rasmont, P. (2024). Heat resistance 613 

variability in the Lebanese bee fauna. Apidologie, 55(3), 29. 614 

Bračić, M., Ostwald, M. M., & Bujan, J. (2026). Social behavior and climate change: how 615 

rising temperatures shape insect societies. Current Opinion in Insect Science, 101525. 616 

Bretzlaff, T., Kerr, J. T., & Darveau, C.-A. (2023). High temperature sensitivity of bumblebee 617 

castes and the colony-level costs of thermoregulation in Bombus impatiens. Journal of 618 

Thermal Biology, 117, 103710. 619 

Burdine, J. D., & McCluney, K. E. (2019). Differential sensitivity of bees to urbanization-620 

driven changes in body temperature and water content. Scientific Reports, 9(1), 1643. 621 



Page 21 of 38 
 

Cane, J. H. (1991). Soils of ground-nesting bees (Hymenoptera: Apoidea): texture, moisture, 622 

cell depth and climate. Journal of the Kansas Entomological Society, 64(4), 406-413. 623 

Cinar, O., Nakagawa, S., & Viechtbauer, W. (2022). Phylogenetic multilevel meta-analysis: a 624 

simulation study on the importance of modelling the phylogeny. Methods in Ecology 625 

and Evolution, 13(2), 383-395. 626 

Colinet, H., Overgaard, J., Com, E., & Sørensen, J. G. (2013). Proteomic profiling of thermal 627 

acclimation in Drosophila melanogaster. Insect biochemistry and molecular 628 

biology, 43(4), 352-365. 629 

Cowles, R. B., & Bogert, C. M. (1944). A preliminary study of the thermal requirements of 630 

desert reptiles. Bulletin of the American Museum of Natural History, 83, 261–296. 631 

Christman, M. E., Spears, L. R., Koch, J. B. U., Lindsay, T. T. T., Strange, J. P., Barnes, C. L., & 632 

Ramirez, R. A. (2022). Captive rearing success and critical thermal maxima of Bombus 633 

griseocollis (Hymenoptera: Apidae): A candidate for commercialization. Journal of 634 

Insect Science, 22(6), 2. 635 

da Silva, C. R. B., Beaman, J. E., Dorey, J. B., Barker, S. J., Congedi, N. C., Elmer, M. C., ... & 636 

Kellermann, V. (2021). Climate change and invasive species: a physiological 637 

performance comparison of invasive and endemic bees in Fiji. Journal of Experimental 638 

Biology, 224(1), jeb230326. 639 

da Silva, C. R. B., Beaman, J. E., Dorey, J. B., Bradford, T., Smith, T. J., Gloag, R., & 640 

Kellermann, V. (2026). Nesting behaviour predicts heat tolerance evolution and 641 

climate vulnerability in bees. Nature Communications, 17(1), 4961. 642 

Dalvi, R. S., Pal, A. K., Tiwari, L. R., & Baruah, K. (2012). Influence of acclimation temperature 643 

on the induction of heat-shock protein 70 in the catfish Horabagrus brachysoma 644 

(Günther). Fish Physiology and Biochemistry, 38(4), 919-927. 645 

de Farias-Silva, F. J., & Freitas, B. M. (2021). Thermoregulation in the large carpenter bee 646 

Xylocopa frontalis in the face of climate change in the Neotropics. Apidologie, 52(2), 647 

341-357. 648 

deHaan, J. L., Maretzki, J., Skandalis, A., Tattersall, G. J., & Richards, M. H. (2025). Costs and 649 

benefits of maternal nest choice: trade-offs between brood survival and thermal stress 650 

in bees. Ecology, 106(1), e4525. 651 



Page 22 of 38 
 

Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S., Ghalambor, C. K., Haak, D. C., & 652 

Martin, P. R. (2008). Impacts of climate warming on terrestrial ectotherms across 653 

latitude. Proceedings of the National Academy of Sciences, 105(18), 6668–6672. 654 

Diamond, S. E., & Chick, L. D. (2018). Thermal specialist ant species have restricted, 655 

equatorial geographic ranges: implications for climate change vulnerability and risk of 656 

extinction. Ecography, 41(9), 1507-1509. 657 

Diamond, S. E., Sorger, D. M., Hulcr, J., Pelini, S. L., Del Toro, I., Hirsch, C., Oberg, E., & Dunn, 658 

R. R. (2012). Who likes it hot? A global analysis of the climatic, ecological, and 659 

evolutionary determinants of warming tolerance in ants. Global Change Biology, 18(2), 660 

448–456. 661 

Duarte, H., Tejedo, M., Katzenberger, M., Marangoni, F., Baldo, D., Beltrán, J. F., ... & 662 

Gonzalez-Voyer, A. (2012). Can amphibians take the heat? Vulnerability to climate 663 

warming in subtropical and temperate larval amphibian communities. Global Change 664 

Biology, 18(2), 412-421. 665 

Egger, M., Davey Smith, G., Schneider, M., & Minder, C. (1997). Bias in meta-analysis 666 

detected by a simple, graphical test. BMJ, 315(7109), 629–634. 667 

Elmer, M. C., Monro, K., Thompson, H., Stuckey, A., & Kellermann, V. (2025). Phenotypic 668 

plasticity underlies seasonal and latitudinal variation in thermal tolerance in a native 669 

bee. Ecology, 106(9), e70183. 670 

Enriquez-Urzelai, U., Palacio, A. S., Merino, N. M., Sacco, M., & Nicieza, A. G. (2018). 671 

Hindered and constrained: limited potential for thermal adaptation in post-672 

metamorphic and adult Rana temporaria along elevational gradients. Journal of 673 

Evolutionary Biology, 31(12), 1852-1862. 674 

Fan, X., Miao, C., Duan, Q., Shen, C., & Wu, Y. (2021). Future climate change hotspots under 675 

different 21st century warming scenarios. Earth's Future, 9(6), e2021EF002027. 676 

Feuerborn, C., Quinlan, G., Shippee, R., Strausser, T. L., Terranova, T., Grozinger, C. M., & 677 

Hines, H. M. (2023). Variance in heat tolerance in bumble bees correlates with species 678 

geographic range and is associated with several environmental and biological factors. 679 

Ecology and Evolution, 13(11), e10730. 680 

Frankie, G. W., Vinson, S. B., Newstrom, L. E., & Barthell, J. F. (1988). Nest site and habitat 681 

preferences of Centris bees in the Costa Rican dry forest. Biotropica, 20(4), 301-310. 682 



Page 23 of 38 
 

GBIF Secretariat. (2026). Global Biodiversity Information Facility. Retrieved from 683 

www.gbif.org in February 2026. 684 

Gonzalez, V. H., Hranitz, J. M., Percival, C. R., Pulley, K. L., Tapsak, S. T., Tscheulin, T., ... & 685 

Barthell, J. F. (2020). Thermal tolerance varies with dim-light foraging and elevation in 686 

large carpenter bees (Hymenoptera: Apidae: Xylocopini). Ecological Entomology, 45(3), 687 

688–696. 688 

Gonzalez, V. H., Oyen, K., Aguilar, M. L., Herrera, A., Martin, R. D., & Ospina, R. (2022a). High 689 

thermal tolerance in high-elevation species and laboratory-reared colonies of tropical 690 

bumble bees. Ecology and Evolution, 12(12), e9560. 691 

Gonzalez, V. H., Oyen, K., Ávila, O., & Ospina, R. (2022b). Thermal limits of Africanized honey 692 

bees are influenced by temperature ramping rate but not by other experimental 693 

conditions. Journal of Thermal Biology, 110, 103369. 694 

Gonzalez, V. H., Oyen, K., Vitale, N., & Ospina, R. (2022c). Neotropical stingless bees display 695 

a strong response in cold tolerance with changes in elevation. Conservation 696 

Physiology, 10(1), coac073. 697 

Gonzalez, V. H., Manweiler, R., Smith, A. R., Oyen, K., Cardona, D., & Wcislo, W. T. (2023). 698 

Low heat tolerance and high desiccation resistance in nocturnal bees and the 699 

implications for nocturnal pollination under climate change. Scientific Reports, 13(1), 700 

22320. 701 

Gonzalez, V. H., Rancher, W., Vigil, R., Garino-Heisey, I., Oyen, K., Tscheulin, T., ... & Barthell, 702 

J. F. (2024a). Bees remain heat tolerant after acute exposure to desiccation and 703 

starvation. Journal of Experimental Biology, 227(24), jeb249216. 704 

Gonzalez, V. H., Herbison, N., Perez, G. R., Panganiban, T., Haefner, L., Tscheulin, T., ... & 705 

Hranitz, J. (2024b). Bees display limited acclimation capacity for heat tolerance. 706 

Biology Open, 13(3), bio060179. 707 

Gonzalez, V. H., Herbison, N., Herrera, A., Oyen, K., & Smith, D. R. (2025). Thermal tolerance 708 

in the cellophane bee Colletes inaequalis reflects early spring adaptation and is 709 

independent of body size and sex. Ecology and Evolution, 15(8), e71983. 710 

Greenleaf, S., Williams, N., Winfree, R., & Kremen, C. (2007). Bee foraging ranges and their 711 

relationship to body size. Oecologia, 153, 589–596. 712 



Page 24 of 38 
 

Gudowska, A., & Moroń, D. (2024). The heat is on: impact of heat waves on critical thermal 713 

maxima in larvae and adults of solitary bee Osmia bicornis (Hymenoptera: 714 

Megachilidae). Apidologie, 55(5), 70. 715 

Gunderson, A. R., & Stillman, J. H. (2015). Plasticity in upper thermal limits: a framework for 716 

aquatic–terrestrial comparisons. Proceedings of the Royal Society B: Biological 717 

Sciences, 282(1813). 718 

Hamblin, A. L., Youngsteadt, E., López-Uribe, M. M., & Frank, S. D. (2017). Physiological 719 

thermal limits predict differential responses of bees to urban heat-island effects. 720 

Biology Letters, 13(6), 20170125. 721 

Hearn, L. R., Takenaka, K., Kellermann, V., & Cronin, A. L. (2026). Life-History Strategy and 722 

Local Adaptation Shape Resilience to Climate Change in Bees. Available at SSRN: 723 

https://ssrn.com/abstract=5611015 or http://dx.doi.org/10.2139/ssrn.5611015 724 

Henríquez-Piskulich, P., Hugall, A. F., & Stuart-Fox, D. (2024). A supermatrix phylogeny of the 725 

world’s bees (Hymenoptera: Anthophila). Molecular Phylogenetics and Evolution, 190, 726 

107963. 727 

Hoffmann, A. A., Chown, S. L., & Clusella-Trullas, S. (2013). Upper thermal limits in terrestrial 728 

ectotherms: how constrained are they? Functional Ecology, 27(4), 934-949. 729 

Holzmann, K. L., Schmitzer, T., Abels, A., Čorkalo, M., Mitesser, O., Kortmann, M., ... & 730 

Peters, M. K. (2026). Limited thermal tolerance in tropical insects and its genomic 731 

signature. Nature, 651, 672-678. 732 

Hranitz, J. M., Barthell, J. F., Thorp, R. W., Overall, L. M., & Griffith, J. L. (2009). Nest site 733 

selection influences mortality and stress responses in developmental stages of 734 

Megachile apicalis Spinola (Hymenoptera: Megachilidae). Environmental 735 

Entomology, 38(2), 484-492. 736 

Huey, R. B., Hertz, P. E., & Sinervo, B. (2003). Behavioral drive versus behavioral inertia in 737 

evolution: a null model approach. The American Naturalist, 161(3), 357-366. 738 

Jarimi, H., Tapia Brito, E., & Riffat, S. (2020). A review on thermoregulation techniques in 739 

honey bees’ (Apis mellifera) beehive microclimate and its similarities to the heating 740 

and cooling management in buildings. Future Cities and Environment, 6. 741 

Jhawar, J., Davidson, J. D., Weidenmüller, A., Wild, B., Dormagen, D. M., Landgraf, T., ... & 742 

Smith, M. L. (2023). How honeybees respond to heat stress from the individual to 743 

colony level. Journal of the Royal Society interface, 20(207). 744 



Page 25 of 38 
 

Johnson, M. G., Alvarez, K., & Harrison, J. F. (2023). Water loss, not overheating, limits the 745 

activity period of an endothermic Sonoran Desert bee. Functional Ecology, 37(11), 746 

2855-2867. 747 

Jones, L. J., Miller, D. A., Schilder, R. J., & López-Uribe, M. M. (2024). Body mass, 748 

temperature, and pathogen intensity differentially affect critical thermal maxima and 749 

their population-level variation in a solitary bee. Ecology and Evolution, 14(2), e10945. 750 

Kellermann, V., Overgaard, J., Hoffmann, A. A., Fløjgaard, C., Svenning, J. C., & Loeschcke, V. 751 

(2012). Upper thermal limits of Drosophila are linked to species distributions and 752 

strongly constrained phylogenetically. Proceedings of the National Academy of 753 

Sciences, 109(40), 16228-16233. 754 

Kim, Y. H., Kim, B. Y., Kim, H. S., Kim, J. M., Qiu, W., Yoon, H. J., ... & Jin, B. R. (2024). 755 

Elevated developmental temperature affects gene expression and oxidative stress in 756 

bumblebee (Bombus terrestris) workers. Journal of Asia-Pacific Entomology, 27(3), 757 

102311. 758 

Kingsolver, J. G., & Umbanhowar, J. (2018). The analysis and interpretation of critical 759 

temperatures. Journal of Experimental Biology, 221(12). 760 

Kingsolver, J. G., Diamond, S. E., & Buckley, L. B. (2013). Heat stress and the fitness 761 

consequences of climate change for terrestrial ectotherms. Functional Ecology, 27(6), 762 

1415-1423. 763 

Kovac, H., Käfer, H., Stabentheiner, A., & Costa, C. (2014). Metabolism and upper thermal 764 

limits of Apis mellifera carnica and A. m. ligustica. Apidologie, 45(6), 664–677. 765 

Kovacevic, A., Latombe, G., & Chown, S. L. (2019). Rate dynamics of ectotherm responses to 766 

thermal stress. Proceedings of the Royal Society B: Biological Sciences, 286(1902), 767 

20190174. 768 

Kuo, Y., Lu, Y. H., Lin, Y. H., Lin, Y. C., & Wu, Y. L. (2023). Elevated temperature affects energy 769 

metabolism and behavior of bumblebees. Insect Biochemistry and Molecular Biology, 770 

155, 103932. 771 

Lagisz, M., Jennions, M., Koricheva, J., Noble, D., Parker, T., Sánchez-Tójar, A., ... & O'Dea, R. 772 

(2021). Methods for testing publication bias in ecological and evolutionary meta-773 

analyses. Methods in Ecology and Evolution, 13. 774 

Lancaster, L. T. (2016). Widespread range expansions shape latitudinal variation in insect 775 

thermal limits. Nature climate change, 6(6), 618-621. 776 



Page 26 of 38 
 

Léger, A., Cormier, S. B., Blanchard, A., Menail, H. A., & Pichaud, N. (2024). Investigating the 777 

thermal sensitivity of key enzymes involved in the energetic metabolism of three 778 

insect species. Journal of Experimental Biology, 227(10), jeb247221. 779 

Lenth, R. V. (2024). emmeans: Estimated Marginal Means, aka Least-Squares Means. R 780 

package version 1.10.0. 781 

Li, X., Ma, W., & Jiang, Y. (2023). Expression patterns of heat shock protein genes and 782 

antioxidase genes in Apis cerana cerana (Hymenoptera: Apidae) under heat stress. 783 

Journal of Entomological Science, 58(1), 95-103. 784 

Ma, W., Li, X., Shen, J., Du, Y., Xu, K., & Jiang, Y. (2019). Transcriptomic analysis reveals Apis 785 

mellifera adaptations to high temperature and high humidity. Ecotoxicology and 786 

Environmental Safety, 184, 109599. 787 

Maebe, K., De Baets, A., Vandamme, P., Vereecken, N. J., Michez, D., & Smagghe, G. (2021). 788 

Impact of intraspecific variation on measurements of thermal tolerance in bumble 789 

bees. Journal of Thermal Biology, 99, 103002. 790 

Marais, E., & Chown, S. L. (2008). Beneficial acclimation and the Bogert effect. Ecology 791 

Letters, 11(10), 1027–1036. 792 

Markle, T. M., & Kozak, K. H. (2018). Low acclimation capacity of narrow-ranging thermal 793 

specialists exposes susceptibility to global climate change. Ecology and Evolution, 8(9), 794 

4644-4656. 795 

Medina, R. G., Paxton, R. J., Arjona-Torres, M., Aké-Villanueva, J. R., Medina-Medina, L. A., & 796 

Quezada-Euán, J. J. G. (2023). Effects of simulated tropical heat waves during 797 

development on the morphological and reproductive traits of Africanized honey 798 

bee. Insectes Sociaux, 70(3), 327-338. 799 

Metz, M., Cowan, Z. L., Leeuwis, R. H., Yap, K. N., Lindgren, M., & Jutfelt, F. (2025). 800 

Physiological mechanisms of rapid and long-term thermal acclimation in a fish. Journal 801 

of Thermal Biology, 131, 104171. 802 

Michener, C. D. (2007). The Bees of the World (2nd ed.). Johns Hopkins University Press. 803 

Mitchell, K. A., Sinclair, B. J., & Terblanche, J. S. (2013). Ontogenetic variation in cold 804 

tolerance plasticity in Drosophila: is the Bogert effect bogus?. Naturwissenschaften, 805 

100(3), 281-284. 806 



Page 27 of 38 
 

Mullan, F. R., Green, N. S., Youngsteadt, E., McCluney, K. E., & Penick, C. A. (2026). Nesting 807 

biology shapes climate vulnerability of social bees (Bombus spp.). Journal of Animal 808 

Ecology, 95(7), 1138-1150.  809 

Muñoz, M. M., & Bodensteiner, B. L. (2019). Janzen’s Hypothesis Meets the Bogert Effect: 810 

Connecting Climate Variation, Thermoregulatory Behavior, and Rates of Physiological 811 

Evolution. Integrative Organismal Biology, 1(1), oby002. 812 

Nacko, S., Hall, M. A., Gloag, R., Lynch, K. E., Spooner-Hart, R. N., Cook, J. M., & Riegler, M. 813 

(2023). Heat stress survival and thermal tolerance of Australian stingless bees. Journal 814 

of Thermal Biology, 117, 103671. 815 

Nakagawa, S., Lagisz, M., Jennions, M. D., Koricheva, J., Noble, D. W., Parker, T. H., ... & 816 

O'Dea, R. E. (2022). Methods for testing publication bias in ecological and evolutionary 817 

meta-analyses. Methods in Ecology and Evolution, 13(1), 4-21.   818 

Nakagawa, S., Lagisz, M., O'Dea, R. E., Pottier, P., Rutkowska, J., Senior, A. M., ... & Noble, D. 819 

W. (2023). orchaRd 2.0: An R package for visualising meta-analyses with orchard plots. 820 

Methods in Ecology and Evolution, 14(8), 2003-2010. 821 

Naumchik, M., & Youngsteadt, E. (2023). Larger pollen loads increase risk of heat stress in 822 

foraging bumblebees. Biology Letters, 19(3), 20220581. 823 

Noble, D. W., Pottier, P., Lagisz, M., Burke, S., Drobniak, S. M., O'Dea, R. E., & Nakagawa, S. 824 

(2022). Meta-analytic approaches and effect sizes to account for ‘nuisance 825 

heterogeneity’ in comparative physiology. Journal of Experimental 826 

Biology, 225(Suppl_1), jeb243225. 827 

O'Dea, R. E., Lagisz, M., Jennions, M. D., Koricheva, J., Noble, D. W., Parker, T. H., ... & 828 

Nakagawa, S. (2021). Preferred reporting items for systematic reviews and meta-829 

analyses in ecology and evolutionary biology: a PRISMA extension. Biological Reviews, 830 

96(5), 1695-1722. 831 

Ostwald, M. M., da Silva, C. R. B., & Seltmann, K. C. (2024). How does climate change impact 832 

social bees and bee sociality? Journal of Animal Ecology, 93(11), 1610–1621. 833 

Ostwald, M. M., Smith, M. L., & Seeley, T. D. (2016). The behavioral regulation of thirst, 834 

water collection and water storage in honey bee colonies. Journal of Experimental 835 

Biology, 219(14), 2156-2165. 836 



Page 28 of 38 
 

Oyen, K. J., & Dillon, M. E. (2018). Critical thermal limits of bumblebees (Bombus impatiens) 837 

are marked by stereotypical behaviors and are unchanged by acclimation, age or 838 

feeding status. Journal of Experimental Biology, 221(8), jeb165589. 839 

Oyen, K. J., Giri, S., & Dillon, M. E. (2016). Altitudinal variation in bumble bee (Bombus) 840 

critical thermal limits. Journal of Thermal Biology, 59, 52–57. 841 

Paradis, E., & Schliep, K. (2019). ape 5.0: an environment for modern phylogenetics and 842 

evolutionary analyses in R. Bioinformatics, 35(3), 526–528. 843 

Pimsler, M. L., Oyen, K. J., Herndon, J. D., Jackson, J. M., Strange, J. P., Dillon, M. E., & Lozier, 844 

J. D. (2020). Biogeographic parallels in thermal tolerance and gene expression variation 845 

under temperature stress in a widespread bumble bee. Scientific Reports, 10(1), 846 

17063. 847 

Pintanel, P., Tejedo, M., Enriquez-Urzelai, U., Domínguez-Guerrero, S. F., & Muñoz, M. M. 848 

(2025). High thermal variation in maximum temperatures invert Brett's heat-invariant 849 

rule at fine spatial scales. Ecology, 106(6), e70124. 850 

Poore, C. L., Ibarra-Garibay, E. J., Toth, A. L., & Riddell, E. A. (2025). Lack of thermal 851 

acclimation in multiple indices of climate vulnerability in bumblebees. Proceedings of 852 

the Royal Society B: Biological Sciences, 292(2038), 20242216. 853 

Pottier, P., Burke, S., Zhang, R. Y., Noble, D. W., Schwanz, L. E., Drobniak, S. M., & Nakagawa, 854 

S. (2022). Developmental plasticity in thermal tolerance: Ontogenetic variation, 855 

persistence, and future directions. Ecology Letters, 25(10), 2245-2268.  856 

Pottier, P., Noble, D. W., Seebacher, F., Wu, N. C., Burke, S., Lagisz, M., ... & Nakagawa, S. 857 

(2024). New horizons for comparative studies and meta-analyses. Trends in Ecology & 858 

Evolution, 39(5), 435-445. 859 

R Core Team. (2024). R: A Language and Environment for Statistical Computing. R 860 

Foundation for Statistical Computing, Vienna, Austria. <https://www.R-project.org/> 861 

Ratoni, B., Pinilla Cruz, C., Guevara, R., González-Tokman, D., Ayala, R., Baena, F., & Dáttilo, 862 

W. (2025a). Thermal tolerance and sociality explain the interactive role of bees in a 863 

pollination network. Oikos, 2025(3), e10639. 864 

Ratoni, B., Guevara, R., Cruz, C. P., Tokman, D. G., Ayala, R., & Dáttilo, W. (2025b). Size-865 

dependent variation in thermal tolerance among tropical bee species. Proceedings of 866 

the Royal Society B: Biological Sciences, 292(2052), 20251733. 867 



Page 29 of 38 
 

Robinson, K. M., & Baudier, K. M. (2024). Stingless bee foragers experience more thermally 868 

stressful microclimates and have wider thermal tolerance breadths than other worker 869 

subcastes. Frontiers in Ecology and Evolution, 12, 1405459. 870 

Ruthsatz, K., Dahlke, F., Alter, K., Wohlrab, S., Eterovick, P. C., Lyra, M. L., ... & Peck, M. A. 871 

(2024). Acclimation capacity to global warming of amphibians and freshwater fishes: 872 

drivers, patterns, and data limitations. Global Change Biology, 30(5), e17318. 873 

Sánchez-Echeverría, K., Castellanos, I., Mendoza-Cuenca, L., Zuria, I., & Sánchez-Rojas, G. 874 

(2019). Reduced thermal variability in cities and its impact on honey bee thermal 875 

tolerance. PeerJ, 7, e7060. 876 

Santos, M., Castaneda, L. E., & Rezende, E. L. (2011). Making sense of heat tolerance 877 

estimates in ectotherms: lessons from Drosophila. Functional Ecology, 25(6), 1169-878 

1180. 879 

Scheffers, B. R., Evans, T. A., Williams, S. E., & Edwards, D. P. (2014). Microhabitats in the 880 

tropics buffer temperature in a globally coherent manner. Biology Letters, 10(12), 881 

20140819. 882 

Semsar-Kazerouni, M., & Verberk, W. C. (2018). It's about time: Linkages between heat 883 

tolerance, thermal acclimation and metabolic rate at different temporal scales in the 884 

freshwater amphipod Gammarus fossarum Koch, 1836. Journal of Thermal Biology, 75, 885 

31-37. 886 

Sepúlveda, Y., & Goulson, D. (2023). Feeling the heat: bumblebee workers show no 887 

acclimation capacity of upper thermal tolerance to simulated heatwaves. Journal of 888 

Thermal Biology, 116, 103672. 889 

Sørensen, J. G., Loeschcke, V., & Kristensen, T. N. (2013). Cellular damage as induced by high 890 

temperature is dependent on rate of temperature change–investigating consequences 891 

of ramping rates on molecular and organismal phenotypes in Drosophila 892 

melanogaster. Journal of Experimental Biology, 216(5), 809-814. 893 

Soroye, P., Newbold, T., & Kerr, J. (2020). Climate change contributes to widespread 894 

declines among bumble bees across continents. Science, 367(6478), 685-688. 895 

Stabentheiner, A., Kovac, H., Mandl, M., & Käfer, H. (2021). Coping with the cold and 896 

fighting the heat: thermal homeostasis of a superorganism, the honeybee 897 

colony. Journal of Comparative Physiology A, 207(3), 337-351. 898 



Page 30 of 38 
 

Sunday, J. M., Bates, A. E., Kearney, M. R., Colwell, R. K., Dulvy, N. K., Longino, J. T., & Huey, 899 

R. B. (2014). Thermal-safety margins and the necessity of thermoregulatory behavior 900 

across latitude and elevation. Proceedings of the National Academy of Sciences, 901 

111(15), 5610-5615. 902 

Sunday, J., Bennett, J. M., Calosi, P., Clusella-Trullas, S., Gravel, S., Hargreaves, A. L., ... & 903 

Morales-Castilla, I. (2019). Thermal tolerance patterns across latitude and elevation. 904 

Philosophical Transactions of the Royal Society B: Biological Sciences, 374(1778), 905 

20190036. 906 

Terblanche, J. S., Deere, J. A., Clusella-Trullas, S., Janion, C., & Chown, S. L. (2007). Critical 907 

thermal limits depend on methodological context. Proceedings of the Royal Society B: 908 

Biological Sciences, 274(1628), 2935–2943. 909 

Terblanche, J. S., Hoffmann, A. A., Mitchell, K. A., Rako, L., le Roux, P. C., & Chown, S. L. 910 

(2011). Ecologically relevant measures of tolerance to potentially lethal 911 

temperatures. Journal of Experimental biology, 214(22), 3713-3725. 912 

Turriago, J. L., Tejedo, M., Hoyos, J. M., Camacho, A., & Bernal, M. H. (2023). The time 913 

course of acclimation of critical thermal maxima is modulated by the magnitude of 914 

temperature change and thermal daily fluctuations. Journal of thermal biology, 114, 915 

103545. 916 

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor package. Journal of 917 

Statistical Software, 36(3), 1–48. 918 

Viechtbauer, W., & Cheung, M. W. (2010). Outlier and influence diagnostics for meta-919 

analysis. Research Synthesis Methods, 1(2), 112–125. 920 

Wang, Q. L., Dong, Y. W., Qin, C. X., Yu, S. S., Dong, S. L., & Wang, F. (2013). Effects of rearing 921 

temperature on growth, metabolism and thermal tolerance of juvenile sea cucumber, 922 

Apostichopus japonicus Selenka: critical thermal maximum (CT max) and hsps gene 923 

expression. Aquaculture Research, 44(10), 1550-1559. 924 

Weaving, H., Terblanche, J. S., Pottier, P., & English, S. (2022). Meta-analysis reveals weak 925 

but pervasive plasticity in insect thermal limits. Nature Communications, 13(1), 5292. 926 

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag. 927 

Wilson, E. S., Murphy, C. E., Rinehart, J. P., Yocum, G., & Bowsher, J. H. (2020). Microclimate 928 

temperatures impact nesting preference in Megachile rotundata (Hymenoptera: 929 

Megachilidae). Environmental Entomology, 49(2), 296-303. 930 



Page 31 of 38 
 

Xu, S., Dai, Z., Guo, P., Fu, X., Liu, S., Zhou, L., ... & Yu, G. (2021). ggtreeExtra: compact 931 

visualization of richly annotated phylogenetic data. Molecular biology and evolution, 932 

38(9), 4039-4042. 933 

Yang, Y., & Zhao, N. (2024). Future projections of compound temperature and precipitation 934 

extremes and corresponding population exposure over global land. Global and 935 

Planetary Change, 236, 104427. 936 

Zapata-Hernández, G., Gajardo-Rojas, M., Calderón-Seguel, M., Muñoz, A. A., Yáñez, K. P., 937 

Requier, F., ... & Arrieta, H. (2024). Advances and knowledge gaps on climate change 938 

impacts on honey bees and beekeeping: A systematic review. Global Change Biology, 939 

30(3), e17219. 940 

Zhao, H., Li, G., Guo, D., Li, H., Liu, Q., Xu, B., & Guo, X. (2021). Response mechanisms to 941 

heat stress in bees: H. Zhao et al. Apidologie, 52(2), 388-399. 942 

  943 



Page 32 of 38 
 

SUPPORTING INFORMATION 944 

Table S1. PRISMA-EcoEvo Checklist for systematic reviews and meta-analyses in ecology and 945 

evolutionary biology. 946 

Table S2. Bee nesting and sociality data with references. 947 

Table S3. Bee intertegular distance (ITD) data with references. 948 

Table S4. Details of phylogenetic tree construction and grafting. 949 

Figure S1. PRISMA flow diagram of systematic review. 950 

Figure S2. Phylogenetic tree of the 198 bee species included in the meta-analysis. 951 

Figure S3. Orchard plot showing bee heat tolerance by sociality. 952 

Figure S4. Orchard plot showing bee heat tolerance by sex. 953 

Figure S5. Correlation between intertegular distance and bee heat tolerance. 954 

Figure S6. Correlation between initial temperature and bee heat tolerance. 955 

Figure S7. Orchard plot showing bee heat tolerance by bee source. 956 

Figure S8. Orchard plot showing bee heat tolerance by number of experimental trials. 957 

Figure S9. Orchard plot showing bee heat tolerance by experimental apparatus. 958 

Figure S10. Mean heat tolerance for all 198 bee study species included in the meta-analysis. 959 

Notes S1. Results of leave-one-out sensitivity analyses. 960 

Notes S2. Results of publication bias analyses. 961 

Notes S3. Estimated marginal means for all moderators in the full meta-analytic models.  962 



Page 33 of 38 
 

Table 1. Results of uni-moderator meta-analytic models examining the effects of 6 963 

methodological moderators and 5 biological or ecological moderators on the heat tolerance 964 

(CTmax) of bees. For categorical moderators, category levels are italicized and the reference 965 

level is indicated in parentheses. ITD = intertegular distance. P-values are for the omnibus 966 

test, and significant moderators are highlighted in bold. 967 

 Moderator Estimate t 95% CI k P-value 

M
et

h
o

d
o

lo
gi

ca
l 

Ramping Rate 3.67 4.44 2.04, 5.29 
339 <0.001 

       intercept 44.76 23.32 40.86, 48.67 

Acclimation Temperature -0.003 -0.09 -0.08, 0.07 
133 0.931 

       intercept 46.22 28.70 42.89, 49.54 

Initial Temperature 0.07 0.46 -0.23, 0.36 
339 0.648 

       intercept 44.72 10.55 36.09, 53.35 

Experiment (dry bath) 46.58 24.08 42.64, 50.51 
339 0.789 

       water bath -0.33 -0.27 -2.78, 2.13 

Number of Trials (CTmax) 46.50 24.57 42.65, 50.35 
339 0.759 

       CTmin + CTmax -0.29 -0.31 -2.18, 1.59 

Bee Source (commercial) 46.20 23.21 42.15, 50.25 
339 0.681 

       wild 0.32 0.41 -1.22, 1.86 

B
io

lo
gi

ca
l/

Ec
o

lo
gi

ca
l 

Nesting (above) 47.22 25.37 43.44, 51.01 
339 0.007 

       below -1.17 -2.73 -2.01, -0.32 

Sociality (eusocial) 46.32 22.85 42.20, 50.45 
339 0.857 

       non-eusocial 0.16 0.18 -1.60, 1.92 

Climate Zone (temperate) 46.31 24.81 42.50, 50.11 

339 0.007        tropical -0.10 -0.22 -1.00, 0.80 

       tropical/temperate 0.85 2.79 0.25, 1.45 

Sex (female) 46.33 24.11 42.42, 50.25 

339 0.150        male -0.25 -1.32 -0.63, 0.13 

       unknown 0.56 1.22 -0.34, 1.45 

ITD -0.11 -0.56 -0.51, 0.28 
280 0.579 

       intercept 47.06 27.21 43.53, 50.59 

  968 
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Table 2. Top meta-analytic models (ΔAICc < 2) obtained from model selection, calculated 969 

using the ‘dredge’ function from the MuMIn package. Note: Results were the same 970 

regardless of whether or not ITD (intertegular distance) was included in the full model. 971 

Rank Model df AICc ΔAICc Weight 

1 Ramping Rate + Nesting + Climate 9 1426.2 0.00 0.220 

2 
Ramping Rate + Nesting + Climate + 

Number of Trials 
10 1426.9 0.70 0.155 

3 Ramping Rate + Nesting + Climate + Sex 11 1427.0 0.85 0.144 

4 
Ramping Rate + Nesting + Climate + Initial 

Temperature 
10 1427.5 1.34 0.113 

5 
Ramping Rate + Nesting + Climate + 

Sociality 
10 1427.8 1.57 0.100 

6 
Ramping Rate + Nesting + Climate + 

Number of Trials + Sex 
12 1427.8 1.64 0.097 

7 
Ramping Rate + Nesting + Climate + Bee 

Source 
10 1428.0 1.84 0.088 

8 
Ramping Rate + Nesting + Climate + Initial 

Temperature + Sex 
12 1428.1 1.90 0.085 

  972 
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 973 

Figure 1. (A) Map showing the locations of the 35 studies included in the meta-analysis. Pie 974 

chart size is proportional to the number of bee species tested for heat tolerance, with 975 

yellow representing above-ground nesting species and brown representing below-ground 976 

nesting species. Dashed lines indicate the Tropics of Cancer and Capricorn. (B-D) Photos of 977 

three of the bee species included in the meta-analysis: (B) Bombus impatiens (family Apidae; 978 

photo by Jeremy Gatten via iNaturalist (CC-BY-NC 4.0)), (C) Lasioglossum malachurum 979 

(family Halictidae; photo by Aurea&Ramon via iNaturalist (CC-BY-NC 4.0)), (D) Megachile 980 

mendica (family Megachilidae; photo by Denis Doucet via iNaturalist (CC-BY-NC 4.0)). (E) Pie 981 

chart of the 198 bee species included in the meta-analysis, summarizing the number of 982 

species representing each climate zone, nesting behaviour, and sociality type. 983 
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 984 

Figure 2. Mean heat tolerance (CTmax) with 95% confidence intervals (coloured horizontal 985 

lines) for the 122 bee study species with sample sizes of at least 10 individuals (pooled 986 

across all studies, shown in parentheses). Below-ground nesting bee species (brown 987 

downward triangles) have significantly lower CTmax values on average than do above-ground 988 

nesting bee species (yellow upward triangles) among non-eusocial bees (green) but not 989 

among eusocial bees (pink). [See Fig. S10 for a graph of all 198 bee study species.] 990 
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 991 

Figure 3. Model estimates based on the final multi-moderator model. Orchard plots showing 992 

bee heat tolerance (CTmax) by (A) nesting ecology and (B) climate zone (zones with different 993 

letters are significantly different). Triangles/circles with thick black outlines represent 994 

model-estimated means; thick and thin horizontal lines indicate 95% confidence intervals 995 

(CI) and prediction intervals (PI), respectively; dashed vertical lines indicate the model 996 

intercept. Sample sizes are given as the number of effect sizes (k), followed by the number 997 

of studies in parentheses. (C) Predicted CTmax (± 95% CI) predicted from the meta-analytic 998 

model testing the nesting × sociality interaction (ns, not significant; **, p < 0.01). (D) 999 

Correlation between CTmax and experimental ramping rate; solid line shows the predicted 1000 

meta-regression slope, shaded grey region shows the 95% CI, and dotted lines show the 95% 1001 

PI. In all panels, coloured circles represent individual effect sizes, with circle size 1002 

proportional to estimate precision (1/SE).  1003 
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 1004 

Figure 4. Phylogenetic tree of the 198 bee species included in the meta-analysis, showing 1005 

heat tolerance (CTmax), nesting behaviour, and sociality. Phylogenetic relatedness accounted 1006 

for 43% of the heterogeneity in CTmax, and below-ground nesting species exhibited 1007 

significantly higher heat tolerance than above-ground nesting species (Δβabove-below = 1.33; 1008 

95% CI = 0.47, 2.19; p = 0.003). CTmax values are predicted based on the final model, which 1009 

accounts for the differences in ramping rate used by different studies. Outer grey arcs 1010 

delineate the five bee families represented in the meta-analysis. 1011 


