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Native bees are only recently gaining attention for the extent to which they aid in 

pollination and ecosystem services. These services are threatened by predictions of warming 

temperatures if bees are not able to respond. Voltinism - the number of generations produced 

annually- can strongly influence thermal conditions experienced by both developing and adult 

bees based on emergence strategies for each voltinism type. Differences in experienced thermal 

conditions brought on by climate change could therefore affect upper thermal limits (UTL) in 

bees. This study observes UTLs across a foraging season within and among native bee species 
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to elucidate the potential response by bees to a warming climate. Bees were collected across the 

field season in Central Virginia and subjected to dynamic ramping trials to determine the fatal 

knockdown point (FKP). Results show in both univoltine and multivoltine bees an increase in 

upper thermal tolerance as the foraging season progresses (in quadratic and linear fashions 

respectively). Within multivoltine bees, FKP was related to nest type; with stem-nesting bees 

having the highest FKP. All average FKPs were higher than historic air temperatures of the 

study region, but within several degrees of the highest recorded maximum temperature. The 

diversity of responses in native bees provides evidence for both genetic and plastic responses to 

extreme temperature. While bees still face a potential myriad of other issues brought on by 

climate change, the observed increases in FKP across warming temperatures offer tentatively 

hopeful predictions for limited physiological responses in native bees to a warming climate.
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INTRODUCTION 

 

One of the greatest threats posed by climate change to ectotherms is extreme temperatures, 

which, even if infrequent, can have significant impacts on fitness, abundance and distribution 

(Hance et al. 2006; Kingsolver et al. 2013). Native bees are a highly diverse group of pollinators 

widespread across the globe that provide major agricultural and economic benefits. They 

contribute approximately $3 USD billion in agricultural services in the U.S annually (Koh et al. 

2016) and are largely responsible for the pollination of crops grown for human consumption 

(comprising ~9.5% of the global value of agriculture production; (Gallai et al. 2009). Native bees 

emerge annually from early spring to late summer in temperate regions of the US. While most 

foraging adults live only a few weeks, many are specialized foragers, resulting in tightly-linked 

associations of bees and their floral hosts (Michener 2000; Wojcik et al. 2008). Therefore, any 

declines in native bee populations or reductions in their performance are concerning due to the 

services they provide to these associated floral hosts. Despite their importance, native bees are 

vastly understudied, especially regarding their tolerance to extreme temperatures.  

Most research on North American bees has focused on pollination by the non-native 

European honey bee (Apis mellifera) and more recently, managed hives of native Bombus spp. 

(Dramstad and Fry 1995; Vanengelsdorp et al. 2009; Colla et al. 2012). This is primarily due to 

the economic importance of these species for agriculture (Cameron et al. 2011; Calderone 2012) 

as well as their ability to be successfully reared in laboratory settings. Declines in European 

honeybee populations have resulted in increases in native bee research. However, many native 

bees, unlike the heavily studied eusocial Bombus, encompass a wide range of characteristics and 

life history traits, which could result in a difference of thermal environments experienced.  
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Voltinism and Sociality in Native Bees 

Voltinism - the number of generations produced annually - varies among and within 

native bee species, and has direct consequences for pollination services provided (O’Toole and 

Raw 1991). The majority of native bees in temperate regions are solitary and univoltine, 

producing a single brood per year (O’Toole 2013). These bees tend to be specialist feeders, 

forming close associations with many species of native plants (Minckley 2008). Bivoltine bees, 

producing two broods a year, are generally solitary and often facultatively bivoltine, only having 

a second generation annually if conditions are favorable; otherwise they are univoltine (Tepedino 

and Parker 1988; Forrest et al. 2019). Bivoltine bees tend to be more generalized in their 

foraging behaviors than univoltine bees, as forage composition shifts between generations 

(Milet-Pinheiro et al. 2016). Multivoltine bees vary in degree of sociality. Parasocial species 

share nesting sites or entrance holes, or display shared defense of nesting sites. Eusocial species 

produce overlapping generations and exhibit shared brood care (Michener 2000; O’Toole 2013). 

Due to the need to sustain multiple generations across multiple flowering periods, multivoltine 

bee species are generalist feeders (Michener 2000).  

Native bee species vary in nesting site preferences, which determines their local abundance 

and distribution (O’Toole and Raw 1991). Some bee species have specific nesting requirements 

based on soil, pith, or wood type and are often seen in aggregations (i.e. “villages”) (O’Toole and 

Raw 1991; Michener 2000) in areas that fulfill these requirements, thereby promoting parasocial 

behaviors. While univoltine bees exhibit a comparatively limited emergence period, they are 

often found at high densities in restricted geographic areas, whereas bivoltine and multivoltine 

species are more widely distributed both spatially and temporally due to less constricting nesting 
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requirements. Compared to managed bees that are often situated in ideal nesting locations, 

provided with supplemental food, and are administered treatments against disease, native bees 

are subject to greater environmental pressures, including increasing temperatures (Willmer 2014; 

Pyke et al. 2016) and extreme temperature fluctuations (Vesterlund and Sorvari 2014). 

Therefore, increasing temperatures associated with global climate change could result in declines 

of native bee populations and the ecosystem services they provide.  

 

Upper thermal limits of ectotherms 

Only a few studies have investigated the upper thermal limit (UTL) of native bee species in 

North America, (Oyen et al. 2016; Hamblin et al. 2017; Oyen and Dillon 2018; Burdine and 

McCluney 2019). Due to the limited number of species investigated in these studies (less than 

two dozen), broader predictions for native bees must consider the general literature on 

ectotherms. High aerial temperatures nearing individual UTL limit active periods in insects 

(foraging, reproduction, etc.), de facto cause increased time and energy allocation towards 

behavioral regulation, an important defense against temperature extremes (Kearney et al. 2009). 

Previous research demonstrates less UTL variation among species compared to lower thermal 

limits (Addo-Bediako et al. 2000), suggesting UTL is highly evolutionarily constrained. 

Geographically, mid-latitude and tropical ectotherms appear to have the most evolutionarily 

constrained UTL compared to ectotherms both at higher latitudes and elevations (Sunday et al. 

2011; Kellermann et al. 2012; Hoffmann et al. 2013). This potentially leaves terrestrial 

ectotherms from both tropical and mid-latitude regions more susceptible to heat stress. 

Therefore, the potentially difficult evolutionary adaptation to increasing temperatures compared 

to decreasing temperatures in ectotherms is troubling due to the predictions of increasing global 
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temperatures and extreme weather events in the coming years (IPCC 2013). For native bees, this 

could be concerning due to the levels of diversity they display in tropical and temperate areas 

(O’Toole and Raw 1991). A lack of diversity in UTLs, either among or within species of native 

bees, would suggest their ability to respond to warming temperatures is highly constrained. The 

possibility that UTL could be constrained motivates the need for a greater understanding of the 

diversity of responses to extreme temperatures in native bees within the mid-latitudes: whether 

UTL is evolvable, how much variation among and/or within species is present, and whether this 

variation is based on climate experienced. 

 

Variation in thermal limits 

In ectotherms, variation in UTL has been shown to vary both within and among species. 

These differences may be the result of evolution in different thermal environments (Kellermann 

et al. 2012), plastic responses to temperatures experienced during larval development (Cavieres 

et al. 2019), and/or acclimation by adults post-eclosion (Bowler and Terblanche 2008). Because 

the majority of a bee’s lifecycle is spent in the nest (O’Toole and Raw 1991), temperatures 

experienced within nests may influence UTL. Indeed, ectotherms have been noted to be the most 

sensitive to environmental conditions during development (Saxon et al. 2018) and different 

nesting environments in native bees have been shown to result in differing UTL (Hamblin et al. 

2017). Aerial temperatures in the Mid-Atlantic shift from cool spring temperatures to warmer 

summer temperatures and decrease to cooler fall temperatures (Fig. 1). Lacking sufficient 

microclimate and nesting temperature data, aerial temperatures across the forage season can be 

utilized as a crude proxy both for nest temperatures experienced by developing bees as well as 

for temperatures experienced by adults when foraging. Observing UTLs across a foraging season 
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within and among species could elucidate the potential response by bees to a warming climate. If 

variation is seen among species related to emergence period, this would suggest UTLs may 

evolve in response to a warming climate. If variation within species is observed, this would 

suggest a role for plasticity in this response. The goal of this study is to quantify UTL in native 

bees to address these issues.  

 

Objectives 

This study quantifies and compares UTL in an assemblage of native bee species common 

to central Virginia across a foraging season to address these specific hypotheses: 

 

i) Native bees will vary in their tolerance to extreme temperatures with respect to 

emergence period  

ii) Univoltine bee species that emerge in the early spring will have lower thermal 

tolerance than univoltine bee species that emerge later in the foraging season. 

iii) First generation bivoltine bees will have a lower thermal tolerance than second 

generation bivoltine bees. 

iv) Successive generations of multivoltine bees will exhibit increasing thermal tolerance 

over the foraging season.  
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MATERIALS AND METHODS 

 

Specimen Collection 

A subset of native bees common to central Virginia was collected using aerial sweep netting 

and direct vial capture of foraging adults. Sampling dates ranged from late-March through 

October 2018 across 45 sites around Richmond, VA comprised of both urban and non-urban 

habitats. A prior studied revealed no significant difference in upper thermal limits between bees 

from urban and non-urban sites at similar elevations in Toledo, OH (Burdine and McCluney 

2019), therefore no quantification of urban vs non-urban sites was attempted. Bees were 

collected during all weather conditions, with the exception of excessive wind and rain, between 

10:00 and 18:00 at forage-hosts; several farms were sampled between 06:30 and 09:00 for 

cucurbit specialists due to their extreme scarcity during later parts of the day. Collected 

specimens were stored in ventilated vials and transported to the laboratory in a dark cooler to 

minimize stress. To reduce the need for feeding and to provide a standardized start-temperature, 

freshly caught specimens were held overnight in a refrigerator (~6.5°C) prior to testing. 

 

Quantifying Upper Thermal Limits 

There are two procedures to determine thermal limits: 1) static method, which utilizes 

exposure to a single temperature over a given time, and 2) dynamic method, which incorporates 

an increasing temperature rate to a given endpoint (Lutterschmidt and Hutchison 1997b). Of the 

two, the dynamic method has gained popularity in recent studies focusing on insect thermal 

maxima (Terblanche et al. 2005; Bowler and Terblanche 2008), including UTL in native bees 

(Oyen et al. 2016; Hamblin et al. 2017; Oyen et al 2018; Burdine and McCluney 2019). One of 
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the most popular metrics for quantifying UTL is critical thermal maximum (CTmax). CTmax is 

when the individual reaches a temperature where muscular control is lost and self-removal from 

the conditions are impossible; therefore is considered the fatal point for organisms 

(Lutterschmidt and Hutchison 1997a). The issue with CTmax as it is defined when looking at 

hard-bodied organisms (e.g. bees) is that it can be difficult to objectively determine due to the 

often rapid and agitated movement in test conditions (personal observation). Due to these issues, 

UTL were quantified using fatal knockdown point (FKP) via a dynamic ramping method. FKP is 

here defined as the point at which the ability to self-right is lost along with the visible loss of 

motor coordination (i.e. visible violent muscle spasms). Preliminary trials for quantifying FKP 

generally led to mortality in individuals. Those that were not expired prior to the end of a ramp 

would be unlikely to survive more than 24 hours (Oyen and Dillon 2018). 

 Prior to ramping, specimens caught the previous day were removed from the refrigerator 

and allowed 20 minutes for individuals to adjust to room temperature (~24°C). Specimens were 

then placed in clear glass vials, which were then weighted down and placed into a circulating 

water bath (Huber, Kältemaschinenbau AG, Germany) preheated to 35°C. Specimens were then 

given 15 minutes for body temperature to equilibrate with the start temperature as suggested by 

previous studies (Klok and Chown 1997; Terblanche et al. 2006; Terblanche et al. 2007; Mitchell 

and Hoffmann 2010; Agosta et al. 2018). Afterwards, a dynamic heat ramp was initiated from 

35°C to 55°C at a rate of 0.25°C min
-1 

(Lighton 2004; Terblanche et al. 2007; Terblanche et al. 

2011; Agosta et al. 2018; Oyen and Dillon 2018). The temperature of the water bath at which 

FKP occurred was noted for each specimen and then individuals were removed from the trial. 

After removal from the water bath, individuals were given several minutes to cool down as to 

prevent the explosion of exoskeletons brought on by rapid temperature shifts (personal 
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observation) and then frozen. Specimens were kept frozen until they could be pinned and 

preserved. All specimen identifications were conducted using the literature along with expert 

opinion (Sam Droege, USGS-BIML). 

 

Thermal Lag Adjustments in Measuring FKP 

Because water temperatures within the circulating water bath are used to measure body 

temperatures of vialed specimens, an assumption is made that body temperatures (Tbody), vial air 

temperatures (Tair), and water temperatures (Twater) are near-synchronous. Additionally, the 

likelihood of a lag in these temperatures becomes greater as body size increases, which can cause 

overestimation of thermal limits (Agosta et al. 2018). To determine if any significant thermal lag 

was present in collected specimens due to size differences between body temperatures (Tbody), 

vial air temperatures (Tair), and water temperatures (Twater), calibration tests were conducted on 

four species of bees that varied in mass (0.03g - 0.57g; n=8). Trial ramps were run using a 

modified empty vial with a bare tip T-type thermocouple probe (Cooper-Atkins model 39138 T, 

Cincinnati OH, USA) inserted and secured into place with silicone sealant. This same process 

was repeated with a bare tip 26-gauge T-type thermocouple (Physitemp Instruments model W-

TW-26, Clifton NJ, USA) inserted into the central thorax of a frozen-then-thawed bee. Both 

thermocouples were connected to the same digital thermometer (Amprobe model TMD-52, 

Everett WA, USA) and Tbody temperatures were allowed to equilibrate to match Tair and Twater 

temperatures. The same ramping procedure for live specimens as described above was followed 

but with temperatures of Tbody, Tair, and Twater recorded every two minutes for the duration of 

each ramping session (from 35°C to 55°C at a rate of 0.25°C min
-1

) to determine any lag 

between Tbody, Tair, and Twater. 
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Classifying Voltinism Type 

 There is a dearth of established literature on voltinism assignments for multiple species 

collected during the sampling season. Additionally, some voltinism strategies varied within 

species when local distributions were compared to different geographic locations based on 

latitudinal variation. For example, Ceratina calcarata exhibits bivoltinism in southern regions of 

the US (Rau 1928) but exhibits univoltinism in northern regions of the US; (Rehan and Richards 

2010). To attempt to determine reliable voltinism classifications for bees collected, long-term 

data from the USGS Bee Inventory and Monitoring Lab focusing on phenology of bees in the 

Mid-Atlantic (Boo, 2018) as well local species distribution and phenology data from the North 

American Native Bee Collaborative (2017) were utilized to provide voltinism assignments for 

each species collected. Voltinism types were classified in species by determining abundance 

throughout the annual emergence period(s) as well as with expert opinion (Sam Droege, USGS-

BIML). Species with a single distinct emergence pulse in the year were identified as univoltine, 

whereas two distinct emergence pulses were categorized as bivoltine and an extended emergence 

across several months was categorized as multivoltine.  

 

Nesting type comparisons for species level subset 

Nesting types have been compared to determine differences in CTmax (Hamblin et al 

2017) but not FKP, which by definition occurs at a higher temperature. To determine whether 

nesting type could be used to predict FKP, the aforementioned subset of six multivoltine species 

were categorized by the literature and expert opinion (Sam Droege, USGS-BIML) into stem, 

cavity, or ground nesting types. 
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Maximum Air Temperatures 

 To compare FKP of bee species sampled to aerial temperatures, daily maximum air 

temperatures from a subset of 118 years compiled between two stations in the greater Richmond, 

VA area were obtained from the Global Historical Climate Network-Daily Summaries (GHCN-

Daily) database from NOAA’s Center for Environmental Information (NCEI) (Menne et al. 

2012). This was compared to mean FKP of each voltinism type as a crude predictor of overall 

sensitivity concerning increases in climatic temperatures.  

 

Data Analysis  

FKP data approximated a normal distribution based on normal quantile plots and plotted 

residuals were homogenous. All species collected with recorded FKP were included in analyses. 

An ANCOVA analysis was used to test for differences in FKP between voltinism types across 

date along with their interaction. Collection date was included as a covariate. To determine 

whether the pattern of increasing FKP across the season was present at a species level, a subset 

of six multivoltine species (Bombus impatiens, Augochlora pura, Agapostemon virescens, 

Halictus ligatus/poeyi, Lasioglossum imitatum, and Ceratina calcarata) with sufficient sample 

sizes (n≥30) distributed across the duration of the season were isolated for analysis. Within 

univoltine bees, only one species (Ptilothrix bombiformis) had a sufficient enough distribution to 

test for increases across emergence period. Simple linear regression was used to test for increases 

in FKP across time for each multivoltine and univoltine bee. Univoltine bees were also analyzed 

by average species FKP and collection date to determine whether an increase across the season 

based on species rather than individuals was present. This was tested using simple linear 
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regression. Nesting habits of the multivoltine species subset was analyzed with a one-way 

ANOVA. All statistical analyses were run in R (v 3.5.3). Post hoc Tukey pairwise comparisons 

for nesting type ANOVA was run using the multcomp package. All tests were considered 

significant at p≤0.05. Means are reported with ± 1 standard error.  



 
  
 

12 
 

RESULTS 

 

Specimen Collection 

 A total of 1,508 specimens representing five families, 28 genera and 98 species were 

collected across the study period (Table 1). This represents approximately 16-20% of known bee 

diversity in the Mid-Atlantic (Sam Droege, Personal Communication). Apidae and Halictidae 

were the most common families collected with the majority of these two families comprised of 

Bombus, Halictus, and Lasioglossum spp. Two species collected had not been previously 

reported in Virginia. Svastra petulca (one specimen) was collected in an urban area (VCU 

campus). Hylaeus georgicus (two specimens) was collected in a non-urban area (Belle Isle, 

James River Park System).  

 

Thermal Lag Adjustments 

  All thermal lag temperatures recorded across the vast majority of bee sizes were within 

the error rate of the temperature of the circulating water bath used in experimentation 

(~±0.25˚C). Therefore no appreciable thermal lag was present between Tbody, Tair, and Twater and 

no adjustments of fatal knockdown point (FKP) values were required prior to analysis.  

 

Upper Thermal Limits: Assemblage Level 

FKP varied across time and with respect to voltinism. ANCOVA revealed a strong 

interaction between collection date and voltinism type (voltinism*date: F2,1232=6.44;P=0.001). 
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Therefore, voltinism types were analyzed separately. For univoltine bees, FKP increased over the 

season in a quadratic fashion (F2,346= 21.59; r
2
= 0.111; P< 0.0218; Fig. 2). In contrast, for 

bivoltine bees, FKP did not differ significantly over the season (P= 0.33; Fig. 3). For 

multivoltine bees, FKP increased linearly over the season (F1,762= 23.69; r
2
= 0.030; P< 0.0001; 

Fig. 4). 

 

Upper Thermal Limits: Comparisons at a Species Level  

All multivoltine species with the exception of H. ligatus/poeyi were found to have a 

significant increase in FKP across the season (Fig. 5; Table 2). P. bombiformis had a significant 

increase in FKP across emergence period (P=0.045; R
2
=0.15; n=30; Fig. 6). Univoltine speices 

FKP was marginally non-significant (P=0.057) but clearly illustrated a positive trend of 

increasing FKP as the season progressed (Fig. 7). 

 

Nesting Type Comparisons of FKP 

There was a significant difference in average FKP with respect to nest type. Stem nesters 

had the highest FKP (46.4 ± 0.19˚C), followed by ground nesters (44.7 ± 0.15˚C) and cavity 

nesters (43.6 ± 0.13˚C; Fig. 8). 
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Maximum Air Temperatures  

  The maximum temperature recorded around the study site in the past 118 years 41.7˚C 

was observed once. Temperatures above 38.0˚C were observed 76 times. In general, for each 

voltinism type, mean FKP temperatures were above the highest recorded maximum temperature 

in the study area (Fig. 9).  
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DISCUSSION 

 

These results indicate that there are increases in native bee fatal knockdown points (FKP) 

across a foraging season in relation to environmental temperature, both among and within 

species. The increase in FKP across emergence periods by individual univoltine bees suggests 

evolved differences based on periods of emergence. This is also supported by the trend of 

increasing FKP seen in univoltine species across the forage season. While seeing no changes in 

FKP across the season in bivoltine bees, the increase of FKP in multivoltine and univoltine bees, 

both at an assemblage and species level, illustrates diversity in response to increasing 

temperatures. Results support the initial hypothesis that native bees will vary in their tolerance to 

extreme temperatures with respect to emergence period, which differs based on voltinism type. 

Results also support the hypotheses that earlier emerging univoltine bees would have a lower 

FKP than later-emerging univoltine bees, and that FKP in multivoltine bees would increase 

across the foraging season. However, the hypothesis that the first generation of bivoltine bees 

would have a lower FKP than the second generation was not supported. Within the multivoltine 

bee subset, all species with the exception of H. ligatus/poeyi, exhibited an increase in FKP across 

the foraging season. While this suggests bees exhibit an increased FKP in response to warming 

temperatures, the mechanisms behind this response are unknown. However, the increase in FKP 

is presumably related to genetically and non-genetically based plastic responses to thermal 

environments experienced.  

Differences in upper thermal limits between univoltine species may be genetically based, 

in that species emerging in the relatively cooler early summer had lower FKP values than species 
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emerging later in the warmer part of season. In contrast, the increase of FKP in multivoltine bees 

across the season suggests either genetics or plasticity is determining UTL. Additionally, the 

increase in FKP of P. bombiformis across its emergence period suggests plasticity may be 

present in univoltine species as well. The increase in FKP across the year with subsequent 

generations of multivoltine bees both at the assemblage and species level lends support to 

emergence period affecting upper thermal limits via plasticity. The lack of significance in 

increasing FKP in H. ligatus/poeyi within the subset of multivoltine species analyzed is likely 

due to the inability to visually differentiate H. ligatus and H. poeyi as they are both cryptic but 

distinctly different species (Danforth et al. 1998). It is likely that this group contained both 

species in the analyses which could have masked any patterns that may have existed.  

Evidence of thermal environments influencing FKP in native bees suggests that 

temperatures experienced within the nest during development could be linked to variance in 

FKP. This is assuming that nesting aboveground in stems would have less thermal buffering and 

experience greater temperature variance than nests at ground level or belowground. The finding 

of significantly different FKPs based on nesting type agrees with results seen in Hamblin et al 

(2017). This supports the idea that differences in experienced temperature could be altering UTL 

through developmental plasticity in native bees (Forrest et al. 2019). Differences in FKP based 

on nesting type also agree with Cavieres et al. (2019), where increased developmental 

temperatures resulted in increased UTL in ectotherms.  
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Comparing UTL to conditions found in nature 

 Due to a lack of microclimate data, a coarse but potentially insightful comparison of 

mean FKP temperatures and maximum recorded aerial temperatures near to the study sites can 

provide a crude estimate of thermal safety margins (the distance between maximum aerial 

temperatures and an organism’s UTL; (Sunday et al. 2014)) for each voltinism type. While the 

FKP for each voltinism type is greater than the highest recorded temperature in the historical 

record, these FKP values are similar to those of two other hymenopterans and a lepidopteran 

within Central Virginia (Agosta et al. 2018), despite using different UTL metrics. Irrespective of 

voltinism type, the majority of native bee species sampled in the present study had FKPs that 

were either at or above historically maximum recorded temperatures, suggesting that aerial 

temperature, in part, is acting as a selection agent for upper thermal limits in bees. Comparison 

of maximum aerial temperatures and FKP values reveal that native bees have a relatively narrow 

thermal safety margin (univoltine bees, mean = 1.9˚C; bivoltine bees, mean = 5.7˚C; multivoltine 

bees, mean = 2.6˚C). These thermal safety margins are similar to those reported for other insects 

(Sunday et al. 2014) yet much narrower than those reported for two native bee species, B. 

impatiens and Agopostemon sericeus, and the European honeybee, A. mellifera (Burdine and 

McCluney 2019). However, the different experimental method employed in this study does not 

allow for a direct comparison of results. In any case, the narrow thermal safety margins found for 

native bees in the present study are within the minimum predicted increase of 2˚C over the next 

century (IPCC 2013), suggesting that univoltine and multivoltine bees in temperate regions will 

be at the greatest disadvantage and bivoltine bees will be slightly less disadvantaged. However, 

this coarse-scale utilization of macroclimate data probably underestimates realized local 

temperature, in that microclimate temperatures experienced by individuals often exceed 
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macroclimate temperatures (Pincebourde and Casas 2015). It does, however, illustrate the 

susceptibility of native bees to warming temperatures without adaptation. The results presented 

here show a diverse response to increasing temperatures by native bees and point towards their 

overall response to a warming climate. This varied response by native bees to increasing 

temperatures suggests potential adaptation to climate change based on several possible genetic or 

non-genetic factors. However, even if native bees can adapt to increasing temperatures, other 

challenges associated with global climate change should be considered. These issues include 

phenological mismatches between bees and their forage hosts (Memmott et al. 2007), sub-lethal 

effects of increased temperatures on activity and behavior (Buckley and Huey 2016), increased 

potential for emerging infectious diseases (Epstein 2001), and reductions in fitness induced by 

heat-stress (Saxon et al. 2018). 

 

Quantifying Ramp Rate  

To date, few studies have looked at UTL of native bees in North America, and have typically 

focused on a small subset of species (Oyen et al. 2016; Hamblin et al. 2017; Oyen and Dillon 

2018; Burdine and McCluney 2019) and utilized CTmax to determine UTL, not FKP. Therefore, 

specific temperature comparisons between studies cannot be made; however, general conclusions 

can still be drawn from these studies. The range of UTL temperatures seen in this study (36.17- 

50.91˚C) are similar but not identical to those reported by Hamblin et al (2017) (44.6 - 51.3˚C) 

and are drastically different from the narrow range of UTL temperatures reported by Burdine & 

McCluney (2019) (49.1 - 53.1˚C). These differences are likely due to an increased ramping 

speed (0.50˚C min
-1

) and perforce increased thermal inertia during ramping trials. In the present 
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study, FKP of Colletes inaequalis was 1.8˚C higher at a thermal ramp rate of 0.25˚C min
-1 

than at 

a ramp rate of 0.50˚C min
-1

 (see Appendix I). This indicates that the higher UTLs reported in 

other studies may have been overestimated due to thermal ramp rate.  

 

Conclusions 

 Native bees differ in FKP over the foraging season with respect to voltinism type. 

Evidence is seen for both evolved and plastic differences between species of native bees based 

on emergence time. Plastic differences may be due to temperatures experienced during 

development or post-eclosion. Because thermally-derived plasticity is complex and often cannot 

be attributed to a single factor (Stillwell and Fox 2005), investigation of the mechanisms 

responsible for increased FKP across the foraging season is necessary and should consider 

potential interactions between genetic and non-genetic factors. Although the present study is the 

most exhaustive examination of UTLs in native bees to date, the need for additional research 

across a wider geographic area, especially at temperate mid-latitudes is indicated. Finally, the 

collection of several rare and previously uncollected species during the present study suggests 

that even in the Mid-Atlantic, which is likely one of the best-surveyed regions in the US, there is 

still much to be discovered about native bee diversity and distributions.  
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FAMILY GENUS SPECIES VOLTINISM KP se n

Andrenidae Andrena aliciae Univoltine 42.75 0.03 2

arabis Univoltine 42.38 0.77 8

atlantica Univoltine 44.55 NA 1

banksi Univoltine 44.20 NA 1

barbara Univoltine 42.60 0.70 3

carlini Univoltine 42.82 0.30 4

erigeniae Univoltine 42.19 0.46 10

fragilis Univoltine 43.34 0.48 2

illini Univoltine 43.18 0.20 17

imitatrix/morrisonella Univoltine 43.60 0.14 22

miserabilis Univoltine 42.12 0.78 8

nasonii Univoltine 43.19 0.57 11

nigrae Univoltine 43.62 NA 1

perplexa Univoltine 42.28 0.43 3

personata Univoltine 42.62 0.65 12

vicina Univoltine 43.81 NA 1

Calliopsis andreniformis Multivoltine 49.25 0.59 3

Apidae Anthophora abrupta Univoltine 41.15 0.27 25

Bombus auricomus Multivoltine 41.36 0.84 5

bimaculatus Multivoltine 40.90 0.49 17

citrinus Multivoltine 45.26 0.25 2

griseocollis Multivoltine 41.13 0.39 32

impatiens Multivoltine 43.36 0.15 169

pensylvanicus Multivoltine 40.92 0.79 8

pensylvanicus/auricomus? Multivoltine 45.06 NA 1

Ceratina calcarata Multivoltine 46.46 0.20 70

dupla Multivoltine 46.67 0.94 3

strenua Multivoltine 48.27 0.37 11

Habropoda laboriosa Univoltine 45.01 NA 1

Melecta pacifica Univoltine 44.41 NA 1

Melissodes bimaculatus Univoltine 44.63 0.33 53

bimaculatus Multivoltine 44.63 0.33 53

comptoides Univoltine 46.56 0.60 7

denticulata Univoltine 42.43 NA 1

druriellus Univoltine 44.28 NA 1

trinodis Univoltine 43.50 0.29 2

Nomada bidentate Univoltine 43.06 NA 1

cressonii Univoltine 43.22 NA 1

interesting Univoltine 42.50 NA 1

luteoloides Univoltine 43.42 1.05 2

pygmaea Univoltine 43.55 0.38 8

Peponapis pruniosa Univoltine 45.25 0.49 3

Ptilothrix bombiformis Univoltine 46.65 0.28 30

Svastra obliqua Univoltine 46.70 0.27 2

petulca Univoltine 46.45 NA 1

Xenoglossa strenua Univoltine 44.55 1.37 2

Xylocopa virginica Multivoltine 41.33 0.87 8

Colletidae Colletes inaequalis Univoltine 42.94 0.24 8

thoracicus Univoltine 42.02 0.22 61

Hylaeus affinis/modestus Multivoltine 44.69 0.62 12

georgicus Multivoltine 41.38 2.19 2

leptocephalus Multivoltine 46.09 0.29 42

modestus Multivoltine 43.35 1.32 4

Halictidae Agapostemon virescens Multivoltine 43.32 0.19 56

Augochlora pura Multivoltine 44.91 0.12 38

Augochlorella aurata Multivoltine 43.77 0.46 17

Halictus confusus Multivoltine 47.20 0.23 38

ligatus/poeyi Multivoltine 46.01 0.19 96

parallelus Multivoltine 42.92 NA 1

rubicundus Multivoltine 44.52 NA 1

Lasioglossum bruneri Multivoltine 44.87 0.77 2

callidum Multivoltine 42.78 0.78 5

cressonii Multivoltine 44.34 NA 1

fuscipenne Multivoltine 41.65 0.48 3

gotham Multivoltine 43.04 NA 1

hitchensi Multivoltine 43.99 0.88 4

illinoense Multivoltine 43.09 0.40 8

imitatum Multivoltine 43.83 0.29 47

lionotum Multivoltine 44.93 NA 1

near ethialtum Multivoltine 43.66 0.80 2

pilosum Multivoltine 43.63 1.72 3

subviridatum Multivoltine 44.08 NA 1

tegulare Multivoltine 43.80 0.90 10

trigeminum Multivoltine 43.79 0.68 9

weemsi Multivoltine 41.97 2.77 2

zephyrum Multivoltine 43.28 0.41 28

Sphecodes antennaria Univoltine 45.47 NA 1

pimpinellae Univoltine 44.67 NA 1

Megachilidae Chelostoma philadelphi Univoltine 45.98 NA 1

Coelioxys modesta Bivoltine 47.64 0.35 6

sayi Bivoltine 47.69 0.50 6

Heriades ceratina Univoltine 48.50 NA 1

leavitti/variolusus Univoltine 48.86 NA 1

Megachile campanulae Bivoltine 46.99 0.50 10

concina Bivoltine 47.93 0.51 18

exilis Bivoltine 46.90 0.24 22

mendica Bivoltine 47.22 0.39 21

petulans Bivoltine 46.24 0.71 3

rotundata Bivoltine 48.14 0.30 31

texana Bivoltine 46.31 1.68 2

xylocopoides Bivoltine 46.19 0.62 6

Osmia atriventris Univoltine 47.83 0.52 5

cornifrons Univoltine 46.09 1.77 2

georgica Univoltine 45.38 NA 1

lignaria Univoltine 45.89 0.58 2

pumila Univoltine 44.60 2.49 3

subfasciata Univoltine 48.53 NA 1

taurus Univoltine 45.10 0.46 14
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Table 2  Fatal knockdown points (FKP) from subset of multivoltine species across collection 

date (Linear regression: FKP~date collected)  

Species n r
2
 P-Value Equation 

Ceratina calcarata 70 0.12 0.003** FKP=0.0114*date-155.6 

Bombus impatiens 169 0.07 0.0003*** FKP=0.0153*date-232.4 

Lasioglossum imitatum 47  0.11 0.024* FKP=0.0131* date-187.7 

Augochlora pura 37  0.10 0.056. FKP=0.0053* date-48.47.6 

Agapostemon virescens 56 0.15 0.003** FKP=0.0127* date-181.6 

Halictus ligatus/poeyi 96 0.001 0.755 FKP=0.0012* date +17.336 
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Figure 1  Mean monthly aerial temperatures for Richmond, VA study area across 118 years from 

NOAA GHCN-Daily database. 
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Figure 2  Fatal knockdown points across sampling season for all univoltine bees sampled. A 

significant quadratic increase was seen across the year across emergence groups 

(n=349; 15 genera, 48 species; P<0.0001). Note: Gray margins around quadratic line 

of best fit indicate standard error of slope. 
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Figure 3  Fatal knockdown points across sampling season for all bivoltine bees sampled. Fatal 

knock down points did not change across the season (n = 125; 2 genera, 10 species; 

linear regression: P=0.33).  
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Figure 4  Fatal knockdown points across sampling season for all multivoltine bees sampled. A 

significant increase across the season was seen across generations (n=764; 11 genera, 

40 species; P<0.0001). Note: Gray margin around line of best fit indicates standard 

error of slope.  
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Figure 5   Fatal knockdown points of a subset of six multivoltine bees across the 2018 season. 

With the exception of H. ligatus/poeyi, all Fatal Knockdown Points increased over the 

season. Note: Gray margins around each best-fit line indicate standard error of slope. 
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Figure 6  Fatal knockdown points of all sampled Ptilothrix bombiformis individuals collected 

across the 2018 season. A significant increase is seen across emergence period (n=30; 

P=0.045, r
2
=0.10, FKP= 0.0611*date-103.7). Note: Gray margins around each best-fit 

line indicate standard error of slope. 
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Figure 7  Average fatal knockdown points (FKP) of all univoltine species collected across the 

2018 season. Note: Each point represents a specific species (n=349; 15 genera, 48 

species; P=0.056). Horizontal lines indicate ± se in collection date. Vertical lines 

indicate ± se in FKP. Gray margins around each best-fit line indicate standard error of 

slope. 
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Figure 8  Fatal knockdown points of a subset of six species of multivoltine bees differ with 

respect to nesting type (cavity: 43.6 ± 0.13˚C, n=2; ground: 44.7 ± 0.15˚C , n=3; stem: 

46.4 ± 0.19˚C, n=1). Note: whiskers are fitted mean ± se. Connecting letters report A-

C indicates significantly different groups. 
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Figure 9  Maximum daily aerial temperatures for a subset of 118 years for the Richmond, VA 

study area. Red dashed line indicates average fatal knockdown point (FKP) of 

multivoltine bees (44.3 ˚C). The blue dot-dashed line indicates average FKP of 

univoltine bees (43.6 ˚C). The solid purple line indicates average FKP of bivoltine bees 

(47.4˚C). Weather data from NOAA GHCN-Daily (Menne et al. 2012).  
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APPENDIX 

 

Comparison of UTL rates: 0.25°C min
-1

 vs 0.50°C min
-1 

 

Experimental variation of ramp rate speeds in studies focusing on UTL has drastic 

variations in UTL temperatures (Terblanche et al 2007; Oyen & Dillon 2018). Yet, there is no 

comparison between 0.25°C min
-1 

and 0.50 °C min
-1

, the most commonly used ramping rate 

observed in other upper thermal tolerance studies for wild bees (Oyen Giri & Dillon 2016; 

Hamblin et al 2017; Oyen & Dillon 2018; Burdine & McCurney 2019). However, As Oyen & 

Dillon (2016) have shown that not all ramp rates are significantly different.To permit direct 

comparison of UTLs reported in similar studies, a comparison of UTL for two of the most 

common ramp rates is necessary. To test this, a sample of Colletes inaequalis was collected at 

two nearby nesting sites in Richmond, VA over the period of one week using the aforementioned 

sampling schema. Individuals were randomly ramped either at 0.25°C min
-1

 or 0.50°C min
-1

 

using the previously described dynamic ramping procedure. A two-sample t-test was used to test 

for differences in FKP between 0.25°C min
-1

 and 0.50°C min
-1 

ramp speeds for C. inaequalis. 

UTL in C. inaequalis ramped at 0.50 min
-1

 was a 1.8˚C higher compared to specimens ramped at 

0.25 min
-1

 (44.9 ± 0.21˚C and 43.1 ± 0.14˚C respectively; df=75; T= 41.92; P=<0.0001). 

Therefore, studies utilizing a ramp rate of 0.50°C min
-1 

cannot be compared to studies utilizing a 

ramp rate of 0.25°C min
-1

.  
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