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Abstract 

While multiple studies have shown that honey bees and some other flying insects lower their 

flight metabolic rates when flying at high air temperatures, critics have suggested such patterns 

result from poor experimental methods as, theoretically, air temperature should not appreciably 

affect aerodynamic force requirements. Here, we show that apparently contradictory studies can 

be reconciled by considering the thermal performance curve of flight muscle. We show that prior 

studies that found no effects of air temperature on flight metabolism of honey bees achieved 

flight muscle temperatures that were near or on equal, opposite sides of the thermal performance 

curve. Honey bees vary their wing kinematics and metabolic heat production to thermoregulate, 

and how air temperature affects the flight metabolic rate of honey bees is predictable using a 

non-linear thermal performance perspective of honey bee flight muscle.  

Introduction 

Whether honey bees vary flight metabolism when flying across a range of air temperatures 

remains controversial. Several studies found that flight metabolic rates of honey bees decrease at 

high air temperatures (Harrison et al., 1996a,b; Roberts and Harrison, 1999) and that flight 
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metabolism increases with temperature across low-temperature ranges (Harrison et al. 2001). In 

contrast, Heinrich and Woods et al. found that air temperature had no effect on the flight 

metabolism of unloaded honey bees (i.e., carrying no pollen or nectar; Heinrich, 1980; Woods et 

al., 2005). Woods and colleagues further suggested that flight metabolic rates are independent of 

air temperature if investigators are careful to ensure continuous flight with natural light stimuli 

(Woods et al., 2005). In an attempt to explain these discrepancies, Harrison and Fewell 

suggested that the effects of air temperature on flight metabolic rate may depend on how the 

flight muscle temperatures tested relate to the optimal temperature for flight muscle function 

(Harrison and Fewell, 2002). They proposed that we would only see a decline in flight metabolic 

rates at higher temperatures if the air temperatures tested push flight muscle temperatures into 

this above-optimum range. However, at the time, no studies had measured a thermal performance 

curve for flight metabolism for any endothermic insects, so this conjecture could not be tested. In 

this study, and with several recent studies (Glass and Harrison, 2022; Glass et al., 2024), we 

address this decades-old controversy. 

Harrison and colleagues found that honey bees decrease wingbeat frequency as well as 

flight metabolic rate in response to high air temperatures (Harrison et al., 1996a,b). In response 

to these results, critics raised doubts that wingbeat frequency declines with air temperature 

(Heinrich and Esch, 1997), pointing out that the aerodynamic force requirements, and thus work, 

for animal flight are nearly independent of air temperature (Ellington, 1984; Dudley, 2000). In 

response to these criticisms, Roberts and Harrison hypothesized that honey bees decrease their 

wingbeat frequency to reduce metabolic heat production when flying in the heat while adjusting 

other kinematic contributions, such as increasing their stroke amplitude (Roberts and Harrison, 

1999), potentially allowing honey bees to fly more efficiently when things get hot. Until 

recently, no study had measured the metabolic and kinematic responses of honey bees flying at 

high air and flight muscle temperatures (Glass et al., 2024). We now know that honey bees 

flying at 40°C air temperature can lower their flight metabolism by decreasing their wingbeat 

frequency by about 10% and increasing their stroke amplitude by the same amount, allowing hot 

bees to generate the same amount of aerodynamic force as bees flying in cooler conditions 

(Glass et al., 2024). With this knowledge, we can begin to reconcile the differences between 

these studies in light of the thermal performance curve for flight metabolism in honey bees 

(Glass and Harrison, 2022). 
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Here, we test the hypothesis, which we will call the thermal performance curve 

hypothesis (or TPC hypothesis) that the thermal performance curve of flight muscle determines 

the effect of air temperature on flight metabolic rates of honey bees. By measuring the maximal 

force production (Coelho, 1991a) and maximal metabolic power production of honey bees (Glass 

and Harrison, 2022), we know the optimal temperature (circa 39°C), and the shape of the thermal 

performance curve for honey bee flight muscle. Based on the TPC hypothesis, we predict that 

unloaded honey bees with flight muscle temperatures below or above this optimum will show 

increasingly depressed flight metabolic rates (Fig. 1 – ‘TPC hypothesis’). We also predict that 

studies that test flight muscle temperatures in a narrow range close to optimal will not observe air 

temperature effects on flight metabolic rate (Fig. 1 – ‘TPC hypothesis - Prediction 1’). 

Furthermore, we predict that studies that test air temperatures that set flight muscle temperatures 

similarly above and below the optimum will also not observe air-temperature effects on flight 

metabolism (Fig. 1 – ‘TPC hypothesis - Prediction 2’). In contrast, the null hypothesis is that the 

flight metabolism of honey bees is independent of air temperature (Fig 1. – ‘Null hypothesis’) 

and set by the biomechanical requirements of hovering flight, which are relatively independent 

of temperature (Ellington, 1984; Dudley, 2000). Under this null hypothesis, we predict no 

change in flight metabolism across a wide range of flight muscle temperatures. 

To experimentally assess the effect of air and flight muscle temperature on flight 

metabolic rate, we used previously published data (Heinrich,1980; Harrison et al., 2001; Woods 

et al., 2005; Glass and Harrison, 2022), as well as new data we report here. The thermal 

performance curve for maximal flight metabolism was calculated by averaging the maximal 

flight metabolic rate for all honey bees within a 0.5°C range of flight muscle temperatures, 

plotted across the full range of flight muscle temperatures (Glass and Harrison 2022). Our data 

suggest that unloaded honey bees vary their flight metabolic rate to thermoregulate, and that 

differences among prior studies in the flight muscle temperatures achieved explain discrepancies 

in how air temperature affects flight metabolism in Apis mellifera. 
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Materials and Methods 

Study animals and location 

The data in this study come from published (i.e., Heinrich, 1980; Harrison et al., 2001; Woods et 

al., 2005; Glass and Harrison, 2022) and a new dataset presented here, which used the honey 

bee, Apis mellifera. We digitally extracted data from the figures of the Heinrich, Harrison et al., 

Woods et al. studies, as these datasets were not accessible (Heinrich, 1980; Harrison et al., 2001; 

Woods et al., 2005). Methods for these published studies can be found in each respective 

published article, but we briefly describe the experimental protocol for each below. From these 

previously published studies, we report the free-flying, mass-specific metabolic rates (mW·g
-1

) 

of unloaded bees and their achieved flight muscle temperatures (°C) when flown at different air 

temperatures. We only included unloaded bees weighing < 98 mg in this analysis, which 

delineation is based on extrapolated values from Woods et al., 2005 (i.e., 90 ± 8.8 mg; mean ± 

S.D., n = 78). By only including bees that weighed < 100 mg, we also ensured the exclusion of 

bees transitioning from the role of brood care to foraging, which still carry significant hindgut 

content that can affect flight performance and metabolism (Glass et al., 2021; Glass and 

Harrison, 2022).  

 

Data Standardization 

Data from Glass and Harrison represent maximal aerobic performance for unloaded 

flying honey bees (see below for a brief description of these methods; Glass and Harrison, 2022). 

These maximal aerobic performance estimates came from measurements of flight metabolism in 

which we flew honey bees in decreasing air densities. Flight in low-density air requires bees to 

generate higher mechanical power, eliciting maximal aerobic performance in the lowest density 

air (25-40% higher metabolic rates than bees flown at normal air density; Roberts et al., 2004). 

We were confident these measures represented maximal performance because many of the tested 

bees failed to fly at lower air densities (Glass and Harrison, 2022). From the Harrison et al. 

study, we only included data of “winter bees” flying in normoxic air (21% O2, 79% N2) at 24°C 

air temperature (Harrison et al., 2001). Winter bees are specialized, long-lived honey bee 

workers that spend most of the winter within the hive (Kunert et al., 1988; Kunc et al., 2019; Lee 
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et al., 2022); they were collected from the hive mid-winter and forced to fly in the lab (Harrison 

et al., 2001). The Woods et al. data did not need to be standardized and are reported in the same 

units (i.e., mW·g
-1

; Woods et al., 2005). Although Woods and colleagues measured the flight 

muscle temperatures of bees immediately after recording their flight metabolic rates, they did not 

include a single figure showing the relationship between flight metabolic rate and flight muscle 

temperature in their original study. To generate the Woods et al. data shown below in Figure 3, 

we extracted their reported flight muscle temperatures (n = 34) and mass-specific flight 

metabolic rates (n = 19) for bees flying at different air temperatures and compared the air 

temperature at which each bee was flown. Unsing this approach, we were able to confidently link 

almost all the mass-specific flight metabolic rates with their corresponding muscle temperatures 

(n = 18). Heinrich reported averaged flight metabolic rate values that he measured for 20 bees 

flown at 20 and 42°C air temperatures (n = 10 per temperature; Heinrich, 1980), which we 

converted from mL O2·g
-1

·h
-1

 to mW·g
-1

 for ease of comparison (see below for conversion 

coefficients), assuming simple carbohydrate catabolism (i.e., respiratory quotient = 1.0; 

Beenakkers et al., 1984; Bertsch, 1984; Rothe and Nachtigall, 1989; Feuerbacher et al., 2003; 

Suarez et al., 2005). The new data reported here were measured as CO2 emission rates and were 

converted to mW·g
-1

 using the same conversion coefficients as for the Heinrich data. 

 

Flight metabolic rate measurements 

In this study, we captured outgoing foragers who were leaving the colony. After recording each 

bee’s mass, we measured the CO2 production rates (i.e., an indirect measure of flight 

metabolism) of each bee inside a temperature-controlled room set to either 20±0.5, 30±0.5, or 

40±0.05°C air temperature (similar to Glass et al., 2024). We monitored the temperature inside 

the room using a thermocouple integrated with Expedata (Sable Systems, Las Vegas, NV). We 

used a random number generator (www.randomizer.org) to decide the order in which to sample 

from three available colonies maintained on the Tempe campus of Arizona State University. 

 We also measured the flight muscle temperatures of bees immediately after each 

metabolic measurement using a Physitemp model MT29/1 hypodermic microprobe (Clifton, 

New Jersey, USA; 29-gauge, time constant = 0.025 s) and recorded flight muscle temperature 

data with a Pico Technology USB TC-08 Thermocouple Data Logger (see Glass et al., 2021; 
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Glass and Harrison, 2022; Glass et al., 2024). Finally, we weighed the bee (±0.1 mg) using an 

A&D HR-120 Analytical Balance (Tokyo, Japan) and stored its body at -20°C. 

 

Below are brief descriptions of the methods used in the other studies included in our analysis. 

For more information, please see the original studies. 

 

Heinrich, 1980 methods: 

Honey bees used in Heinrich’s study were collected from the entrance of a single observation 

hive kept on the University of California, Berkeley campus. To encourage bees to fly 

continuously, Heinrich removed each bee’s tarsi (n = 20 bees) so they could not cling to the sides 

of the sealed, glass flight metabolic chamber (volume: 3.88 L), and he gently jostled and tilted 

the chamber to encourage any bees that had stopped flying during the trials. Heinrich ran his 

flight trials in a temperature-controlled room (maintained at either 20 or 42°C), giving the flight 

metabolic chamber enough time to reach thermal equilibrium before placing a bee inside. The 

flight metabolic chamber was made air-tight once the bee was placed inside, which was 

encouraged to fly for anywhere between 4.5 to 10 minutes. At the end of the flight trial, Heinrich 

took a sample of air from inside the sealed flight chamber using a syringe and injected the gas 

sample into an oxygen analyzer (Beckman E-2 paramagnetic oxygen analyzer). To measure body 

temperature, Heinrich flew a different set of tarsi-removed bees (n = 34) for 3 minutes before 

recording body temperature with a hypodermic thermocouple. 

 

Harrison et al., 2001 winter bee methods: 

Harrison and colleagues ran their experiment using honey bees collected directly from inside a 

single hive during mid-winter (January) in State College, Pennsylvania, USA. The researchers 

used gas cylinders of oxygen and nitrogen and a mass-flow controller to create a gas mixture of 

79% N2, 21% O2, which flowed (at 2 L·min
-1

) through a 300-mL flight metabolic chamber, then 

to a carbon dioxide analyzer (LI-COR 6252) in a differential, flow-through respirometry setup. 

They ran their flight metabolic trials in a temperature-controlled room that they kept at 24°C. 
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Harrison and colleagues flew their test bees for 1.5 minutes, but they only averaged the carbon 

dioxide production rate over the last minute of the flight metabolic trial. Immediately after 

measuring carbon dioxide production, the researchers shook the bee into a bag and measured its 

flight muscle temperature with a hypodermic thermocouple. 

 

Woods et al., 2005 methods: 

Woods and colleagues ran the experiment using one of the co-author’s (Bernd Heinrich) personal 

honey bee hives in Hinesburg, VT, USA. The researchers measured the rate of carbon dioxide 

production of honey bees (n = 19) flying across a range of air temperatures (18 to 39°C) by 

flowing dry, CO2-free air (at 860 mL·min
-1

) through a differential, open-flow respirometry setup 

(LI-COR 6262 CO2 analyzer). The metabolic chamber itself was kept inside a shaded, outdoor, 

temperature-controlled cabinet during measurements. Woods and colleagues used a 500 mL 

Erlenmeyer flask as a flight metabolic chamber with a hypodermic thermocouple inserted 

through the lid to monitor the temperature of the flight chamber. To keep bees flying as 

continuously as possible, Woods and colleagues lightly shook or tapped the flight chamber when 

needed. The researchers flew each bee for 5 minutes during the metabolic trial, but it is unclear 

whether they averaged each bee’s carbon dioxide production rate over the whole trial, or over a 

shorter period. After the flight metabolic trial, they shook the bee into a plastic bag and measured 

its body temperature with a hypodermic thermocouple within 10 seconds after the bee had 

stopped flying. 

 

Glass and Harrison, 2022 methods: 

Glass and Harrison ran experiments using three hives of honey bees maintained at Arizona State 

University, Tempe, USA. The researchers used gas cylinders of oxygen, nitrogen, and helium 

and an 8-channell mass-flow controller (Flow-Bar 8, Sable Systems International) to create 

variable-density gas mixtures (range: 0.441 to 1.288kg·m
-3

) to elicit maximal flight performance. 

Glass and Harrison measured the carbon dioxide production rate of flying honey bees using a 

differential, flow-through respirometry setup. After scrubbing these gas mixtures of CO2 and 

water, these variable-density gases flowed through the CO2 analyzer (LI-COR 6252), then 
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through the 350-mL flight metabolic chamber (at 2 L·min-1), and then back to the analyzer. 

They ran their flight metabolic trials in a temperature-controlled room that they kept at either 23 

or 35°C. Glass and Harrison flew their test bees for 2 minutes. Immediately after measuring 

carbon dioxide production, the researchers shook the bee into a bag and measured its flight 

muscle temperature with a hypodermic thermocouple. 

 

 

Results and Discussion 

Data for summer-caught honey bees flying freely at different air temperatures from Heinrich and 

Woods et al. suggest that flight metabolism is independent of air temperature (Fig. 2A; Heinrich, 

1980; Woods et al., 2005). In contrast, the data presented in this study show a negative effect, 

with flight metabolic rates decreasing as the bees fly at higher air temperatures (Fig. 2A). 

The data presented here and those reported by Heinrich and Woods et al. all show that 

the temperature of flight muscles of honey bees increases with increasing air temperature (Fig. 

2B; Heinrich, 1980; Woods et al., 2005). However, the extent to which flight muscle temperature 

increases with air temperature differed among these studies (‘study’ x air temperature interaction 

– GLM: n = 190, df = 1, χ2 = 30.4, p < 0.0001; Table S2). 

Here, we show that the mass-specific metabolic response of flying honey bees to changes 

in flight muscle temperature is asymmetric and non-linear and that the relative change in 

response depends on the temperature of the bee relative to the optimal temperature for aerobic 

performance (Fig. 3; Tables S3, S4). The relatively narrow range of flight muscle temperatures 

achieved by honey bees measured by Woods and colleagues (Woods et al., 2005) fall near the 

optimal temperature for aerobic metabolism (Glass and Harrison, 2022), showing no significant 

relationship between the flight muscle temperatures and flight metabolic rates of bees. Similarly, 

the flight metabolic rates reported by Heinrich lie well within the data reported here, showing an 

almost equidistant distribution on either side of the optimal temperature for flight metabolism 

(Heinrich, 1980). 

The data presented in this study allow us to explain the contradictions observed in prior 

studies of air temperature effects on honey bee thermoregulation and flight metabolism. A key 
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missing consideration is the differential effect air temperature had on the flight muscle 

temperatures of flying honey bees (Fig. 2, Table S2). Unlike ours and other studies (Heinrich, 

1980; Harrison et al., 1996a,b; Roberts and Harrison, 1999), the bees from the Woods et al. 

study maintained their flight muscle temperatures relatively tightly near the optimal range across 

air temperatures (Woods et al., 2005). The confidence limits for our data plotting flight 

metabolic rate vs. flight muscle temperature include most of the Woods et al. data as well as the 

data from Heinrich (Heinrich, 1980; Woods et al., 2005). We conclude that a single, non-linear 

model, with an optimum and shape near to that for maximal flight metabolic rate, can predict the 

flight metabolic rates of unloaded honey bees as air temperature varies. 

It is interesting that Woods and colleagues found such a low slope for flight muscle 

temperature on air temperature, suggesting outstanding thermoregulation – especially since they 

reported no change in metabolic heat production (Woods et al. 2005). Honey bees are thought to 

be unable to vary heat transfer to the abdomen, and major increases in evaporative heat loss only 

occur at higher air and muscle temperatures (Snodgrass, 1925; Heinrich, 1980; Coelho, 1991b; 

Roberts and Harrison, 1999). The slope we documented for honey bee flight muscle temperature 

on air temperature is similar to those documented by Heinrich (Heinrich, 1980), and in prior 

studies from our lab (Roberts and Harrison, 1999). Thus, the outstanding thermoregulation in the 

Woods et al. study suggests either an unknown thermoregulatory mechanism, relatively low 

statistical power in their study, or technical issues in measuring flight muscle temperatures 

(Woods et al., 2005). 

The various conclusions of the different studies of the effects of air temperature on flight 

metabolic rate can now be reconciled by considering the range of flight muscle temperatures 

achieved relative to the thermal performance curve of flight muscle. Harrison and colleagues 

found that ‘winter bees’ have relatively lower flight metabolic rates and achieve lower thoracic 

temperatures (Harrison et al., 2001; Fig. 3). Winter bees are long-lived honey bee workers, with 

specialized physiology, that spend most of the winter within the hive (Kunert et al., 1988; Kunc 

et al., 2019; Lee et al., 2022). As predicted by the thermal performance curve for flight 

metabolism (Glass and Harrison, 2022), flight metabolic rates of winter bees increased strongly 

with flight muscle temperatures across the lower muscle temperature ranges (Fig. 3). Even in 

winter bees with their low flight metabolic rates, flight metabolism peaked and plateaued near 
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39C (Harrison et al. 2001; Fig. 3). Conversely, in the Harrison et al. and Roberts and Harrison 

studies, which used summer bees, flight muscle temperatures ranged from 37–47C (Harrison et 

al., 1996; Roberts and Harrison, 1999). The flight muscle temperatures achieved in these studies 

fall mostly on the right side of the metabolic curve, resulting in decreasing flight metabolic rates 

as air temperatures increase. Finally, in the Woods et al. study, there was lower variation in 

thoracic temperatures (33-42C), which centers these animals closer to the peak, optimal 

temperature (Woods et al., 2005), while in Heinrich’s study, only two air temperatures were used 

(i.e., 20 and 42C), resulting in flight muscle temperatures (i.e., 35 and 45C; Heinrich, 1980) 

approximately equidistant from the optimal temperature for flight metabolism (i.e., 39C; Glass 

and Harrison, 2022).   

In this study, we show that decades of discrepancies and disagreements over whether air 

temperature affects the flight metabolism of honey bees have arisen from attempts to interpret 

data from incomplete perspectives. Together, these data suggest that the flight metabolic rate of 

honey bees reflects the asymmetric, non-linear thermal performance curve of flight muscle. It is 

interesting that this is so because, in theory, the flight metabolic rate for an unloaded, hovering 

bee need not track the maximal performance as temperature varies since an unloaded, hovering 

bee has a metabolic power output 20-30% below its metabolic capacity. The most obvious 

explanation is that bees fly with high-frequency, low-stroke amplitude flight kinematics at cool 

air temperatures to generate more metabolic heat and warm to near the optimal temperature, 

allowing them the option of higher maximal power output in the case of a large nectar load or a 

wind gust. At air temperatures that push flight muscle temperatures above optimum, switching to 

a lower frequency, higher amplitude, more efficient kinematic pattern allows them to minimize 

flight muscle elevation above optimum while preserving capacity for increasing performance 

(Glass et al. 2024). 
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Figures 
 

 

 

Fig. 1. Contrasting hypotheses and predictions of the effects of flight muscle temperature on the 

flight metabolic rates of free-flying honey bees. 
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Fig. 2. A) Heinrich and Woods et al. found no significant effect of air temperature on mass-

specific flight metabolism (Heinrich, 1980: reported no difference; Woods et al., 2005: y = -

1.675x + 584.9, n = 19, R
2
 = 0.03, p = 0.51). However, like prior studies in our lab, we found 

that flight metabolic rates declined with air temperature (y = -5.883x + 711.44, n = 160, R
2
 = 

0.27, p < 0.001). B) Higher air temperature increased flight muscle temperature of freely flying 

honey bees (Heinrich, 1980: only reported values as the mean ± S.D.; Woods et al., 2005: y = 

0.181x + 33.45, n = 19, R
2
 = 0.27, p < 0.01; This study: y = 0.416x + 26.88, n = 160, R

2
 = 0.87, p 

< 0.001). Fitted solid regression lines denote significance. The dashed line visualizes the slope of 

the line if the flight muscles of flying honey bees matched air temperature (Tth = Tair). In these 

figures, each solid point from this study and the Heinrich and Woods et al. studies represent the 

mean ± 95%CL (Heinrich, 1980; Woods et al., 2005). The transparent points are included to 

show the distribution of the data from each study. The Heinrich (1980) study shows no data 

distribution because he only reported his values as the mean ± S.E.M (Heinrich, 1980). 
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Fig. 3. Mass-specific flight metabolism of honey bees is asymmetrical, non-linear, and strongly 

responds to changes in flight muscle temperature. The shaded green area indicates the optimal 

temperature for force and metabolic power production (circa 39°C; Coelho, 1991; Glass and 

Harrison, 2022). Points from the Heinrich study represent the mean ± 95%CL (Heinrich, 1980), 

as does the Woods et al. data points, with the addition of horizontal 95%CL (Woods et al., 2005 

– linear fit to the raw data: n = 18, y = -5.023x + 730.66, R
2
 = 0.04, p = 0.44). Fitted, solid 

polynomial lines represent significance [‘Maximal performance’ (Glass and Harrison, 2022): n = 

30, y = -2.914x
2
 + 223.89x - 3575.9, R

2
 = 0.79, p < 0.001; ‘Winter bees’ (Harrison et al., 2001): 

n = 50, y = -3.213x
2
 + 250.29x - 4425.7, R

2
 = 0.82, p < 0.001]. The red regression line and the 

red, dashed 95%CL lines are the polynomial fit for this dataset (n = 160, y = -2.730x
2
 + 205.7x - 

3300.8, R
2
 = 0.27, p < 0.001), with the points removed for clarity. The black and red dotted 

extension lines for each significant polynomial relationship are for visualization and are based on 

the fit of the data to each model. 
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Table S1. The linear fit, sample size, coefficient of determination, and the p-value for regressions 

depicting the relationship between mass-specific flight metabolism of honey bees and air 

temperature. Here, we give the statistical values reported by Woods et al. from their original 

study. 

Study Linear fit n R
2 

p-value 

This study y = -5.883x + 711.44 160 0.27 < 0.001*** 

Woods et al., 2005 y = -1.675x + 584.9 19 0.03 0.51 

Heinrich, 1980* y = -1.308x + 523.1 20 - - 

 

*Note: The linear fit equation for the data from Heinrich, 1980 is to show the general trend of the 

data and should not be considered significant as Heinrich only reported means ± S.D. 

 

 

 

Table S2. The linear fit, sample size, coefficient of determination, and the p-value for regressions 

depicting the relationship between flight muscle temperature of honey bees and air temperature. 

Here, we give the statistical values reported by Woods et al. from their original study. 

Study Linear fit n R
2 

p-value 

This study y = 0.416x + 26.88 160 0.87 < 0.001*** 

Woods et al., 2005 y = 0.181x + 33.35 32 0.27 < 0.01** 

Heinrich, 1980* y = 0.471x + 25.57 34 - - 

 

*Note: The linear fit equation for the data from Heinrich, 1980 is to show the general trend of the 

data and should not be considered significant as Heinrich only reported means ± S.D. 
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Table S3. The regression fit, sample size, coefficient of determination, and the p-value for 

regressions depicting the relationship between flight muscle temperature of mass-specific flight 

metabolic rate of honey bees. We also report the Akaike information criterion (AIC) for a linear 

and polynomial fit for each study. Bolded values denote which regression-type best fits each 

dataset. Here, we give the statistical outputs from our analysis of the Woods et al. data, which 

were digitally extracted from the figures of the original study. 

Study Regression fit n R
2 

p-value 
Linear 

AIC 

Polynomial 

AIC 

This study y = -2.730x
2

 + 205.7x - 

3300.8 
160 0.27 < 0.001*** 1882.04 1860.44 

Glass & Harrison, 

2022 
y = -2.914x

2

 + 223.89x - 

3575.9 
30 0.79 < 0.001*** 351.89 324.98 

Harrison et al., 

2001 
y = -3.213x

2

 + 250.29x - 

4425.7 
50 0.82 < 0.001*** 577.14 556.64 

Woods et al., 

2005 
y = -5.023x + 730.66 18 0.04 0.44 204.95 206.78 

Heinrich, 1980* y = -2.808x + 595.21 20 - - - - 

 

*Note: The linear fit equation for the Heinrich, 1980 data is to show the general trend of the data 

and should not be considered significant as Heinrich only reported means ± S.D. 
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