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Fig. S1. There was no relationship between stroke amplitude and wingbeat frequency 
or between the change in amplitude and change in frequency between trials. (A) 
Measured stroke amplitude was unrelated to flapping frequency for bees in the heavy 
(filled circles) and light (open circles) loading treatments (heavy, R2 = 0.0047; light, R2 = 
0.0307). (B) Individual changes in amplitude between trials (heavy – light loading) were 
unrelated to changes in frequency (R2 = 0.0066). Bees tested in the heavy to light 
treatment order are shown in red and those in the light to heavy order are shown in blue. 

 



  

 

Fig. S2. Change in loading between trials scaled with bee size, but change in % 
loading was independent of size. (A) Change in absolute loading for individual bees 
(total mass during heavy loading – mass during light loading) increased with bee size, as 
measured by intertegular (IT) span (R2 = 0.4016). (B) Change in % loading (change in 
load normalized by body mass; Fig. 2) was not associated with bee size (R2 = 0.0876). 
Note that IT span (a common measure of bee size) was used as the independent variable 
because body mass was used in calculation of the independent variable ( % loading). 

  



  

Table S1. Morphological, kinematic, and metabolic variables for all bees tested, grouped 
by treatment order (light to heavy, L-H; heavy to light, H-L). Variables shown include area 
of one forewing (Swing), span length of one wing (Lwing), raw body mass (mbody), total mass with 
light loading (mlight) and heavy loading (mheavy), stroke amplitude (), frequency measured from 
audio data (naudio; used in analyses), and frequency from video data (nvideo).  
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Table S2. Results of linear model investigating how Δ amplitude is affected by Δ % 
loading, treatment order, and bee size. Predictors dropped due to multicollinearity or because 
they did not significantly predict Δ amplitude include the following: treatment order, bee size 
(quantified by IT span), interaction of Δ % loading with bee size, interaction of Δ % loading 
with treatment order, and interaction of bee size with treatment order. Overall this model 
provides a significantly better fit than an intercept-only model – F(1,28) = 15.47 , p= 0.0005. 

Predictor Estimate (deg) Std. Error t value Pr(>|t|) 
(Intercept) -10.3904 7.902106 -1.31489 0.1992 
Δ % loading  0.556958 0.141597 3.933409 0.0005 

 
 
 

Table S3. Results from linear model investigating how Δ frequency is affected by Δ % 
loading, treatment order, and bee size. The same predictors were used as for Table S2, and all 
were dropped except for treatment order. Overall this model provides a significantly better fit 
than an intercept-only model – F(1,28) = 9.70, p= 0.004. 

Predictor Estimate (Hz) Std. Error t value Pr(>|t|) 
(Intercept) 10.4619 1.7946 5.8297 2.90E-06 
Order: light to heavy -7.6536 2.4573 -3.1146 0.004 
 
 

Table S4. Results from linear model investigating how Δ metabolic rate is affected by Δ % 
loading, Δ amplitude, Δ frequency, treatment order, and bee size. Predictors dropped due to 
multicollinearity or because they did not predict Δ metabolic rate include: Δ % loading, 
treatment order, and bee size (IT span). We made an a priori decision to keep both Δ amplitude 
and Δ frequency in the final model, even if they were not significant, because these kinematic 
values are mathematically related to total force production (Fig. 1). Overall this model provides 
a significantly better fit than an intercept-only model – F(2,27) = 22.41, p = 1.834e-06. 

Predictor Estimate (mL CO2 * hr-1) Std. Error t value Pr(>|t|) 
(Intercept) -0.0604 0.2215 -0.2727 0.7871 
Δ amplitude  0.0105 0.0098 1.0661 0.2958 
Δ frequency  0.071 0.0109 6.5014 5.71e-07 
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