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Supporting Fig. S10: Estimation of mutual information between consecutive ISIs for 

EMG1. (a) The plot of mutual information vs. data set size shows stability of the calculated 

values, and hence absence of the sample-size dependent bias in the estimation of information. 

The full data set here includes N = 154,548 consecutive ISIs pairs (red dot). Estimates for other 

data set sizes (blue circles) are obtained by taking 1/m fraction of the total amount of data, with 

m shown on the horizontal axis (see Methods: Mutual Information: Consecutive ISIs). (b) For 

subsampled data (blue), we estimate the variance, 𝜎!, of the mutual information estimates (𝜎  is 

also shown as error bars in panel (a)) as the variance of m non-overlapping subsamples. We 

repeated this ten times at each m and averaged the variances. As discussed in Methods: Mutual 

Information: Consecutive ISIs, we then extrapolated the variance to the full data set using linear 

regression (red line and dot), and the extrapolated standard deviation is shown as the error bar in 

panel (a). 
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Supporting Fig. S11: Estimation of mutual information between spikes and pressure for 

EMG1.  (a) We plot mutual information as a function of inverse data size, similar to Figure S10a 

for the chosen k, the number of nearest neighbors in the mutual information estimator (see panel 

(b)), and p, the number of data points used to represent the pressure (see panel (c)). Here the full 

data set is N=16,516 breathing cycles (solid circle, inverse data fraction of 1). Information 

between the spike count and the pressure (blue) and the spike timing and the pressure (red) are 

shown separately (also reproduced in main text Figure 2a for p = 11, k = 3, and the full data set). 

To further establish statistical significance of the timing mutual information estimate, we show 

the mutual information between the pressure traces and randomly shuffled spike timings, while 
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keeping the number of spikes fixed (brown). This information falls within error bars from zero, 

as it should because random spike timing does not carry information about the pressure. (b) As 

explained in Methods, we chose the number of nearest neighbors, k, for the estimation algorithm 

(k = 3 for EMG1) such that k is large enough to have small estimated error bars, and yet small 

enough so that fine features in the distribution are not averaged out and the information does not 

decrease a lot from the maximum.  We verify the choice of k by insisting on the smallest possible 

sample size dependent drift in the estimated information, as in panel (a). Spike timing (red), 

spike count (blue), and total (magenta) mutual information values are shown.  (c) As elaborated 

on in Methods, we chose the same number of points (p = 11, 10 ms apart) to represent 100 ms of 

pressure in all EMG birds. The choice was guided by the requirement of using the smallest p that 

leads to both best sampling and smallest overall error bars, while large enough to result in a 

mutual information that has reached its large-p plateau value across all birds simultaneously, 

within error bars. As in panel (b), spike timing (red), spike count (blue), and total (magenta) 

mutual information values are shown. 
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Supporting Fig. S12: Nonlinear summation in thoracic air sac pressure in response to in 

vivo stimulation. (a) During respiration, stimulation of a varying interpulse interval (IPI) was 

delivered after air sac pressure crossed a user-defined threshold (see Methods: In Vivo Muscle 

Stimulation). (b) At small IPIs ~2 ms, the actual pressure response was much greater than that 

produced from summing two single pulse responses separated by 2 ms. (c) On the other hand, the 

responses were quite similar for an IPI of 20 ms. In these plots, the width of the color bands 

represent the mean +/- s.e.m. (d) The difference between the actual and the summed response 

dropped as IPI increased, leveling off after 20 ms. The red band denotes the mean +/- s.e.m. 

when calculating the (unsigned) difference of areas between responses to individual pulses and 
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the mean single pulse response; the area of this region provides an estimate of the measurement 

variability introduced by computing the difference between many individual pressure traces and 

the mean trace. As expected, the uncertainty of measurements of area difference between two-

pulse responses and a sum of two single pulse responses at different pulse intervals (blue error 

bars) are of roughly the same magnitude as the red area. At >20 ms IPI, the area differences are 

indistinguishable from zero. Data shown are from bird pSTIM3. 

 

Supporting Tables: 

Supporting Table S1: Results of wfANOVA  

Type of 

Experiment 

Number of 

Significant 

Wavelets 

Bonferroni-

Corrected 

Alpha 

Smallest 

p-value 

Largest p-

value 

Figure 

Reference 

EMG 18 1.10 x 10-3 3.36 x 10-86 6.66 x 10-4 Fig. 2, 

Fig. S3 

In vitro stim  

(10-10 vs 12-8) 

39 3.70 x 10-4 4.04 x 10-

105 

2.71 x 10-4 Fig. 3, 

Fig. S4a 

In vitro stim  

(2-18 vs 4-16) 

47 3.47 x 10-4 3.47 x 10-82 2.97 x 10-4 Figs. S4b, 

S5a-b 

Air Sac Stim 

(10-10 vs 12-8) 

14 1.18 x 10-4 5.31 x 10-56 6.79 x 10-5 Fig. 4, 

Fig. S6a 

Air Sac Stim  

(2-18 vs 4-16) 

16 1.64 x 10-4 2.73 x 10-50 1.43 x 10-4 Figs. S5c-d, 

S6b 
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