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Appendix 1 
Temperature logger validation 
Methods 

We compared the thermal properties of our artificial eggs (n = 3) to similarly sized chicken eggs (n 

= 3) containing iButtons. To modify the chicken eggs, we cut a small hole in the shell, inserted the 

iButton, and glued the shell back on. All of the yolk and albumin remained inside the eggs. We 

placed the artificial and chicken eggs, along with three unmodified iButtons (for ambient 

temperature), side-by-side in a Grumbach (model BSS 160, Asslar, Germany) incubator for nine 

days. All iButtons were programmed to record temperature every 10 min and the incubator cycled 

through 19 cooling and warming cycles (Fig. A1). We used Rhythm ver. 1.1 and Raven Pro ver. 1.5 

software (Cooper and Mills 2005, Bioacoustics Research Program 2013) to identify cooling and 

warming bouts from the iButton data. Then, we calculated the mean temperature, mean cooling rate, 

and mean warming rate of each logger. Cooling rate and warming rate were calculated as the 

average decrease or increase in temperature per minute during the cooling or warming bouts. We 

used t-tests to determine whether there were differences in mean temperatures, cooling rates, and/or 

warming rates between temperature loggers when they were mounted in either artificial or real 

eggs. 

To confirm that the HOBO loggers and iButton loggers produced similar thermal data, we 

conducted another test. We placed seven HOBOs and 14 iButtons side-by-side in an incubator for 

three days. The HOBO loggers were programmed to record temperature every 2 min, just as they 

were programmed in the field. Seven iButtons were programmed to record temperature every 2 min 

to determine whether the two technologies recorded comparable data. The other seven iButtons 

were programmed to record temperature every 14 min, to mimic the programming that was used in 

the field. We calculated the average and standard deviation in temperature for each type of logger 

and data acquisition frequency. We used t-tests to determine if our two thermal recording devices 

(HOBO and iButtons) produced similar temperature profiles.  
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Results 

There were no differences in cooling rates (t4 = –0.29, p = 0.79), warming rates (t4 = 0.73, p = 0.50), 

or mean egg temperatures (t4 = –0.80, p = 0.47) between artificial and real eggs (Fig. A1, Table 

A1). Thus, our artificial loggers accurately represented the temperatures that real eggs would 

experience during incubation.  

There were statistically significant differences between the thermal profiles generated by our 

two thermal recording devices (iButton or HOBO), however, the differences were very small. When 

both HOBO loggers and iButtons were programmed to record temperature every 2 min, average 

temperatures and standard deviations in temperature recorded by iButtons were 1.3% and 0.77% 

higher, respectively, than those recorded by the HOBOs (average: t12 = 13.09, p < 0.001; standard 

deviation: t12 = 2.79, p = 0.016; Table A2). When iButtons were programmed to record temperature 

every 14 min, average temperatures and standard deviations in temperature recorded by iButtons 

were 1.3% and 3.2% higher, respectively, than those recorded by the HOBOs (average: t12 = 11.92, 

p < 0.001; standard deviation: t12 = 4.60, p < 0.001; Table A2). Thus, in order for comparisons of 

these two technologies to be useful in the field, effect sizes need to exceed these inherent 

differences in thermal performance. As described in the Results section, we found that our mobile 

egg loggers (containing iButtons) in the field had average temperatures that were 3.6% lower and 

standard deviations in temperature that were 21.5% higher than that of the stationary egg loggers 

(with HOBOs). Thus, our results represent meaningful differences in incubation temperature 

regimes between logger types (stationary versus mobile). Further, to make our results more 

accurate, we used correction factors. We added 0.47 (the mean temperature difference between 

logger types; Table A2) to all stationary logger mean incubation temperatures, and added 0.0213 

(mean standard deviation difference between logger types; Table A2) to all stationary logger 

standard deviations.    

 

References 

Cooper, C. B. and Mills, H. 2005. Software to quantify incubation behavior from time series 

recordings. – J. F. Ornithol. 76: 352–356. 

Bioacoustics Research Program. 2013. Raven Pro: Interactive Sound Analysis Software (ver. 1.5) 

[Computer software]. Ithaca, NY: The Cornell Lab of Ornithology. Available from 

<www.birds.cornell.edu/raven>. 

  



	 3	

Table A1. Summary showing that the incubation parameters of temperature loggers inside artificial 

eggs are very similar to those of temperature loggers inside real chicken eggs. All values are mean ± 

SE.   

Egg n Incubation 
temperature (°C)  

Cooling rate 
(°C/min) 

Warming rate 
(°C/min) 

Real chicken 3 36.15 ± 0.11 0.023 ± 0.0009 0.022 ± 0.003 

Artificial 3 36.26 ± 0.086 0.024 ± 0.0008 0.020 ± 0.0008 

 

 

Table A2. Summary showing that our two temperature recording devices (HOBO and iButtons) 

have similar temperature profiles. All values are mean ± SE. 

Logger type 
(recording frequency) 

n Average 
temperature (°C) 

Standard deviation in 
temperature (°C) 

HOBO (2 min) 7 34.98 ± 0.032 0.6657 ± 0.0015 

iButton (2 min) 7 35.44 ± 0.016 0.6708 ± 0.0010 

iButton (14 min) 7 35.45 ± 0.024 0.6870 ± 0.0044 
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Figure A1. Comparison of thermal properties of artificial and real eggs in relation to cycling 

ambient temperatures. Plotted values are the means of each set of temperature loggers (n = 3 for 

each logger type; solid line = ambient temperature; dashed line = artificial egg; dotted line = real 

chicken egg). Only 48 h are plotted and error bars are omitted for clarity. Note that dashed and 

dotted lines are difficult to visualize because of nearly identical thermal profiles. 
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Appendix 2 

Stationary loggers 

 

 
Figure A2. The HOBO U23 logger that was used for the stationary logger (a). The silver probe is 

unmodified, and the other probe was replaced with a small thermistor. The body of the logger was 

secured beneath the nest box (b), and the wire of the unmodified probe was threaded through a hole 

in the back of the box and secured inside at the top of the box.  
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Appendix 3 
Models including and excluding nests with eggs pushed to corner of box 

 

Table A3. Results from linear mixed effects models investigating whether clutch size (mean-

centered), ambient temperature, and logger type (stationary or mobile) influence mean temperature 

and standard deviation in temperature recorded in natural wood duck nests. In three nests, the 

female pushed one or two (out of six total) mobile loggers to the corner of the nest during 

incubation. The results are the same whether these ‘pushed’ eggs are included or excluded in the 

mean and standard deviation calculations for their respective nests. Nest box ID was used as a 

random effect in each model. All dependent variables use correction factors described in Appendix 

1. aCalculations were from six mobile eggs for all nests. bCalculations were from four mobile eggs 

in one nest, five mobile eggs in two nests, and six mobile eggs in 22 nests.  

 

Dependent variable Explanatory variable Including all eggs 
(n = 25 nests)a 

Excluding pushed 
eggs (n = 25 nests)b 

Mean  
temperature 

 F p F p 
Clutch size 2.63 0.12 1.87 0.18 
Logger type 15.04 0.0008 13.35 0.0014 

Clutch size × Logger 
type 10.24 0.0041 8.21 0.0089 

     
Ambient temperature 3.79 0.059 3.77 0.060 

Logger type 12.12 0.002 11.40 0.0026 

Ambient temperature 
× Logger type 0.48 0.50 0.33 0.57 

Standard deviation  
in temperature 

     
Clutch size 2.82 0.11 2.01 0.17 
Logger type 18.27 0.0004 17.35 0.0005 

Clutch size × Logger 
type 4.33 0.050 3.13 0.092 

     
Ambient temperature 15.47 0.0003 18.25 <0.0001 

Logger type 26.54 <0.0001 28.32 <0.0001 

Ambient temperature 
× Logger type 0.017 0.90 0.093 0.76 
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Appendix 4 
Plot of temperature data from one nest over 10 days 
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure A3. An example of ambient temperature (black line), and temperatures recorded by the 

stationary logger (thick red line), and mobile loggers (all other colors) plotted for one nest. Only 10 

days out of the 30-day incubation period were plotted for clarity. This nest had a clutch size of 24 

eggs. Note the variation among egg temperatures, and that the stationary logger generally has the 

highest temperature, but some mobile loggers occasionally exceed it.  
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Appendix 5 
Temperature variation among mobile loggers within nests 

 

Table A4. Examples of temperatures recorded by the mobile loggers within two nests. Average 

minimum and maximum are the averages of all daily minimums and maximums. All values are over 

the entire incubation period. Temperatures were recorded every 14 min in the mobile loggers and 

every 2 min in the stationary loggers. All temperatures are °C. aNot including nests with pushed 

eggs. 

 

Mobile egg 
Average 

minimum 
temperature 

Average 
maximum 

temperature 

Average 
temperature 

Standard 
deviation in 
temperature 

Nest with least variation among mobile loggers 
1 29.98 38.37 36.05 2.30 
2 29.57 38.30 35.87 2.40 
3 29.96 38.48 36.00 2.39 
4 29.98 38.22 35.87 2.30 
5 29.92 38.32 35.96 2.26 
6 30.12 38.31 35.96 2.32 

Nest with most variation among mobile loggersa 
1 27.64 36.63 33.36 3.96 
2 21.54 31.94 27.32 4.13 
3 29.63 37.67 35.20 3.50 
4 30.43 37.86 35.22 3.13 
5 27.84 36.10 32.82 3.28 
6 26.65 35.32 31.93 3.36 

	


