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Appendix S1: Implantation of heart rate loggers  

The TSE Stellar implants typically have long flexible electrodes which need to be 

sutured into place. We modified the electrodes by shortening them and reinforcing them 

with silicone so that they did not require additional suturing, allowing for faster, lower 

impact surgeries. 

Implantation surgeries were performed under sterile conditions by a licenced 

veterinarian. Birds were anaesthetised with isoflurane gas and local analgesics (Xylocaine 

and Lidocaine) were administered around the incision site. The heat rate implants were 

inserted into the abdominal cavity via an incision along the Linea alba, slightly caudal of the 

sternum with the antennas pointing cranially. The implants were held in place using non-

absorbable sutures into the abdominal wall. Following surgery, the birds were given a short 

recovery period of around 10 minutes immobilized on the table following termination of 

isoflurane gas, and a further 10 - 15 minutes in a small cage until behaviour returned to 

normal (head up, standing, alert and displaying aggression/escape behaviour), after which 

they were released. Explant surgeries followed the same protocol, cutting out the remaining 

suture material.  
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Appendix S2: Laboratory �̇�𝑽𝑶𝑶𝟐𝟐  measurements and calibrations 

Methods 

A pilot study was carried out in captivity in 2018 to ensure the suitability of heart 

rate implantation in the field situation, as well as to assess the possibility of calibrating fh 

and DBA to rate of oxygen consumption (�̇�𝑉𝑂𝑂2) measured with respirometry using treadmill 

and temperature challenges. Four lesser black-backed gulls (Larus fuscus) were captured in 

Den Helder, The Netherlands prior to the breeding season (1 May, 2018), using a leg noose. 

The birds were housed in outdoor aviaries nearby at the NIOZ, Texel, The Netherlands, to 

acclimate to captivity, and heart rate transmitters were implanted on 8 May, 2018 (two with 

TSE Stellar S transmitters, 8 g, and two with Star Oddi DST micro-HRT loggers, 3.3 g, 

https://www.star-oddi.com/products/data-loggers/heart-rate-sensor-animals). Birds were 

ringed and GPS-accelerometers (UvA-BiTS) were attached following the same methodology 

used in the field. The birds were driven to the NIOO in Wageningen, The Netherlands, on 16 

May, 2018 (~ 2 hours), where respirometry trials were conducted. They were housed 

indoors in individual cages (180 x 120 x 100 cm) with a large water bath for bathing and 

were fed an ad lib diet of fatty fish. Following respirometry trials, the birds were returned to 

Texel and released into a large outdoor aviary to collect measurement under more natural 

housing conditions for a week. The heart rate loggers were then surgically explanted by the 

veterinarian and GPS loggers removed (27 June, 2018), and the bird were released into the 

wild following an observation period in the aviary (3 July, 2018). 

 

Methods: Respirometry trials 

Individuals were used for one treadmill trial and one climate chamber trial each, 

performed between 8 – 13 June, 2018. Measurement days were arranged so that each 

individual had at least 1 rest day between trials. Individuals were given three trainings on 

the treadmill over a three-week period, with several rest days in between to reduce 

handling stress. During trials, rate of oxygen consumption (�̇�𝑉𝑂𝑂2), rate of carbon dioxide 

production (�̇�𝑉𝐶𝐶𝑂𝑂2), water vapour pressure (WVP) and barometric pressure (BP) were 

measured using an open-circuit respirometer (Sable Systems FMS; 

https://www.sablesys.com/products/classic-line/new-fms-field-metabolic-system-classic/). 

Prior to every trial, the H2O and CO2 sensors were zeroed using N2 gas. The CO2 sensor was 
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spanned using a calibration gas (0.5% CO2 + 99.5% N2). The O2 sensor was spanned to 

20.95% using outdoor air dried with Magnesium Perchlorate. Water was spanned as WVP = 

BP x (20.95 - %O2_wet)/20.95 (Lighton, 2018).   

For treadmill trials, birds were placed in a 56 x 39 x 42 cm polypropylene box with an 

open bottom, placed on a treadmill. Draught excluders were attached to the base of the 

chamber. A treadmill trial consisted of 4 stages: walking at 0.22 m s-1, 0.39 m s-1, 0.56 m s-1, 

and 0.56 m s-1 with an 8% incline. The order in which tests were presented were 

randomized. For a test, the birds walked at the given speed and incline for 10 minutes, 

allowing the air in the chamber to equilibrate. Between walking trials, birds rested on the 

treadmill for 10 - 15 minutes to recover. Air was pulled through the respirometer at a rate of 

15 L min-1 (measured using a mass-flow meter, FK – 100 Field, Sable systems). A subsample 

of air was drawn from the main flow, then pushed through the water vapour pressure 

sensor, CO2 analyser and O2 analyser in series. Ambient air was sampled before and after 

each stage of the trial as a baseline. A cardboard box was placed over the respirometer with 

a window at the top to calm and direct the birds forward. Acceleration was recorded 

throughout trials at 20 Hz in 16 s segments every 32 s. Star Oddi loggers measured ECG at 

500 Hz over 1.2 s segments every 5 minutes. TSE Stellar transmitters recorded ECG at 500 Hz 

over 6 s segments every minute. Gas concentrations were averaged once air concentrations 

had reached equilibrium, approximately the final two minutes of each walking and resting 

stage.  

For climate chamber trails, food was withheld for 12 h so that birds were in a post-

absorptive state. Measurements were taken mid-morning through early afternoon, in the 

dark.  Birds were placed in a smaller, 51 x 30 x 38 cm polypropylene box, placed inside a 

climate chamber. Climate chamber trials started at room temperature, which was 

progressively lowered in steps of approximately 7℃ to a minimum temperature of -15℃. Air 

temperature was recorded inside the respirometry box. Climate chamber air was drawn in 

through a small hole in the lid, and air from the respirometry box was drawn out from the 

base of the box, from the side the bird was facing. Air was pulled through the respirometer 

at a rate between 5-10 L min-1. The ambient air used for baseline air concentrations was 

taken from within the climate chamber, but outside the respirometry box. For each step, 

once temperature in the respirometer reached an equilibrium, gas concentrations were 
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measured for 15 – 45 min, and values over a steady portion of this period were averaged for 

analysis. Heart rate recording schedules were the same as used for treadmill trials. 

 

Methods: Respirometer data processing 

Time lags between WVP, CO2 and O2 sensors were corrected visually. The partial 

pressures of O2 and CO2 were ‘dried’ by multiplying by BP/(BP-WVP). Baseline drift was 

corrected and O2 spanned to 0.2095. Flow rate was ‘dried’ using (BP-WVP)/BP. �̇�𝑉𝑂𝑂2was then 

calculated according to:  

 �̇�𝑉𝑂𝑂2 =  𝐹𝐹𝐹𝐹𝐷𝐷(𝑂𝑂2 − 0.2095 + 𝐶𝐶𝑂𝑂2)/(1 − 0.2095)     

and �̇�𝑉𝐶𝐶𝑂𝑂2 was calculated as: 

�̇�𝑉𝐶𝐶𝑂𝑂2 =  𝐹𝐹𝐹𝐹𝐷𝐷(𝐶𝐶𝑂𝑂2 −  𝐹𝐹𝑖𝑖𝐶𝐶𝑂𝑂2) +  𝐹𝐹𝑖𝑖𝐶𝐶𝑂𝑂2 × 𝐶𝐶𝑂𝑂2
1+𝐹𝐹𝑖𝑖𝐶𝐶𝑂𝑂2

     

where FRD is the is the ‘dried’ flowrate in L min-1, CO2 and O2 are the dried fractional 

concentrations measured from the chamber, and 𝐹𝐹𝑖𝑖𝐶𝐶𝑂𝑂2 is the dried, fractional 

concentration of CO2 measured from the ambient air (Lighton, 2018). Plots of O2 and CO2 

were examined to determine when gas levels reached an equilibrium, and values after this 

point until the end of the trial were averaged to produce a single �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2 value per 

temperature or treadmill test setting. Initial data analysis was performed in ExpeData (Sable 

Systems International), then mean �̇�𝑉𝑂𝑂2 and �̇�𝑉𝐶𝐶𝑂𝑂2 data for each trial were input into a 

spreadsheet for subsequent analysis.  

 

Methods: Data analysis 

Heart rates from TSE stellar loggers were derived following methods in appendix S3. 

Heart rates from Star Oddi loggers are calculated onboard the logger along with a quality 

index, with only measurements within the two highest quality categories (0 and 1) being 

used in analysis.  

The relationship between DBA and �̇�𝑉𝑂𝑂2 and heart rate and �̇�𝑉𝑂𝑂2while walking on a 

treadmill appeared to be linear (Fig. S4). The �̇�𝑉𝑂𝑂2 during each treadmill speed was modelled 

as a function of the mean DBA value during that speed using a linear model (LM) with 

individual being included as a centred factor. 
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Climate trials were used to attempt resting calibrations for both DBA and heart rate, 

as well as to estimate the influence of ambient temperature on �̇�𝑉𝑂𝑂2. Calibration 

relationships also appeared linear and were modelled as per the treadmill trials. To 

determine the lower critical temperature (LCT), a loess regression (span = 0.95) was 

calculated between ambient temperature in the climate chamber (Ta) and �̇�𝑉𝑂𝑂2. The 

inflection point in the smoothed loess regression was taken as the LCT. A LM was calculated 

between �̇�𝑉𝑂𝑂2 and Ta for all measurement in the climate chamber below the LCT, with 

individual as a centred factor.  

All data analysis was performed in R. Standard deviation of individual intercepts are 

reported instead of individual parameter estimates (see methods in main manuscript).  

 

Results 
A summary of the four individuals used in the pilot is in Table S5. All birds appeared 

stressed in the indoor cages, and most lost some weight. One individual was particularly 

effected (KCJW) and demonstrated decreased activity and food consumption while in 

captivity, resulting in body mass decreasing to 82% of his capture weight. Due to welfare 

concerns, no treadmill measurements were taking for this individual. The behaviour of KCJW 

did not change following release into the outdoor aviary, though the other three birds 

appeared less stressed and body mass of all individuals increased. KCJW was released along 

with the other three birds in the hope that it would recover better outside of captivity. 

Unfortunately, two weeks following release this individual was found emaciated and 

ultimately died. The respirometry measurements made at room temperature were 

significantly lower for KCJW than the resting rates for the other three individuals (statistical 

outlier based on 1.5x IQR, Fig. S5), so data from this individual was discarded. Another 

individual (KCJZ) repeatedly caught its bill under its tracker harness, so the transmitter was 

removed and no acceleration data was recorded for this individual. For future studies with 

wild-caught gulls we recommend they be housed together in a large outdoor aviary, or 

alternatively suggest the use of captive raised individuals. 

The three individuals included in analyses were all males, with a mean mass during 

trials of 793 ± 41 g (± standard deviation, Table S5). The mean respiratory quotient (RQ) 

across all measurements in both climate chamber and treadmill trials was 0.710 ± 0.007. 

This is a typical RQ value for seabirds due to their high fat diets (Ellis and Gabrielsen, 2002).  
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Results: Comparison of lab and field heart rates 

Heart rates in captivity were elevated compared to those measured in the field (Fig. 

S6). Daily mean heart rates (on days with no gap in heart rate coverage greater than 60 

minutes) in captivity averaged 235 beats min-1, compared to 190 beats min-1 in the field. 

This was despite having no flight or foraging-related activity while in captivity. Daily 

minimum heart rates were also elevated, with the mean daily minimum heart rate in the lab 

being 163 beats min-1, 1.7 times higher than the average daily minimum heart rate in the 

field of 94 beats min-1.  

 

Results: Resting Metabolic Rate (RMR) 

Rate of oxygen consumption (�̇�𝑉𝑂𝑂2) measured in the climate chamber trials at room 

temperature and measured during rest intervals between treadmill trials were taken as 

measurements for resting metabolic rates (Fig. S5). The mean of these measurements 

resulted in a resting �̇�𝑉𝑂𝑂2of 13.91 ± 0.68 mL min-1, with 95% confidence intervals ranging 

from 10.98 to 16.84 mL min-1. Using an RQ of 0.71, this is equivalent to 4.59 W.  The mass-

specific resting �̇�𝑉𝑂𝑂2was 17.60 ± 1.08 mL min-1 kg-1. 

This resting rate of 13.91 mL min-1 is similar to or lower than the basal metabolic rate 

(BMR) that would be estimated for similar sized birds based on allometric equations 

available for seabirds (Ellis and Gabrielsen, 2002), though the conditions of our trials do not 

meet requirements for BMR. For climate chamber trials, birds were in a post-absorptive 

state and birds were relatively still during the trials, however, the measurements were not 

made overnight, and elevated heart rates indicated a stress response. Resting rates during 

treadmill trials were taken between periods of intense exercise. Birds were alert, and often 

pecking at the edges of the box. Resting rates measured in the climate chamber were lower 

than on the treadmill for two of the three birds (Fig. S5). Averaged individual heart rates at 

room temperature in the climate chamber ranged between 180 – 244 beats min-1 and 

during rest intervals on the treadmill ranged between 226 – 282 beats min-1, higher than the 

median resting rate in the field (160 beats min-1). Based on this, we anticipate that the 

resting �̇�𝑉𝑂𝑂2 combined across climate and treadmill trials should be a reasonable estimate of 

average resting metabolic rates in the field, and higher than true BMR for these individuals.  
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Results: DBA calibration 

The relationship between �̇�𝑉𝑂𝑂2 (mL O2 min-1) and DBA (g) while walking was 

�̇�𝑉𝑂𝑂2  = (70.61 ± 8.24)∙DBA + (10.86 ± 1.92) 

with the standard deviation of individual intercepts = 1.0 (n = 2 individuals, r2 = 0.94; Fig. 

S4a). The 95% confidence interval around the slope ranged between 49.41 – 91.81, and 

around the centred intercept ranged between 5.93 – 15.78. We used this equation to 

convert DBA to metabolic rate (MRDBA) in the comparison of behaviour costs (Objective 1a). 

The relationship between �̇�𝑉𝑂𝑂2 and DBA (g) while resting in the climate chamber was  

�̇�𝑉𝑂𝑂2  = (254.41 ± 116.30)∙DBA + (10.66 ± 3.52) 

with the standard deviation of individual intercepts equal to 0.30 (n = 2 individuals, r2 = 

0.41; Fig. S4c). The 95% confidence interval around the slope was wide and included 0, 

ranging between -20.59 – 529.4, while the centred intercept ranged between 2.32 – 18.99. 

 

Results: Heart rate calibration 

The relationship between �̇�𝑉𝑂𝑂2 and heart rate (fh, beats min-1) while walking was  

�̇�𝑉𝑂𝑂2  = (0.07 ± 0.01)∙fh + (2.83 ± 2.91) 

with the standard deviation of individual intercepts = 2.68 (n = 3 individuals, r2 = 0.90; Fig. 

S4b). The 95% confidence interval around the slope ranged between 0.05 – 0.08, and 

around the centred intercept ranged between -3.87 – 9.53.  

During the climate chamber trials, the relationship between �̇�𝑉𝑂𝑂2 and heart rate was  

�̇�𝑉𝑂𝑂2  = (0.08 ± 0.02)∙fh – (2.55 ± 3.61) 

with the standard deviation of individual intercepts = 1.95 (n = 3 individuals, r2 = 0.80; Fig. 

S4d). The 95% confidence interval around the slope ranged between 0.05 – 0.11, and 

around the centred intercept ranged between -10.50 – 5.41.  

We assessed the fit of the lab-derived fh calibrations by plotting fh measured in the 

field versus estimates of �̇�𝑉𝑂𝑂2 either estimated from DBA recorded concurrently in the field 

(walking, this study), measured in captivity (resting, this study), estimated from related 

species (field metabolic rate, FMR), biomechanical models (flapping flight) or allometric 

equations (maximum metabolic rates, appendix S5). The estimated �̇�𝑉𝑂𝑂2 from lab-derived fh 
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calibrations fit the expected values poorly (Fig. S1). Combined with elevated heart rates in 

captivity relative to in the field (Fig. S6), this suggests the fh - �̇�𝑉𝑂𝑂2 relationship was decoupled 

by stress. 

Results: Effect of temperature on metabolic rate  

The lower critical temperature (LCT) for this species was estimated to be 9.5°C 

(Fig. S7). The relationship between  �̇�𝑉𝑂𝑂2 (mL min-1) and Ta below the LCT was 

�̇�𝑉𝑂𝑂2 = 17.88 ± 0.47 – 0.43 ± 0.08 ∙Ta with the standard deviation of individual intercepts = 2.9 

(n = 3 individuals, r2 = 0.92, Fig. S7). The 95% confidence interval for the slope was between 

-0.63 – -0.23, and the centred intercept between 16.69 – 19.08.  
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Appendix S3: Extracting heart rate from electrocardiograms 

The TSE Stellar heart rate implants recorded an electrocardiogram (ECG) at 500 Hz 

for an interval of 4 s in the wild, and 6 s in captivity. For each ECG interval, the baseline was 

removed and the signal normalized. To derive heart rate, we took the first derivative of the 

signal and converted it to absolute values. A first order Butterworth bandwidth filter was 

then applied to the signal, using thresholds of 12 and 0.5 Hz (equivalent to 720 and 30 beats 

min-1 respectively, which were considered to be the highest and lowest possible heart rates 

for this species based on both literature and manual exploration of our ECG recordings).  

We used two different methods to derive heart rate from the ECG signal: 1) by 

identifying high peaks created by the QRS complex, and 2) by extracting signal frequency 

using a fast-Fourier transform (FFT). To identify QRS peaks, the filtered signal was rescaled 

so that it ranged from 0 to 1. Peaks were identified as potential QRS candidates using two 

thresholds: 0.52 and 0.68, and the time between peaks was calculated. If heart rate was 

accelerating over the course of the 4s recording, no heart rate was calculated. If the 

maximum absolute mean deviation of the time between peaks is greater than 0.2s, the 

most deviated time is dropped. This helped control for missed QRS peaks or if other 

components of the ECG signal were past the threshold. The deviated peak distances were 

dropped until all peak distance deviated by less than 0.2s or until fewer than 5 distances 

remained. The mean time between peaks was then calculated and used to calculate heart 

rate. 

To extract the heart rate using FFT, the discrete Fourier transform was computed 

using a fast-Fourier transform algorithm. The single-sided amplitude spectrum was 

calculated by taking the absolute of the Fourier transform divided by its length and selecting 

the first half of the spectrum. Heart rate was determined based on the frequency of the 

highest peak in the amplitude spectrum that fell within the range of 35 and 1000 

beats min-1.  

The peak distance method was preferred over the FFT method because it allows for 

more precision. It was used if the difference between heart rate calculated from the two 

different thresholds was low (indicating a reasonably clear signal) and if the result was 

within 20 beats min-1 of the FFT result, otherwise the result from the FFT method was used.  
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Appendix S4: Estimating energy expenditure 
Overall dynamic body acceleration (ODBA) and vectoral dynamic body acceleration 

(VeDBA) were calculated as in Wilson et al. (2019). ODBA and VeDBA were highly correlated 

(r = 0.999). Since VeDBA has a theoretical mathematic basis (Qasem et al. 2012), we used 

VeDBA for the final results (called DBA throughout). 

We attempted to calibrate fh and DBA to rate of oxygen consumption (�̇�𝑉𝑂𝑂2) 

measured with respirometry using treadmill and temperature challenges during the 2018 

pilot study (appendix S2). From treadmill data (n = 2), we derived a linear relationship 

between DBA and �̇�𝑉𝑂𝑂2 of:  

�̇�𝑉𝑂𝑂2  = (70.61 ± 8.24)∙DBA + (10.86 ± 1.92)    (1) 

(± standard error, r2 = 0.94, Fig. S4a) which we used to convert DBA to metabolic rate 

(MRDBA) in the comparison of behaviour costs (Objective 1a). 

We assessed the fit of the lab-derived fh calibrations by plotting fh measured in the 

field versus estimates of �̇�𝑉𝑂𝑂2 either estimated from DBA recorded concurrently in the field 

(walking), measured in captivity (resting), estimated from related species (field metabolic 

rate), biomechanical models (flapping flight) or allometric equations (maximum metabolic 

rates, appendix S5). The estimated �̇�𝑉𝑂𝑂2 from lab-derived fh calibrations fit the expected 

values poorly (Fig. S1). Combined with elevated heart rates in captivity relative to in the field 

(Fig. S6), this suggests the fh - �̇�𝑉𝑂𝑂2 relationship was decoupled by stress.  

Therefore, we used a general allometric relationship between �̇�𝑉𝑂𝑂2 and fh reported 

from 24 species of birds and mammals exercising in their primary mode of locomotion 

(equation 9 in Bishop & Spivey, 2013): 

 �̇�𝑉𝑂𝑂2 = 0.0402∙Mb0.328Mh0.913fh2.065     (2) 

where Mb is the body mass and Mh is the heart mass in kg. For Mb we used the body mass 

measured at capture. We assumed Mh = 0.010∙Mb based on the mean Mh to Mb ratio 

reported for five species in the Larus genus (Crile & Quiring, 1940; Hartman, 1961; Magnan, 

1922). This allometric relationship fit the expected values well for most behaviours, though 

may underestimate �̇�𝑉𝑂𝑂2 for the lowest measured fh (appendix S5 and Fig. S1). Overall we 
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conclude that equation 2 is a reasonable approximation for shape of the fh - �̇�𝑉𝑂𝑂2 relationship 

and was therefore used to estimate energy expenditure from fh. �̇�𝑉𝑂𝑂2 estimated from DBA 

and fh using equations 1 and 2 were converted to a metabolic rate (MRDBA and MRhr, 

respectively, in W) assuming 19.8 J ml-1 O2 (Bartholomew, 1982), based on a respiratory 

quotient of 0.71 (appendix S2). 

Behavioural classifications were assigned to each accelerometer segment using a 

random forest classifier previously developed for lesser black-backed gulls (Shamoun-

Baranes et al., 2016) which identifies nine behaviours based on metrics derived from the 

pattern of acceleration and GPS speed. Where no GPS fix was paired with an acceleration 

measurement, speed was interpolated in time from the GPS fix directly before and after. We 

combined classifications into six behaviour modes: flapping, mixed-flight, soaring, walking, 

floating and resting (see Table S6 for mapping of behaviour classifications).  

As fh and DBA measurements could not be exactly synchronized in time, we 

identified bouts from periods where consecutive accelerometer measurements were 

classified as the same behaviour, and averaged DBA, fh, MRDBA and MRhr over the bout. Bouts 

were required to have a minimum of two fh measurements and three acceleration 

measurements. To ensure no undetected flights occurred between accelerometer 

measurements during walking, floating, and resting bouts, if the bird moved between two 

GPS fixes with a net ground speed exceeding 2 m s-1 (walking, floating) or 1 m s-1 (resting), 

that bout was discarded (n = 115 removed). No speed limits were applied to flight modes or 

bouts with only one GPS fix. To reduce the influence of heart rate measurements that may 

have been taken while another behaviour was being performed between acceleration 

measurements, as well as elevated heart rates due to stress responses unrelated to energy 

expenditure, we removed all bouts with heart rate exceeding 1.5-times IQR for each 

behaviour (n = 16 bouts removed). 

Mixed flap-soar flight was excluded from the comparison of behaviour costs 

(Objective 1a). For analyses examining the relationship between fh and DBA at behavioural 

and daily scales (Objectives 1b and 2), mixed-flight segments with DBAs below the mean 

DBA during mixed-flight (0.492 g) were reclassified as soaring, and those above the mean 



13 
 

DBA were reclassified as flapping. Bouts were then reprocessed to include these reclassified 

segments. 
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Appendix S5: Comparison of heart rate calibrations to expected values 

To estimate energy expenditure from fh, we used a general allometric relationship 

between �̇�𝑉𝑂𝑂2 and fh (equation 9 in Bishop & Spivey, 2013, appendix S4). To examine how 

well the allometric heart rate calibration fits for lesser black-backed gulls, we compared 

heart rates measured in the field to expected �̇�𝑉𝑂𝑂2  values (Fig. S1), following the approach 

used by Weimerskirch et al. (2016).  

The mean body mass of the five birds in the field were used in allometric 

relationships (Mb = 869 g). A heart mass (Mh) of 0.010∙Mb was used for the allometric 

calibration, with dashed lines showing the relationship for the highest and lowest Mh to Mb 

ratio reported for Larus sp. For resting behaviour, we plotted the mean heart rate while 

resting in the field (160 beats min-1, “Rest”) versus RMRlab (13.91 mL min-1). The mean heart 

rate while walking was plotted against MRDBA values measured in the field while walking 

(200 beats min-1 and 24.9 mL min-1, respectively, “Walk”). Mean heart rate while flapping 

(356 beats min-1, “Flap”) was plotted against the chemical power estimated from the 

biomechanical model in Klein Heerenbrink et al., (2015) and implemented in their r package 

“afpt”. We assumed body mass equal to Mb, with a wingspan of 1.45 m and a wing area of 

0.21 m2, based on values reported in the flight database (Pennycuick, 2008) and adjusted 

proportionally on body mass, and using the minimum power speed based on these 

dimensions (10.5 m s-1; Pennycuick, 2008). Chemical power was converted to �̇�𝑉𝑂𝑂2 assuming 

an RQ of 0.71 to obtain an estimated cost of 107.1 mL O2 min-1. The mean of the highest 

heart rate measured for each of the five individuals in the wild (548 beats min-1, “Max”) was 

plotted against estimated maximal energy expenditure based on an allometric equation by 

Bishop (1997) using Mb for mass (213 mL min-1). Finally, mean daily heart rate fh.24 (190 beats 

min-1), was compared to field metabolic rate measured in ring-billed gulls (L. delawarensis) 

which were measured under similar environmental conditions and had comparable time 

budgets (“FMR”; Marteinson et al., 2015) The average of the male and female mass-specific 

FMRs reported therein was 0.78 kJ g-1 d-1, which was multiplied by Mb, and converted to mL 

O2 min-1 assuming an RQ of 0.71, resulting in a FMR of 23.8 mL min-1. Discarded heart rate 

calibrations calculated on captive animals (appendix S2) are shown for comparison. 

The allometric heart rate calibration showed good fit for resting, field, walking and 

maximal rates of energy expenditure (Fig. S1). Flight costs were underestimated compared 
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to predictions from biomechanical models, though biomechanical models often do not 

correspond well with empirical data (Elliott, 2016). Overall this suggests that over the 

majority of heart rate values recorded in our study, this allometric curve is a good estimate 

of the relationship between heart rate and �̇�𝑉𝑂𝑂2.  

However, the allometric heart rate calibration applied to the mean of the lowest 

heart rate measured per day in the field per day (81 beats min-1) predicted a metabolic rate 

of 1.4 W, one third of RMRlab, while the lowest measured heart rate (43 beats min-1) 

predicted a �̇�𝑉𝑂𝑂2 of 0.4 W, one tenth of RMRlab. While we do not have a reasonable estimate 

of BMR for this species, given that an allometric relationship derived for seabirds in (Ellis 

and Gabrielsen, 2002) predicts a BMR of 4.8 W, this seems unrealistically low, suggesting 

the allometric heart rate calibration may not perform well on the lower range of heart rates. 

As such, reported metabolic rates for resting and floating behaviours should be interpreted 

with caution. Note that heart rates below 80 beats min-1 account for 2.7% of heart rate 

measurement in the field. Further, note that estimated values are sensitive to heart mass 

(Bishop and Spivey, 2013), particularly at higher heart rates, as shown by the dashed lines in 

Fig. S1, and that different behaviours may also require different calibration relationships 

(Ward et al., 2002). 

The lab-derived heart rate calibrations showed poor fit, suggesting the stressful 

conditions during captivity decoupled the heart rate - �̇�𝑉𝑂𝑂2 relationship, and these 

relationships are not used in the study. 
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Supporting Tables  
 

Table S1. Summary of individuals used in the field study along with their mean heart rates 

while at rest and during flapping flight (standard deviation reported with brackets).  

ID Mass 

(g) 

Sex Number of 

behavioural bouts 

Number of 

days 

Resting 

Heart Rate 

(beats min-1) 

Flapping 

Heart Rate 

(beats min-1) 

5697 895 M 461 22 176 (36) 377 (61) 

5698 895 M 113 4 134 (34) 351 (58) 

5699 945 M 424 17 157 (44) 355 (56) 

5700 745 F 407 20 162 (41) 371 (56) 

5701 865 M 337 14 146 (44) 347 (65) 

5702 645 F 0 0 - - 

 

Table S2. Mean ± standard deviation mass-specific estimates of metabolic rate from heart 

rate (MRhr) and DBA (MRDBA) for different behaviour modes of free-ranging lesser black-

backed gulls. The mass-specific resting metabolic rate of 5.79 W kg-1 measured in captivity 

was used for ratio to resting metabolic rate (RMRlab), and the ratio was calculated with MRhr. 

Behaviour Mass-specific MRhr  

(W kg-1) 

Mass-specific MRDBA  

(W kg-1) 

MRhr:RMRlab 

Flap 36.4 ± 12.3 21.7 ± 2.0 6.3 

Walk 10.7 ± 4.1 10.3 ± 1.5 1.8 

Soar 9.1 ± 4.3 7.5 ± 1.3 1.6 

Float 7.5 ± 4.2 7.3 ± 1.1 1.3 

Rest 7.2 ± 3.8 4.9 ± 0.7 1.2 
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Table S3. Comparison of linear models where different behavioural classes are used to estimate 

metabolic rate with a DBA and behaviour interaction.  ‘Flight’ combines flapping and soaring bouts, 

‘Active’ combines flapping, soaring, and walking bouts, ‘RestF’ combines resting on land and floating, 

while ‘Other’ combines all remaining behaviours.  

Behaviour Classes used Degrees of 

Freedom 

ΔAIC 

Flap + Soar + Walk + Float + Rest + ID 15 0 

Flap + Float + Other + ID 11 10.1 

Flap + Other + ID 9 12.7 

Flap + Soar + Walk + RestF + ID 13 20.2 

Flight + Walk + Float + Rest + ID 13 61.6 

Active + Float + Rest + ID 11 66.9 

Flight + Other + ID 9 76.7 

Rest + Other + ID 9 77.2 

Flight + Walk + RestF + ID 11 80.7 

Active + RestF + ID 9 85.7 

Float + Other + ID 9 103.2 

Soar + Other + ID 9 116.9 

Walk + Other + ID 9 119.4 

 

  



18 
 

Table S4. Results of linear models between MRhr and DBA with individual included as a fixed 

factor, for each behavioural mode as well as when combining across all behaviours. 

Intercept was centred over the individual factor. Standard deviation of the estimated 

individual factor parameters is reported. t- and p-values are given for the slope.  

Behaviour 

(DF) 

Intercept 

(95% CI) 

Individual 

SD 

Slope 

(95% CI) 

t-value p-value r2 

Flapping 

(295) 

24.51 

(11.45 – 37.56) 

3.34 10.82 

(-8.70 – 30.34) 

1.091 0.276 0.078 

Walking 

(70) 

5.74 

(1.55 – 9.94) 

0.54 14.19 

(-6.55 – 34.92) 

1.364 0.177 0.047 

Soaring 

(79) 

6.76 

(1.55 – 9.94) 

0.54 10.63 

(-2.32 – 23.57) 

1.633 0.106 0.047 

Floating 

(195) 

6.66 

(4.53 – 8.78) 

2.75 -0.16 

(-17.21 – 16.89) 

-0.019 0.985 0.163 

Resting 

(1102) 

4.80 

(4.50 – 5.09) 

1.34 49.80 

(41.21 – 58.39) 

11.371 < 0.001 0.195 

Combined 

(1766) 

4.38 

(4.07 – 4.70) 

1.54 39.89 

(38.78 – 41.00) 

70.586 < 0.001 0.743 

 

Table S5. Summary of individuals used in the captive study.  

ID Sex Heart rate 

implant 

Mass at 

capture 

(g) 

Mass during 

climate trial (g) 

Climate trial Treadmill trial 

KCJV M TSE Stellar 830 787 Y Y 

KCJW M TSE Stellar 820 677 Y, discarded N 

KCJX M Star Oddi 835 742 Y Y 

KCJZ M Star Oddi 875 822 Y Y, no DBA 
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Table S6. Mapping of behaviours identified from accelerometer segments using the random forest classifier (Shamoun-Baranes et al. 2016) to 
behaviour modes used in this analysis. For objective 1a, mixed flight was excluded from analysis. For objectives 1b and 2, mixed flight 
segments were reclassified as flapping flight if that segment’s DBA was above the mean DBA during mixed flight (0.492 g) and soaring if the 
DBA was below the mean mixed flight DBA.  

Original 

classifications 
Definition 

 Behaviour modes used in this paper 

 Obj. 1a  Obj. 1b & 2  

Extreme Flapping Flight with deep wingbeats, typical of take-offs and landings  
Flap 

Flap 
Flapping Flight with regular wingbeats  

Mixed flight Flight with infrequent flaps, and aerial manoeuvres 

DBA > mean mixed 

DBA 
— 

DBA < mean mixed 

DBA Soar 

Soaring Flight with no wingbeats  Soar 

Terrestrial 

locomotion 
Walking 

 

Walk Walk 

Pecking Walking while pecking the ground  

Floating Sitting on water  Float Float 

Sitting or standing 
Sitting or standing on a solid surface (terrestrial or marine 

platforms) 

 

Rest Rest 

Boat Sitting or standing on a boat  

Other Unclassified behaviour  — — 
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Supporting Figures 

 

Figure S1. Heart rate – rate of oxygen consumption (�̇�𝑉𝑂𝑂2) relationships, based on an 

allometric relationship (black line, equation 2 in main text, published in Bishop and Spivey 

2013), and calibrations from captive gulls in 2018 while resting and walking (coloured lines). 

Points show maximal (Max), mean flapping (Flap), walking (Walk), resting (Rest), and daily 

(FMR) heart rate values measured in the field, plotted against expected values based on �̇�𝑉𝑂𝑂2 

measurements in captivity (Walk, Rest), or values derived from an allometric relationship 

(Max), a biomechanical model (Flap), or measured in related species (FMR). The mean body 

mass of the five birds in the field were used in allometric relationships (Mb = 869 g). A heart 

mass of 0.010∙Mb was used for the allometric calibration, with dashed lines showing the 

relationship for the highest and lowest Mh to Mb ratio reported for Larus sp. Shaded area 

around the calibration curves from captivity are 95% confidence intervals.  
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Figure S2. Metabolic rate (from heart rate, MRhr) versus DBA with a) flapping (n = 301), b) walking 

(n = 74), c) soaring (n = 87), d) floating (n = 201), e) resting (n = 1108) and f) combined across all 

behaviours (n = 1772). Results of linear model predicting MRhr from DBA with individual as a factor 

are shown. The black line shows the centred intercept and slope with 95% confidence intervals 

represented by dashed lines. Coloured lines represent the individual intercepts. Note the different 

ranges on the axes. 
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Figure S3. Daily energy expenditure from 

heart rate (DEEhr) versus estimated from a) 

DBA calibrated with a single relationship 

across all behaviours (DBAsingle), b) a five-

behaviour time-energy budget (TEBbehave), 

and c) a simplified time-energy budget that 

could be reconstructed using only GPS 

(TEBGPS). Point colour shows minimum heart 

rate (Min. fh). Pink lines show results of 

major axis regression with shaded area 

demarking 95% confidence intervals, where 

the area bound by dashed lines only 

accounts for the standard error around 

model parameters, and the area bound by 

solid lines additionally accounts for 

uncertainty in conversion of acceleration to 

energy expenditure. Black line shows line of 

equality. 
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Figure S4. Rate of oxygen consumption versus a) dynamic body acceleration (DBA) and b) heart rate 

while walking on a treadmill, and c) DBA and d) heart rate while sitting in a climate chamber. Raw 

DBA and heart rate data are shown with open circles, and the mean measurement used in the linear 

model is shown by a filled circle. Individuals are identified by colour. The linear models reported in 

appendix S2 (excluding individual intercepts) are shown by the black line, with dashed lines 

indicating 95% confidence intervals around the slope and centred intercept.  
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Figure S5. Rate of oxygen consumption of three lesser black-backed gulls at room temperature 

versus body mass. Round points are measurements made during climate trials, and triangular points 

were made during treadmill trials. Individuals are identified by colour. KCJW (blue) was discarded 

from analysis. 
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Figure S6. Comparison of a) daily mean heart rate and b) daily minimum heart rate values in 

captivity (yellow) versus in the field (purple).  
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Figure S7. Rate of oxygen consumption of three lesser black-backed gulls in a climate chamber over 

a range of ambient temperatures. The vertical red line marks the lower critical temperature (LCT, 9.5 

°C), and the loess smoother used to determine the LCT is shown by the dashed red line. The linear 

mixed model results for the effect of temperature on rate of oxygen consumption below the LCT 

(�̇�𝑉𝑂𝑂2 = 17.88 – 0.43 ∙Ta), and the resting metabolic rate above the LCT (13.91 ml min-1), are shown by 

solid black lines, with 95% confidence intervals indicated by black dashed lines. Individuals are 

identified by colour. 
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