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Materials and Methods 
 
1. Field study and equipment 
 
The study was carried out on Europa Island (22.3°S, 40.3°E), in the Mozambique Channel in 

September-November (period of incubation and small chick brooding) 2011, 2012 and 2013 

and in January-March (period of large chick rearing and fledging) 2014 and 2015. Adults 

brooding small chicks or feeding large chicks, and juvenile birds were captured on or nearby 

the nests using a long telescopic pole equipped with a noose by day, or by hand using night 

vision googles at night. In addition, direct observations of flight of frigatebirds over land and 

at sea were made from Europa.  

 

To study large scale migratory movements, 24 adults and 25 juvenile birds were equipped 

with PTT 100 (Microwave Telemetry, Columbia, USA) 9.5 g solar powered Argos 

Transmitters and 20 g Solar GPS/PTTs (6 juveniles). To study the relationship between heart 

rate, activity (flapping frequency) and behaviour (ascent rates, horizontal speed), 11 adult 

females were equipped with an external 18 g custom designed loggers measuring tri-axial 

acceleration and electrocardiography (25) and a GPS (i-gotU GT-120, Mobile Action 

Technology Inc., Taipei, Taiwan, 18 g). Birds were recaptured and the loggers recovered after 

one or several foraging trips at sea. To study movements and activity, 37 adult females and 

males were equipped with Solar powered GPS-Accelerometers (GPS-RF, e-obs GmbH, 

Munich, Germany, 22g), whose data are recovered regularly by an automatic recording station 

installed in the colony.  In addition the loggers measured external temperature. All loggers 

were attached to feathers on the back of birds with adhesive tape, centred between the wings 

to allow optimal accelerometer measurements. For long term deployments, loggers detached 

from the birds during moulting after variable durations of transmissions (range 3-25 months). 

The total mass of logger(s) was always below 3% of the bird body mass for short term 

deployments and below 1% of bird body mass for long term deployments (> 2 months). The 

field procedures and manipulations on Europa were given permission by the ‘Préfet of Terres 

Australes et Antarctiques Françaises’. 

 

2. Analyses:  

 

2.1. Heart rate and accelerometry loggers  
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The data loggers recorded tri-axial acceleration (100 Hz) and ECG (180Hz). ECG data was 

post-processed to obtain heart rate (fh, beats min-1) using a custom QRS-complex detection 

algorithm. Data processing and analysis of ECG follow (5).  The three acceleration axes 

collected at 100 Hz were first individually calibrated using static data collected on all 

azimuths while the tags were still on a hard surface. Dynamic Body Acceleration (DBA) was 

calculated from the method in (26). In short, the calibrated signal was first filtered using a 3rd 

order low-pass filter with a cut-off frequency at 12 Hz (Matlab ifilter function). We then 

calculated the tri-axial static acceleration (i.e., a vector aligned with the dorso-ventral axis) 

and scalar projected the raw acceleration onto the vertically aligned tri-axial static 

acceleration to obtain the vertically aligned acceleration. The vertically aligned acceleration 

was thus filtered with a high-pass filter with a cut-off frequency at 2 Hz to extract the vertical 

dynamic acceleration. DBA was obtained by calculating the root mean square (RMS) of the 

vertically aligned dynamic acceleration over periods of 1 s.  

The wing beat events were detected using the zero-crossing method detailed in (27) applied 

on the dynamic vertical acceleration (which is centered around 0 ms-2). In short, we calculated 

the RMS value between 2 successive zero-crossings and considered a flapping event when 

RMS values were above 2 m/s2. The relative body power induced by a wing beat event was 

calculated by squaring its RMS value and dividing it by its frequency (i.e. by the reciprocal of 

the period of time elapsed between the beginning and the end of the wing beat or between the 

2 zero-crossings of the event) and further division by two times Pi squared (2). The flapping 

frequency while flying was measured by counting the number of detected wingbeats per 

second of flight.  

 

2.2 Flight tracks and flight behaviors 

Altitudes were obtained from the GPS logger recording at interval of 2 sec to 2 min according 

to deployment, with a precision of ±5m. Since frigatebirds fly at altitude and come to the sea 

surface to feed, we separated the tracks into Active Foraging phases when birds came at 

altitude under 30m, and Travelling phases when birds were at altitude higher than 30 m based 

on previous studies and observations (9). We separated the flight between 2 GPS locations 

(every 1-5 min) into 6 behaviors related to vertical movements, Gliding, Active Descent with 

frequent flapping, Soaring, Active Ascent with frequent flapping, Constant altitude with or 

without flapping (see Table S1) using the combination of altimetry and accelerometry.  
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Argos data were filtered using a speed filter set at maximum speed of 70 km/h (9). We used 

civil twilight measured from ephemerides at the location obtained from the GPS or Argos 

transmitter to separate night and day time.  

2.3. Environmental data  

Standard wind UGRD (i.e. East-West component in m/s), VGRD (North-South component in 

m/s), wind magnitude (or speed m/s) and azimuths (direction in degrees from North) archived 

data were downloaded from the National Oceanic and Atmospheric Administration's 

Operational Model Archive and Distribution System (NOAA-NOMADS) using the 

rNOMADS package in R (author D.C. Bowman, in R 3.2.1). Four daily wind metrics were 

extracted at time, latitude, longitude and altitude of each bird closest to one of the measured 

points in the archived database. Consequently, the times at which GPS locations were taken 

were binned to the closest of one of the 4 time slots, the locations of the birds at these specific 

times were clustered within a latitude and longitude grid and the altitude of the bird to the 

closest archived altitude. Altitudes that were measured below 0 m were corrected and 

considered to be at the surface.   Climatologies of wind direction and wind speed were 

obtained from the Earth Systel Research Laboratory (NOAA) website: 

http://www.esrl.noaa.gov/psd/data/histdata/ 

 

2.4. Cumulus clouds 

No information was available to us on the presence of cumulus clouds on the tracks. On 

figures 2 or 4 of the presence of clouds was derived from the behaviour of birds. An 

ascending flight without or with little flapping of wings can only be made with support of an 

ascending air current. At sea an ascending air current can only exist in a thermal below a 

cumulus cloud. In an area not below a cumulus cloud, there is no rising air. In this area the air 

is moving only horizontally or moving downward in terms of a downdraft. Thus, it can be 

concluded that there is a cumulus cloud where the bird performs an ascending flight, when 

birds climb without flapping their wings. Soaring outside but close to the clouds would not be 

possible because of the downdrafts occurring in the near vicinity of cloud-edges (Fig. 4). 

 

2.5. Statistics 
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Statistical analyses were made using Statistica 12. All values are given as mean ± one S.D. 

unless stated otherwise.  

 

Supplementary text 

 
Estimated calibration curve for frigatebird heart rate measurements. 
 
Root mean square (DBA) and estimates of body power (Pb) are uncalibrated and so provide 

relative estimates of effort. Heart rate was not measured on most birds, so DBA is the most 

useful variable for investigating relative energy expenditure and relative flight performance 

across a larger group of birds. However, it has been shown that for endothermic vertebrates 

exercising using their primary mode of locomotion there is a general allometric relationship 

between heart rate and rates of oxygen consumption, when normalizing for body and heart 

mass (28). Thus, for birds of a similar body and heart mass, it might be expected that there 

will be a generally similar relationship between heart rate and energy consumption. The only 

species of birds for which there is a calibration during flight are for the barnacle and bar-

headed geese (29), with mean body mass of 2 and 2.8 kg, respectively. The frigatebirds in this 

study are only slightly smaller, at a range of 1.2 to 1.42 kg, while the relative heart size of two 

magnificent frigatebirds was 0.81 and 1.03% of body mass (30), which is almost identical to 

that of the geese. Using the calibration data from the geese (Fig. S5) we can plot estimates for 

values representing basal metabolic rate (BMR), field metabolic rate (FMR) and maximum 

aerobic metabolic rate (MMR) based on our data and those from the literature, while 

normalizing for both body and heart mass (28). Resting heart rate in the present study 

averaged 71.2 beats min-1 and Enger (31) used indirect calorimetry to measure BMR in 

Fregata magnificens ranging between 50 to 70 kcal day-1 (or 6.64 ml min-1 kg-1). Overall 

average heart rate while airborne in the present study averaged 203 beats min-1. Dearborn et 

al. (32) used doubley-labelled water to measure the FMR in Fregata minor, average 677 kJ 

day-1 (or 17.93 ml min-1 kg-1), but this was during 2 days of the breeding season when birds 

were mostly displaying at their leks. More realistically, Ellis and Gabrielsen (33) calculated 

an allometric relationship for the FMR of 37 species of seabird that gives a prediction for a 

1.3 kg frigatebird of 1268 kJ day-1 (33.6 ml min-1 kg-1). Finally, we can use the heart mass 

(Mh) of the frigatebird to predict the maximum theoretical rate of oxygen consumption of a 

frigatebird with a relative heart mass of 0.92% of body mass, using the relationship 33Mh
0.88 
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which gives reasonably accurate values when used to predict maximum performance in geese 

(34)(Figs. S5, S6). Maximum heart rates detected in the present study are between 500 and 

550 beats min-1, on a few occasions. This comparative analysis suggests that using the 

calibration data from geese and normalizing for differences in body and heart mass is likely to 

give approximate but realistic values for the field energetics of the frigatebirds. The results are 

broadly in agreement with the allometric analysis (33). However, it should be emphasized 

that, unlike most of the other species of seabird, frigatebirds are continuously airborne. Thus, 

it indicates that the FMR for these birds during months at sea is likely to be exceptionally low 

and comparable to that of walking in terrestrial birds such as geese (or between 2.5 and 5 

times BMR). 
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Supplementary figures  

 

 

 

 

Fig. S1. Six months track of juvenile 130474 fledged from Europa and moving over the entire 

Indian Ocean covering 55.743 km. The young bird landed very briefly on an islet off Sumatra, 

and on several islets of the Chagos for a total of 3.7 days over the 185 tracking period. The 

Argos transmitter stopped emitting briefly after a short stop on Cosmoledo Island,  
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Fig. S2. Frequencies of altitudes used during transoceanic flights of juveniles and during 

breeding by great frigatebirds 
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Fig. S3. Changes in altitude, heart rate and flight parameters of frigatebirds. 

Wingbeat frequency, dynamic body acceleration (DBA), heart rate and altitude of a great 

frigatebird during a 12 foraging trip from Europa Island. For the first 3 hours the bird spent 

most of its time low over the water and actively foraging, indicated by intense bouts heart 

rates above 400 beats min-1, associated with DBA values about 6 m s-1and consistent 

flapping around 2.5 Hz. The next 9 hours are spent routinely soaring up to between 300 to 600 

m, followed by gradual gliding descents. Heart rates and values of DBA and wingbeat 

frequency are generally very low during the ascending flights, with frequent periods with no 

wing beat. 
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Fig. S4. Data collected from a single frigatebird over 72 hours of flight. (A) Root mean square 
dynamic body acceleration (DBA) against heart rate (HR), linear regression was fitted to the 
raw data as DBA = 0.023HR - 2, R2 = 0.76, (B) heart rate plotted against DBA, linear 
regression HR = 33.8DBA +101, R2 = 0.76. (C) and (D) show DBA and heart rate plotted 
against wingbeat frequency, respectively. They show that wingbeat frequency was 
predominantly centered around 2.5 Hz with a variance of less than 0.5 Hz, and that it was 
largely independent of proxies for either mechanical power (DBA) or Estimated body power 
(not shown) or metabolic power (heart rate). Thus, power was primarily modulated by 
numbers of flaps in a bout or by wingbeat amplitude. Values of wingbeat frequency above 3 
flaps s-1 are generally linked to DBA values >9 m s-2 and appear to be associated with heart 
rates of less than 550 beats min-1. These may represent brief but powerful wingbeats where 
the cardiovascular response is too slow to reflect the effort involved and where the muscle is 
effectively working anaerobically. 
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Fig. S5. Estimated calibration curve for a frigatebird based on (28), with data taken from (29) 

and papers named in above text.  The power curve is extrapolated backwards from the 

estimated maximum metabolic rate point with heart rate at 550 beats per minute and assuming 

an exponent of 2 (i.e. that scaled rate of oxygen consumption is proportional to heart rate 

squared). 
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Fig. S6. Estimated body power (W kg-1) plotted against (A) estimated rate of oxygen 

consumption (VO2, ml min-1 kg-1) with linear regression y = 0.11X -0.041, R2 = 0.585 and 

(B) dynamic body acceleration (m s-2).  
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Fig. S7. Response curve of Dynamic Body Acceleration DBA to altitude when travelling 

(General Additive Model, pseudo R2 = 0.23, Poisson distribution) 



 13 

  

 

Fig. S8. Proportion of flight tracks between 2 locations during soaring and gliding when 

flying with tail to head winds (Top graphs). Middle and lower figures: ascent rate and ground 

speed in relation to the angle between flight track and wind direction when soaring and 

gliding. Relationship between ascent rate (m/s) and ground speed (km/h) when soaring and 

gliding. Data for 8 different individuals pooled. 
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Fig. S9. Temperature and altitude recorded during a 3-day foraging movement of an adult 

female, showing a drop in ambient temperature below 0°C during a climb to 4000m.    
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Fig. S10.  Distribution of high climbs (higher than 700m) throughout the day, showing an 

increase in the frequency of high climbs peaking at dusk and during the first hours of darkness 

(n=263 foraging trips of 15 adult birds). Shaded grey areas represent night-time. 



 16 

 

 

Fig. S11. Relationship between altitude and climb rate (y = 432x + 72, R2 = 0.539, P < 0.001, 

for 8 individuals pooled), Climb rates were on average 0.41 ± 0.29 m s-1 below 600 m, and 

1.86 ± 1.13 m s-1 above 600 m (F1,7 =21.2, P =0.006). 
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Table S1- The six behaviors attributed to vertical movements of great frigatebirds 

  

abbreviation Behavior Flapping 

frequency 

Ascent rate 

criteria 

Mean Ascent 

rate (m/s) 

NO No ascent or descent  

steady flight 

<10 beat/min +/- 0.1 m/s  

FLAP Flapping during steady 

flight 

>10 beat/min +/- 0.1 m/s  

SOAR Soaring <10 beat/min >0.1 m/s 0.46±0.42 

AA Active ascent >10 beat/min >0.1m/s 0.35±0.5 

GLID Gliding <10 beat/min <-0.1m/s -0.49±0.44 

AD Active descent >10 beat/min <-0.1m/s -0.41±0.38 
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