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Birds face exceptionally high energy demands during their flight. One visible feature of
some species is alternating between flapping and gliding, which should allow them to
save energy. To date, there is no empirical evidence of an energetic benefit to this.
To understand the physiology behind the strategy, we equipped hand-raised Northern
Bald Ibises (Geronticus eremita) with data loggers during human-guided migration.
We monitored the position of the birds, wingbeats, overall dynamic body acceleration
(ODBA), and heart rates as a proxy for energy expenditure. The energy expenditure
was significantly affected by the length of flapping and gliding bouts. A pronounced
decrease in heart rate was measured after already 1 s of gliding. Additionally, the
heart rate at flapping bouts up to 30 s increased steadily but stabilized thereafter.
The gilding proportion during intermittent flight affected the energy saving compared
to continuous flapping. At a gliding proportion of about 20%, we measured a maximum
of 11% saving based on heart rate measurement. At higher gliding proportions, the
additional energy saving was negligible. Furthermore, as during flight, not all energy is
used for mechanical work, we found a greater decrease rate of ODBA at different gliding
proportions compared to heart rate. Nevertheless, the combination of the two methods
is essential to determine birds’ movement and energy expenditure. This study provides
empirical evidence that intermittent flight is energetically beneficial and can reduce the
high costs of flights.

Keywords: intermittent flight, energy expenditure, gliding, heart rate, ODBA, migration, flapping flight

INTRODUCTION

A considerable proportion of worldwide bird populations perform seasonal long-distance
migration in response to environmental periodicity (Alerstam, 1990; Newton, 2010). However,
migratory journeys carry high energetic costs that often come with a higher risk of mortality
(Berthold, 2001; Newton, 2010) as flapping flight is the most energy-consuming type of any
form of vertebrate locomotion (Schmidt-Nielsen, 1972). To overcome these costs, birds use
favorable atmospheric conditions during flight such as thermals (Hedenstrom, 1993), tailwind
(Weimerskirch et al., 2000; Amélineau et al., 2014; Klaassen et al., 2017) and solar radiation
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(Duriez et al., 2014) or take advantage of social formation
flight to save energy (Portugal et al., 2014; Voelkl and Fritz,
2017). Another technique to reduce energetic costs might
be intermittent flight as this reduces power requirements
(Ward-Smith, 1984) when optimal proportion between flapping
and gliding occurs.

Intermittent flight consists of phases in which the bird flexes
its wings against its body (flap-bound) or extends its wings
and glides (flap-glide) (Tobalske and Dial, 1994; Rayner, 1995;
Rayner et al., 2001; Tobalske, 2001, 2010). The main feature
of these intermittent flight modes is a periodic variation in
force generated by the flapping wings, and therefore in the
dynamics of the body (Rayner et al., 2001). While the intermittent
bounding flight is limited to small birds and lasts for fractions
of a second, intermittent glide is associated with medium and
large size birds, and it varies in duration that can last from
less than a second to minutes in larger gliding birds (Rayner,
1996; Tobalske, 1996, 2010). Theoretical studies on energy
saving during intermittent flight in comparison to continuous
flapping flight resulted in contrasting conclusions. Some studies
suggested no energy saving (Ward-Smith, 1984; Pennycuick,
2008), while others claimed that intermittent flight is less costly
than continuous flapping (Rayner, 1985; Tobalske and Dial, 1994;
Muijres et al., 2012; Sachs, 2015, 2017). For example, according
to a model developed by Muijres et al. (2012), common swifts
(Apus apus) can save up to 15% energy during intermittent
flight, when their gliding proportion was 64%, compared to
continuously flapping. The energy saving in common swifts
is mainly achieved due to the extremely high ratio between
the lift generated by the wings and the drag during gliding
flight compared to that in flapping flight (Muijres et al., 2012).
Another theoretical calculation by Rayner (1985) predicted a
reduction of 11% in transport costs for European starlings
(Sturnus vulgaris) that glide 75% of the time during intermittent
flight. Nevertheless, following intense activity such as flapping,
metabolic rates require time to decrease (Baker and Gleeson,
1999), hence, metabolic savings during short gliding phases are
likely limited compared to potential energy savings associated
with prolonged glides.

This study aimed to investigate the flexibility of flapping
and gliding duration during intermittent flight in Northern
Bald Ibis and to provide empirical evidence for possible energy
savings based on heart rate and ODBA measurements, by using
intermittent gliding flight during migration.

To estimate energy expenditure in this study, methods
with a good estimation of energy expenditure, a good
temporal resolution, and which can be applied to free-flying
birds were needed (Butler et al., 2004; Ward et al., 2004;
Gleiss et al., 2011; Green, 2011). Thus, we used heart rate
and dynamic body acceleration (DBA) measurements. As a
proxy for energy use, the heart-rate method can provide
high-resolution measures continuously during flight (Bevan
et al., 1994; Butler et al, 1998; Weimerskirch et al., 2000).
Measurements of the heart rate of free-flying birds can be
either done with implanted transmitters or with externally
attached data loggers in combination with electrocardiogram
electrodes attached subcutaneously (Weimerskirch et al., 2002;

Duriez et al., 2014; Miiller et al., 2018) or glued to the skin surface
(Yamamoto et al., 2009), see also (Green, 2011). DBA is based
on the observation that body acceleration is mainly derived
from the muscle-powered movement of the animal and therefore
can be correlated with energy expenditure (Bouten et al., 1994;
Wilson et al., 2006, 2020; Gleiss et al., 2011; Halsey et al., 2011;
Karasov, 2015; Hicks et al., 2017). DBA estimates are gained from
accelerometers attached to the subjects and can also provide a
high level of detail about the bird’s behavior during free-flight
(e.g., wing beat rate and time spent flapping) (Ropert-Coudert
et al., 2006; Halsey et al., 2009b; Duriez et al., 2014; Hicks et al.,
2017; Wilson et al., 2020). The combined measurements of heart
rate and DBA allow a better understanding of the estimated
energy expenditure (Clark et al., 2010) during flights and allow
an assessment of the relationship between these two methods in
relation to flight activities.

In the framework of a reintroduction project, hand-raised
Northern Bald Ibises (Geronticus eremita) undergoing a human-
guided autumn migration (Fritz et al., 2017; Fritz, 2021) were
equipped with a non-invasive device to measure heart rate, and
acceleration (Vyssotski et al., 2009; Duriez et al., 2014; Miiller
et al., 2018). Additionally, the birds carried global navigation
satellite system (GNSS) loggers that allow to determine their
position and movements at high precision (Paziewski and Crespi,
2019). To assess the costs of glides and flaps during intermittent
flight, we compared the heart rate and overall dynamic body
acceleration (ODBA) during bouts of flapping and gliding.
We predicted that the duration of flapping and intermittent
gliding phases plays a significant role in energy expenditure and
recovery rate, and hence there should be an optimal proportion
between flapping and gliding for the most energy-efficient
migratory flight.

MATERIALS AND METHODS

Study Site, Birds, and Experimental
Setting

This study took part within a long-term conservation program
that aims to re-establish a migratory population of Northern Bald
Ibises (G. eremita) in Europe, embedded in the European LIFE+
program (LIFE + 12-BIO_AT_000143").

A group of 29 Northern Bald Ibises were imprinted onto
human foster parents and trained to follow microlight aircraft
(paraplane). In late summer, after about 2 months of flights
training, two paraplanes lead the birds from their future breeding
grounds north of the Alps to their wintering area in southern
Tuscany, Italy, teaching the birds the migration route (Fritz et al.,
2017). The migration during this study took place in August 2019
from the training site near Heiligenberg, Germany (47.832029°N,
9.298881°E), to Orbetello, Italy (42.425484°N, 11.232662°E).
During the last two training flights and four out of the six
migration phases, we equipped all birds with high-resolution
data loggers with a GNSS receiver (see below). Additionally, we
equipped four birds with a heart rate logger and accelerometer
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(see below). The loggers were fitted to the birds on the day of the
flight and removed after landing on the same day for recharging
batteries and downloading data. As part of the habituation
procedure, the birds carried dummy loggers already 2 weeks
before the start of the experimental period. All translocation
and management measures were implemented in the frame
of the European LIFE+ project LIFE + 12-BIO_AT_000143.
National approvals were provided by the authorities of Salzburg
(21302-02/239/352-2012), Carinthia (11-JAG-s/75-2004), Baden-
Wiirttemberg (11-7.3.3_Waldrapp), Bavaria (55.1-8646.NAT_03-
10-1), and Italy (0027720-09/04/2013). The present study was
discussed and approved by the Ethics and Animals’ Welfare
Committee of the University of Veterinary Medicine, Vienna,
Austria, in accordance with good scientific practice and national
legislation (GZ: BMWFW-68.205/0069-V/3b/2019).

Location Measurements
We used specially designed data loggers with high-precision
GNSS modules (NEO-MS8T, u-blox AG, Thalwil, Switzerland)
that collect raw-satellite data from Global Positioning System
(GPS), GLONASS, and Galileo satellites to record unprocessed
GPS carrier-phase raw data at a sample rate of 5 Hz.

After collection, the data was post-processed using RTKIib
v. demo5 b33b software (Everett, 2020) based on the RTKLIB
(Takasu, 2020), and with Python v. 3.8 (Van Rossum and Drake,
2009). First, we calculated the birds’ flying path using several
fixed base stations from the EUREF Permanent Network and IGS
network, using the nearest one to the flight route (Bruyninx et al.,
2019). After visual inspection of plots that represent the flying
paths, we manually excluded soaring bouts that suggested the use
of thermal updraft, as the birds fly in circles. More specifically,
we excluded soaring bouts when the bird completed at least
two circles without interruption. Finally, we removed the start
sequence after taking off and before landing, where we could
observe bouts of extended gliding when birds reduced altitude.

Heart Rate and Acceleration

Measurement

The heart rate method is based on the assumption that increased
oxygen consumption leads to increased blood flow and heart
rate (Henderson and Prince, 1914; Green, 2011). In addition, the
correlation between heart rate and oxygen consumption is usually
higher when animals are active relative to sedentary (Green et al.,
2008), and it is robust for flight (Bishop et al., 2002; Hicks et al.,
2017). Based on the observed differences in heart rate between
flapping and gliding, we assume a relationship between heart rate
and metabolic rate and estimated energetic costs (Butler et al.,
2004; Portugal et al., 2009; Green, 2011).

We recorded heart rate at a sampling frequency of 1600 Hz,
using the external ECG logger Neurologger 2A (Supplementary
Figure 1) with a 1 GB memory (Evolocus LLC, NY, United States)
(Vyssotski et al., 2009; Duriez et al, 2014; Miiller et al,
2017, 2018). Three lead wires extended from the ECG
logger, with adhesive mini electrodes (NeoLead®, ©Connect
Medizintechnik GmbH, Mistelbach, Austria) soldered to the ends
(Supplementary Figure 1). The logger recorded the electric

potential difference between two of the electrodes at a range of —6
to +6 mV; the third electrode served as a reference electrode to
reduce electrical noise. The first two electrodes were fixed to the
skin on each side of the lower abdomen and the third (reference
electrode) on the middle of the back.

Three axial acceleration between g-force of —8 and +8 g
was acquired at 1600 Hz with an accelerometer (LIS302DLH;
STMicro-electronics, Geneva, Switzerland) that was stored in
the Neurologger 2A. The body of the ECG logger and the
GNSS logger were fixed on a 5.8 g leg loop harness with
a plastic plate (80 x 35 mm). The loggers-plate unit was
positioned approximately at the center of gravity on the back
of the bird (Mallory and Gilbert, 2008), and was covered by a
custom-made aerodynamic-shape 3D printed cover. The wires
of the electrodes were secured inside the Teflon ribbon
strips of the harness (Supplementary Figure 1). The overall
weight of the logger, electrodes, harness, housing, and electrodes
reached a maximum of 38.17 g, which is about 3% of the
body mass of the lightest bird (1297 g). This is below the BTO
recommendation that loggers should not exceed 5% of the birds’
body mass (Barron et al., 2010). The mean mass of the birds at the
start of migration was 1310 £ 200 g.

Out of the six flights that the birds performed with the ECG
data loggers (four birds carried ECG logger in each of the six
flights), in four of the flights, the loggers recorded ECG data (n =5
birds), totaling 26,040 s of flight. During the other flights, the
birds removed the adhesive electrodes before taking off. Thus, the
loggers did not record ECG but did collect acceleration data.

Data Analyses
ECG and acceleration data were processed using R v. 4.05
(R Core team, 2020). Heart rate in beats per minute (bpm) was
calculated from the raw ECG data using a custom QRS-complex
detection algorithm in R (Supplementary Code 1). First, we
removed noise from real heart rate and deleted physiologically
unlikely heart rates (i.e., data points above 600 bpm), and second,
we filtered the remaining data with a contrast-enhancing routine
implemented in R. The filter was designed to assign each data
point a weight based on the number of neighboring points.
This was implemented by looping through all data points and
counting neighbors within a frame of 2 s and a step size of 0.2 s.
The calculation considered in the previous time frame a high
or low activity, based on the heave axis from the acceleration
data. When the activity in the previous interval was high (above
median), we scanned for a heart rate in the high frequency
range of 5-10 Hz (=300-600 bpm). If, however, the activity was
low, we scanned the entire range 0.5-10 Hz (=30-600 bpm).
Subsequently, we ranked all data points in each data set according
to their neighbor counts and retained only those points with
the highest ranks (i.e., points within a dense band). As a final
step, we visualized the data and deleted obvious outliers. The
final processed heart rate data in bpm was at a frequency of
5 Hz (Figure 1A). For more details on the heart rate analysis see
(Signer et al., 2010).

The vectorial static body acceleration (VeDBA, mg) was
calculated from the tri-axial accelerations. Nevertheless, we will
only use the term ODBA from here on as from a mathematical
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FIGURE 1 | Example a migration flight performed by a Northern Bald Ibis (bird #296) on 26 August 2019. (A) Approximately 60 s of recorded heart rate (orange) in
bpm and overall dynamic body acceleration (ODBA,; blue) based on three axes acceleration signals in mg. Periods of large increases in ODBA represent flapping
flight and periods of low change represent gliding flight. Both heart rate and ODBA at a resolution of 5 Hz. (B) Raw acceleration values over 30 s of the heave axis
filtered over 200 data points (=1/8 s) in gray. The raised and lowered horizontal red line denotes flapping and gliding phases, respectively. The resolution of the heave
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perspective both ODBA and VeDBA are equally valid to measure
the length of a vector (Qasem et al., 2012). We first smoothed the
data of each axis over a window size of 1 s period using a running
mean, to calculate the static acceleration, and then subtracted the
static acceleration from the raw acceleration values to receive the
dynamic acceleration. The square root of the sum of the squares
of all three axes DBA yielded the ODBA values (Shepard et al.,
2008b; McGregor et al., 2009; Gleiss et al., 2011; Qasem et al.,
2012). The final ODBA data was downscaled to 5 Hz to meet the
same timesteps of the processed heart rate data.

By visualizing the accelerometer data, we identified a
threshold of the heave axis to define flapping and gliding.
Flapping flight was defined by regular peaks in the heave axis,
where each peak represents a wing beat. The mean wingbeat
frequency for Northern Bald Ibis during active flight is 3-
4 beats s~! (Fritz et al., 2008; Wehner et al., 2022). Gliding
was defined by an absolute acceleration value lower than
300 mg on the heave axis, that lasted for a minimum of
0.2 s (approximately one wingbeat). We first smoothed the

acceleration data over 200 data points (0.125 s) and later
calculated the number and duration of each flapping and
gliding bout using a custom algorithm in R (Figure 1B and
Supplementary Code 2). After the above calculation, we merged
the flapping/gliding bouts data with the heart rate and ODBA
data based on the timestamps of the later data. By merging
the two datasets, we downscaled the flapping/gliding data to
meet the frequency of the heart rate and ODBA (5 Hz). In
addition, we further filtered the data by removing cases of a
single flap bout within a gliding phase. The reason behind
removing short flapping bouts of 0.2 s, is that we found
no increase in the heart rate due to a single flap but a
further decrease.

Percentages of gliding during the migratory flight bouts were
analyzed by cutting the total flights data of each bird into
segments of 1 min. For each segment, we used the R package
“dplyr” (Wickham et al, 2021) to calculate the mean heart
rate and ODBA, the change in altitude and horizontal distance
traveled, and the percentage of gliding.
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Statistical Analysis

We examined the frequency distributions of ODBA and heart rate
for each flight type. Before calculation, we excluded all passive
flight parts (soaring and gliding due to thermals) based on the
GNSS data. In total, we excluded 2287 s from the recorded data
and performed statistical analysis on 23,224 s of flight data.
Mean ODBA and HR were calculated for each flapping and
gliding bout. As our data did not show a clear linear relationship
and were repeated measurements, we performed a generalized
additive mixed model (GAMM) to quantify the effects of flight
type, length, and time of the bout on ODBA and HR. All models
were produced in R using the function “bam()” within the
package “mgcv” (Wood, 2004).

The analysis was used after data exploration revealed potential
violations of homogeneity and non-linearity (Zuur et al., 2007).
GAMM provides a general framework by allowing non-linear
functions of each of the variables while maintaining the additive
assumption. In addition, it offers flexibility through smooth
functions that can be applied to each explanatory variable (Wood,
2003). All our fitted GAMM models (Table 1) combined separate
smooth terms for each numerical predictor (default thin-plate
splines), and a smooth term for the categorical predictor (Bird,
n = 5) with a basis specification for random effects [using
s (Bird, bs = “re”)]. Hence, these mixed models allowed for
differences in the mean level of heart rates and ODBA between
individuals. As a smoothing parameter estimation method, the
default selection score in GAMM [i.e., fast restricted maximum
likelihood (fREML)], was applied. Given that the pattern of
the residuals, as inspected by normal quantile-quantile plots,
resembled that of a normal distribution with heavier tails,
we fitted all models using the scaled-t (Students t) family
distribution for heavy-tailed data. In addition, the “identity” link
function was specified. Below is an example of the R code for
local GAMM fitting, where y represents the response variable,
while the other arguments are the predictor. The function f is
the smooth functions, to be estimated by non-parametric means
variables:

bam (y ~ f1 (var 1) + f2 (var 2) ... + fn (random effect,
bs = "re"), family = scat (link = "identity"), method = fREML)

To estimate GAMMs, we used the mgcv function “bam()”
as it allows a known autoregressive order 1 (AR1) error
term and is optimized for large data sets. Two numerical
predictors (i.e, Duration = gliding/flapping duration; Bout
number = chronologically ordered index of the gliding/flapping
bout number) were included in all gliding and flapping models
(Table 1). As the heart rate is a physiological parameter that
does not change instantaneously, we included an additional
predictor into the heart rate models during gliding and flapping
(i.e., M.glide. HR and M.flap.HR; see Table 1) - the mean heart
rate of the birds 1 s before each bout of gliding or flapping
(mHRI1s_Before) (Table 1).

All models were checked for autocorrelation and were
corrected by including AR1 error models in GAMM functions if

required (i.e., M.flap.HR, M.flap.ODBA, M.glide.percentage.HR,
and M.glide.percentage. ODBA). The successful autocorrelation
correction was confirmed by comparing the autocorrelation
function of model residuals (ACF) before and after their
correction. The function “gam.check” in the “mgcv” package
was used for model diagnostics with appropriate adjustment
of the number of knots in the smoothed functions when
necessary. Additionally, we plotted the model-checks graphs
using the function “getViz” in the “mgcViz” package (Fasiolo
et al., 2020), which is an extension of the “mgcv” package. All
model-checks graphs are presented in Supplementary Figures 2—-
10, 12. While examining the model diagnostics, we inspected
the distribution of the residuals of the models and performed
a log transform on the ODBA response variable when needed
(M.glide.ODBA, see Table 1). No transformation was performed
on the heart rate. The adjusted coefficient of determination
(Rzadj) was used as an overall measure of the goodness-of-fit of
the model. The p-value for each explanatory variable indicates
whether its effect within the model is significantly different
from zero. All values are given as mean £ SE unless stated
otherwise. The GAMM predicted fitted graphs were created
using the “visreg” function from package “visreg” (Patrick and
Woodrow, 2017). Additional graphs for all models are presented
in Supplementary Figures 3-11, 13.

RESULTS

We successfully recorded the heart rate, ODBA, and location of
5 different Northern Bald Ibises during free flights in autumn
migration. The records were performed on different days and
locations along the migration route from south Germany to
Italy. During gliding, the mean heart rate and ODBA of all birds

TABLE 1 | Generalized additive mixed models models for explaining energy

expenditure based on heart rate (HR) and overall dynamic body acceleration
(ODBA) at two flying behaviors (flapping, gliding), and their proportion (gliding
percentage) in Northern Bald Ibises.

Models: gliding

M.glide.HR HR; = f1 (Duration;) + 2
(mHR1s_Before)) 4 3 (bout number;) + f4
(Bird;, bs = “re”) + g

M.glide.ODBA log (ODBA)) = 1 (Duration;) + f2 (bout

number;) + 3 (Bird;, bs = “re”) + ¢
Models: flapping

M.flap.HR HR; = f1 (Duration;) + f2
(mHR1s_Before)) 4 3 (bout number;) + f4
(Birdj, bs = “re”) + ¢;

M.flap.ODBA ODBA; = f1 (Duration;) + f2 (bout

number;) + 3 (Bird;, bs = “re”) + g
Models: gliding percentage

M.glide.percentage.HR HR; = f1 (glide percentage;) + f2 (altitude

changed) + 73 (Bird;, bs = “re”) + g
ODBA = f1 (glide percentage;) + 2
(altitude changed) + 3 (Bird;, bs = “re”) + g

M.glide.percentage.ODBA

mHR1s_Before: mean heart rate 1 s before each bout. bs = “re”: basis specification
for random effects. f: smooth functions.
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flapping (N = 89,845), and red bars indicate heart rate measured during gliding (N = 11,904).

TABLE 2 | Summary statistics for flight performance of Northern Bald Ibis (0 = 5).
Bird # Body Flight Flapping Gliding mean HR mean HR mean mean Number of Number of Date

mass (g) length (S) time (%) time (%) during during ODBA ODBA flapping gliding

flapping gliding during during bouts bouts
(SD) (SD) flapping gliding
(SD) (SD)

299 1399 2809.8 89.9 10.1 422 (47.7) 391 (39.7) 839 (134) 213 (108) 364 363 09.08.2019
293 1441 2369.6 92 8.0 419 (35.3) 390 (34.3) 806 (125) 280 (129) 274 273 11.08.2019
295 1492 6147.2 88.6 1.4 450 (22.8) 437 (29.3) 798 (138) 220 (107) 820 813 14.08.2019
280 1297 5578.8 92.6 7.4 436 (32.2) 400 (40.8) 836 (125) 246 (105) 627 624 14.08.2019
296 1344 6318.6 77.8 22.2 431 (30.3) 407 (41.2) 829 (180) 185 (96.0) 1039 1033 26.08.2019

Soaring and gliding due to possible thermal have been removed from the calculation. Body mass of the bird on the measurement day. Heart rate (HR) in beats per minute

(bpm). Overall dynamic body acceleration (ODBA) in mg.

ranged from 390 to 437 bpm and 185 to 280 mg, respectively,
while during flapping, heart rate and ODBA ranged from 419 to
450 bpm and 798 to 839 mg, respectively (Figure 2). The mean
heart rate for all flights, including flapping and gliding phases was
428.93 bpm. We found that during intermittent flight, the birds
were gliding 7-22.2% of the time (Table 2).

We performed a Spearman’s rank correlation test between
heart rate and ODBA data for the gliding and flapping separately.
We found a relatively poor correlation between heart rate and
ODBA during gliding bouts (rho, R = 0.15, p-value < 0.001) and
flapping bouts (rho, R = 0.37, p-value < 0.001) (Supplementary
Figure 14). In addition, we tested for correlation between heart
rate and ODBA using the 1-min sections dataset (see section
“Materials and Methods”) and found a higher correlation (rho,
R =0.67, p-value < 0.001, Supplementary Figure 15).

The Effect of Gliding Duration on Heart
Rate and Overall Dynamic Body
Acceleration

The fitted GAMM M.glide. HR, to measure the effect of gliding
on heart rate, had a high explanatory power for the change in
heart rate during gliding (Rzadj = 0.916, Table 3). We found a
significant relation between the length of gliding and the bird’s
heart rate, with a decrease of heartbeats with every additional
second of gliding (Figure 3A and Table 3). After only 1 s of

gliding, the heart rate decreased by 0.7%, and by the fourth
second by 1.5% compared with flapping. The mean heart rate
1 s before each glide was, as expected, a very strong linear
predictor of the heart rate value (Supplementary Figure 3).
On the other hand, the gliding bout number had no significant
effect on the heart rate during glides (Figure 3B). The fitted
GAMM M.glide.ODBA, to measure the effect of gliding on
ODBA (Table 1), had an explanatory power of 0.34 (Rzadj,
Table 3). The two separate smooth terms for the gliding duration
(Duration) and gliding bout number had a significant effect on
the change of ODBA during gliding (Table 3). We found that the
ODBA decreased sharply by 8.9% during the first 2 s of the glide
but continued to decrease at a slower rate during longer glides
than 2 s (e.g., after 4 s ODBA decreased by 10.7%) (Figure 3C
and Table 3). In addition, in short glides up to about 1 s, the
ODBA was higher than the mean during gliding (Supplementary
Figure 5). Also, we found that the ODBA was slightly higher at
the early and late stages of the flight compared to the middle part
of the flight (Figure 3D).

The Effect of Flapping Duration on Heart
Rate and Overall Dynamic Body

Acceleration
By definition, flapping bouts were bouts where birds were
not gliding for 0.2 s or longer. For the birds’ performance
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TABLE 3 | Generalized additive mixed model estimates of the effects of flapping/gliding duration, mean heart rate of the birds 1 s before each bout (mHR1s_Before)™

and bout number on heart rate and ODBA in Northern Bald Ibis.

Gliding bouts - heart rate

Flapping bouts - heart rate

Smooth terms edf F-value Smooth terms edf F-value
s(Duration) 3.357 26.889* s(Duration) 4.247 99.52*
s(mHR1s_Before) 1.00 52658.116* s(mHR1s_Before) 6.331 1837.58*
s(Bout number) 1.457 0.397 s(Bout number) 5.919 10.75*
s(Bird) 3.659 18.195* s(Bird) 3.933 64.67*
Linear terms Estimate t-Value Linear terms Estimate t-Value
Intercept 418.0826 852 Intercept 419.292 212.1*
R?4q 0.916 R?4q 0.81
n 2685 n 2950
fREML 2666.4 fREML 3459.1

Gliding bouts - ODBA Flapping bouts - ODBA
Smooth terms edf F-value Smooth terms edf F-value
s(Duration) 4.947 155.081* s(Duration) 18.849 188.403*
s(Bout number) 3.517 7.455* s(Bout number) 1.958 3.017
s(Bird) 3.920 54.183* s(Bird) 3.895 52.149*
Linear terms Estimate t-Value Linear terms Estimate t-Value
Intercept 5.454 139.8* Intercept 835.805 102.4*
R?aq 0.34 R?aq 0.485
n 3103 n 3124
fREML 3181 fREML 3920.5

edf, effective degrees of freedom of the smooth function terms (edf >1 indicates non-linear relationships); F-test for variance explained; fREML, restricted maximum

likelihood; p < 0.017 indicated by asterisk.

+The “mHR1s_Before” predictor was included only for the models that estimate the effects on heart rate.

during flapping bouts, we found a significant increase in heart
rate and ODBA with the increase of the duration of the
flapping bout (Table 3). As there were only thirteen flapping
bouts longer than 80 s, we exclude them from the model, as
predictions based on these scarce data seemed unreliable. The
fitted GAMM M.flap.HR, to measure the effect of flapping on
heart rate, had a high explanatory power for the change in
heart rate during gliding (R%,g; = 0.81, Table 3). The heart
rate increased sharply during flapping bouts of up to about
30 s. At flapping duration longer than 40 s, the increase in
heart rate stabilized (Figure 4A). At flapping bouts longer than
about 18 s, the heart rate increased above the mean flapping
heart rate (Supplementary Figure 7). Along with the flapping
duration, we found that the flapping bout number had a
significant effect on the heart rate during flapping (Table 3).
The heart rate was at its highest level at the early phase of
the flight and decreased by 6-7 bpm as the flight persisted
(Figure 4B). As with the heart rate during gliding, the mean
heart rate 1 s before each flapping bout as a predictor of
the change in heart rate during flapping, contributed greatly
to the model (Table 3 and Supplementary Figure 7). ODBA
during flapping bouts increased substantially within the first
few seconds and stayed relatively constant with a slight increase
during longer flapping periods (Figure 4C), and at a higher
level than the mean ODBA during flapping (Supplementary
Figure 9). We found no significant effect between the flapping
bout number and the level of ODBA during flapping (Figure 4D

and Table 3). However, a slight decrease in ODBA toward the
end of the flight was notable. This model (M.flap.ODBA) had
an explanatory power of 0.485 (Rzadj) for the change in ODBA
during flapping (Table 3).

The Effect of Gliding Percentage on
Heart Rate and Overall Dynamic Body

Acceleration

After splitting the entire flight dataset into sections of 1 min
and calculating the gliding proportion per section (from 0% to
a maximum of 67.3%), we predicted the levels of heart rate
and ODBA at different gliding proportions (Table 2). With
heart rate as a response variable (M.glide.percentage.HR), we
found that all the predictors were significant with explanatory
power (Rzadj) of 0.581 (Table 4). The heart rate during
flight sections containing less than about 14% gliding was
elevated compared to the mean heart rate during the entire
flight. Gliding more than 14% per section resulted in a lower
heart rate than the mean (Supplementary Figure 11). The
heart rate decreased by approximately 40 bpm up to about
20% gliding time but stayed relatively constant at higher
gliding proportions (Figure 5A). The change in altitude had
a positive effect on the heart rate (Figure 5B and Table 4).
All predictors in the fitted GAMM for ODBA during flight at
different gliding proportions (M.glide.percentage. ODBA) were
significant with high explanatory power (R? adj) 0f0.946 (Table 4).
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As expected, ODBA decreased with the increase in gliding
proportion (Figure 5C; Halsey et al, 2009b; Duriez et al,
2014). Up to a gliding percentage of approximately 10%,
ODBA decreased at a higher rate than at higher gliding
percentages. In addition, up to a gliding proportion of about
18%, the level of ODBA was higher than the mean ODBA
during flights (Supplementary Figure 13). Above 18% of
gliding time, the ODBA remained below the mean. The change
in altitude had a positive effect on the change in ODBA
(Table 4). The level of ODBA decreased with losing altitude
and increased when the birds gained altitude (Figure 5D).
Nevertheless, with altitude losses of about 50 m, the decrease in
ODBA was demoted.

DISCUSSION

The motion sequence of flapping and gliding during intermittent
flight is well documented (Rayner, 1995; Tobalske, 2010; Wehner
et al., 2022). While empirical studies are scarce, theoretical
models have linked possible energy savings to the reduced
mechanical power in intermittent flight compared to steady flight
(Tobalske and Dial, 1994; Rayner, 1995; Rayner et al., 2001;

Sachs, 2017). Thus, to the best of our knowledge, this is the first
empirical study that links gliding proportion and different gliding
and flapping durations during intermittent flight with heart rate
and ODBA as a proxy for energy expenditure.

This study shows that Northern Bald Ibises perform a flight
mode containing a flexible alternation of flapping and gliding
phases to achieve lower flight costs. The most frequently recorded
gliding bouts and flapping bout durations were short and in
the region of up to 2 and 5 s, respectively (Supplementary
Figures 16, 17).

The energy saving and loss of altitude during intermittent
glide phases need to balance the energy expense to restore
altitude and speed during the flapping phase in order to attain
energy gain. Part of the energy cost to regain altitude and
speed depends on the relative time spent gliding. When the
gliding proportion during intermittent flight increased due to
longer gliding bouts, the bird lost more altitude (Supplementary
Figure 18), and thus, more speed and power were needed to
build up by flapping to compensate for the lost altitude. Our
results indeed showed a rapid reduction in mean heart rate up
to 20% gliding, however, only minimal further reduction of heart
rate was measured at higher gliding proportions (Figure 5A).
In addition, a flight with a higher gliding proportion reduced
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TABLE 4 | Generalized additive mixed model estimates of the effects of gliding percentage on heart rate and ODBA in Northern Bald Ibis.

Gliding percentage - heart rate

Gliding percentage - ODBA

Smooth terms edf F-value Smooth terms edf F-value
Gliding percentage 4.625 31.683* Gliding percentage 6.264 627.20*
Altitude changed 1.356 9.112* Altitude changed 1.876 24.25*
s(Bird) 3.662 15.541* s(Bird) 3.815 25.66"
Linear terms Estimate t-Value Linear terms Estimate t-Value
Intercept 421.648 82.14* Intercept 673.434 92.94*
R? 4 0.581 R? 4 0.947

n 394 n 394

fREML 438.82 fREML 470.89

edf, effective degrees of freedom of the smooth function terms (edf >1 indicates non-linear relationships); F-test for variance explained; fREML, restricted maximum

likelihood; p < 0.01 indicated by asterisk.

the flight speed and may affect the overall migration speed
(Alerstam and Lindstrom, 1990; Hedenstrom, 1993). In this
study, the median gliding duration during intermittent flight was
0.8 s (Supplementary Figure 16)-during which the median loss
of altitude was —0.078 m (the median loss of altitude for all
gliding phases durations = —0.048 m). Thus, we conclude that
in most gliding phases, the birds had to build minimal flight
speed and power to compensate for the reduction in fight speed
and lost altitude.

The duration of flapping and gliding had clearly a pronounced
impact on heart rate and ODBA. During gliding, we measured
a rapid decrease, particularly during the first 1.5-2 s. After
already 1 s of gliding, the heart rate, and ODBA decreased by 0.7
and 7.1%, respectively. During flapping the heart rate increased
steadily but stabilized at longer flapping durations (Figure 4A).
Thus, we are convinced that the mean heart rate of 465 bpm
during flapping bouts of 60-80 s, represents the average heart
rate during continuous flapping. We found a constant decrease
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in the mean heart rate up to a gliding proportion of about 20%
(Figure 5A), which resulted in approximately 11% heart rate
reduction compared to continuous flapping flight (Figure 6).
At gliding percentages higher than 20%, a further reduction in
heart rate was only 1%. Thus, we consider that for Northern
Bald Ibises, a gliding proportion of about 20% can optimize their
energy savings during flight and overall migration journey.
Estimates on the amount of energy saving during intermitted
gliding flight vary considerably. In a theoretical study, Sachs
(2017) assumed up to 35% energy saving at gliding proportion
of about 80% during intermittent gliding flight in aerial roosting
swifts, when compared with continuous flapping flight. That
study showed that the most frequently observed duration of
gliding phases is 3 s followed by 2 s flapping phases (Sachs, 2017).
At this alternating frequency, Sachs and colleagues estimated 28%
energy saving based on a model that accounts for the dynamics
of the flight motion. In another theoretical study on swifts that
measured similar gliding proportion, the authors estimated a
15% improvement in flight economy due to intermittent flight
(Muijres et al., 2012). Also, based on a simple flap-gliding
flight model, which estimates the variation of mechanical power
output with flight speed in starlings, the authors arrived at an
estimate of 11% energy saving during intermittent flight with
a gliding proportion of 75% (Rayner, 1985). These theoretical

studies varied greatly with the energy-saving estimation due
to intermittent flight. Additionally, the gliding proportions
calculated in these studies are much higher than the one
calculated for the Northern Bald Ibises. In our empirical study,
the energy saving increased during intermitted flight up to a

Heart rate reduction [%]

T T

0 20 40 60
Gliding percentage [%]

FIGURE 6 | Heart rate reduction based on mean heart rate measurement at
different gliding proportions in comparison to the mean heart rate during
continuous flapping flight (i.e., the mean heart rate at the longest continuous
flapping bouts (60-80 s) we recorded).
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maximum of 12% for the highest measured gliding proportion
of 67.3% (Figure 6). A possible explanation for the differences
between the studies could be due to the fact that Northern Bald
Ibises are larger compared with swifts and starlings, however,
it could also be due to a wing shape that profits less from this
flight technique. Moreover, theoretical models predict energy
savings based on still air. When birds fly in nature, it is affected
by environmental conditions, which can influence the gliding
proportions and thus the energy expenditure.

Flight types were clearly distinguishable based on the
accelerometer data. The combination of ODBA, and the data
of the heave axes to define wing beats, allowed the accurate
classification of active and passive flight types. While we found
that ODBA and heart rate have the same trend of change with
the bird’s activity, the rate of change differed between them.
For example, as gliding percentages increased, the heart rate
decreased rapidly up to a gliding percentage of about 20% but
followed by very moderate to no change in heart rate at higher
gliding percentages (Figure 5A). On the contrary, a fast decrease
in ODBA appeared up to a gliding percentage of about 6%
followed by a rather linear decrease at higher gliding percentages
(Figure 5C). Indeed, we found a rather poor correlation between
these two methods with large variation in heart rate at any
level of ODBA. Yet, the correlation increased markedly when
values were averaged over a longer time scale (Supplementary
Figure 15). This is in contrast to expected correlations based on
previous considerations (Duriez et al., 2014; Weimerskirch et al.,
2016) and other studies that claimed that for an active animal,
acceleration data can provide estimates for metabolic rate with
similar accuracy to those made using heart rate measurements
(Halsey et al., 2008, 2009a; Green et al,, 2009). The bimodal
distribution of ODBA in flapping flight (Figure 2A) may partly
account for the weak correlation we measured (Shepard et al.,
2008a). Generally, the relationship between ODBA and energy
expenditure is known to depend on the kind of animal movement
(Gleiss et al., 2009; Laich et al., 2009; Hicks et al., 2020), with
good relationships during flight at low-resolution measurements
and diving behavior, but poor relationships with overestimates in
energy expenditure at resting behavior (Hicks et al., 2020) or in
measurements at very high sampling resolutions like in our study.
Thus, we suggest that ODBA may predict estimates for heart
rate measurements merely at a constant activity (e.g., continues
flapping flight) or at a lower temporal measurement.

During gliding phases, ODBA was affected by the stage of the
flight. We calculated the lowest values in the middle of the flight
(Figure 3D), presumably because of relatively longer gliding
bouts as the birds reached cruising altitudes (Supplementary
Figure 19). In addition, at longer gliding bouts, the artifact of
the previous flapping bout acceleration is low. Nevertheless, the
heart rate during gliding was not affected by the stage of the
flight (Figure 3B). This finding might be a result of a relatively
equal distribution of the gliding throughout the entire flight
(Supplementary Figure 19), which did not allow pronounced
deference in heart rate at different flight stages.

In contrast to the different flight stages while gliding, during
flapping phases we documented opposing results for the heart
rate and ODBA. After excluding the parts after taking off and
before landing, we documented slightly higher levels of heart rate

at early and late stages of the flight. We could indeed see that the
flapping duration for all birds was the highest at the earlier phase
of the flight and for most birds also toward the end of the flight
(Supplementary Figure 20). However, the flight stages during
flapping had no significant effect on ODBA. Nevertheless, we
could notice a higher level of ODBA at the early stage of the flight
that decrease slightly as the flight progressed. This may be partly
an artifact of the take-off when the birds still gained altitude and
flapped in longer bouts durations (Supplementary Figure 20)
until reaching cruising altitudes (Gatt et al., 2020). Another
possible reason for the decrease in ODBA as the flight progressed
is that the birds adjusted their positions to take advantage of
energy-saving from formation flight and the upwash created by
the preceding bird (Hummel, 1995; Weimerskirch et al., 2001;
Portugal et al., 2014).

Differences were identified between the birds regarding
gliding time (Table 2), heart rate, and ODBA measurements
(Table 3). These differences between individuals could arise from
the fact that the birds were flying on different days with different
environmental conditions (e.g., temperature, humidity, wind,
location), total flight duration, and start and end points of the
flight considering the altitude. However, we have a reason to trust
that the differences between two of the birds (295 and 280) that
flew on the same day (14.08.2019) are linked to their variation in
body mass (see section “Materials and Methods” and Table 2).

CONCLUSION

Migrating Northern Bald Ibises use dynamic flapping-gliding
flights as a strategy for saving energy. Using simultaneously
heart rate and accelerometer measurements at a high frequency
allows to estimate the heart rate and ODBA based energy
costs of different gliding proportions and different gliding
and flapping duration. The duration of the flapping and
gliding had a significant impact on energy expenditure during
flight. A rapid decrease in energy expenditure was observed
after already 1 s of gliding. Intermittent flights containing
approximately 20% gliding, resulted in heart rate reduction of
about 11% compared with continuous flapping flight, signifying
a noteworthy reduction in energy consumption. However, at
higher gliding proportions further energy savings were negligible.
Heart rate and ODBA methods are complementary: while
the former can be taken as a proxy for metabolic energy
consumption, the later gives a proxy measure for mechanical
power output. Yet, we see that at high-frequency measurements,
a comparison between the two methods is not reliable for
the calculation of energy saving. Nevertheless, acceleration
measurements provide accurate data to distinguish between
different behaviors and movements. Thus, the combination of the
two methods is essential.
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