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Abstract
The Red Kite has come to the forefront of general consciousness in recent decades. A major contributing factor has been 
repeated collisions of these raptors with wind turbines and the important role they play in the approval process for new tur-
bines. Efforts to improve their protection sometime encounter challenges due to limited knowledge about some life history 
aspects, e.g., their flight altitude and flight activity. We investigated these parameters from 2012 to 2018 in an approximately 
1000-km2 study area in the vicinity of Weimar (Federal State of Thuringia, Federal Republic of Germany) in 29 breeding 
birds (19 males and 10 females) equipped with GPS loggers. In addition to more than 11 million GPS data records, acceler-
ometer data from the loggers were evaluated. The start of morning activities correlated with sunrise. Most frequently, Red 
Kites initiated their first hunting flights immediately at sunrise; males started hunting at 9 min and females started hunting 
at 12 min after sunrise (medians). The Red Kites mostly foraged and hunted their prey during flight. The proportion of 
time spent flying during their activity phase was highest during midday hours, reaching 30–80% in males depending on the 
phase of the breeding season. For males, the time spent flying was approximately two and a half times that for females. The 
birds sporadically reached flight altitudes of up to 1600 m above ground in the breeding area, while they maintained lower 
altitudes between 5 and 60 m more frequently and predominantly while foraging (56% of location fixes). Higher altitudes 
were occupied much less frequently than lower altitudes and were often used to travel relatively long distances in an energy-
saving manner. The end of activity was well before sunset, at 87 min prior to sunset for males and 154 min prior to sunset 
(medians) for females.
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Zusammenfassung
Telemetrisch ermittelte Flughöhen und Flugaktivitäten von adulten Rotmilanen (Milvus milvus) im Brutgebiet
Der Rotmilan ist in den letzten Jahrzehnten im allgemeinen Bewusstsein stark in den Vordergrund gerückt. Wesentlich dazu 
beigetragen hat die Problematik, dass Rotmilane immer wieder an Windkraftanlagen verunglücken und deshalb eine wichtige 
Rolle bei der Genehmigung neuer Anlagen spielen. Die Bemühungen, ihren Schutz zu verbessern, stoßen teilweise auf 
Schwierigkeiten in Anbetracht der geringen Kenntnisse, z.B. bezüglich ihrer Flughöhe und Flugaktivität. Wir untersuchten 
diese Parameter von 2012 bis 2018 in einem ca. 1000 km2 großen Untersuchungsgebiet in der Umgebung von Weimar 
(Bundesland Thüringen, Bundesrepublik Deutschland) anhand von 29 Brutvögeln (19 Männchen und 10 Weibchen), die mit 
GPS-Loggern ausgestattet wurden. Neben über 11 Millionen GPS-Datensätzen erfolgte ebenfalls die Auswertung der in den 
Loggern befindlichen Beschleunigungssensoren. Der morgendliche Aktivitätsbeginn korrelierte mit dem Sonnenaufgang. 
Am häufigsten begannen die Rotmilane ihre ersten Jagdflüge direkt bei Sonnenaufgang, Männchen 9 und Weibchen 12 min 
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(Median) danach. Rotmilane suchten und erbeuteten ihre Nahrung zum großen Teil im Flug. Der Anteil der Zeit, den Sie 
während ihrer Aktivitätsphase fliegend verbrachten, war in den Mittagsstunden am höchsten und erreichte bei den Männchen 
je nach Brutzeitphase 30% bis 80%. Gegenüber den Weibchen verbrachten sie etwa die zweieinhalbfache Zeit fliegend. Die 
Vögel nutzten im Brutgebiet vereinzelt Flughöhen bis zu 1600 m über Grund, wobei niedrigere Höhen zwischen 5 und 60 m 
häufiger und vorwiegend bei der direkten Nahrungssuche genutzt wurden (56% der Ortungen). Größere Höhen wurden 
zunehmend weniger genutzt. Sie dienten oft zum energiesparenden Überwinden größerer Entfernungen. Das Aktivitätsende 
lag deutlich vor dem Sonnenuntergang, bei den Männchen 87 und bei den Weibchen 154 min (Medianwerte) davor.

Introduction

The Red Kite is a now well-studied, medium-sized bird of 
prey whose range is restricted to specific parts of Europe 
(Aebischer and Scherler 2021). Most breeding birds in 
central Germany do not spend the winter in the breeding 
area, but migrate to Iberia or southern France (Pfeiffer 
& Meyburg 2009; Bairlein et al. 2014). In the European 
Red List of Birds, its status was downgraded from “Near 
Threatened” to “Least Concern” in 2021 (BirdLife Inter-
national 2021). This optimistic assessment of this species 
situation throughout its range seems doubtful. For exam-
ple, the population is declining in several key areas (e.g., 
most of Spain) (Aebischer and Sergio 2020; Sergio 2019; 
2021). In Germany, too, there are indications that the total 
population is not as healthy as it seems when consider-
ing only the number of breeding pairs (Katzenberger et al. 
2021). Due to its small range, variability in population 
development and its vulnerability to anthropogenic mortal-
ity risks, strict protection remains essential.

Red Kites mainly use open landscapes, including set-
tlements, for foraging and are thus closely associated with 
areas utilised for agriculture. Breeding takes place almost 
exclusively in tree nests in copses, tree colonnades, forests, 
individual trees and increasingly in settlements (Ortlieb 
1989; Heuck et al. 2013; Nicolai et al. 2017). The predomi-
nant hunting methods are search flights and, more rarely and 
with only a limited or lack of vegetation cover, ground hunt-
ing (Hille 1995; Walz 2005). As distinct soaring birds, Red 
Kites are more affected by collisions with power lines and 
wind turbines than raptors that employ other hunting meth-
ods. With the proliferation of wind power plants in Germany 
in recent years, the Red Kite has been increasingly entangled 
in the conflict between energy transition and species conser-
vation (e.g.Langgemach and Dürr 2021; Bellebaum et al. 
2013; Kolbe et al. 2019). Sprötge et al. (2018) classified the 
mortality risk of wind turbines for Red Kites as “high”. To 
reduce the collision risk, more precise information on flight 
heights and flight activities, as well as that in relation to 
weather events, is increasingly required. Thus far, data on 
flight altitude have been collected through only relatively 
imprecise individual observations. These observations do 
not allow for the continuous monitoring of flight activity 

throughout the day and were mostly subjective assessments. 
Modern telemetry methods represent a “quantum leap” in 
the gain of knowledge and offer the possibility to collect a 
multitude of data using automated measurement methods, 
providing a picture independent of subjective observations.

Materials and methods

All studies relate to only the period in which the birds were 
situated in the breeding area.

Transmitters and study area

The study is based on 29 breeding birds (19 males and 10 
females) that were tagged with GPS loggers from the man-
ufacturer e-obs GmbH (Grünwald, Germany) from 2012 
to 2018 in an approximately 1000-km2 study area around 
Weimar (Federal State of Thuringia, Federal Republic of 
Germany, 50° 59' N, 11° 19′ E). These loggers, weighing 
15–25 g, had a rechargeable battery charged by a solar panel 
as well as a GPS module and, among other sensors, a three-
dimensional accelerometer (ACC). The loggers were pro-
grammed to determine and store the bird's location via GPS 
from approximately 1 h before sunrise to approximately 1 h 
after sunset. The timing of the fixes was determined by the 
state of charge of the battery. If the minimum charge level 
was reached, GPS fixes were made every 20 min. At medium 
charge, fixes were made at 5-min intervals. When the battery 
charge was very good, 12 of the transmitters (on 7 males 
and 5 females) were able to activate the GPS module con-
tinuously and record location fixes every second (so-called 
1-Hz fixes). The integrated accelerometer was programmed 
to record at least 78 readings at a frequency of 20 Hz per 
axis every 5 min, providing information about the bird's 
movement and position. Since ACC measurements consume 
very little energy, they still provided data even when GPS 
tracking had been reduced or turned off due to low battery 
voltage.

This evaluation included a total of 11,473,174 GPS loca-
tions provided by the loggers from 2012 to 2018 during the 
birds’ stay in the breeding area. The abundance of Red Kites 
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in the study area was approximately ten breeding pairs per 
100 km2 (Pfeiffer 2012).

Breeding season phases

We calculated the time intervals of the individual breeding 
season phases per brood from the fledgling stage (usually 
determined by wing length during ringing) (Pfeiffer and 
Meyburg 2015). The breeding season phases, based on the 
hatching date (H) of the oldest fledgling, were calculated 
as follows: territory occupation and courtship: 1 March to 
H-34 days; incubation of the clutch: H-33 to H-1 days; small 
fledglings in the nest: H to H + 25 days (female broods and 
guards); large fledglings in the nest: H + 26 to H + 53 days 
(female increasingly participates in foraging); and postfledg-
ing-dependent period: H + 54 to H + 75 days.

Determination of the activity phase

To determine the morning onset of activity, we first deter-
mined the roosting site for the previous night and then 
searched for the first GPS fix that occurred more than 200 m 
from the roost site. This ensured the exclusion of both erro-
neous measurements due to inaccurate GPS locations and 
small-scale changes in the roost tree, which sometimes occur 
due to disturbances during the nocturnal rest period. Analy-
sis of many individual data points showed that a GPS fix 
at this distance from the roost almost always represented 
the beginning of the first hunting flight. The last roost was 
considered to be the position of the first location fix of the 
day if it was less than 200 m away from the evening roost 
of the previous day or no further than 200 m from the eyrie. 
The beginning of activity was considered to be the midpoint 
in time between the last location at the roost and the first 
location that was more than 200 m away from the roost. The 
analysis included only those days on which GPS fixes were 
made during the period between the onset of activity and 
sunrise at 5-min intervals or more often.

Similarly, the end of activity was calculated as the mid-
point in time between the last fix in the activity phase and 
the first location at the evening roost. Here, the last fix of 
the day was assumed to be the evening roost if it was less 
than 2 h before or after sunset. Additionally, it could not 
be more than 200 m from the next morning’s roost. Again, 
only those days on which there were consistent GPS fixes at 
least every 5 min from the end of activity until sunset were 
considered. Only data from years in which the respective 
birds successfully raised fledglings were used. For females, 
the period of incubation of the clutch and rearing of small 
young was not included in the evaluation, as females fly very 
little during this period. The transmitters were thus only par-
tially charged, and consequently, there were only a few days 
with location fixes every 5 min around sunrise and sunset. 

As there were not enough fixes in the morning and evening 
hours from one transmitter, only the locations of 28 Red 
Kites (18 males and 10 females) were used for this part of 
the evaluation. In total, data from 2093 bird-days and 2478 
bird-days were available for the determination of the onset of 
morning activity and the end of activity, respectively.

Determination of flight activity

A decision tree (Supplementary Information (SI) Fig. S1 
for details) was used to determine if a bird was flying at a 
particular time. Primarily, the information from the accelera-
tion (ACC) sensor (Nathan et al. 2012) and, if necessary, the 
data from the GPS module, were analysed. The former was 
significantly influenced by the earth’s gravity and allowed 
the formation of conclusions about the position of the log-
ger and thus the bird’s posture. By assessing the pitch of the 
head–tail axis, it was immediately possible to tell whether 
the bird was sitting upright or was in a largely horizontal 
flight posture. There was a possibility of confusion only 
between gliding and incubating birds in the eyrie. In this 
case, the activities were differentiated by the distance from 
the nest and the time window of incubation. If a transmit-
ter was in continuous GPS mode (1 Hz tracking), no ACC 
measurements were collected. In this case, however, the 
bird’s behaviour could be easily identified from the continu-
ous GPS locations (distance to the previous location, speed, 
accuracy of the speed and flight altitude above the ground). 
For each hour in the activity phase and at 5-min intervals, 
whether the bird was in flight was determined. This allowed 
us to investigate at which times of the day kites fly and how 
frequently. In each case, the first location or measurement 
in the 5-min interval was used for the evaluation. For the 
1-Hz fixes, only the fifth location was assessed, as it pro-
vided more accurate results than a single measurement or 
the first measurement of a 1-Hz sequence. Only those hours 
for which GPS fixes or ACC measurements existed for all 
12 5-min intervals were included in the analysis. A total of 
10,451 bird-days were included in the analysis, for which 12 
measurements were available for at least 1 h.

Determination of the flight altitude

For the determination of the flight altitude, a total of 
8,798,033 fixes from breeding birds that were in flight were 
analysed. The altitude data related to each fix, which were 
provided by the GPS modules in the transmitters, referred 
to the WGS84 ellipsoid. Since the terrain elevations deter-
mined via the Google Maps elevation service (Google Maps 
platform) for each GPS point referred to mean sea level, a 
corresponding correction for the geoid undulation was essen-
tial (Poessel et al. 2018). However, this was constant within 
the study area and was determined using 1:25,000-scale 
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topographic maps from the Thuringian State Survey Office. 
The aboveground flight altitude was then determined from 
the adjusted GPS altitude minus the terrain elevation.

For all the loggers, initial tests were performed at a loca-
tion with a known position and altitude before they were 
attached to the bird. The goal was to verify functionality 
and measurement accuracy. In addition, the ACCs were cali-
brated. The tests showed that the mean values of the altitude 
measurements were quite accurate and never deviated from 
the reference altitude by more than 1.6 m for all transmit-
ters. However, the scatter was relatively high, and there were 
outliers of several 100 m. This was especially true for single 
location fixes or the first fix of a continuous 1-Hz meas-
urement sequence; the standard deviation (SD) was 48 m. 
The scatter of the altitude readings for the 1-Hz sequences 
became progressively smaller with increasing temporal dis-
tance from the beginning of the sequence. For all test fixes 
from the 11th second after the start of a 1-Hz sequence, the 
SD was only 5 m (SI Fig. S8). Therefore, for the comparison 
of subgroups (e.g., sex, different breeding season phases) 
and associations with weather data, only the more accurate 
1 Hz data from the 11th second (1 Hz–10 s data) were used 
for model construction. In addition to the content-related 
limitation of the value range (exclusion of nonpositive flight 
altitudes, which can arise due to measurement errors in the 
difference of the GPS altitude values adjusted for geoid 
undulation and terrain height), a sex-specific limitation of 
the upper value range was accounted for by considering that 
1% of the highest flight altitudes were potentially errors and 
thus excluded. The total number of 1-Hz flight altitude data 
points used in the analysis was thus 6,676,742 fixes.

However, 1-Hz sequences occurred only when the trans-
mitter battery was in a good state of charge, which in turn 
depended on how often the bird flew and whether the trans-
mitter was exposed to sufficient sunlight. To determine the 
size of the deviations in the 1-Hz flight altitudes compared to 
data that were collected in good and bad weather conditions, 
an additional evaluation of a further data set was carried out; 
this evaluation considered only locations where the bird was 
flying and time intervals of at least 5 min. Such fixes were 
largely available from most birds except for a few females 
during the period of incubation of the clutch. After clean-
ing the data to remove computationally nonpositive flight 
altitudes and recognisable outliers, 319,739 altitude values 
were included in the data set.

Meteorological data

To investigate the influence of precipitation, sunshine dura-
tion and wind speed on activity and flight altitude, these 
meteorological factors were additionally included in the 
data analysis. Weather data were obtained by querying the 
Environmental Data Automated Track Annotation system 

(Env-DATA) (Dodge et al 2013) in Movebank (Kays et al. 
2021) for the respective data points, which provided data 
from the European Centre for Medium-range Weather Fore-
casts (European Centre for Medium-range Weather Forecast 
2011). The weather parameters were average values over a 
model grid box of 0.75° and 3-h time steps. The reference 
area corresponding to the study area was approximately 53 
× 83 km. Only wind speeds up to 10 m/s were included in the 
analysis since faster speeds were rare, and thus, the number 
of data points was too small for evaluation.

Statistical analyses

The processing of the raw data and the statistical analyses 
were performed with SAS 9.4 software (SAS Institute Inc., 
Cary, NC, USA). All statistical significance tests were car-
ried out considering a five percent error probability. Due to 
the exploratory nature of the present study, correction for 
multiple testing was not foreseen.

Determination of daily activity start and activity 
end

The correlation between sunrise and activity start and 
between sunset and activity end was analysed using Pear-
son correlation and Spearman rank correlation analyses. A 
comparison of the start and end of observed activity, rep-
resenting the temporal difference between sunrise and the 
first measured activity and the temporal difference between 
the last measured activity and sunset, respectively, was per-
formed using a mixed linear regression model considering 
breeding season phase and sex as fixed factors, as well as the 
time of sunrise and sunset. Individual differences between 
animals were accounted for in the model by adding the ani-
mal as a random factor. Differences between subgroups (e.g., 
sexes) estimated from the regression model were expressed 
directly as temporal differences and represent the differences 
in estimated subgroup-specific daily activities.

Flight activity in breeding season phases

The comparison of the relative flight activity, which in each 
case represents the proportion of readings “in flight” among 
the available measurements, was performed using a Pois-
son regression model. In this model, “readings in flight”, 
which were represented by count data and were considered 
the dependent variable, was described by the linear com-
bination of the independent explanatory variables of sex, 
breeding season phase, and hourly interval. Additionally, the 
interaction of breeding time phase and sex was analysed. The 
observed number of measurements “in flight” depended on 
the number of available measurements (i.e., “in flight” and 
“at rest”). Thus, from a content point of view, the proportion 
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was modelled instead of the absolute number. This was 
realised by considering the different number of underlying 
measurements on the individual aggregation level as off-
sets. Several observations of an animal were included in the 
model (e.g., several breeding phases; several hourly inter-
vals per breeding phase). Accordingly, modelling of repeated 
measures was performed; observations from different indi-
viduals were assumed to be independent, whereas multi-
ple responses from the same subject were assumed to be 
correlated. The differences between subgroups (e.g., sexes) 
estimated from the Poisson regression model are expressed 
as relative risks (RRs) and represent the quotient of the esti-
mated subgroup-specific flight activities.

Accuracy of GPS altitude measurements

The analysis of the test measurements, based on altitude 
differences, was primarily descriptive. The variation in the 
altitude difference related to a specific point in time was 
additionally determined as residual scatter in a linear model 
with a random logger effect to detect logger-specific meas-
urement differences. There were no significant differences 
among loggers in the current study.

Flight altitudes

The comparison of flight heights was performed using a 
mixed log-linear regression model (log-transformation: 
natural logarithm) considering breeding success and sex as 
independent explanatory variables. In addition, the interac-
tion of breeding success and sex was analysed. The fact that 
the data were dependent observations (multiple observations 

in different years per animal) was taken into account as a 
random effect (transmitter number and year). Data from non-
breeders were not included in the analysis, as these data were 
available for only one male. Differences between subgroups 
(e.g., sexes) estimated from the regression model are inter-
preted as ratios (due to log scaling).

Meteorological influencing factors

In the data analyses, the weather data related to precipita-
tion, sunshine duration and wind speed were additionally 
considered, i.e., in addition to the primary analysis, mete-
orological influences were included in corresponding mod-
els as additional explanatory variables. The results provide 
information about the estimated effect size as well as the 
statistical significance of the meteorological factors. In addi-
tion, sex-specific models derived from a limited database 
comprising either males or females were constructed.

Results

Daily activity period

The beginning of the activity period was determined by 
sunrise, and the end was determined by sunset (see Fig. 1 
and SI Tab. S1, Fig. S2, S3, S4 and S5). Most frequently, 
Red Kites started their first hunting flights at sunrise and 
within 30 min before and after it (Fig. 2). On relatively few 
days, however, the Kites initiated activity later; the median 
activity start time for males was 9 min and for females was 
12 min after sunrise.

Fig. 1   Activity onset of Red 
Kite males during the breeding 
season compared to sunrise
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The end of activity for the Red Kites usually occurred 
well before sunset. The median time difference between the 
end of activity and sunset was − 87 min and − 154 min for 
males and females, respectively. However, the variability 
was significantly higher than for the activity start and sunrise 
time difference. On shorter days, the activity trend indicated 
an earlier start and later end relative to sunrise and sunset. 
This effect was more pronounced in females than in males 
(SI Figs. S6 and S7, Tabs. S2 and S3).

Because of the relationship between sunshine dura-
tion in 3-h intervals and sunrise and sunset, the analysis 
of the influence of weather data was carried out for only 
precipitation and wind. A significant influence of wind 
speed in the morning was detected. When the wind speed 
is increased by 1 m/s, the activity phase of the males starts 
1 min and 56 s (00:01:56) earlier (p = 0.0075 CI − 00:03:21 
to − 00:00:31), that of the females at 00:06:48 earlier 
(p = 0.0023 CI − 00:11:10 to − 00:02:27). As the wind data 
refer to large areas and are therefore not locally accurate 
or reliable, and the onset of activity of the females shows 
greater fluctuations (SI Fig. S3), it may be a random result. 
A few minutes earlier onset of activity is unlikely to have 
any biological relevance. An influence of precipitation was 
not observed for either sex in the morning or in the evening 
(SI Tab. S4).

Flight activity

During their stay in the breeding area from March to Octo-
ber, the proportion of time spent flying during the activity 
phase was 36% for males and 19% for females. However, 
this percentage changed significantly over the course of the 
season. Flight activity was highest when the young need to 
be provided with food, as well as around midday. In June, 
the mean values from 9 am to 1 pm Coordinated Univer-
sal Time (UTC) were 76% and 41% for males and females, 
respectively (Fig. 3). Furthermore, there were clear differ-
ences between the sexes up to the time when the offspring 

left the parental territories. The RR values in Table 1 show 
that males almost always fly more than twice as much as 
females during this period. During incubation, the difference 
was the largest, as the flight time in males was sixfold that 
in females. Even when the young were still small, the males 
flew more than three times more frequently than females.

Table 2 shows the influences of the weather factors of 
precipitation, wind speed and sunshine duration on flight 
activity. While the effect of precipitation was so small that it 
was not considered relevant, a higher wind speed and longer 
sunshine duration led to more flight activity. For example, 
a wind speed increase of 2 m/s increased flight activity by 
approximately 8%. The influence of sunshine duration was 
even stronger. With each additional hour of sunshine, the 
proportion of time spent flying increased by approximately 
9%.

Flight altitudes

Considering the entirety of the flight altitude data, a safe 
value for the maximum flight altitude above the ground was 
1613 m. This measurement was obtained at the end of a 
10-min 1-Hz sequence and can be considered very reliable, 
taking into account the temporally neighbouring detections 
with similarly high values. There were higher readings, but 
these did not occur within a 1-Hz sequence and were thus 
flagged as potential outliers. For the adjusted data set in the 
5-min grid, the mean was 71 m (males 73 m, females 58 m), 
and the median was 41 m (males 42 m, females 37 m). The 
median flight height of the 1-Hz–10 s data set was only 
slightly different, at 45 m (males 46 m, females 36 m). The 
model did not indicate a significant difference in flight height 
for either sex or breeding phase.

Figure 4 shows that both sexes occupied an altitude range 
of 20–24 m most frequently. It is also clear that females 
flew relatively more often than males at lower altitudes up 
to approximately 78 m, above which the reverse was true. 
The Red Kite flight patterns showed very frequent changes 
between different altitude ranges (Fig. 5).

When looking at the flight altitudes in different months, 
only small differences were observed for males from April 
to October. A slightly higher average flight altitude was 
noted in the morning (8:00–9:00 UTC) and in the afternoon 
(15:00–16:00 UTC for males and 14:00–15:00 UTC for 
females) when evaluating the flight altitudes in relation to 
the hour of the day (Fig. 6).

The influences of the weather factors of sunshine dura-
tion, wind speed and precipitation on flight altitude are 
shown in Table 3. Similarly, the RR value for precipitation 
deviated only slightly from one, so the influence of this 
weather factor was not considered relevant. Wind speed and 
sunshine duration, on the other hand, had noticeable influ-
ences. A faster wind speed had a negative effect on flight 
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altitude, and a longer sunshine duration had a positive influ-
ence on flight altitude in males. For example, an increase 
in wind speed of 1 m/s led to a reduction in a mean flight 
altitude of almost 10%. Each additional hour of sunshine 
increased the flight altitude of the males by more than 12%.

Discussion

Questions such as those addressed in this paper have been 
investigated only recently, within the last 10 years, due 
to improvements in transmitters and data loggers, which 
can transmit or record GPS locations and other data every 
minute or even every second (e.g., Wilmers et al. 2015); 
therefore, it is not surprising that there are very few, if any, 
publications on Red Kite and other species flight altitudes. 

Thaxter et al. (2015) provided a summary overview of the 
studies and methods available to date.

When assessing the influence of weather parameters, it is 
important to consider that weather data represent mean val-
ues for an area of approximately 4400 km2 and a 3-h period. 
While sunshine duration and wind represent relatively large-
scale events, precipitation, especially in the summer months 
during the time of rearing young, is sometimes highly local-
ised and limited in time. The assertions regarding the behav-
iour of birds during precipitation events are therefore limited 
to large-scale more or less humid weather conditions.

This study was highly exploratory; therefore, the results 
of statistical tests should be interpreted in this context. On 
the other hand, multiple testing could lead to false-positive 
study results. A correction of the alpha level (5%) would 
remedy this. Due to the different experimental approaches 

Fig. 3   Daily flight activities 
of Red Kite males and females 
during different phases of 
the breeding season. (For the 
numerical values, see SI Tab. 
S5 and S6.)
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(comparisons between and within groups, correlations, 
models), we refrained from a formal procedure. How-
ever, since the majority of the p values were very low 
(< 0.0001), statistical significance would remain, even if 
the most conservative and simple approach, the Bonferroni 
correction regarding all tests would have been applied. If 
the alpha level of 0.05 would have been divided by approx-
imately 50 tests, the corrected alpha level would be 0.001. 
Single p values considerably above this level should be 
interpreted with caution.

Daily activity period

To date, there are no similarly detailed studies analysing the 
daily start and end of activity in the Red Kite. The very close 
coupling of the onset of activity to sunrise is surprising, as 
one would have expected a more pronounced dependence 
on weather factors and on the breeding season phase. No 
influence of precipitation was detected, and the effects of 
wind on the onset of activity were too small to be biologi-
cally important. A considerable influence of these weather 
factors on the beginning and end of activity does not seem 
to be present. It is likely that the strongest driving force 
is hunger. This may partly explain days with a later onset 
of activity. If there is still left-over prey from the previous 
day, there is no need to begin the first hunting flight right 
at sunrise. The fact that the end of activity correlates with 
sunset is less surprising, even though the time of the end of 

activity is much more scattered and often takes place before 
sunset. Hunting success is likely to play a decisive role here.

Flight activity

As expected, the flight activity of Red Kites was highest 
during the nestling period, as the demand for food is higher 
than that during other periods, and search flights were the 
main hunting method during this time (Hille 1995; Walz 
2005). The considerable difference between the sexes is 
largely a result of division of labour during the reproduc-
tive phase, which has also been found in other raptor spe-
cies (e.g., Hernández-Pliego et al. 2017) using tri-axial 
accelerometers, a rather new technique in ornithology (e.g. 
Brown et al. 2013; Shepard et al. 2008). Even during the 
period of territorial occupation and courtship, it is usually 
the females that sit next to and guard the selected eyrie. 
Although they also participate in territorial defence, it is the 
males that hunt for prey during this phase, often presenting 
it to the female (courtship feeding). During incubation of 
the clutch, the females are only occasionally replaced by the 
males. The difference in flight activity is highest during this 
period. Even after the young have hatched, the males spend 
more time hunting than the females and therefore spend 
significantly more time flying. The females initially brood 
their nestlings most of the time and guard them sitting at 
the edge of the eyrie or from neighbouring trees when they 
grow larger; females gradually participate in hunting from 
approximately the third week after hatching. However, they 

Table 1   Sex-specific differences 
in the flight activity of Red 
Kites as a result of Poisson 
regression

The measure used is the relative risk (RR) value (males versus females) for flight activity. Interpretation: 
RR > 1 (or positive values of the model difference) indicates more flight activity in males than in females; 
RR < 1 (or negative values of the model difference) indicates a correspondingly opposite result; p values 
smaller than 0.05 are shown in bold

Breeding season phase RR
[95% CI]

Difference estimator 
[Standard error]
(Log-scale model dif-
ference)

p value
(H0: RR = 1)

Total stay in the breeding area 2.494 0.914  < .0001
[2.218, 2.805] [0.05983]

Territory occupation and courtship 2.241 0.807  < .0001
[1.946, 2.581] [0.07199]

Incubation of the clutch 6.028 1.796  < .0001
[4.713, 7.711] [0.12561]

Rearing of small young 3.366 1.214  < .0001
[2.626, 4.314] [0.12659]

Rearing large young 1.957 0.671  < .0001
[1.605, 2.387] [0.10123]

Postfledging-dependent period 2.214 0.795  < .0001
[1.863, 2.631] [0.08808]

Autumn 1.223 0.201 0.0226
[1.029, 1.453] [0.08820]
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never achieve the proportion of time that males spend on this 
activity. They also remain closer to the eyrie during this time 
(Pfeiffer and Meyburg 2015). For both sexes, the proportion 
of time spent flying was greatest around midday and in the 
early afternoon. This is typical for soaring species, as this is 
usually the time when thermals are at their strongest, which 
facilitates energy-efficient flying.

The positive influences of wind speed and sunshine dura-
tion were evaluated. Faster wind speeds lead to more oro-
graphic updrafts, while longer sunshine duration increases 
thermal updrafts. Using these updrafts, the birds can save 
energy and thus extend their flight times.

Similar findings were reported in a study from Hessen, 
Germany, which evaluated 74,767 fixes at 5-min intervals 
from six Red Kites (Heuck et al. 2019). Flight activity, deter-
mined exclusively by GPS speed (> 10 km/h), increased until 
midday, as was observed in the 29 Thuringian birds in this 
study, and was approximately 61% at that time. The decline 
thereafter was gradual for the kites in Thuringia. Likewise, 
the study revealed that flight activity was highest during the 
rearing of the young.

We suspected a much stronger effect of precipitation since 
our personal observations indicated such. Sergio (2003) sys-
tematically observed that in the closest relative, the Black 

Table 2   Influence of 
meteorological factors on the 
flight activity of Red Kites

Example: A RR value of 0.5 corresponds to a halving of the flight activity rate with a change in the param-
eter of + 1; p values smaller than 0.05 are shown in bold
a The interpretation of the effect is in the sense of a factor. RR > 1 indicates more flight activity, with an 
increase in the parameter (by + 1); RR < 1 (or negative values of the model difference) indicates a corre-
spondingly opposite result

Parameter Effect RRa [95% CI] p value (H0: RR = 1)

Model male + female Specific model male Specific model female

Precipitation
[mm]

0.9912 0.9913 0.9911
[0.9879, 0.9946] [0.9888, 0.9938] [0.9779, 1.0045]
 < .0001  < .0001 0.1942

Wind speed
[m/s]

1.0421 1.0406 1.0492
[1.0339, 1.0505] [1.0321, 1.0492] [1.0287, 1.0701]
 < .0001  < .0001  < .0001

Sunshine duration
[h]

1.0901 1.0947 1.0681
[1.0781, 1.1023] [1.0815, 1.1079] [1.0391, 1.0979]
 < .0001  < .0001  < .0001

Fig. 4   Proportions of flight 
altitudes occupied by male and 
female Red Kites
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Kite, Milvus migrans, heavy precipitation caused the birds 
to refrain from hunting.

Flight altitudes

The dynamic use of different flight altitudes by Red Kites 
may be overlooked if merely the median or mean values 
are considered, as Péron et al. (2020) also noted. The con-
stant change in flight altitudes is a key behavioural feature 
of this species. Lower altitudes between 5 and 60 m are 
mainly occupied during direct foraging, whereas higher 
altitudes are occupied to save energy when travelling 
longer distances. The birds use thermals to gain altitude. 
From there, they can glide towards their destination. If 
the initial altitude is insufficient, the process is repeated 
several times. This enables them to carry prey to the 
eyrie in an energy-efficient manner or to reach a better 
vantage point from which, for example, aggregations of 

other raptors or dust plumes from harvesting machines, 
indicating the presence of favourable food sources, can be 
located. This behaviour leads to a constant change in flight 
altitude during the day (Fig. 5). A longer sunshine period 
increases the thermal updrafts, which promotes activity at 
higher altitudes. Conversely, orographic updrafts, which 
are significantly influenced by wind speed, enable energy-
saving flight, even at lower altitudes. This reduces the need 
to use thermal columns to save energy, and the average 
flight altitude is reduced.

Only minor differences existed between the median of 
the 5-min data set and that of the 1-Hz–10 s data set. As 
expected, it was slightly higher for the 1-Hz data, as this data 
were obtained only after the transmitter batteries had been 
sufficiently charged by sunshine beforehand. This was usu-
ally associated with stronger thermals, which in turn poten-
tially facilitated the occupation of higher altitudes.
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Fig. 5   Example of the occupation of different altitude ranges of a 
male Red Kite on 21 June 2017. Only GPS locations from 1-Hz 
sequences are shown. The upper image shows the flight move-
ments (red dots) of the bird on that day, including the height above 
the ground (white lines). Three longer flights between the eyrie area 
(left) and a hunting area (the arrows indicate the direction of flight) 
are clearly visible. The approximately 1300-m gliding flight in the 
background was quite straight, with the bird losing 170 m in height 

(177 to 5 m above the ground). The less-straight flight in the opposite 
direction was a search flight at a roughly constant altitude between 
approximately 30–70 m above the ground. The lower image presents 
the flight altitude profile of the bird in the time sequence. The gaps in 
the graph correspond to time periods when the bird was not flying or 
when there were no 1-Hz detections. Characteristics are the frequent 
change between different altitude ranges
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Fig. 6   Monthly (a and b) and daily (c and d) profiles of the occupation of height ranges above the ground for Red Kite males and females during 
their stay in the breeding area; ♦ mean value; –median. (for the numerical values, see SI Tabs. S7 and S8)

Table 3   Influence of 
meteorological factors on the 
flight altitude of Red Kites

Example: A value of impact 2 would mean a doubling of the flight altitude with a change in the parameter 
of + 1. An impact of 1 would accordingly have no effect; p values smaller than 0.05 are shown in bold
a The interpretation of the impact is in the sense of a factor

Parameter Impacta [95% CI] p value (H0: no effecta)

Model male + female Specific model male Specific model female

Precipitation
[mm]

1.0021 1.0031 0.9939
[1.0017, 1.0025] [1.0026, 1.0035] [0.9930, 0.9948]
 < .0001  < .0001  < .0001

Wind speed
[m/s]

0.9045 0.9017 0.9343
[0.9041, 0.9049] [0.9013, 0.9021] [0.9332, 0.9354]
 < .0001  < .0001  < .0001

Sunshine duration
[h]

1.1249 1.1286 1.0011
[1.1219, 1.1280] [1.1255, 1.1318] [0.9894, 1.0130]
 < .0001  < .0001 0.8507
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The fact that females occupied lower altitudes more 
frequently than males is probably also due to the differ-
ent distribution of tasks during the breeding season. Since 
they stay much closer the eyrie in the period from territo-
rial occupation in spring until the young grow, they do 
not require the higher flight altitudes often used to travel 
greater distances.

Information about Red Kite flight altitudes based on 
seven birds observed using VHF telemetry and three birds 
observed using GPS/Argos telemetry is presented in Mam-
men and Mammen (2013). In this study, flight altitude was 
assigned to six different altitude classes by the observers, 
and the results for the lower altitude ranges largely coin-
cided with the results obtained in the current study.

The altitude measurements of Heuck et al. (2019) pro-
vide a good comparison. During the period from 2016 to 
2018, six Red Kites were evaluated using GPS loggers 
with barometric altimeters. Flight altitudes below 100 m 
were detected for 80.5% of the fixes. Our study recorded 
a slightly lower value of 77% for the 1-Hz–10 s data. The 
distribution of the altitude ranges in the aforementioned 
study was also largely analogous to our results. Consist-
ent with our studies, wind speed had a negative effect on 
altitude, while sunshine duration had a positive effect. An 
influence of precipitation could not be determined either.

The only possible comparison known to us at present 
with another species is the Lesser Spotted Eagle (Aquila 
pomarina). Flight activity in this species was also highest 
in the midday hours and early afternoon (50–75%) but 
started later in the morning (Meyburg and Meyburg 2020). 
This eagle needs more thermals than the Red Kite, but 
unlike the latter, it can do foot and perch hunting in the 
early morning when updrafts are still lacking. The differ-
ence in mean flight altitude, which is more than twice as 
high in the case of the Lesser Spotted Eagle, at approxi-
mately 200 m, also indicates biological relevance. At this 
altitude, Lesser Spotted Eagles, like other eagles, circle 
and search the ground for prey, while Red Kites perform 
lower, more active search flights.

Flight altitudes have been studied using very differ-
ent methods, and most studies have been carried out dur-
ing bird migration and when birds cross high mountains. 
Flight altitude data in the breeding range are rare and pre-
dominantly based on less reliable visual observations (e.g. 
Poessel et al. 2018; McClure et al. 2021). Considerable 
progress in the study of bird flight altitudes has recently 
been achieved through the development and improvement 
of telemetry technology (e.g. Wilmers et al. 2015; Péron 
et al. 2020). Previously, GPS measurements were consid-
ered inaccurate, but by collecting data every second, they 
have become accurate to within a few metres, so that with 
the latest tags, good measurements have become possible 

worldwide. This is becoming increasingly important, for 
example, for estimating collision risks with wind turbines.
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