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Abstract
Since 2015, the Red Kite project from the Swiss Ornithological Institute observes the population and
behaviour of Red Kites in Switzerland in a study area between Bern and Fribourg. Previous research
suggests that adaptions to changes in environmental factors during winter can vary considerably
between individuals. Yet, only few studies have experimentally assessed how intrinsic (i.e. sex) or
extrinsic drivers (i.e. food availability, elevation) influence the special use. With the aim to find possible
changes in behaviour during winter, a feeding experiment was implemented in the winter seasons,
from 2017 to 2019. We calculated seasonal home ranges of tagged Red Kites and compared their
summer and winter space use respectively. In particular, we assessed the effect of season, sex,
elevation and food availability on a) home range expansion b) horizontal or c) elevational shift and d)
the shape or home ranges. The analysis of the GPS-data of the tagged Red Kites shows that home
ranges of fed birds in low elevations (below 800 m) are smaller in winter than in summer and there is
no remarkable change in shape or the location of the used areas. Unfed birds only change their winter
home ranges in higher elevations and home ranges shaped more elongated than comparable winter
home ranges in lower elevations. In winter, home ranges of fed birds in higher elevations (above
800 m) are usually larger and more elongated than their summer home range. Further, most Red Kites
use several areas in winter, potentially due to roosting sites or anthropogenic feeding sites. In
conclusion, Red Kites are more likely to change their behaviour during winter if they use home ranges
at higher elevations.
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1 Introduction
Seasonal changes in environmental conditions are a key reason for animal migration. In temperate
zones, such as Europe, food is scarce in winter, causing migratory birds to move south into warmer
regions where there is more food available (Blanco et al., 1997; Jahn et al., 2010; Lack, 1968). In Europe,
seasonality is predominantly associated with changes in temperatures (cold winters and warm
summers) (de Zoeten & Pulido, 2020; Somveille et al., 2015). When conditions change in spring, birds
follow the increasing food availability into their breeding grounds (Lack, 1968).
Returning early from the overwintering areas is expected to result in competitive benefits for nest sites
compared to birds that return to the breeding grounds later (Buchan et al., 2020; Forstmeier, 2002;
Kokko, 1999; Moller, 1994). Some animals might not leave their breeding ground at all, referring to a
population of partial migrants where some individuals do migrate while others remain sedentary. So,
the choice between migrating or staying resident is dependent on circumstances for each individual.
Either the advantages in overwintering near the breeding grounds outweigh or there are more benefits
in overwintering somewhere else (Lack, 1968).
One example of a partially migratory species is the Red Kite (Aebischer, 2009). The total Swiss
population of Red Kites consists of approximately 2800-3500 breeding pairs (Swiss Ornithological
Institute, 2020), with an estimated 2500 individual Red Kites overwintering in Switzerland in the past
winters, including migrants from further north that stay in Switzerland during winter (Grüebler, 2019).
In general, most juveniles of this species leave the breeding grounds in late summer/early autumn to
overwinter in France or Spain (Birdlife International, 2020; Swiss Ornithological Institute, 2020). While
some birds continue to migrate throughout their lives, others may become resident, staying yearround in the vicinity of their summer home range (Carter, 2007). Interestingly, this strategy has steadily
increased over the past few years (Aebischer, 2009).
Where there is enough food and space, Red Kites tend to only defend a small area around the nest
during the breeding season (Carter, 2007; Mebs & Schmidt, 2014). Nevertheless, they do concentrate
their activities in clear home ranges, which is defined as “that area traversed by the individual in its
normal activities of food gathering, mating, and caring for young”, according to Burt (1943).
A home range of good quality should contain reliable food sources in appropriate amounts (Peery,
2000). Optimal foraging theory (MacArthur & Pianka, 1966) predicts that animals adjust their space
use as a function of food availability. For areas with high food availability, a smaller home range is
sufficient, whereas areas with fewer food sources may lead to larger home ranges (Kenward, 1982).
The optimal foraging theory sustains a decreasing home range during winter, if food availability is
sufficient and there is no need for the to do any energy-consuming flights to search for food elsewhere.
However, if weather conditions such as a snow cover or other factors reduce the food availability, the
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bird can be forced to use a wider area to provide itself with food, resulting in a larger home range
during winter. Karthäuser et al. (2019) propose that improved food availability from experimental
feeding affects the behaviour of birds leading to the expectation that Red Kites with increased food
availability may show a different behaviour compared to those with less. Therefore, the home range
size is taken as one indicator for home range quality. In winter, food availability is expected to be
reduced compared to summer due to the reduced availability of invertebrate (e.g. worms, insects) and
vertebrate (e.g. rodents, young birds) prey (Forstmeier, 2002; Jahn et al., 2010; Kokko, 1999; Lack,
1968). In order to compensate for decreased food availability in winter, home range sizes of residential
Red Kites are therefore expected to be larger in winter compared to their corresponding summer home
ranges. During summer months, when food supply is high, the home range of Red Kites is also expected
to be small and round, given that the bird is foraging in a small radius around the nest site. If food
sources become limited in winter, then birds have to travel further, leading to an increase in home
range size. Furthermore, the shape may become more elongated should the bird forage in one
preferred area further away from the core area of the home range. Additionally, differences in food
availability might lead to a change in foraging strategies, and therefore, cause a change in home range
size (Weimerskirch et al., 2006). Without the need to stay close to the breeding grounds in winter,
birds might even choose to shift their home range completely (Carter, 2007).

Hypothesis
If food sources are limited, animals may need to move over longer distances to find sufficient food to
meet daily energy demands, hereby increasing their home range size compared to situations where
there is no such limitation (home range expansion hypothesis, HEH)(Figure 1.1). To optimize foraging,
animals may exploit locations with sufficient food supply and therefore shift their home range
horizontally or in elevation (spatial shift hypothesis, SSH). If areas with better food supply are used
additionally to the established home range, we may also observe that the outline of the home range
changes, becoming more elongated the further away this second part of the home range is (shape
elongation hypothesis, SEH). Finally, birds that breed at high elevations might also shift their activities
to lower regions, where winter conditions are less severe. This would result in a shift along the
altitudinal gradient (Elevational shift hypothesis, ESH).
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Figure 1.1: Schematic representation of the hypothesized changes in space use between summer (1) and winter (2) home
ranges of resident Red Kites. HEH: home range expansion hypothesis; SEH: shape elongation hypothesis; SSH: spatial shift
hypothesis; ESH: Elevational shift hypothesis.

In this study, we investigated how food availability affects space use in resident, overwintering Red
Kites in Switzerland, and whether changes in space use confirm our expectations of the hypotheses. In
order to investigate the assumptions, we set up an artificial feeding experiment to test whether food
availability constrains home range selection in resident, overwintering Red Kites. In particular, we
tested if Red Kites adjust four alternative dimensions of home range selection (size, shape, horizontal
and vertical position) when food availability was experimentally increased, and whether such foraging
adjustments vary across elevation.
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2 Material and Methods
2.1 Study area
This study was carried out in the context
of the long term Red Kite project from
the Swiss Ornithological Institute (SOI),
starting in 2015 in western Switzerland.
The study area (see Figure 2.1) covers
most of the Sense District (Canton
Fribourg), extending into the adjacent
Saane and See Districts, and the adjacent
areas in Canton Bern. The elevational
gradient ranges from around 500 meters
above sea level (northeast along the
Saane) up to 1500 meters above sea level
(a.s.l.) south of Plaffeien and Guggisberg.

Red Kites live and breed in areas with
woodlands and forests, mixed with

Figure 2.1: study area with 62 quadrants of about 2.5 km * 2.5 km

farmland, pasture and heathland (Birdlife International, 2020; Heuck et al., 2013). In Switzerland Red
Kites breed in altitudes up to 1.600 m.a.s.l. (Birdlife International, 2020). The landscape of the study
area is dominated by meadows and pasture, and interspersed with small forest patches where Red
Kites find convenient conditions to settle and build their nests.
In the context of the pre-existing project of the SOI, Red Kites have been equipped with GPStransmitters since 2015. Methods for catching and tagging are described in earlier theses from the
project (Baucks, 2018; Cereghetti, 2017).

2.2 Feeding experiment
To experimentally test whether food availability alters winter home range use in resident Red Kites,
we performed a feeding experiment over three years, during fall and winter. As avian scavengers, Red
Kites predominantly feed from carcasses and agricultural refuses, such as afterbirth or leftovers at
dairies. In agricultural areas, Red Kites also feed from small mammals or birds, killed during mowing
events or other agricultural activities (Deutsche Wildtier Stiftung, 2019; Gilad, 2019). In Switzerland,
they are also known to feed from private feeding sites where food is placed in regular intervals and
amounts, particularly in winter (Cereghetti, 2017).
4

For the GPS-tagged adult Red Kites, we set up feeding platforms near to that year’s nest. The feeding
platform locations were selected to cover the elevational range in the study area. Platforms were
installed in open areas before autumn migration started (mid/end August until mid-September), and
stayed active until the end of January, unless the bird migrated before that. They were built using a
wooden board (60 x 60 cm) placed on top of a 2 m high wooden post. In a few cases the platform had
to be changed, using a wider board (100 x 100 cm) to prevent cats from climbing on top.
On each platform we started feeding with 5 chicks (dead day-old male chicken chicks), feeding every
two to three days. The chicks used for feeding were purchased from a local hatchery (Wüthrich
Brüterei AG, Belp). If the chicks were taken, the number was increased by 5 chicks up to a maximum
of 75 chicks per feeding-day. In cases where we needed to feed such large quantities, there were
usually buzzards, crows and magpies feeding from the same platforms, too. The additional chicks
ensured that the Red Kites got a chance to feed from the platform.
In total , 94 tagged Red Kites were fed, while 68 individuals were unfed and could be used as control
(Table 1). For 66 platforms we could confirm Red Kites feeding, whereas on 28 platforms we could
never observe Red Kites feeding or the food remained untouched. We verified the acceptance of
platforms with direct observations, as well as with cameras/videos, and double-checked platform use
by visually inspecting the GPS location from the tagged Red Kites. Fed birds usually accepted the
platforms after a few days, although they were still very sensitive to disturbances around the platform.
Implementing cameras and changing the boards on three platforms to make them “cat-proof” made
the Red Kites stay away for a few days
before feeding restarted. In several

Table 1 Overview of sample size. Individuals who migrated (in
respective year) are not considered in this study.

cases, the Red Kites did not come close
to the platform at all while the cameras
were installed, but were observed
swooping after the camera was removed
again.
We have 66 fed individuals, while those
28 birds who didn’t accept the feeding
platforms are combined with the
remaining 68 birds who didn’t receive
any experimental feeding treatment,
leaving 96 “unfed” birds. Given this
study’s

interest

in

examining

the

behaviour of individuals overwintering

year
2017
2017
2018
2018
2019
2019

fed
fed
unfed1
fed
unfed1
fed
unfed1
total 2017
total 2018
total 2019
total
excluded 2
excluded 3
total sample size

residential
11
9
22
18
22
20
20
40
42
102
19
11
72

1 birds without supplementary feeding treatment and birds who
didn't accept the feeding are combined as "unfed birds"
2 excluded due to technical issues
3 excluded due to oversized home ranges (>80km²)
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in Switzerland, we only consider resident birds. 60 out of the 162 birds migrated, yielding 102 birds
that overwintered in the study area and were thus considered as residential birds.
A further 19 loggers stopped transmitting or sent too few points, which eliminated those birds from
the analysis. Furthermore, some birds left their core home range for more than a week and stayed in
another area, not showing a classical migration overwintering in Spain or southern France but not
staying residential, either. It is possible that they use a different strategy for overwintering, and the
calculated home ranges were quite large compared to truly residential birds, staying in one core area.
As such, we took 80 km² as a limit for the home range size, which excluded another 11 birds from the
original 83.

2.3 Data preparation
The data used in this study are stored on Movebank1 (Wikelski et al., 2020). All statistical analyses were
conducted using R (version 3.6 and 4.0) (RStudio Team, 2020). Maps were created using QGIS 3.4.15
Madeira (QGIS Development Team, 2020).
The loggers record the hourly position of an individual and positions are transmitted via the GSM
network. Due to poor weather conditions, as well as technical issues, some loggers stopped
transmitting resulting in large data gaps. With fewer points, home range sizes are overestimated, as
each point gets more weight, so a few points further away from the core of the home range results in
a much larger area for the home range. Furthermore, this would be using less than one point per day,
on average, which we felt does not adequately represent a home range. In order to determine the
minimum number of points, we used a home range suitability index as described in Baucks (2018). We
found that the number of points should not be less than 50 to calculate a representative home range.
Furthermore, we checked for and removed any duplicated points and reduced GPS-fixes to the
daytime-fixes (after sunrise and before sunset) to focus on foraging behaviour, which occurs during
the day (Carter, 2007). McCrary (1981) sustains that tagging doesn’t affect the behaviour of raptors.
For all birds, we checked whether they migrated or not. We then calculated all departure and arrival
dates of the previous years, using movement patterns derived from the GPS-points. If a bird was absent
from the nest over an extended period, the individual was supposed to have left the study area for
migration. We manually checked the computed values for the validity of the exact date of departure
date. The same method was used to achieve arrival dates when birds came back to the study area after
migration. From the distribution of departure dates we defined that birds with a later departure date

1

Data accessed from movebank.org, “Milvusmilvus_GSM_SOI”, 230545451 at 02.04.2020 and
“Milvusmilvus_Milsar_SOI”, 676543044 at 02.04.2020
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than the 90%-quantile (December 8th) to be residential individuals. Similarly, we calculated the 10%quantile of arrival dates for January 30th to determine the end of the core wintering period. We
assumed this core wintering period to ensure that birds have to cope with winter conditions and adapt
their behaviour accordingly. As criteria for the choice of the start and end of the summer season we
chose a time window of the same length as the wintering period, and which occurred after the
breeding season but before the start of the feeding experiment or the first birds start migration.
Excluding the breeding season should help to get comparable results between summer and winter, as
breeding substantially affects a bird’s daily activities and, therefore, home range (Davies & Davis, 1981;
Pfeiffer & Meyburg, 2015). Assuming that most young birds leave the nest at latest in the first weeks
of July (cf. (Pfeiffer & Meyburg, 2015), we chose the summer period starting at 1st of July and ending
at 23rd of August.
We used kernel density estimates from the adehabitatHR-package in R (Calenge, 2020) to calculate
the 95 % kernel home range for each bird per year and season using “bivnorm” as standard kernel type
in the kernelUD-function. The grid size is fitted to each individual as well as the reference bandwidth
(based on the standard variation). To create a table with all home range sizes we used the kernel.areafunction. For further use in QGIS we also calculated the shape of home ranges using kernelUD and
getverticeshr. Home range sizes are calculated in square kilometres.
Seasonal change in home range size
To evaluate the change in home range size between seasons we used the log response ratio between
summer and winter home ranges, defined as:
𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 ℎ𝑜𝑚𝑒 𝑟𝑎𝑛𝑔𝑒 𝑠𝑖𝑧𝑒
= 𝑙𝑜𝑔10(𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑢𝑚𝑚𝑒𝑟 ℎ𝑜𝑚𝑒 𝑟𝑎𝑛𝑔𝑒/𝑎𝑟𝑒𝑎 𝑜𝑓 𝑤𝑖𝑛𝑡𝑒𝑟 ℎ𝑜𝑚𝑒 𝑟𝑎𝑛𝑔𝑒)
The index is centred at 0, representing cases where summer and winter home ranges have the same
size. Values > 0 indicate a home range contraction from summer to winter, values < 0 indicate a home
range expansion from summer to winter.
Shape of home range
To compare the shape of the home ranges we used the log response ratio of length and width from a
rectangle bounding the borders of the home range (minimum bounding geometry in QGIS).
𝑙𝑒𝑛𝑔𝑡ℎ𝑠𝑢𝑚𝑚𝑒𝑟
𝑠𝑢𝑚𝑚𝑒𝑟 ℎ𝑜𝑚𝑒 𝑟𝑎𝑛𝑔𝑒 𝑠ℎ𝑎𝑝𝑒 = 𝑎𝑏𝑠 (𝑙𝑜𝑔10 (
))
𝑤𝑖𝑑𝑡ℎ𝑠𝑢𝑚𝑚𝑒𝑟
𝑙𝑒𝑛𝑔𝑡ℎ𝑤𝑖𝑛𝑡𝑒𝑟
𝑤𝑖𝑛𝑡𝑒𝑟 ℎ𝑜𝑚𝑒 𝑟𝑎𝑛𝑔𝑒 𝑠ℎ𝑎𝑝𝑒 = 𝑎𝑏𝑠 (𝑙𝑜𝑔10 (
))
𝑤𝑖𝑑𝑡ℎ𝑤𝑖𝑛𝑡𝑒𝑟
7

Taking absolute values ensures that it doesn’t matter whether the elongation is due to a larger length
or width. Therefore, values which are equal to 0 indicate a square border, thus a round shape of the
home range while increasing values indicate an elongated shape.

Horizontal shift of home range
We calculated the distance between the centroids of the summer and winter home ranges,
respectively, using the distGeo-function from the geosphere-package in R (Hijmans, 2019), and used it
as proxy for the horizontal shift (calculated in metres).
ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑠ℎ𝑖𝑓𝑡 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑢𝑚𝑚𝑒𝑟 𝑎𝑛𝑑 𝑤𝑖𝑛𝑡𝑒𝑟 𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑𝑠 𝑜𝑓 ℎ𝑜𝑚𝑒 𝑟𝑎𝑛𝑔𝑒𝑠
Elevational shift of home range
We took the difference between the elevation of the summer and winter home range centroids to
determine the elevational shift between seasons.
𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑠ℎ𝑖𝑓𝑡
= 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑢𝑚𝑚𝑒𝑟 𝑎𝑛𝑑 𝑤𝑖𝑛𝑡𝑒𝑟 𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑𝑠 𝑜𝑓 ℎ𝑜𝑚𝑒 𝑟𝑎𝑛𝑔𝑒𝑠

2.4 Analysis
To model seasonal changes in home range size, horizontal and vertical positions, and to investigate
factors that affect the home range shape in either season respectively, we used linear models and
linear mixed effect models using the “base”- and “lme4”-package in R (Bates, 2020). We took the
seasonal change in home range size, home range shape (per season), horizontal shift between seasons
and seasonal change in elevation as response ratio with feeding treatment, summer elevation, year,
sex and summer home range size as explanatory factors. Initially, we included bird ID as a random
effect in all models. If the random effect variance was estimated to be almost zero (models for HEH
and SEH), we excluded random effect and ran a linear model instead. Mixed effect models were
refitted with restricted maximum likelihood (REML). For all models, except the shape of summer home
ranges, the interaction for feeding treatment and elevation was kept. Due to our interest in the
interaction between feeding treatment and elevation, we decided to keep it in the models, despite
very small AICc-values (AICc-function in MuMin-package in R (Barton, 2020)). To assess the 95 %
credible intervals (CrI) of the parameters estimates, we applied a Bayesian framework, drawing 2000
random samples from the posterior distribution of the model parameters, described in KornerNievergelt et al. (2015), using the sim-function (arm-package in R, (Gelman & Su, 2020).

8

The final models to investigate our four hypotheses were delineated as follows:
HEH

SEH

∆ HR-size ~ fed * elevationsummer + sex + year + areasummer

1) Summer HR-shape ~ elevationsummer + sex + year + areasummer
2) Winter HR-shape ~ fed * elevationwinter + sex + year + areawinter

SSH

horizontal shift ~ fed * elevationsummer + sex + year + areasummer

ESH

∆ elevation ~ fed * elevationsummer + sex + year + areasummer

9

3

Results

3.1 Seasonal change in home range size
We found that there are substantial differences in the seasonal home range sizes between individuals.
Figure 3.1 (a-c) depict summer and winter home ranges from three Red Kites and illustrate the three
possible ways space use can change between summer and winter. Bird 13 (Figure 3.1 a) has a small
home range that does not show considerable seasonal change between summer and winter. The size
of the summer home range of bird 27 (Figure 3.1 b) is similar to the home range size of bird 13, whereas
the winter home range is larger, representing an expansion in winter. In a further expample, bird 98
(Figure 3.1 c) shows the opposite behaviour, using a large area in summer, but reducing the home
range to a smaller area in winter.

(a) Home range of bird 13.
summer area = 1,03 km²; winter area = 1,33 km²

(b) Seasonal home range of bird 27.
summer area = 2,09 km²; winter area = 3,48 km²

Figure 3.1 (a-c): Represented are home
ranges for three expamplary birds in
summer (blue) and winter (orange).

(c) Seasonal home range of bird 98
summer area = 5,69 km²; winter area = 4,12 km²
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Changes in summer vs. winter home range size depended on sex, year, supplementary feeding status
and elevation (Table 2). While female Red Kites exhibited little difference in the sizes of their summer
and winter home ranges, males tend to use larger home ranges in winter than in summer. Summer
home ranges of fed female Red Kites in 2017 are about 2.5 times larger than their winter home range
on average, whereas home ranges of all male Red Kites increase about a factor of 0.43 from summer
to winter. But the large variation of home range sizes in male Red Kites (green points, Figure 3.2 left),
although there was considerable variation in sex.
We only found a significant difference between winter and summer home range sizes in 2017 in
relation to 2018 and 2019 (Figure 3.2 right). Taking fed female Red Kites as reference, the factor of the
change between summer and winter home ranges is about 2.5. However, the feeding treatment and
sex influence this factor. The following two years differed significantly from 2017. Both, in 2018 and in
2019, there was an evident decrease in winter home range sizes compared to the summer home
ranges. All birds decreased their home range about a factor of 2.95 from summer to winter in 2018
and about 2.6 in 2019.
Table 2 Estimates and Confidence Intervals for seasonal change in home range size.

estimate

95% CrI

(Intercept)

0.406

-0.722

1.561

Fed (Y)

1.821

0.185

3.419

elevationsummer

-0.001

-0.003

0.000

sexmale

-0.360

-0.582

-0.143

2018

0.471

0.170

0.767

2019

0.409

0.112

0.710

areasummer

0.026

0.017

0.035

fed (Y)* elevationsummer

-0.002

-0.004

0.000

* significant values are highlighted in bold letters.
* zero-values in the credible intervals are due to rounding

Birds with a larger summer home range decreased their home range in winter, while birds with small
summer home ranges expanded their home range in winter (Figure 3.3 left). However, this model does
not say anything about how big the winter home range is. It only tells whether the winter home range
increases or decreases size-wise in comparison to the summer home range. Comparing the calculated
home range sizes, summer home ranges have a mean of 8.45 km² (quartile: 1.82 km², 8.21 km²)2,
whereas winter home range cover areas about 12.07 km², on average (quartile: 2.0 km², 14.28 km²).
Thus, summer home ranges are a bit smaller than winter home ranges, in general.

2

Value of 75%-quantile is smaller than the mean because of outliers. A few very large home range sizes
influence the mean.
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Figure 3.2 Predicted relative change in home range size and 95% Confidence Intervals for female and male Red Kites (left)
and per year (right).
HRs = summer home range; HRw = winter home range

A significant interaction between feeding treatment and elevation indicated that feeding mediated an
elevational effect on seasonal home range size, i.e. on how Red Kites expand or reduce their home
range size in winter. In particular, with increasing elevation, fed birds had larger home ranges in winter
than in summer (Figure 3.3 right). For example, the area used by fed birds foraging below 800 m a.s.l.,
decreased in size by a factor of 2.5 from summer to winter, whereas birds with their home range at
high elevations above 800 m a.s.l. are likely to expand their territory from summer to winter by a factor
of 10. In contrast, unfed birds showed similar home range sizes in summer and winter (Table 2 and
Figure 3.3 right).

Figure 3.3: Influence of summer home range size (left) and feeding treatment along an elevational gradient (right) on the
relative change of home range size (black line) and 95 % Confidence Interval (shaded green and blue area).
HRs = summer home range; HRw = winter home range
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3.2 Shape of home ranges
The log-transformed ratio of length and width is shown in absolute values, such that it shows a change,
but not whether the home range is elongated by length or by width. A large elongated summer home
range can turn into a round home range during winter, but it is also possible that a round summer
home range becomes elongated during winter, if the bird is roosting away from its summer home
range. Figure 2.1 (a-c) represents the same three exemplarily birds as used to represent the size of
home ranges. The bounding box for each seasonal home range is highlighted and we can see that the

(a) shape of seasonal home ranges of bird 13. Slightly
elongated shape in both seasons.

(b) shape of seasonal home ranges of bird 27. Elongated
shape in winter, whereas the shape of the smaller summer
home range can be framed by a quadrat.

Figure 3.4 (a-c): home ranges with
minimum bounding geometry as
rectangles for elongated shapes and
squares for round home ranges
(c) shape of seasonal home ranges of bird 98. Home ranges in
both seasons are framed by a rectangle. independent of size,
home ranges in both seasons have an elongated shape.
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elongation is more or less pronounced. Only bird 27 shows an almost square shape as summer home
range, whereas all other home ranges represent an elongated shape in both seasons.
The model suggests that it is most likely that small home ranges have a round shape in summer as well
as in winter, whereas larger home ranges have an elongated shape (Table 3 and Table 4, Figure 3.5).
Values close to zero stand for an almost square border around the calculated home range. Neither sex
nor year did respond to the shape of the home range (Table 3 and Table 4).
Table 3 Estimates and 95% Confidence Interval for the shape of summer home ranges.

estimate

95% CrI

(Intercept)

0.071

-0.200

0.342

elevationsummer

0.000

0.000

0.001

sexmale

-0.006

-0.081

0.068

2018

0.005

-0.095

0.108

2019

0.045

-0.055

0.146

areasummer

0.006

0.003

0.009

* Model does not include feeding treatment as variable since there was no experimental feeding during the summer
season.
* significant values are highlighted in bold letters.
* zero-values in the credible intervals are due to rounding and can still be significant
Table 4 Estimates and 95% Confidence Interval for the shape of winter home ranges.

estimate

95% CrI

(Intercept)

-0.251

-0.563

0.061

fed (Y)

0.066

-0.387

0.519

elevationwinter

0.001

0.000

0.001

sexmale

-0.026

-0.091

0.038

2018

0.048

-0.041

0.136

2019

0.058

-0.031

0.147

areawinter

0.004

0.002

0.006

fed (Y) * elevationwinter

0.000

-0.001

0.000

* significant values are highlighted in bold letters.
* zero-values in the credible intervals are due to rounding and can still be significant
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Figure 3.5 Influence of summer home range size on the home range shape. Confidence Interval (95 %) represented as green
shaped area.

Regarding the difference in shape there is a divergent trend depending on elevation. The shape of the
summer home range shows no difference across elevations (Figure 3.6 left) and they tend to have a
slightly elongated shape, in general, with a length-width-ratio of 1 : 1.8, on average. However, in
winter, the home range shape does respond to an elevational gradient, independent of feeding
treatment (Table 3 and Table 4). While home ranges of fed birds in low elevations tend to be round,
home ranges are more elongated with increasing elevation in both seasons (Figure 3.6 right).

Figure 3.6 Influence of feeding treatment along an elevational gradient on the home range shape. Confidence Interval
represented as green shaped areas.
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3.3 Horizontal shift of home range
We found support for an interaction between feeding treatment and elevation, indicating that the
horizontal shift depended on elevation in fed, but not in unfed birds (Table 5). In general, most birds
shifted their home range by less than 500 meters between seasons (Figure 3.7). Unfed birds relocated
their home range centroids from summer to winter about 500 meters (Figure 3.8), an effect that was
relatively constant across the elevational gradient. In contrast, fed birds showed an interaction with
elevation, in which winter home range centroids of fed birds at low elevations showed almost no shift
while those at high elevations, above 800 m a.s.l., shifted from summer to winter by 1000 meters or
more.
Table 5 Estimates and 95% Confidence Interval for the horizontal shift winter home ranges, calculated in metres.

estimate
(Intercept)

95% CrI

648.418

-709.720

2013.929

-3669.844

-5607.489

-1796.136

-0.471

-2.262

1.344

sexmale

232.635

-23.908

495.655

2018

-42.189

-330.578

242.109

2019

-28.734

-319.997

262.827

areasummer

17.044

7.802

26.116

fed (Y) * elevationsummer

4.901

2.481

7.392

fed (Y)
elevationsummer

Figure 3.7 Histogram showing the distance between home
range centroids in summer and winter.

Figure 3.7 Horizontal shift of home ranges representing
feeding treatment along an altitudinal gradient.
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3.4 Elevational shift of home range
The difference in elevation between summer and winter home ranges did not respond to any of the
tested parameters significantly (Table 6). The mean elevation of summer home ranges was
757.4 m a.s.l. (quartiles: 689, 825) therein not differing much to the mean of winter home ranges which
was 763.8 m a.s.l (quartiles: 680, 805). The elevational difference between summer and winter home
ranges are shown in Figure 3.9.

Table 6 Estimates and 95% Confidence Interval for the elevational shift of home ranges.

estimate

95% CrI

(Intercept)

27.949

-73.901

128.141

Fed (Y)

-48.336

-190.292

91.671

elevationsummer

-0.040

-0.170

0.093

sexmale

4.846

-13.402

24.088

2018

-9.724

-32.937

14.055

2019

3.733

-19.673

27.498

areasummer

0.571

-0.127

1.293

fed (Y)* elevationsummer

0.070

-0.112

0.254

Figure 3.8 Elevational shift of home ranges between summer and winter.
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4 Discussion
We found that residential Red Kites do change their space use during winter months. Food availability,
elevation and the size of their original summer home ranges are crucial factors that influence the
shape, as well as the changes in size and the horizontal shift of winter home ranges of residential Red
Kites. The original area of the summer home range has an effect on seasonal change of home range
size, such that larger summer home ranges usually correlate with a decrease in size during the winter
season. The larger the home range is in summer, the more likely it is to become smaller in winter.
Furthermore, a large home range tends to be correlated with an elongated shape in both summer and
winter. Home ranges of male birds decrease in size from summer to winter, whereas females rather
use a larger area in winter. Finally, in winter 2017, there was a tendency towards an expansion of the
home range size from summer to winter, while in 2018 and 2019 they rather decreased in size in
winter.

Seasonal change in home range size
The increase in winter home range sizes, particularly in male Red Kites, is reflecting results from other
studies where home range sizes are found to differ between sexes (Pfeiffer & Meyburg, 2015). Studies
from Nachtigall (2003) show, that the home ranges of male Red Kites are smallest directly after the
breeding season, and steadily increase during the non-breeding season until the beginning of the
following breeding season. Lesser spotted woodpeckers (Dendrocopos minor) show a similar behaviour
in seasonal varying home ranges, although there was no difference between sexes (Wiktander et al.,
2001). Next to the factor of food availability they also found that other factors, such as different types
of forest, have an influence on the seasonal change between home ranges. Female Red Kites, however,
show a less remarkable change in home range size and might even show a decline in winter area
(Nachtigall et al., 2003).
In 2017, home range sizes changed from small summer home ranges to a larger area used during winter
months, although the seasonal change was not significant. In the following years the trend is reversed
and does significantly differ from 2017 such that more birds used a larger home range in summer,
whereas winter home ranges tended to become smaller. Larger winter home ranges in 2017 might be
caused by a harsher winter with more snow, making foraging more challenging, while there was more
precipitation in 2018, and a particularly warm winter in 2019 which may not have presented obstacles
to finding food (MeteoSchweiz, 2017). Therefore, in a harsh winter birds are forced to use larger areas
for foraging. However, Baucks (2018) found that rain and wind caused a decrease in home range size
of male Red Kites during the breeding season. Therefore, if food availability is sufficient, birds may use
smaller areas in order to save energy to maintain body temperature. Depending on initial summer
home range, most winter home ranges change in size. Small summer home ranges show the tendency
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of an increase in size than larger summer home ranges but the larger the home range, the more likely
a decrease during winter. A good knowledge of the home range near the breeding grounds can
compensate a lower food availability and might be the reason for the bird to maintain a small home
range (Carter, 2007). The decreasing size in winter would support the assumption that Red Kites need
to save energy in winter and carry out fewer energy-consuming foraging flights. On the other hand,
the density of Red Kites is likely lower because of those individuals that migrated during winter. This
would suggest additional space where they could spread out. Thus, comparing the lower density of
Red Kites in winter to a study about kestrels (Village, 1982), the decrease in home range size during
winter seems rather unusual. The study about kestrels showed that the lower density of birds during
winter months offers additional space which is covered by those individuals that stay in the same area
during winter. Therefore, home ranges of kestrels that stay resident in winter are becoming larger in
winter. However, considering that kestrels show a territorial behaviour which is not observed in Red
Kites could explain the difference between changes in size. A similar movement pattern with
decreasing home ranges during winter was found in a feeding experiment for Griffon vultures. In
general, the home ranges became smaller in winter, however there still was a high variation among
individuals (Monsarrat et al., 2013).
For the interaction between feeding treatment and elevation there is no change in home range sizes
of unfed birds between summer and winter, which implies that food sources around the breeding
grounds and summer home ranges are still available in winter. However, we cannot exclude that birds
move to another home range of the same size, although the results of our model for the horizontal
shift suggest that a shift of home ranges of unfed birds is rather unlikely. Fed birds, however, show a
different behaviour dependent on elevation. At lower elevations, fed birds are using smaller areas in
winter while fed birds at higher elevations use a larger area. At low elevations, weather conditions
might not be as harsh, because of warmer temperatures and less snow than at higher elevations. There
might be additional factors co-varying with elevation that could influence the home range size at lower
elevations. For example, in a study about home range sizes of male Tengmalm’s owls, they found a
decrease in home range size correlated to an increase in cover of spruce forest (Santangeli et al., 2012).
The influence of forest cover on home range sizes was not considered in our study, although it might
have influenced the calculated home range sizes because Red Kites usually forage in open areas.

Shape of home ranges in summer and winter
In our initial shape elongation hypothesis (SEH), we expected that home ranges may become more
elongated in winter because food availability might be poorer in winter due to snow cover or other
factors. We found that the home range shape correlates significantly to both the summer home range
size and the winter home range size. Regarding the correlation between size and shape, we found that
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a larger home range usually comes along with an elongated shape, suggesting that the bird has two or
more areas where it lingers for some time during the day. Our results, that larger home ranges are
more likely to have an elongated shape, reflect the finding of Ford (1983) that home ranges tend to
become elongated rather than circular with increasing in size. Smaller home range sizes, however, are
found to be likely to have a round shape, given that the bounding geometry is more square. A look at
the data has shown that most rectangular boundaries with one dimension longer than the other are
for home ranges where the bird is using two (sometimes three or more) smaller areas aside from the
main area close to the nest. Those smaller areas further away from the nest are assumed to be places
that the bird frequently visits for foraging trips or roosting; where roosting sites might also be used
during morning or evening hours for foraging. Roosting sites in Switzerland are not included in this
study, although most Swiss roosts are observed and monitored annually since 2007 (Aebischer, 2013).
The monitored roosting sites are often associated with anthropogenic feeding. According to Carter
(2007), Red Kites show a highly different behaviour regarding their individual use of roosting sites.
Some birds come back to the same roost every evening, while others keep changing the location where
they spend the night. If Red Kites forage in direct proximity to roosting sites which are further away
from the core of their home range, the home ranges are larger than those home ranges of birds that
are either using the same roost every night or do not leave the area around the nest at all. Dependent
on weather conditions, a bird might be forced to forage somewhere apart from its usual feeding
grounds more or less often. For example, in harsh winters this might occur more often than in less
severe winters. Foraging in a group around roosting sites in unfamiliar areas is assumed to give access
to more potential food resources due to the shared knowledge of many birds (Francis, 1998).
The shape also correlates to elevation in winter, though not in summer. However, the interaction with
feeding during winter had no significant effect on shape of home ranges. In winter, home ranges of all
birds exhibit an increase in elongation along an altitudinal gradient. In low elevations, birds seem to
have round home ranges which are also smaller, while birds with an elongated home range shape at
higher elevations are suspected to use two or more sites in addition to the home range close to the
nest. Thus, the supplementary feeding might have improved food availability within a bird’s home
range, but the urge to join roosting sites obviously still has a higher priority for most individuals at
higher altitudes, and suggests there are likely additional benefits to roosting behaviour. A wide extent
of spatial use in contrast to an abundant food supply in direct proximity to the core of the home range
is also found in Cape vultures (Kane et al., 2016). Furthermore, there is neither a significant difference
between sexes, nor any annual differences as was observed in the change in home range size,
suggesting that the use of elongated home ranges is independent from those factors.

20

Horizontal shift of home ranges
Concerning the optimal foraging theory, we expected a horizontal shift of home ranges if food
availability was lower during winter. Indeed, the results of our analysis show that food availability has
an effect because home ranges of fed birds at high elevations are likely to shift a much further distance,
representing a significant effect of the interaction between feeding treatment and elevation. However,
home ranges of unfed birds are not shifting between summer and winter. Same holds true for fed birds
at low elevations. Similar to the home range expansion or the shape elongation, the shift of a home
range does suggest that a second area is used in addition to the core summer area; indeed, it indicates
that the bird shifts its activities to another location, either in part or entirely. Given that the shape
correlates to size and home ranges are becoming more elongated at higher elevations, it is more likely
that the shift is due to the use of a second location. A replacement of the entire home range would
not necessarily affect the size of home ranges but we found the same correlation between elongation
and home range size at higher elevations. On the other hand, if the centroid does not shift between
summer and winter, it suggests that the individual continuously uses the same location, either not
leaving the summer home range at all, or visiting additional areas distributed uniformly around the
core summer area the whole winter season. A study in wombats (Matthews & Green, 2012) shows
consistent results for a seasonal adaption by shifting home ranges: Although wombats did not leave
the non-winter home range during winter, they still change their spatial use by contracting the home
range and shifting the centre of activity. Those individuals with home ranges at higher altitudes are
more likely to modify their behaviour on short notice if conditions such as food availability change due
to snow cover (Matthews & Green, 2012). Other comparable studies in red deer, elk and moose point
to a direct interaction between decreasing food availability due to snow cover and the migration from
higher altitudes into lowlands (Kropil et al., 2015; Parker et al., 1984), supporting the interaction
between feeding treatment and elevation. However, there still remain crucial differences in comparing
mammals to birds because mammals have to walk on the slope which I would assume to require more
energy than flying over an area on slope, where there might even be thermal benefits compared to
flat areas in lowlands.

Elevational shift of home range
We found that the elevation of home ranges hardly changed at all between the summer and winter
(Figure 3.9). As such, it is rather unsurprising that none of the explanatory variables were found to
influence the elevational shift. Nevertheless, the missing effect of birds shifting their home ranges due
to those parameters does not exclude different movement behaviour at different altitudes. The
difference in elevation in the study area is comparatively small, because the vast majority of the birds
represented in the analysis reside in areas between 650 m a.s.l. and 900 m a.s.l.. According to the
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measured and calculated values, most of them moved less than 50 meters upwards or downwards
between seasons. Regarding other studies on elevational shifts, they predominantly investigated
elevational gradients between montane regions and alpine zones, where environmental conditions are
exceptional. Some of the studies look at a wider range of elevations (Alice Boyle et al., 2016) whereas
others investigate only alpine zones (Lundblad & Conway, 2020). As such, differences in conditions
between lower and higher regions in our study area might not be distinctive enough to necessitate a
large change in home range elevation from summer to winter, but are likely to keep their well-known
home range. However, birds at different elevations may, nevertheless, cope with winter conditions
using different strategies. Maybe the individuals who would quit the summer home range due to a
high elevation are those birds who migrate during winter.

Taking the results from this study into consideration, it seems that fed birds at higher elevations use
roosts further away from the breeding grounds than unfed birds, or fed birds at lower elevations. This
would also explain the increasing size in winter home ranges of fed birds at higher elevations. It is
conceivable that unfed birds or birds at lower elevations might already be close to a roosting site, or
else opted for another strategy to cope with winter conditions. Generally speaking, fed birds at high
elevations are more flexible in their movement behaviour throughout the year, and show a higher
tendency to adapt their behaviour to seasonal conditions.

Given that there were birds which we decided to exclude from the analysis due to their exceptional
behaviour emphasizes that there are many different strategies to cope with winter conditions, which
might not necessarily be related to food availability. Fryxell and Sinclair (1988) follows the approach
that animals who do migrate are restricted by food availability whereas animals who stay residential
are limited by predators. Taking other studies into account sustains the conviction that there are other
factors next to food limitation and predation, influencing the movement behaviour of animals
(Badyaev, 1997; Chapman et al., 2011) and there are still large gaps in our knowledge about why some
birds migrate while others stay resident.

This study could help demonstrate how resident Red Kites change their movement behaviour during
winter in Switzerland. The experimental supplementary feeding had an influence on birds with nests
at higher elevation which implies that food availability has a stronger effect at higher elevations than
in lower regions. In general, most Red Kites adapt the size of their winter home range to annually
conditions in winter, however, there are differences between sex, and a differing effect along an
altitudinal gradient.
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