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Abstract

Migration is a crucial part of the annual cycle for billions of animals. Understanding migratory connectivity
(i.e., how breeding populations redistribute in space over the annual cycle) is essential to illuminate the intricate
relationships in how migrating organisms link ecosystems and species across the globe and to inform evidence-
based local and global conservation efforts. Most studies investigating migratory connectivity assume that no
subgroups exist within populations, i.e., that populations mix randomly. Yet, many populations have sex or
age-specific subgroups that differ in their migratory behavior, a phenomenon called differential migration,
which is predicted to affect migratory connectivity.

Here, this rarely studied prediction is revised using a GPS movement dataset of unprecedented size and
geographic coverage to derive a range-wide assessment of age-structured migration patterns and migratory
connectivity in the red kite, a raptor species endemic to Europe. Daily GPS locations of 2440 complete annual
cycles representing 1619 red kites were analyzed to identify age-specific migration strategies and links
between breeding season and overwintering locations across the species’ global range. By combining a novel
continuous space Bayesian regression approach with a recent range-wide abundance map, five key results are
derived:

First, calculations revealed that an estimated 54.4% of the total adult population is migrating to the western
wintering grounds, while only 1.3% is migrating to the eastern wintering grounds and the remaining 44.4%
remained resident throughout the annual cycle. Second, large variations in the migration strategies of
individuals were found between breeding sites but also within a breeding population. Third, migration
strategies of individuals changed with age, with younger birds generally showing a higher migration
probability than adult birds. Importantly, the strength of this age-dependent differential migration varied
substantially across the species range. Fourth, as predicted, migratory connectivity varied with age, with young
birds exhibiting higher migratory connectivity (0.34) than adults (0.25). Hence, migratory connectivity of red
kites was rather low. Fifth, a migration divide was discovered in eastern Europe, with migration distances to
western wintering grounds being significantly longer than to eastern wintering grounds.

As one of the first studies, the effects of differential migration on migratory connectivity across an entire
species range were empirically documented within this thesis. By analyzing this massive movement data set
of one species, new insights into the overwintering and migratory behavior of red kites throughout the species’
global range could be gained, thus helping to enhance the conservation of this bird species.



Acknowledgments

This master’s thesis would not have been possible without the subject-related and technical help of various
people. First, I would like to thank my supervisors Prof. Dr. Robert Weibel, Dr. Urs Kormann, Dr. Martin
Griiebler, and Dr. Martins Briedis, for the many helpful meetings, their engagement, and their expert advice.
Also, a big thank you to Prof. Dr. Robert Weibel and the Swiss Ornithological Institute, who enabled me to
conduct this fascinating master thesis. A special thanks goes to Urs Kormann, who supported my work in many
meetings by giving advice and insights but also handled all contracts and the communication with the many
collaborators of the red kite tracking data. A big thank you goes to Prof. Dr. Nadja Klein, who helped me with
answers about the modeling framework. I also thank the European Bird Census Council and the network of
partner organizations and national data providers for collecting, compiling, and sharing the EBBA2 data.

I would like to thank the direct partners as well as the Eurokite partners and all the individuals and
organizations who have put a lot of effort into tagging of red kites and allowed the use of their red kite tracking
data:

- CERM: Guido Ceccolini and Anna Cenerini

- CEN Corse: Manon Ducrettet and Carole Attié

- Deltamilieu Projecten: Stefan H.M. van Rijn

- DFA: Joseba Carreras

- GOB: Antoni Mufioz

- LPO France: Fabienne David and Aurélie de Seynes

- Northern Ireland Raptor Study Group: Eimear Rooney

- Poznan University of Life Sciences: Grzegorz Maciorowski

- University of Amsterdam: Willem Bouten

- University of Brno: Ivan Literdk

- University of Marburg: Nina Farwig, Sascha Rosner and Theresa Spatz

- RSPB: Duncan Orr-Ewing and Rebecca McHugh

- Rotmilanzentrum: Martin Kolbe

- SEO: Javier de la Puente

- Swiss Ornithological Institute: Urs Kormann and Patrick Scherler

- TEG UAM: Juan Traba and Alberto Diez

- TB Raab: Dr. Rainer Raab and Dusan Rak

Last but not least, many thanks to my family and friends for their support and encouragement.

II



Contents

2.

8.

INEFOAUCHION ..uuuiiiiiiiieceneeeeeitiiiiiieieessssssssssnsnessseeeeseesssssssssssssssssnnnnsssseeesssssesssssssssssssssssnnnnsesessssssssssssssssssssnnnnns 1

1.1. IMOBIVATION .ottt ettt et ettt et e e e ettt e e e e e e assb et e e e e e e s sassseaeaeeeeeaanssnneeaaens 1
1.2. Research qUEeStioNS QNG RYPOTRESES .............eeeeeeueeeeeeeee et eeeee ettt ette e e ettt e e e ettt a e e st aaeestsaaeesssaaesssseaaans 3
Theoretical BAaCKGrOUNG .......ccciieeieiieieriiiccieetiiteeeeeeeeennnsssseeeeeeeeeseeeeeessnnnnssssssssssssssssssessssnnnsnsssssssssssssssssansens 4

2.1. IMOVEIMENT @COIOGY........ueeeeeeeeeeeeee ettt e ettt e e et e e et a e ettt e e e e tta e e e s s e e e etseaeeessaaeeasssaaeastsaseessssaaesssssaaans 4
2.1.1.  Movement eCology and MIGIratioN ......ccuiiiiiiiiienieeiieeeee et e et e ste e st e s beeebe e e staeebaeesaseessteesnseesanes 4
2.1.2. MIGratory CONNECTIVITY cooiiiiiiitiiee ettt et e ettt e e e e e e s b et et e e e s e anbbeeeeeeeeesaanbbeteeeeeeeaannnneeeeas 4
2.2. REA KItE @COIOGY ...ttt ettt e et e e et e e e et e e ettt e e e e tte s e e eatsaaeeaasaaaeatsaseesssssaeassseaaans 6
Data Sets ANd PrePrOCESSING ...cceeuuuueeeeieeeeeeerreeeeeeeeemmnnsssssseseeseeseesseeesessnnnsssssssssssssssssesessssnnnsssssssssssssssssssnassens 8

3.1 Y oY =T 1 T=T gL e Lo | (o PR 8
3.2. WYV o [o Lol [ [ o FO RSP 10
IMIEENOMS ....cccieieecnneeeeteee e snsensse e e e e e s e e s s s s s s s s s ssssnnnsssssesesssssssssssssssssssnnnnssssesneesessssssssssssssssnnnnnns 11

4.1. Extraction of the annual breeding season and wintering I0CAtIONS ................cccueeeeeveeeeciieeeeiiieeeecieeeeenenn 11
4.1.1.  SPHEEiNG INTO @NNUAL CYCIES......uiiiieiiee ettt e ettt e e ettt e e e e bt e e e e eataeeeeaseeeeeataeeeessaeeenaseeaann 11
4.1.2. Detection of the breeding season and wintering l0CatioNs ...........cccociiieeeiiiiceciiee e e 11
4.2. Probability model of the Migration StrALEGIES ...........cc.ueeeeceeeeeeieeeeeieeeeeeeee et e e e ectea e e e taeeeesveeeeestseaeessenas 13
4.2.1. Classification of the Migration Strat@IeS.........ieieciiii i et e e e eaae e e e aaeeean 13
4.2.2.  Modeling the Migration StrateEIES....c.iiiiiiiciie e ettt e e e e se e e steesaaeesbeesabeesbaeeseeen 14
4.3. MiGIrAtOry CONNECLIVITY . ...cccoeeeeeeeiie ettt ettt ettt e te et e tatete s atatasassasasssssssssssssssssssans 17
4.3.1.  Mantel correlation COBFFICIENT ....cuiiiiiiiiiiie e et e e s e e e s beesabeesbaeebeeen 17
4.3.2. Strength of migratory connectivity and population-specific transition probabilities ..........ccccceevvveernnen.. 17
4.3.3.  POPUIGLION SPIEAA .....eiiieiiee ettt ettt e e et e e e et e e e e e ab e e e e tbeeeeebbeeeeaasbeeeesseaeeastaeaeanraeeeaataeaann 19
RESUILS.c.ciiiiiiiiiiiiinnneneetttteteetiissessssssssssnnnnssssseeesssssssssssssssssssnnnnsssseseesesssssssssssssssssnnnssessssessessssssssssssssssnnnnnes 20

5.1. oo Lo B A g (=] | (=X OO PN 20
5.1.1. Probabilities of Migration Strat@ies .........ccccuiiiiiiiii et e et e e et e e e e etree e e e aaeee e aaeeaas 21
5.1.2.  IMOEI UNCEITAINTY....eeiiiiiiieeiiee ettt ettt e ettt e e ettt e e e et e e e e e e ttaeeestbeeeeeabaeeeeasbaeeeesssaeeaasseaeaassaeseanssseeennseeaans 24
5.1.3. Age-dependent probability of resident birds.........ccocveeciiiiieiiiiec e 25
5.1.4. Co-occurrence of western and eastern Migration ......ccccccevveeeieeiiieiiie et aeesaae e 26
LT 0 T |V 1= = o] o e 1 = T USRS 27
5.2. MiGration CONNECLIVITY .....ccceeeeeeeiee ettt ettt et te ettt ta s atabasasssaasssssssssssssssasssens 28
5.2.1. Transition probabilities of individuals DEtWEEN rEGIONS .......ccecveiiiiiiiiiirie et 28
5.2.2.  Strength of Migratory CONNECTIVITY ....cccuiiiiiiiiicce et be e e saee e baeesaaee e 30
5.2.3.  POPUIALION SPIrEAM ....coiceiiii ettt ettt ettt e e e et e e e e ttae e e etbeeeeeabaeeeeeabaeeeeaasaeeanbseaeenstaeaeesaaeeeanraeaann 31
DiISCUSSION.ccceeeuuuuuenesiiiiintiiinrrresssssssssssssssssssssssstnressssssssssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssnnnns 32

6.1. RQ - 1: Migration strategies by age and breeding season 10CAtION ................cccueeeeeveeeeciiireeeciieeeecveeeeenenn. 32
6.2. RQ - 2: Age-structured migratory CONNECLIVILY .........cccueeeeeueeeeeiiieeeeeieeeeeiieeeestteeeeeeteaeeetasaeesreaaeesasaaesssenas 34
CONCIUSTON c..cciiiiiiiciiiieieeeeeereere et e et ssssssss s sssssssssssseeeesessssssssssssssssssnnnnsseenessesssssssssssssssssnnnnsnseenesssssssssssssssns 37

7.1. CONTIIDULIONS. c...vveeveeeiiseiieeetit et et e e e st e et e et e ettt e et e e st e e steaeateeaasaasaseasaseasasasenstaaassaenssaessaasasaesatassseasass 37
7.2. LIMUEGEIONS ..ottt ettt e e ettt e e e ettt e e e e e e sbba e e e e e e e eaasssbeeeaaeeasanssnneaeaeas 37
7.3. Y [ =X -1 [ ol o B PP STRRRR 38
I =] =N 39



R PACKAZES ...eeieeiiiiiiieeiiieeneieeeeeeeeeeeeeeeeeeannnssssssssssssasssseeeeessnnnnsssssssssssssssssessesesnnnnnssssssssssssssssessesssnnnnnnssssssssssssnssnnnnns 44

APPENAIX A ....ceeeecieeieieieeetreeeeeeennannssssseeeeesseeeeeeeessnnnnssssssssssssssssseeseesssnnnsssssssssssssssssssseeeessnnnnssssssssssssssssesssssesssnnnnnns 45
APPENAIX B ...coeeeeeeiiiiieiieieiiiiteeeeeennnnnsssseeeeeesseeeeeeeessmnnnsssssssssssssssssseesesssnnnnssssssssssssssssssseessssnnnnssssssssssssssssesssssssssnnnnnns 46
APPENAIX C...eeeeeecieeieieeeeeereeeeeeennnnssssssseeeeesseeeeeeeessmnnnsssssssssssssssssseessssnnnsnsssssssssssssssssssesssssnnnnssssssssssssssssesssssssssnnnnnns 47
APPENAIX D ...ceeeeeieiiieeeieietiereeeeeeenneensssseeeeeeeseeeeeeeessnnnnssssssssssssssssseeeessssnnnssssssssssssssssssssesesssnnnnnsssssssssssssssssssssssssnnnnnns 48
Declaration of AULNOISNIP «......ciiiiiieiiireeeccecrrrecccee et eteeeeeeeennssse s sseeeeeeseeeeeesssnnnsssssssssssssseeeseesssnnnnnnnssssssnsnssnnsnnans 49

1Y%



List of figures

1o TV L R U (=0 =1 [ [ (=2 SR 6
Figure 2: Breeding range Of FEO Kit@S.............uueeeeeueeeeeeieeeeeeeeeeeeeseeee e e ettt e e ettt eaeessaaesaesatsssaessssseaeeassssenann 7
Figure 3: The spatial distribution of the red kites’ tagging lOCAtIONS. .............cecceueeeeeeciieeeeeciieeeeeciiieeeescvvenan 9
Figure 4: Estimated breeding Pair GDUNGANCE. ..........cceeeeeeeeeeieeeeeee ettt e e e e e e e et ettt aaaaaaaaaaeeeessssianns 10
Figure 5: Extraction of the seasonal locations by a moving window and minimal displacement. .................. 12

Figure 6: Histogram of the direct distance between the breeding season and wintering location of all annual

o)1 =2 USRS 13
Figure 7: lllustration of the western and eastern wintering grounds. ...............ccceueeeeeceeeeeeesireeeeeesiieenaeeesnens 14
Figure 8: Regions used to separate the annual cycles into breeding and overwintering areas. ..................... 18
Figure 9: Probability of the migration strategies by age groups throughout the breeding range.................. 21
Figure 10: Probabilities of the migration strategies by age group from southwestern to northeastern Europe.

.......................................................................................................................................................... 22
Figure 11: Model uncertainty by migration strategies and Age GroUpPS............eeeeeeeeeeeeeeseiiinieeeraeaeeeeeesiiiinns 24
Figure 12: Age-dependent change in resident Probability. ...............ueueeeeeeeeccvicieiieiieeeeeeseescccsieeeeaaaeeeeeesssiens 25
Figure 13: Co-occurrence of the two migration StrAteGies: ............cccvueeeeeeieeeeeeiiieieeeeeiitieeeeeseeeeeeesieeaaeeesasens 26
Figure 14: Boxplots showing median and interquartile range of the direct migration distance by breeding

population, migration strategy, ANA AGE CIASS............eeueeeeeeeeeeeceieeieeee e ettt e e e e e e e e s sseareeeees 27

Figure 15: Transition probabilities of individuals between regions from breeding season to overwintering. 29

Figure 16: Age-structured migratory connectivity computed by MC and ry. ........ceeeeeeeeeeecccvvvieeeeaaaeeeeeesianns 30

Figure 17: Boxplot of the population spread calculated by the difference between the pairwise distance of
individuals of the breeding and the overwintering location by the breeding population. ................ 31

Figure 18: Mean displacement of all tracked red kites between late autumn and early spring. .................... 45

Figure 19: Frequency of the distance difference between observed nests and the extracted breeding season

locations for red Kites in SWItZErIaNQd. ..................ooeeeeueeeeeeeeeee et ee st e e e etea e e e cteaaee e 46
Figure 20: Number of breeding season locations within 200 km over the breeding range. ........................... 47
Figure 21: Hexagonal neighborhood complex used as a Markov Random Field smoother. ........................... 48



List of tables

Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:

Table 8:

Relevant attributes of the movement data reCOIGS. .............ccoueeeeeceeeeeeeeiiieeeeeiteeeeeectiaeeeesceeaeeeeaes 8
Relevant attributes of the reference data of red kite animals. .................coceeeeeevveeeeeciineeeeiiieeeeene, 8
Overview Of the MOVEMENT AALA SEL. ...........oueeecceeeeeeeeeeeeeeecee e e ettt e e ettt e e e ettt a e e e st e e e e essssaeeesasees 9
Summary of the annual cycles by age and migration Strategy. ............ccceeeeecceeeeeeesiveeeeeeecieeeeeeennens 20
Migration strategies of individuals with multiple annual cycles. ..............cueveeeeveeeeeeiiiieeeeicieeeeen, 20
Summary statistics of the red kite migration StrAteGies. ............cccveeeeeccuereeesiiiieeeeiiiieeeeeeiieeeeeesnens 23
Estimated probabilities that red kites from each breeding site overwintered in the overwintering
SIEES. ettt ettt et e ettt ettt e e e e e e e e ——atttetataee e e e e e e abbaateteaeaeeeeeaaaarnrteeeeees 28
Comparison of the strength of migratory connectivity of the different methods (MC and ry) by age

Lo 101 o TS 30

VI



Chapter 1 | Introduction 1

1. Introduction

1.1. Motivation

Over the past decades, migratory birds have shown negative population trends (Rushing et al., 2020; Sanderson
et al., 2006). Migration is a diverse behavior of repeated directed seasonal movements from the breeding to
the non-breeding area and vice versa, often triggered by resource pulses (Fudickar et al., 2021; Marra et al.,
2019). Until recently, there was a strong bias in research on migrating animals toward the breeding area (Marra
et al.,, 2015). However, for instance, habitat degradation in the non-breeding area negatively affects the
reproduction of birds in the breeding area (Kramer et al., 2018). Hence, there are seasonal interactions, whereby
circumstances within one period of the annual cycle influence events or characteristics in a subsequent period.
These seasonal interactions affect the population dynamics of migratory species (Webster et al., 2002). Thus,
to understand the population dynamics of a species, migratory animals must be examined over their entire
annual cycle, which means understanding the connections between the breeding season, the non-breeding
season, and the migration routes (Marra et al., 2019). Migratory connectivity describes the individuals’ and
populations' spatial and temporal linkages between seasons resulting from migratory movements (Cohen et al.,
2018: 514). Understanding the migratory connectivity is essential to assess the impact of, e.g., environmental
changes on the species, be it from an ecological, evolutionary, or conservation perspective (Knight et al., 2018;
Marra et al., 2019). As billions of animals migrate between their breeding and non-breeding grounds each year,
crossing national borders, developing effective conservation strategies is a major challenge (Knight et al.,
2018). Recent technological advances have made it possible to use long-lasting and relatively small GPS
sensors to obtain highly accurate spatial and temporal locations of animals. These advances are the prerequisite
for accurate and comprehensive migratory connectivity research.

Many studies assume that individuals of populations mix randomly. However, in many species,
demographic subgroups of a population migrate separately or spend the nonbreeding season apart (Cristol et
al., 1999). This phenomenon is described as differential migration, with the most common subgroups being
gender and age. (Briedis & Bauer, 2018). Differential migration may cause demographic-specific vulnerability
across the annual cycle, resulting in subgroup-specific mortality and thus affecting population dynamics.
(Briedis & Bauer, 2018). Hence, environmental perturbations may affect population dynamics when a
particular demographic group is exposed (Briedis & Bauer, 2018). Therefore, if young birds migrate differently
than older birds and have a dissimilar mortality rate due to, for example, changing environmental conditions,
there will be an effect on the breeding population with some delay. Whenever differential migration is
identified, conservation actions should also be tailored to particularly vulnerable demographic subgroups to be
most effective (Briedis & Bauer, 2018). As of now, how differential migration is affecting migratory
connectivity has not been studied over a large area. Among the reasons is that young birds are usually not
marked because failure rates are high and return rates are low, so the costs are correspondingly high. In this
study, this problem was circumvented by collecting a vast collaborative data set on a study system with
comparatively low juvenile mortality, combined with tracking sensors that did not require animals to be
recaptured for data replication.
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The red kite (Milvus milvus) is a medium-large bird of prey endemic to Europe. While the global population
has declined in recent decades due to increased mortality, with poisoning as the primary cause (Aebischer,
2009; BirdLife International, 2022; Knott et al., 2009; Mateo-Tomas et al., 2020; Mattsson et al., 2022), the
breeding population has recovered and increased again in recent years (Aebischer & Scherler, 2021; BirdLife
International, 2022). Single-population studies indicate that red kites exhibit a diverse migratory behavior.
While many northern birds are migrating to southwestern Europe (Garcia-Macia, De La Puente, et al., 2022;
Garcia-Macia, Vidal-Mateo, et al., 2022; Maciorowski et al., 2019; Spatz et al., 2022), others migrate to
southeastern Europe (Literdk et al., 2018, 2019; Panter et al., 2020, 2022) or remain resident year-round
(Heredia et al., 1991). The phenomenon in which some individuals of a population migrate while others remain
resident throughout the year is called partial migration (Hegemann et al., 2015). Thus, the red kite is considered
a partial short-distance migrant.

Recent studies have examined red kite migration routes and showed high variabilities of the red kites’
migration behavior. However, all migration studies have focused on small sample sizes of specific populations
(Garcia-Macia, Vidal-Mateo, et al., 2022; Literak et al., 2022; Maciorowski et al., 2019), ignoring the
comparison of the migration strategy over large breeding ranges. Currently, neither the spatial variation in the
red kites” migratory behavior nor the migratory strategies of any bird species have been studied continuously
across the breeding range. Evidence was found that age influences the migratory behavior of red kites since
the migration distances, timing, and duration were dependent on the birds’ age (Garcia-Macia, Vidal-Mateo,
etal., 2022; Literak et al., 2022). Thus, the migration strategies of red kites may vary spatially with the breeding
site, and differential migration could potentially occur due to age. Whether, where, and how age affects the
red kites’ migration strategy remains unexplored. Further, age-dependent migration strategies would imply
differential migration and have significant implications for the red kite ecology.

Quantifying the migratory connectivity of species is of great importance (Marra et al., 2019), so the
hitherto unexplored migratory connectivity of the red kite needs to be assessed. Consequently, differential
migration triggered by age groups would be expected to affect the migratory connectivity of a species. Thus,
migratory connectivity must be approached from an age perspective. In this thesis, the age-structured spatial
aspects of migration strategies and migratory connectivity of red kites were examined in detail to increase the
understanding of the diverse migration behavior of red kites. This thesis aims to determine the migratory
connectivity across different stages of the annual cycle to better assess the impact of habitat changes, such as
climate change, on the red kite population and to enable effective conservation measures in the future. This in-
depth analysis was made possible by compiling a unique dataset of tracking data for one bird species distributed

over nearly the entire species’ range.
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1.2. Research questions and hypotheses

According to the research gaps described in the previous section, this master’s thesis looks at the age-structured
migration strategies and the migratory connectivity of red kites across the species range.

Research question 1: How does the migration strategy of red kites differ with their breeding season location
and age?

Previous studies showed a diversity of overwintering strategies, such as full-year residents and migration to
western and eastern wintering sites. However, where and with what probability red kites follow a particular
migration strategy and what influence age has on the choice of migration strategy has not yet been investigated
over the breeding range. The migration strategy of an individual is expected to depend on the location of the
breeding season and on the birds’ age.

Research question 2: What is the age-specific migratory connectivity of red kites between breeding sites
and wintering sites?

For the first time, the migratory connectivity of the red kite is evaluated and in addition it will be assessed
whether age affects the migratory connectivity. As red kites are expected to have large intra-population
variability in migration strategies, migratory connectivity is expected to be relatively low. In addition,
migratory connectivity is expected to vary with bird age, since some migration characteristics differ between
younger and older birds.
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2. Theoretical Background

2.1. Movement ecology

2.1.1. Movement ecology and migration

Organisms moving from one place to another is a fundamental feature of life (Nathan et al., 2008). Movement
can be described as the position of an object over successive points in time (Dodge et al., 2008). Further,
movement ecology deals with the central question of why, how, when, and where animals move by looking at
the internal state, the motion capacity, the navigation capacities of the individual, and external factors affecting
the movement (Nathan et al., 2008). Animal movement consists of internal and external factors interacting on
different spatio-temporal scales and is caused by physiological and environmental changes (Brum-Bastos et
al., 2022; Nathan et al., 2008) due to the strong dependency on habitat and resource availability (Newton,
2007; van Bemmelen et al., 2019). Capturing animal movements through tracking devices is one approach to
quantifying movements. Recent technological advances are providing new opportunities for animal tracking,
which has led to a tremendous increase in tracking data and is about to revolutionize the knowledge of animal
ecology (Kays et al., 2015). Not only is the sheer volume of tracking data increasing, but equally important,
spatial accuracy and temporal resolution are also increasing.

An important subfield of movement ecology is the study of animal migration, firstly because it covers
large spatial and temporal scales and secondly because the animals are particularly endangered during
migration. Migration is a diverse behavior found in many animal species, such as mammals, fishes, and birds
(Fudickar et al., 2021; Marra et al., 2019). As a term, migration mainly refers to a movement from one area to
another, often triggered by resource impulses and commonly involving a return to the point of origin (Fudickar
et al., 2021). Or more specifically, migration can be described as a repeated directed seasonal movement from
the breeding to the non-breeding area and vice versa (Marra et al., 2019). Research on animal migration within
movement ecology has gained a substantial increase in interest (Fudickar et al., 2021). Severe environmental
changes significantly impact a species’ distribution, behavior, and interactions (Walther et al., 2002). Since
migration occurs over large areas and is triggered by resource availability, the whole system is susceptible to
change. This also applies to migratory birds, whose survival rate and population dynamics are affected by
changing environmental conditions, raising concerns about the effectiveness of current species conservation
(Franklin et al., 2022). The effects of ecological changes on the migratory system are still largely unresolved,
which is the main challenge for conservationists (Franklin et al., 2022). Understanding animal migration and,
thus, the cyclical movements of individuals between different sites throughout the annual cycle is challenging
yet essential for effective conservation (Vickers et al., 2021).

2.1.2. Migratory connectivity

A thorough understanding of the biology of any animal requires knowledge of how events interact at different
stages of the annual cycle, on both an individual and population level (Webster et al., 2002). The concept of
migratory connectivity was introduced to describe the degree to which individuals from different breeding
areas mix in the nonbreeding areas, whereby migratory connectivity ranges from weak to strong (Webster et
al., 2002). The strength of migratory connectivity has implications on the population dynamics and knowledge
of the migratory connectivity of a species, thus enabling effective conservation measures. Low migration
connectivity often indicates strong mixing between populations (Finch et al., 2017). For a species with an
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extensive distribution and weak migratory connectivity, changes in the availability or quality of nonbreeding
habitats have diffuse but far-reaching effects on a species’ breeding populations (Finch et al., 2017; Taylor &
Norris, 2010). Strong migratory connectivity implies that individuals have population-specific wintering areas,
and thus little mixing occurs. Therefore, individual populations are also more vulnerable if the quality of the
wintering area deteriorates, as a large proportion of individuals are affected.

Hence, studies in migratory connectivity depend on knowing where individuals of different
populations are in their annual cycle. The phases of the annual cycle, such as breeding, migration, and
overwintering, are connected for migrating animals but are mostly poorly understood (Marra et al., 2006). The
information about the bird locations can come from different sources, such as ringing, feather isotope analysis,
light-level geolocators, or GPS and GSM tracking technologies (Marra et al., 2019). With GPS sensors
becoming lighter and cheaper over the past few years, they enable more comprehensive studies with high
spatial and temporal resolution (Marra et al., 2019). At the same time, the amount of tracking data collected is
increasing each year, further driving research on migratory connectivity.

Many studies analyzed how migration routes and the timing varied between different populations and their
impact on migratory connectivity (Bauer et al., 2016; Briedis et al., 2020; Briedis & Bauer, 2018; Trierweiler
et al., 2014). Migratory connectivity can also be studied by comparing, for example, the longitudes of the
breeding area, the sea crossing, and the wintering area of different populations (Trierweiler et al., 2014). Most
studies evaluated the strength of migratory connectivity of a species by performing a Mantel correlation test
(rm) on a pairwise distance matrix from the breeding and wintering site of individuals (Ambrosini et al., 2009).
The Mantel correlation coefficient has values between —1 and +1, where a strong positive rv indicates that
close-by breeding individuals also tend to spend the non-breeding season nearby and vice versa. Finch et al.
(2017) examined the population spread and inter-population mixing of land bird migrants of 98 populations
from 45 species. They figured migration strategies based on determinism are ineffective due to the high
population spread (Finch et al., 2017). Cohen et al. (2018) extended the often-used Mantel correlation method
to measure the strength of migratory connectivity with population-specific transition probabilities, supporting
uneven sampling by including the breeding bird abundance. Since not only the geographical locations are
essential, but also the temporal aspect of the locations, the concept of migratory connectivity was extended by
the temporal aspect (Bauer et al., 2016). While most studies only compare breeding and wintering sites in the
context of migratory connectivity, Knight et a/. (2018) built a migratory network across the annual cycle. There
are two crucial spatial components to migration connectivity; "population spread" refers to the extent to which
individuals of a single breeding population disperse during the non-breeding season, while "interpopulation
mixing" on non-breeding sites refers to the extent to which individuals from different breeding populations
mix (Finch et al., 2017).

The sampling strategy usually describes the spatial distribution of tagged individuals of a species for a
particular study. Sampling strategies have an impact on migratory connectivity. Vickers et al. (2021) have
extensively studied the bias of the sampling strategy on the Mantel correlation coefficient. As such, the strength
of migratory connectivity is underestimated when global connectivity of a species is analyzed based on
sampling in spatially limited sub-areas (Vickers et al., 2021). Further, a sample size of less than 100
significantly affects migration connectivity, whereas a sample size of 1000 makes the error negligible (Vickers
et al., 2021).
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2.2. Red Kkite ecology

The red kite (Milvus milvus) is a medium-large bird of prey whose global range is restricted to Europe. Despite
the low weight of about 1 kg, their wingspan can reach more than 1.5 meters (Aebischer & Scherler, 2021).
Their primary color is rusty brown, with the head standing out from the rest with its light color (Aebischer &
Scherler, 2021). The tail is narrow at the base, broader towards the back, and the bifurcation at the end is
typical for red kites. They can circle for hours with their narrow, long wings, constantly twisting their long,
forked tail. Red kites nest in tall trees, preferably on forest edges or in field copses (Aebischer & Scherler,
2021). They are food opportunists, with a diet ranging from small mammals to birds and carcasses (Aebischer
& Scherler, 2021). Red kites inhabit richly structured landscapes with open land and forest.

In the wild, red kites can live up to 29 years, with an average life expectancy of just over three years (Pfeiffer,
2009; Scherler, 2020). Breeding usually begins between the second and fourth year of life, although most birds
have their first brood by the age of three (Aebischer & Scherler, 2021; Mougeot et al., 2011).

Figure 1: The red kite © Marcel Burkhardt

Red kites show a wide variety of overwintering strategies. While most northern birds migrate to the South for
overwintering, some individuals stay resident all year round. The annual cycle of migrating red kites can be
split into four phases: breeding, autumn migration, overwintering, and spring migration. In contrast, resident
birds do not exhibit the migratory phases. The breeding phase begins with nest building around March, then
the eggs are usually laid and incubated in March and April until the chicks hatch after 31 days (Mougeot et al.,
2011). Chicks typically fledge around June and early July after 47 to 60 days of age (Aebischer & Scherler,
2021; Mougeot et al., 2011). Red kites migrate toward their wintering sites between August to November.
From November to January, red kites spend their winter at the wintering grounds before migrating back to the
breeding grounds in late January and February.
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Red kites inhabit large parts of the European continent, breeding in almost 30 countries from Portugal to the
Baltic countries (Figure 2). The global breeding population is estimated to be between 33’500 and 39°000
breeding pairs (Aebischer & Scherler, 2021). The largest breeding populations are in Germany, Great Britain,
Sweden, Switzerland, France, and Spain, accounting for about 90% of the red kite population. (Aebischer,
2009; Aebischer & Scherler, 2021). While the global population decreased in the past decades due to
persecution and poisoning, the global population stabilized and has increased again in the last few years.
(Aebischer, 2009; Aebischer & Scherler, 2021; BirdLife International, 2022; Mattsson et al., 2022). Other
essential factors of red kite mortality are collisions with power lines, vehicles, and wind turbines, illegal
hunting, habit loss, and reduced availability of human-mediated food (Mattsson et al., 2022). The increase in
population size was partly due to successful reintroduction (e.g., Scotland and southern England) (Evans et al.,
1999; Stevens et al., 2020) but also due to an increase in breeding density (e.g., Switzerland) (Aebischer &
Scherler, 2021; Knaus et al., 2018). A project is currently in progress to study red kite mortality in numerous
breeding and wintering areas (LIFE EUROKITE, 2021). Various actions have been taken to protect the red
kite across different scales of its range, especially to mitigate the major threats such as poisoning and collisions
(Mattsson et al., 2022). Recently, the red kite conservation status was updated from “near threatened” to “least
concern” in response to the recovery of the global breeding population (BirdLife International, 2022).

Figure 2: Breeding range of red kites, provided by the European Breeding Bird Atlas (Kellér etal., 2020).

Red kites exhibit a great intra-specific variability of migration strategies. Different migration strategies can
occur within a red kite population so that year-round residents exist alongside migratory animals, known as
partial migration. The migration of birds can be primarily divided into two main migration routes: the western
and eastern migration routes. In the fall, most northern birds migrate southwest to their wintering sites in
southern France and the Iberian Peninsula (Garcia-Macia et al., 2021; Panter et al., 2020). However, some
birds are also known to migrate southeast to Italy, Greece, and the Balkans (Literak et al., 2018, 2019;
Maciorowski et al., 2019; Panter et al., 2020). Yet, how migration behavior differs within the breeding range
has not yet been studied.
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3. Data sets and preprocessing

3.1. Movement data

The Swiss Ornithological Institute started to equip red kites with GPS transmitters in the scope of an
ornithology research project in 2015 and steadily increased the number of tracked individuals. At the same
time, several independent institutions and volunteers in many other European countries have started to equip
red kites with GPS trackers so that tracking data of almost the whole species’ global range is available.
Although each organization has tagged red kites for different scientific purposes, the data can still be used in
the field of migratory connectivity. Movement data were collected by solar-powered GPS telemetry devices
placed on the animals’ backs. The GPS telemetry devices record the location of an individual as longitude and
latitude position, the corresponding timestamp, the animal identification, and an event identification (Table 1).
Moreover, reference data about the bird’s characteristics, such as its sex, age, and deployment time, were
available (Table 2).

As the red kite tracking data were collected and stored independently by the various organizations, the data
import also needed to be handled separately for each data set. Some organizations store their data in the
Movebank data repository (movebank.org), which is an online database of animal tracking data. The move R-
package was used to access the Movebank data. Other institutions use Anitra (app.anitra.cz), another platform
for animal movement data. Anitra provides a python API for downloading the movement data, which was
modified to serve our purpose. Further, some tracking data are stored in databases or were supplied as CSV
files. Thus, the different data sources were combined into one data set of movement data and one reference
data set. Since some animals occur on multiple datasets, duplicates were replaced during data processing.

Table 1: Relevant attributes of the movement data records.

Event-ID Timestamp Longitude Latitude Animal-ID

1205567 2017-06-25 17:05:01 46.26137 7.25535 1392936313
1205568 2017-06-25 18:00:10 46.28137 7.25531 1392936313
1205569 2017-06-25 19:01:02 46.28152 7.25627 1392936313

Table 2: Relevant attributes of the reference data of red kite animals.

Animal-ID Age of deployment  Sex Date of deployment  Study-ID
1392936313 Juvenile m 2017-05-22 Vogelwarte Sempach
RK_1285 Adult f 2019-05-17 Life Eurokite
Laga_01_AUKO Immature unknown 2020-05-29 TBRaab Telemetry

The temporal resolution of the movement data varied depending on the research focus of the organization that
tagged the birds. Most devices are not active during the night to save energy. Due to technical problems or
empty batteries, the tracking devices may not send data for a certain period, especially in winter, or may fail
completely. The movement data was aggregated to one location per individual per day, which has been done
in other migratory connectivity studies to standardize the data (Phipps et al., 2019). Thus, the last location per
individual per day was taken due to the expectation that in case of territorial behavior, the individual would be
more likely to be located at its roost at the last daily GPS point and therefore helps identify the breeding

location.
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Most of the birds were tagged during the breeding season. However, some birds were tagged in the winter,
especially in the main wintering region, Spain. Since this thesis focused on the birds’ migration behavior in
relation to their breeding sites, birds tagged in winter would have influenced the sampling strategy and caused
a bias in the data. Consequently, birds equipped with tracking devices outside of the breeding season were
excluded from the dataset.

The first birds were tagged in the spring of 2009 and the last data used was from February 2022 (7able 3). The
initial data set consisted of 1°630 tracked birds. 610 red kites were excluded because their age was unknown,
they were tagged during winter, or the sensor stopped transmitting before the first winter, either due to technical
failures or because the animal was deceased. Thus, the remaining 1’020 individuals were used in this thesis.
Roughly 80% of the red kites were tracked as nestlings. Thanks to the fact that so many different institutions
contributed the tracking data, birds have been tagged over large parts of the breeding area (Figure 3).

Table 3: Overview of the movement data set.

Temporal timespan of tracking data 7. March 2009 to 28. February 2022
Daily location data 850’603
Total number of tagged individuals 1’630
Number of individuals with at least one full annual cycle 1’020

Number of annual cycles

- Birds at first year 846
- Birds at second year 446
- Birds at third and later years 1’148
- Total 2’440

Breeding range

@ Tagging locations

Figure 3: The spatial distribution of the red kites’ tagging locations. A green dot represents an individual’s tagging
location, whereby only the locations are shown of birds that were used in the analysis. Because multiple birds were
tagged at some places, the circles may overlap. The blue area represents the red kites’ breeding range.
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3.2. Abundance data

The European breeding bird atlas 2 (EBBA2) defined the species range and produced an estimate of breeding
bird abundance based on country-specific estimates at a 50x50 km resolution (Keller et al., 2020). In this thesis,
the raw numbers reported by the countries were used to calculate a more accurate breeding pair estimate. Each
cell consisted of a cell id, the country, and the abundance class (A, B, C) corresponding to the minimal and
maximal number of breeding pairs (1-9, 10-99, 100-999). In addition, some countries had reported the breeding
populations more accurately, so a more specific minimum and maximum breeding pair number per cell was
available. About one-third of all cells had more accurate breeding pair abundance estimates. Those without
specific information showed a relatively large range of abundance, especially cells of class C, with a wide
range from 100 to 999. If a grid cell represented territories of multiple countries, then the countries individually
estimated the abundance of their sub-area.

To obtain a more accurate estimate of breeding pair abundance than just the abundance class, the following
procedure was conducted. First, the abundance of cells with specific minimum and maximum values was
computed by averaging the minimal and maximal abundance. Second, the abundance was calculated for cells
of classes A and B without specific abundance estimates by averaging the minimal and maximal values of the
abundance class (1-9, 10-99). And last, the abundance of the remaining cells (cells of class C with no specific
abundance estimates) was calculated. Hereby, the abundance of the already estimated cells was summed up
and subtracted from the total number of breeding pairs (35,000) and divided by the number of missing cells
resulting in a single value representing the breeding pair abundance of class C cells without specific abundance
data. Thus, the value was then assigned to the cells that were still undetermined. Last, if a grid cell had data
from multiple countries, they were combined based on the cell ID.

Applying this procedure to the abundance data ensured that total abundances were distributed
throughout the species’ range and corresponded to the total number of 35,000 estimated breeding pairs. (Figure
4). Further, each cell got an abundance value representing breeding pair estimation as accurate as possible.

Breeding pair
abundance

> 200
100 - 200
50 - 100
10 - 50

.<1O

Figure 4: Estimated breeding pair abundance. High breeding pair abundance were found in Spain, France,
Switzerland, Germany, the British Isles, Luxembourg, Belgium and Sweden.
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4. Methods

4.1. Extraction of the annual breeding season and wintering locations

4.1.1. Splitting into annual cycles

The annual cycle of migrating red kites starts with the breeding phase, followed by fall migration and
associated wintering, and ends after the spring migration. This thesis attempted to determine the migratory
behavior of red kites based on breeding season and wintering locations per annual cycle. Consequently, the
annual cycles were separated after the wintering period so that one annual cycle included both the breeding
and wintering seasons. Since the earliest evidence of red kite oviposition was found in late February (Mougeot
et al., 2011), tracking data for individuals were divided into separate annual cycles in mid-February. Thus,
each annual cycle represented a bird at a particular age stage, so the corresponding bird age was assigned to
each annual cycle. Red kites are usually accounted for as juveniles in their first year, immatures in their second
year, and adults in their third or later year since they typically start to breed at the age of three (Aebischer &
Scherler, 2021; Mougeot et al., 2011). In most cases, bird age at tagging was reported in age classes (juveniles,
immatures, and adults) because the exact age of adult birds often could not be accurately determined. Thus,
the birds’ age of the respective annual cycles was also classified into these categories, even if the effective age
would be precisely known, e.g., birds tagged as nestlings. However, combining all adult birds into one age
class also solved the problem of insufficient data for old birds, as there were much fewer tracking data available
for older birds. The average duration of tagging was 565 days per bird. The specific years (e.g., 2016, 2017)
were not taken into account because, firstly, the difference between particular years was not the focus of this
research. Secondly, without differentiating the years, more data was available to analyze the different age
groups. Birds with no information about their age were excluded from the study since the primary goal of this
thesis was to reveal age-structured migratory connectivity.

4.1.2. Detection of the breeding season and wintering locations

Next, the breeding season and wintering locations for each annual cycle should be derived. Multiple studies
focused on extracting the nest sites based on telemetry data (Picardi et al., 2020; Schreven et al., 2021).
However, this thesis did not intend to determine the nest location but rather the primary site of the individual
during the breeding season since non-breeding adults and immature birds did not have nests. Thus, the term
breeding season location was used in this context. However, the nest location and the extracted breeding season
location should match spatially for breeding birds. Many migratory connectivity studies identified the summer
and winter locations simply by the first and last point of the migration route of each individual (Phipps et al.,
2019; Trierweiler et al., 2014). This approach was not feasible in this thesis because, first, not all red kites
were migrating. Second, this method has a greater inaccuracy because the start and end were not always clearly
determinable. Thus, a robust method was used to determine a bird’s breeding season location even if GPS data

were unavailable for some days.

As many individuals were tagged as nestlings, the extraction of the breeding season location was handled
differently for nestlings than for older birds. For nestlings, all coordinates from the first four weeks after
tagging were considered, and the central location was computed with the function get centroid (spacey).
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For older animals, the ideal time window and, thus, the locations for computing the centroid were defined
based on a minimal displacement method. Mougeot et al. (2011) looked at the egg laying date, incubation, and
fledging period of different red kite populations. The earliest eggs were laid in late February, while the latest
ones were laid in mid-April. Additionally, the incubation usually takes around 31 days with a variable fledging
period of about 48 to 58 days (Mougeot et al., 2011). The timing of egg laying and fledging varied per
population and individual. Using a large time window for the breeding season allowed the detection of both
early and late arriving birds. Therefore, locations between the 1% of April and the 1* of July were considered
for obtaining breeding sites. Further, this extended time frame accounted for immatures who were staying
longer in the south and hindered not accidentally detecting wintering sites as breeding season locations.
Between the 1% of April and the 1% of July, a one-day moving window approach was used to generate the
centroid of 4 weeks’ location data. Then, the distances of these locations to the centroid were computed and
averaged (Figure 5). Further, the centroid of the moving window with the smallest displacement was used as
the breeding season location. The minimum displacement approach assumed that birds stayed close to their
breeding site or territory during the breeding season and thus only showed slight displacement in the movement
data. A four weeks window ensured getting enough data points, even if some days were missing due to GPS
malfunctioning. This approach detected breeding season locations of red kites with high precision. The
comparison between identified nests of the Swiss Ornithological Institute and breeding sites extracted by the
algorithm showed a distance of 0.25 km * 1.36 (see Appendix B). However, the accuracy of the breeding site
could only be compared to breeding individuals whose nests were identified. All distances were computed
with the function distHaversine (geosphere).

Select location within time window Select locations within the Calculate centroid and averaging distance Select minimal displacement
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Figure 5: Extraction of the seasonal locations by a moving window and minimal
displacement. First, the locations within the time window were selected (breeding
respectively wintering season). Then, by iteratively going through the moving
windows, the centroid of the locations belonging to the moving window was
calculated and the average displacement to the centroid was obtained. Finally, the
seasonal location was determined by finding the centroid of the moving window
with the smallest displacement.
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The same minimal displacement algorithm was used to extract the wintering sites of the annual cycles. The
time window in which locations were looked at was defined based on a statistical analysis of the movement
data, which showed that, on average, the movement of red kites was relatively stable between the 15" of
December and the 24" of January (see Appendix A). Nehm (2020) determined the core winter period from
December 8" to January 30" for red kites based in Switzerland. These dates were thus consistent with our
definition by considering that locations that were looked at spanned two weeks in both directions from the
moving window. Annual cycles that did not have at least one location during the breeding or wintering season
were thus excluded due to incompletion.

4.2. Probability model of the migration strategies

4.2.1. Classification of the migration strategies

Based on the literature on red kites movement ecology, three broad migration strategies were differentiated:
(1) year-round residency, (2) migration to western wintering grounds, and (3) migration to eastern wintering
grounds. Most birds migrate along the western flyway to the Iberian Peninsula and France or stay resident all
year round (Aebischer & Scherler, 2021; Mattsson et al., 2022). The western flyway is mainly used by the
large northern breeding populations. However, some sparse populations northeast of the Alps use the eastern
flyway around the Alps to reach Italy and the Balkans (Aebischer & Scherler, 2021; Maciorowski et al., 2019;
Mattsson et al., 2022).

The distance between the breeding season and the wintering location was calculated for each
individual, whereby many stayed within a radius of less than 200 km (Figure 6). Thus, a simple 200 km distance
threshold was used to differentiate between residency and migration.
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Figure 6: Histogram of the direct distance between the breeding season and wintering location of all annual cycles. A
significant proportion of birds stayed within 100 kilometers, while only a few individuals had a distance difference from
the breeding to the wintering site that was between 100 and 300 kilometers. The red line indicates the threshold of 200
kilometers used to detect annual cycles of resident birds.
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As red kites migrate to different geographic areas for their overwintering, this thesis was differentiating
between western and eastern wintering grounds. By distinguishing between these two migration strategies, it
was possible to look at co-occurrence on the one hand and migratory divide on the other. Thus, the
differentiation between the western and eastern migration was determined based on the overwintering location
instead of looking at the flyway of the animals.

High mountains serve as a barrier to red kite migration. Hence, the main chain of the Alps was taken
as a natural barrier distinguishing between the western and eastern areas of red kite migration. For other
migrating bird species, a migratory divide was observed in eastern Germany and along the border of Austria,
the Czech Republic, and Poland (Bobek et al., 2008; Delmore et al., 2020). Therefore, the eastern and western
migration area was further drawn from the Austrian along the mountainous border of the Czech Republic and
Germany up to the Baltic Sea. However, the exact definition of the northern border of the migratory areas did
not influence the analysis as no migrant bird overwintered North of the Czech Republic. Thus, the migration
strategy for non-resident annual cycles was determined according to the wintering site (Figure 7).

¢ Migration to
° D Western wintering grounds

9
= D Eastern wintering grounds

Figure 7: Illustration of the western and eastern wintering grounds. The border goes along the main chain of the Alps
and from Austria further north along the mountainous border of the Czech Republic and Germany to the Baltic sea.

4.2.2. Modeling the migration strategies

The following minimum requirements had to be fulfilled by the modeling approach: a) the model had to predict
the probabilities of all three migration strategies, b) the predictions had to be modeled over the species’ global
range, and c) the age had to be included as a spatially varying effect.

A multinomial logistic regression approach was used to predict the probability of a categorical dependent
variable's possible outcomes from an set of variables. The multinomial distribution was used due to the fact
that it provides a generalization of the binomial distribution, which is required for modeling categorical
responses (Fahrmeir et al., 2013). Generalized additive model (GAM) models support multinomial regression
models and additionally support modeling of nonlinear features (Hastie & Tibshirani, 1986). Bayesian additive
models for location, extent, and shape (BAMLSS) are a probabilistic distribution extension of GAM, that
capture location, extent, shape (and other aspects) of the response distribution (Umlauf et al., 2018). BAMLSS
model allow to cope with complicated inference problems by supporting Markov chain Monte Carlo simulation
(Umlauf et al., 2018). Due to the adaptive framework, BAMLSS models are used for modeling various
problems, also in the spatial context, such as fire emergency response times with a survival mode or
precipitation model (Umlauf et al., 2018).
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To investigate how birds differed in their migration strategy as a function of age and breeding season location,
a spatially explicit, hierarchical Bayesian approach was applied that accounts for a) spatial variation in
sampling coverage to propagate spatial uncertainty of the parameter estimates and b) allowed the effect of the
linear predictor (i.e., age of the bird) to vary in space. Specifically, the probability of a bird choosing among
one of the three migration strategies (Resident, East, and West) was calculated by parametrizing a spatially
explicit multinomial logit model within the BAMLSS framework (Umlauf et al., 2017) while ¢) taking into
account repeated sampling of individuals. The resident strategy was used as the reference level.

Equation 1: BAMLSS multinomial logit model function with two smooth terms. The first smooth term is a spatially varying

effect, and the second smooth term is a Markov random field of a neighborhood structure.

f(Migration Strategy)~
s(summer.lat, summer.long, by = ageClass,bs = c(ts,sos), k = 110) +
s(region;y, bs = c(mrf, ts), xt = neighborhood, k = 3)

To consider not only spatial scale in terms of distances but also to include neighboring structures of areas, two
smooth terms were defined, one including a surface by latitude and longitude, and the other including the rough
spatial neighborhood structure. Hence, the multinomial logit model function was created containing two
smooth terms (Equation I). The first smooth term was defined as a spatially varying effect, in which the age
class can vary in space defined by latitude and longitude. Age classification includes juvenile, immature, and
adult. The spatial variables are the latitudinal and longitudinal coordinates of the breeding season location. The
first smooth term consists of 110 dimensions with two smoothing bases, ts and sos. The low-rank isotropic
smoother ts was used to penalize the null space. In contrast, sos was used for its two-dimensional splines on
a sphere specially designed for latitude and longitude data on large areas of the globe (e.g., the red kite global
species’ range).

A Markov random field (mrf) was applied as a second smooth term to model regional differences
based on a neighborhood structure. Regions were specified based on hexagons projected across the breeding
range. This approach allowed to model for geographic correlation among data points that were not solely based
on geographic distance but rather on spatial clusters, such as islands. Hexagons that did not contain breeding
season locations of at least two age classes were excluded. This resulted in 22 hexagons corresponding to 4
neighborhood complexes: the British Isles, the Balearian Islands, Italy, and the rest of Europe (see Appendix
D). Thus, to each annual cycle, the hexagon in which it was located or was closest to was assigned, except for
breeding season locations in the British Isles; these were always assigned to the British region. Again ts was
used to allow penalization of the null space. Due to the small number of regions, the smooth term was defined
with 3 dimensions.

The model was executed with the opt_bbfit optimizer, which estimates regression coefficients and
smoothing variances batch-wise (Umlauf et al., 2017). Further, the General Markov Chain Monte Carlo
sampler sam GMcMC was used with the iteratively weighted least squares proposal function (Umlauf et al.,
2017). Finally, the input data was weighted by the inverse number of breeding sites located within 200 km to
counteract the over-representation of sites with many data points. Last, the individual’s identifier was defined

as a random intercept.
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The model was performed on all annual cycles. The model was used to predict the migration strategy
probabilities for all age classes over the entire breeding range. The input locations of the prediction were
sampled from the breeding range in a 5 km raster. The model was set up to return all posterior predictions and
the posteriors distribution was converted to probabilities to allow deriving own statistics from it (Equation 2).
The average of the posterior distribution was used to model the probabilities of the three migration strategies
per age group and location.

Equation 2: Conversion of the posterior distribution to posterior probabilities. P indicates the probabilities, while Q
represents the posterior.

QEaSt
1+ Qpast + Qwest

PEast ~

QWESt
1+ Qpast + Qwest

PEast ~

1
1+ Qpast + Qwest

PResident ~

Finally, the global number of red kites performing each migration strategy was calculated. Since the breeding
pair abundance had a rather coarse cell size (50 km, see Section 3.2), the prediction was made at a higher
spatial resolution (5 km), and therefore the abundance was downscaled proportionally. Only the probabilities
of adult birds were used since the abundance data also referred solely to breeding pairs. Thus, the individual
migration strategy probabilities were multiped with the breeding pair abundance so that each cell contained
the number of breeding pairs per migration strategy at the specific location. Then, grid cells were summed up
by the migration strategy resulting in a total number of breeding pairs per migration strategy. Additionally, the
probabilities of the migration strategies per grid cell per age class were multiplied by the area of the grid cell
and summed up to get a summary statistic of the three migration strategies with age.

Extracting the model uncertainty is a crucial aspect of analyzing the strengths and weaknesses of the model.
The posterior probabilities were further analyzed to assess the predictive uncertainty of the model across the
entire species range. Thus, the 95% credible interval was extracted from the posterior probabilities of the
predictions for every age class and migration strategy individually. The uncertainty range was computed by
subtracting the lower quantile from the upper. This results in nine uncertainty models about the species
distribution range (three per age class and three per migration strategy).

The analysis of the age effect was made with two methods. First, the difference in the resident probability of
adult and juvenile birds were calculated for every location in the breeding range. This indicates where and how
much higher or lower the resident probability was for adult birds compared to juvenile birds. However, it did
not indicate how certain the model was that an age effect existed. Thus, the posterior probabilities were
analyzed to account for significant age effects. Therefore, if the 2.5% percentile of the posterior probability of
adult birds was higher than the 97.5% percentile of juvenile birds for the resident strategy, a positive resident
age effect was assumed. Conversely, if the 97.5% percentile of the posterior probability of adult birds was
lower than the 2.5% percentile of young birds, a negative resident age effect was assumed. Thus, this posterior
statistic enabled to determine areas where age had a real influence on the probability of an individual staying
resident throughout the year.
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Two methods were used to identify areas where the eastern and western migration strategies coexisted. First,
for each location, the maximum probability per migration strategy was determined by taking the highest value
of all age classes. Then the minimum shared probability was calculated by taking the smaller of the two
probabilities (migration to eastern and western wintering grounds). The higher the minimum shared probability,
the greater the probability that both migration strategies co-exist. A posterior statistic was applied to detect the
co-occurrence of the two migration strategies while incorporating model uncertainty. If more than 97.5% of
posteriors agreed that at a certain site both migration strategies had a probability of at least 2.5%, co-occurrence
was assumed. Thus, only areas where the model predicted with high confidence the presence of both migration
strategies were identified.

4.3. Migratory connectivity

Most studies calculated the strength of migratory connectivity using either the Mantel correlation coefficient
(Ambrosini et al., 2009) or the population-specific transition probabilities (Cohen et al., 2018). Since both
approaches have their strengths and weaknesses, they were computed separately and compared.

4.3.1. Mantel correlation coefficient

One way to determine the strength of migratory connectivity is by computing the Mantel correlation coefficient
(rm; Mantel, 1967) of individual pairwise distance matrices of breeding sites and wintering sites (Ambrosini et
al., 2009). The extracted breeding season and wintering locations per individual per annual cycle (see chapter
4.1) were used to compute the mantel correlation coefficient. The mantel correlation coefficient and the 95%
confidence interval by bootstrap were calculated using the estMantel (MigConnectivity).

Rm was computed individually for juvenile, immature, and adult birds (limited to one annual cycle per
individual) to extract the age effect on migratory connectivity. In addition, rm was run once with the entire data
set and once limited to one annual cycle per bird to eliminate potential bias from comparing an individual’s
behavior to themselves during another year. The limitation to one annual cycle per bird was done using random

sampling.

4.3.2. Strength of migratory connectivity and population-specific transition
probabilities

Another widely used method estimates the strength of migratory connectivity by considering the location and
other sampling uncertainty based on population-specific transition probabilities (Cohen et al., 2018). The
advantage of this method is that it incorporates the abundance of breeding pairs, and thus the influence of a
non-representative sampling strategy can be minimized. However, individual birds must be assigned to
regions, which could introduce additional errors. Furthermore, the population-specific transition probabilities
also impose spatial constraints so that the calculation is no longer performed in continuous space.

Ideally, red kite breeding season locations would be distributed in such a way that they could be assigned to
specific regions easily. However, because the data set consisted of many individuals, the regions were not
clearly distinguishable everywhere. Eleven regions were created based on natural barriers such as high
mountain ranges (the Alps and Pyrenees) and coastlines, and as an additional criterion at places where a divide
was visible between the tagging locations (Figure §). Many studies analyzed migratory connectivity for long-

distance migrants, in which breeding regions were distinctive, and further breeding and wintering regions were
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not overlapping. However, red kites are known to be short-distance partial migrants. Thus, the defined
breeding regions were also used as wintering regions. Hence, a resident bird should most likely have the same
breeding area assigned as the wintering area.

The previously extracted breeding season and winter locations (see Section 4.1.2) were used to assign
the annual cycles to the breeding and wintering regions. For each cycle, the breeding region was determined
by spatially overlaying the breeding season location and the regions with the function st _nearest feature
(s£). The same approach was performed for the wintering location and its wintering region. Thus, each annual
cycle of an individual was assigned to a breeding and a wintering region.

Further, the preprocessed abundance data (see Section 3.2) was used to calculate the regional
abundance by simply summing up all abundances within the region’s area. The relative abundance was
calculated by dividing the total abundance by the population-specific abundance.

To compute MC, a distance matrix of the regions was required. A simple centroid of region polygons
was not ideal because the regions covered large areas and the centroid did not represent the distribution of the
tracking dataset. Instead, each region’s central location was determined by calculating the centroid based on
the associated breeding season locations. Then, the distance matrix of the regions was computed with the
centroid of the regional breeding season locations.
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Figure 8: Regions used to separate the annual cycles into breeding and overwintering areas. The regions are shown as
colored polygons, and the tagging location of each bird is shown as a black dot. Each region does represent a breeding
population during the breeding season and an overwintering region during winter.

The function estTransition (migConnectivity) was used to calculate the transition probabilities and
estStrength (migConnectivity) was used to calculate the strength of migratory connectivity based on
the distance matrices of the breeding and wintering regions, the breeding and wintering regions, the breeding
and wintering locations of the annual cycles, the assignment of each annual cycle to a breeding and wintering
region and the relative abundance of the breeding regions. MC was computed individually for juvenile,
immature, and adult birds (limited to one annual cycle per individual) to extract the age effect on migratory
connectivity. In addition, MC was calculated once with the entire data set and once limited to one annual cycle
per bird. To account for the influence of the random sampling, the calculations were computed ten times and
the mean MC and its confidence interval were calculated from all ten iterations.
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4.3.3. Population spread

Finch et al. (2017) describe the population spread as a relative geographical spread of a population on non-
breeding grounds. The population spread was calculated by averaging the distances between the non-breeding
areas of different birds within the same population (Finch et al., 2017; Sara et al., 2019). However, these papers
analyzed long-distant migrants with distinctive populations with a small spatial range of fewer than 100
kilometers. Because the red kite is a short-distance migrant, and tracking data were distributed almost
continuously across space, and the regions represented large areas, and consisted of varying sample sizes, the
method was extended to increase expressiveness. The average distance of all wintering locations between
individuals in a breeding population was calculated, as well as the average distance of breeding season
locations between individuals. The relative population spread was computed by normalizing the average

overwintering distances with the average breeding season distance to make a more meaningful statement.
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5. Results

5.1. Migration strategies

All annual cycles of individuals that had GPS data at least during the breeding and wintering season were
considered. Of all 2440 bird cycles, 813 were residents, and 1626 were migrants (7able 4). Further, of the 1626
annual cycles of migrants, 1524 belonged to migration to western wintering grounds, while only 103 bird
cycles belonged to a migration to the eastern wintering grounds. Among young birds, more than 75% migrated
to the western wintering grounds, whereas among adult birds almost half remained resident. Thus, summary
statistics proposed a change from juveniles migrating to western wintering grounds to resident adults.

Table 4: Summary of the annual cycles by age and migration strategy. The first number describes the percentage of
annual cycles by migration strategy and age, and the second value shows the number of annual cycles.

Migration to western | Migration to eastern )
Age - . ) . Resident Total
wintering grounds wintering grounds
Juvenile 26.6% (650) 2.2% (53) 5.9% (143) 34.7% (846)
Immature 11.9% (291) 0.7% (16) 5.7% (139) 18.3% (446)
Adult 23.9% (583) 1.4% (34) 21.8% (531) 47.0% (1148)
Total 62.5% (1524) 4.2% (103) 33.3% (813) 100.0% (2440)

A third of all individuals with multiple annual cycles changed their migration strategy over the years (7able 5).
This means that individuals’ migration strategies are not predetermined at birth to be maintained throughout
the lifespan. Thus, there was a change in migration strategies during a bird's lifetime, suggesting evidence of
a potential age effect. Only a few birds who were residents in the first year after tagging changed their migration
strategy (12.4%), while many birds who migrated in their first year changed to residents in a subsequent year
(37.8%). Besides, birds that migrated to the western wintering grounds never changed their strategy to the
eastern wintering grounds. Conversely, some birds changed their strategy such that, after migrating to eastern
areas in the first year, they migrated to western areas in a subsequent year. Furthermore, no bird was observed
to conduct all three migration strategies during the tracking period. However, these results were strongly biased
by the sampling strategy and thus by the breeding season location of the individuals. The following sections

present the age-dependent migration strategies in more detail.

Table 5: Migration strategies of individuals with multiple annual cycles. The first two rows show the migration strategy
distribution during the first year after tagging. Rows 3 to 5 show the distribution of the migration strategy of individuals
during the subsequent years. If an individual exercised a different strategy in at least one year compared to the first
year, it is assigned to that strategy. The same strategy was assigned only if there was no change in subsequent years.
568 individuals had tracking data during multiple years with an average of 3.5 annual cycles per bird.

. . o Migration strategy of individuals in subsequent years
Migration strategy of individuals at & gy 9 Y

the first year after tagging Residents West East Change of strategy
Residents 57 106 (87.6%) 12 (9.9%) 3 (2.5%) 15 (12.4%)
West 355 145 (35.3%) 266 (64.7%) 0 (0.0%) 145 (35.3%)
East 36 21 (58.3%) 3 (8.3%) 12 (33.3%) 24 (66.6%)
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5.1.1. Probabilities of migration strategies

The probabilities of migration strategies varied per age class and spatially across the species’ range (Figure 9).
Populations with individuals being full-year residents at all ages were found in Italy, the British Isles, and in
Mediterranean Islands. Apart from the British Isles, individuals that stayed at higher latitudes during the
breeding season migrated more likely than southern individuals. In general, the probability of birds remaining
resident increased with age, while the probability of migrating to western or eastern wintering grounds
decreased. Only individuals from eastern breeding populations migrated to eastern winter areas.
Alternatively, probabilities were plotted along a cross-section from southwest to northeast per age
class to show how the probabilities of the three migration strategies changed with location and how they
differed with age (Figure 10). The probability of residency was rather small for juvenile birds throughout the
cross-section. Migration to western wintering grounds was the dominating migration strategy from southwest
Europe up to central Europe. However, eastwards of the Czech Republic, individuals tended to migrate to the
eastern wintering grounds. Thus, a cline of migration strategy was observed along the longitudinal breeding
range (see Section 5.1.4). The general pattern stayed similar for different ages. The older the birds were, the
higher the probability of residency. However, the influence of age was not equally pronounced at all locations.

Western migration Eastern migration Resident
o
c
()
>
=]
3
o
=
©
S
E
Migration strategy
probability
3 100 %
T
2 -
75 %
50 %
25%
o ooy

Figure 9: Probability of the migration strategies by age groups throughout the breeding range. The migration
strategies are represented as columns and the age groups as rows. Each map shows the probability with which an
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individual of a given age applies the associated migration strategy with respect to where it stays during the breeding
season. Green values indicate high and red values represent low probabilities. Example: The upper left map shows the
probability of a juvenile bird migrating to the western wintering grounds depending on the breeding season location. A
Jjuvenile bird that stays in Denmark during the breeding season migrates to the western wintering grounds with a
probability of almost 100%.

Percentage

100%

75% Juvenile
0

50%
25%
0%
100%
25% Immature
50%
25%
0%
100%

Adults
75%

Strategy

50%

25%

0%

Southwest —r Northeast

Figure 10: Probabilities of the migration strategies by age group from southwestern to northeastern Europe. Each age
group has a separate chart showing the probabilities of the migration strategies along a cross-section. The
probabilities of migration to western wintering grounds are colored in red; migration to eastern wintering grounds in
green,; and residents in blue. A clear shift from western to eastern migration was observed in all three age classes,
while the probability of residents increased with age.
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Most breeding pairs either migrated to western wintering grounds or remained residents (7able 6). Almost half
of the breeding pairs (44.3%) were expected to stay resident all year round, while more than half of the breeding
pairs migrated to western wintering grounds (54.4%). Due to the low abundance in eastern Europe, only a
small portion of adults migrated to the Eastern wintering grounds (1.3%). With increasing age, the area
percentage of western migration strongly decreased (-23.3%), while a substantial increase in residency was

observed (+24.0%).

Table 6: Summary statistics of the red kite migration strategies. The estimated number of breeding pairs per migration
strategy is shown in the first part. The second part shows the area in percentage per migration strategy for each age

class.

. Migration to Western Migration to Eastern .
Animal-ID . . . . Resident
wintering grounds wintering grounds§
. . 19°050 443 15’507
Breeding pairs
54.4% 1.3% 44.3%
Area

Juvenile 71.7% 6.0% 22.2%
Immature 57.5% 6.2% 36.4%

Adult 48.4% 5.5% 46.2%
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5.1.2. Model uncertainty

Model uncertainty varied spatially with respect to both migration strategy and age class (Figure 11). While
most areas showed low uncertainties for juvenile birds, higher uncertainties were found in southern Spain and
the Baltics. High model uncertainties often occurred in areas with a sparse red kite tracking coverage (e.g.,
southern Spain, southern Italy, and the Baltics) and especially in places peripheral to the breeding area (see
Appendix C). The model prediction of adult birds exhibited a more complex uncertainty pattern, probably due
to less dominant migration strategies and higher intra-population variability.

Western migration Eastern migration Resident
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Figure 11: Model uncertainty by migration strategies and age groups. The model uncertainty corresponds to the 95%
credible interval of the posterior distribution. Blue areas indicate a low uncertainty, while yellow to red areas show a
large uncertainty. The Baltic states show the largest uncertainty due to non-existing tracking data.



Chapter 5 | Results 25

5.1.3. Age-dependent probability of resident birds

The absolute difference in resident probability between adult and juvenile birds revealed that the prevalence
of age-dependent partial migration varied strongly across the species range (Figure 124). Some areas showed
strong positive values, indicating an increased residency probability with age. Roughly half of the global
species’ range showed an age-dependent effect on the migration strategy meaning a higher absolute probability
difference of residency between juvenile and adult birds than 10%. Most observed probability differences
showed an increased probability of residency with age, except for the negative age effect in Scotland. The
negative values in Scotland proposed a decrease in residency with age. However, due to model uncertainties,
an age effect was not simply confirmed at all sites with high probability differences.

To account for model uncertainty, posterior statistics were applied to determine whether an age effect
was present at specific locations (Figure 12B). Thus, an age effect was confirmed in 41% of the red kites’
breeding range. Moreover, by combining both analyses, no negative age effect of residency was identified.
Therefore, at breeding season locations with confirmed age effects, adults were expected to stay resident
throughout the year with higher probabilities than juveniles. Age-dependent migration strategies were
identified from southern Spain up to central France, around Switzerland, in eastern Germany, and from Croatia
up to Poland. The most considerable age effects were found in the Iberian Peninsula.

Resident probability Age-dependent
difference with age [%] probability of residents
70 B Confirmed
l 50 B Not confirmed
30
10
B 10

Figure 12: Age-dependent change in resident probability. (A) Absolute difference in resident probability of adult and
Juvenile birds. Positive numbers indicate an increase in resident probability with age, while negative numbers indicate
a decrease. (B) Confirmed age-dependent resident probabilities computed by posterior statistics. Green areas indicate
a confirmed age effect, while in grey areas an age effect was not confirmed.
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5.1.4. Co-occurrence of western and eastern migration

While most individuals migrate to the southwest, some migrate to the southeast. Where precisely this migration
divide occurs and in which areas both migration strategies coexist was not yet determined. Individuals that
migrated to eastern wintering grounds may change their migration strategy in subsequent years to migration
to western wintering grounds (see Section 5.1). Hence, it seemed likely that there were breeding populations
in which individuals migrated both to the western and eastern wintering grounds. According to the minimal
shared probability, co-occurrence of the western and eastern migration was found in the whole eastern species
range (Figure 134). High co-occurrence values were found on a thin curved band from Croatia up to the Baltic
countries.

Posterior statistics enabled to account for uncertainties so that co-occurrence is presented only at
confirmed breeding season locations (Figure 13B). Both assessments agreed that the two migration strategies
co-occurred from Croatia through western Hungary, the Austrian-Slovakian border through the Czech
Republic and Poland, and the Baltic countries. Migration to western and eastern wintering grounds occurred
concurrently for individuals on about 10% of the breeding range. Further, the co-occurrence of the migration
to eastern and western wintering grounds simultaneously represented the migratory divide. Since west of the
co-occurrence, no migration to eastern winter areas occurred, while east of the co-occurrence, no migration to

western winter areas occurred.

Co-occurance minimal Co-occurrence
shared probability [%] B Confirmed
40 Not confirmed
30
20
10
s

Figure 13: Co-occurrence of the two migration strategies: Migration to western wintering grounds and migration to
eastern wintering grounds. (A) The minimal shared probability of the western and eastern migration strategy is
illustrated in green if it exceeds 2.5%. In grey areas, at least one of the two strategies has a smaller probability than
2.5%. (B) Co-occurrence agreement based on the posterior distribution. Green areas indicate confirmed co-
occurrence, while in grey-colored areas, co-occurrence was not confirmed.
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5.1.5. Migration distance

Furthermore, statistics on the direct migration distance of migrating red kites were computed. The average
direct migration distance was 1100 km and the maximum distance was 2300 km. The migration distance of
individuals significantly differed between the breeding populations (Figure 144). The pairwise Kruskal Wallis
test showed significant differences in the average migration distance between all populations except between
the Central and Eastern populations. Migrating individuals of northern populations migrated over larger
distances, while individuals of southern populations migrated the shortest distances. Further, birds migrating
to western wintering grounds covered a longer direct distance than birds migrating to eastern wintering grounds
(average migration distance to: eastern wintering grounds = 742 km; western wintering grounds = 1127 km;
Figure 14B). However, pairwise comparison between age groups showed no significant difference in the direct
migration distance of different age groups (average migration distance: juveniles = 1126 km, immatures =
1019 km, adults = 1117 km; Figure 14C).
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Figure 14: Boxplots showing median and interquartile range of the direct migration distance by breeding population,
migration strategy, and age class. The direct migration distance between the breeding season and wintering location
was calculated for each annual cycle of a migrating red kite. (A) Direct migration distance by breeding population. (B)
Direct migration distance by migration strategy. (C) Direct migration distance by age class.



Chapter 5 | Results 28

5.2. Migration connectivity

5.2.1. Transition probabilities of individuals between regions

The transition probabilities of individuals between regions varied considerably (7able 7). Some populations
overwintered entirely or with a very high probability in the same region as they stayed during the breeding
season (e.g., the populations of the Balearic Islands, British Isles, Iberian Peninsula, and Italy). Other
populations, such as those in the North and North West, showed a high probability of overwintering in the
Iberian Peninsula. In contrast, many regions showed a large inter-population variety of overwintering behavior
(e.g., Central, South France, the Balkan, North East, and East). The eastern breeding population showed the
most versatile transition probabilities with linkage to six other regions; four of these were higher than 7 %.
Almost exclusively, all birds that migrated to another region overwintered either in the southwest (the Iberian
Peninsula and southern France) or in the southeast (Italy and the Balkans). By far, the highest transition
probabilities are seen in the wintering region of the Iberian Peninsula as individuals of many populations
migrate there. Interestingly, the eastern and northeastern populations were the only two populations with a
higher transition probability to southern France than to the Iberian Peninsula. Possibly, individuals that were
far east during the breeding season and thus had a long migration route ahead of them may have chosen to
winter less southwards to save energy. Northern regions were not used as wintering areas except by resident
birds, as no transition from other regions to these areas was noted, which means that whenever birds migrated,
they migrated to more southerly regions.

The simplified map shows the transition probabilities of individuals between regions, with the lines
indicating a transition of individuals from one breeding area to another wintering area (Figure 15). The British
Isles and the Balearic Islands population were separated from the other populations, as there was no transition
to or from these areas. The most significant exchange of individuals occurred in the Iberian Peninsula, as a

large proportion of individuals from different populations overwintered there.

Table 7: Estimated probabilities that red kites from each breeding site overwintered in the overwintering sites. Areas
represent both breeding and wintering areas, with year-round resident birds showing the same area in the two seasons.
If the probability is greater than 0.05, it is highlighted with green, whereby the greener, the higher the probability. The
last row shows the cumulative transition probability of the overwintering region. Regions are highlighted in blue if they
have a positive transition, red if they have a negative transition, and in gray if transition is constant.

Wintering region
Breeding region }?:llfr?;isc Pgﬁ:li:lﬁa Central Italy Fsr(:rlltche Balkans I;;?;ltl North I\]i:(;rstth East BIrS11tézh

Balearic Islands 0 0 0 0 0 0 0 0 0
Iberian Peninsula 0.02 0 0 0 0 0 0 0 0
Central 0 0.50 0.23 0 0.27 0 0 0 0 0 0
Italy 0 0 0 - 0.03 0 0 0 0 0 0
South France 0 0.58 0.03 0 0.39 0 0 0 0 0 0
Balkans 0 0 0 0 0 |- 0 0 0 0 0
Northwest 0 0.84 0 0 0.10 0 0.06 0 0 0 0
North 0 0.77 0.01 0 0.17 0 0.01 0.05 0 0 0
Northeast 0 0.41 0.04 0.01 0.48 0.01 0 0 0.04 0.02 0
East 0 0 0.02 0.27 0.11 0.08 0 0 0 0.51 0

British Isles 0 0 0 0 0 0 0 0 0 0 -
ovceljz”v’l"ife”rf;g 1 4.08 035 125 | 155 109 | 007 | 005 | 005 | 053 1
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Figure 15: Transition probabilities of individuals between regions from breeding season to overwintering. Blue-filled
circles show the percentage of individuals staying in the same region for overwintering, whereas a larger circle
indicates a higher probability. In contrast, an unfilled circle indicates a probability of less than 10%. The dark lines
show the transition from the breeding area to overwintering. The thicker the line, the higher the transition probability.
Transition probabilities smaller than 2.5 % were ignored to maintain the readability of the graphic.
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5.2.2. Strength of migratory connectivity

The strength of migratory connectivity was analyzed with different methods for all age classes, whereas the
strength of migratory connectivity of the whole dataset was 0.263 on average (7able 8). In both methods,
juveniles showed significantly higher migratory connectivity values than older age classes (juvenile
connectivity = 0.336; adult connectivity = 0.253; Table 8, Figure 16). Thus, this decrease in strength of
migratory connectivity with age suggested that young individuals who were close by during breeding season
tended to stay closer to each other during overwintering than older birds. Therefore, the migration strategies
of close individuals were getting more diverse with age.

Table 8: Comparison of the strength of migratory connectivity of the different methods (MC and ru) by age groups. The
first row shows the mean, while the values in brackets indicate the 95% credible intervals.

Age Group MC I'm Mean
Tuveniles 0.331 0.340 0.336
(0.318-0.344)  (0.293 - 0.390) | (0.306 - 0.367)
Immatur 0.279 0.282 0.281
©s (0.252-0.304)  (0.231-0.338) | (0.242-0.321)
Adults 0.266 0.240 0.253
(0.249-0.286)  (0.176-0.291) | (0.213 - 0.289)
All ages 0.276 0.249 0.263
g (0.266-0.286)  (0.223-0.281) | (0.245 - 0.284)
© rgliaflf or 0.288 0.238 0.263
- div? duag (0.272-0.301)  (0.200-0.278) | (0.236 - 0.290)
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Figure 16: Age-structured migratory connectivity computed by MC and ru. The black dots represent the mean values
and the colored error bars show the 95% credible intervals of the age-structed migratory connectivity.
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5.2.3. Population spread

The population spread of individuals within a population indicated significant differences between different
breeding populations (Figure 17). Values close to 0 km suggest that there was no spreading of individuals in
overwintering, which was mainly found in resident-dominated populations such as the Balearic Islands, British
Isles, South, and the Iberian Peninsula. Although the average spread was close to zero, the Iberian population
showed large distance variances compared to other resident-dominated populations, suggesting some
migrating individuals within the population. All other populations showed a population spread during the
overwintering season as the pairwise distance increased compared to the breeding season. The highest
variability occurred in the eastern population, likely due to the diverse migration strategies of individuals who
can stay resident throughout the year, and migrate to western or eastern overwintering sites. All populations
with a high spread showed big variances, even into negative values, which means some individuals got closer
to each other in the overwintering compared to the breeding season.
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Figure 17: Boxplot of the population spread calculated by the difference between the pairwise distance of individuals of
the breeding and the overwintering location by the breeding population. Large positive values indicate that individuals
within a population were spreading out during overwintering, values around 0 suggest no relative difference between
the individuals during different seasons, while negative values are associated with individuals who stayed closer
together during overwintering in comparison to the breeding season.
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6. Discussion

In this chapter, the results presented in the previous chapter are discussed in detail, and the research questions
are answered. As this thesis focused on the methodological aspect, the findings need to be elaborated in greater
depth by an ornithologist to finally assess the impact on the ecology of the red kite.

6.1. RQ - 1: Migration strategies by age and breeding season location

The first research question focused on the effect of breeding season location and age on different migration
strategies in a continuous space. Three migration strategies were distinguished: year-round residents, migration

to western wintering grounds, and migration to eastern wintering grounds.

The results of this thesis revealed that the migration strategy of red kites differs spatially over the species’
global range. Individuals at some breeding sites almost exclusively use the same strategy. In contrast,
individuals at other breeding sites use a wide range of migration strategies, suggesting a large inter-population
and intra-population variability of migration strategies. Moreover, individuals may even change their migration
strategy over the course of their lives. Island Populations, e.g., the British Isles and the Balearic Islands, showed
a very low variability of migration strategies as all individuals were residents throughout the year. Furthermore,
at some northern European breeding sites, all the individuals migrate to the western wintering grounds. A
location-specific large-scale effect was found where red kites that spend their breeding season at northern
latitudes are more likely to migrate than southern individuals. The red kite population in the British Isles is an
exception, as individuals are resident throughout the year despite the high latitude of the breeding site. Not
only the migration strategy but also the direct migration distance varies spatially across the breeding range.
Since most birds migrate to the Iberian Peninsula, birds that stay in northern breeding grounds have to travel
long distances to reach southern wintering grounds. Migration strategies of adult birds were calculated for the
total breeding population. Over 54% of the breeding pairs migrate to western wintering areas, while over 44%
stay resident throughout the year, and just over 1% migrate to eastern wintering areas. The eastern wintering
areas are only used by eastern breeding populations, which have a low abundance. Thus only a tiny part of the
total population migrates to the eastern wintering areas.

To better evaluate the model predictions, an uncertainty analysis was performed. While the model is
relatively good at predicting migration strategy at some locations, other regions are highly uncertain. The high
level of uncertainty is primarily due to two reasons. First, some areas have no or only a few annual cycles and
thus do not have sufficient tracking data to make meaningful predictions. Second, the phenomena is a highly
complex small and large-scale pattern of a variable in space, which makes it difficult for a model to make
reliable predictions for all cases. Although the models’ uncertainty can reach high values, this information is
beneficial in interpreting the results.

Moreover, a migratory divide was identified roughly along the border between Austria and Slovakia northward
through Poland. Individuals residing west of this imaginary border tend to migrate with high probability to the
southwestern breeding grounds in the Iberian Peninsula and southern France. Individuals staying easterly of
this border tend to migrate to Italy and the Balkan. The migration strategy of red kites is strongly influenced
by the longitude of the breeding season location, as migration to eastern wintering grounds occurs only in
eastern populations. However, there is an intermediate range where individuals can migrate westward and
eastward, so both strategies co-exist. Yet, the area of the migratory divide is very sparsely populated, especially
in Poland, and there is too little tracking data available to precisely extract the migratory divide. Thus, there is
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potential to study the extent of the co-occurrence of both migration strategies and the location of the migratory
divide by gathering more tracking data in the area highlighted in this thesis. Evidence was found that the
migration distance is much shorter for individuals migrating to the southeast. Energy efficiency serves as a
general explanation for bird migration at various scales, from individual behavior to global patterns (Somveille
et al., 2021). Individuals may migrate to the eastern winter grounds when the migration distance is much
shorter compared to the western wintering grounds. Hence, suggesting that the higher amount of energy needed
for the migration to western wintering grounds is compensated with better overwintering areas. Future research
may investigate the ecological reasons and factors that lead to the migration divide in the first place. This will
give new insights into an essential aspect of the red kites movement ecology.

Age influence was examined across the breeding range to investigate if, how, and where age impacts migration
strategies. The major age effect found in this work was an increase in the residency rate of older birds. This
means that younger birds tend to migrate with a higher likelihood, and as the birds get older, the possibility of
staying resident increases. Age-related differential migration of the red kite has been revealed, which even
results in a partial migration caused by age. However, this phenomenon does not occur everywhere to the same
extent, nor are all places affected by this phenomenon. Roughly one-third of the species’ global range showed
a significant age effect. The main changes in the birds’ migration strategy with age were observed in Spain,
southern France, Switzerland, and parts of Germany, Poland, and Austria. The age effect does not only appear
on a coarse scale, e.g., on a north-south gradient but also shows more complex structures, such as a significant
age effect in Switzerland. Interestingly, the direct migration distance of migrating individuals did not differ
significantly by age. Hence, age only affects the probability of migration, but when a red kite migrates, the
distance is independent of age.

In general, age-dependent migration behavior is not uncommon, and migration may differ in timing,
route, or distance; and in extreme cases, one of the age groups is not migrating while others do (Wille &
Klaassen, 2022). Sometimes partial migration manifests in different migration strategies stratified by age, often
occurring in marine animals (Wille & Klaassen, 2022). However, a partial migration, where juveniles migrate,
and adults stay resident, is uncommon for birds. A passerine bird’s partial migration appeared to be due to
structural size and immune function rather than age dependence (Hegemann et al., 2015). Since this behavior
occurs in the red kite and not in other bird species, it is essential to find the causes.

The dominance hypothesis might explain the strong age effect and the resulting partial migration of
red kites. The dominance hypothesis describes competition for food, in which dominant (typically older)
individuals outcompete subordinates for scarce food resources during the winter months; hence, dominants are
able to stay residents all year round, while subordinates migrate to areas where food competition is less intense
(Boyle, 2008; Ketterson & Nolan, 1976). One ecological reason which could potentially lead to a residency
with age is population density. Population densities of the red kite are very high in both Switzerland and eastern
Germany (Knaus et al., 2018), where increasing residency with age has been revealed. One possible
explanation is the early arrival theory, which assumes that birds that arrive earlier at the breeding site can
acquire better territories and thus have advantages in mating (Kokko, 1999). Hence, if breeding birds stay
resident all year round, they have a guaranteed territory and possibly benefit from reproduction.

Anthropogenic feeding may be another reason for the observed age effect. In some regions (e.g.,
Switzerland), feeding of red kites is quite common, and the feeding rate was exceptionally high during winter
(Cereghetti et al., 2019). A large food availability just before the fall migration could influence the migratory
behavior of individuals and thus lead to more residency. Particularly because changes in food availability
significantly impact the ecology and dynamics of bird populations (Newton, 1998; Robb et al., 2008), with
many bird species particularly affected by the presence of anthropogenic food (Jones & James Reynolds,
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2008). However, the question of whether and why anthropogenic feeding primarily influences the migratory
behavior of adult birds would have to be explained first. This master thesis has shown that birds become more
resident with increasing age, but the ecological explanation has not yet been identified. As a result, the
following research gaps exist: Why do migrating juvenile birds become year-round resident adults in certain
red kite populations, and what factors determine this transition?

This thesis demonstrated a novel approach to modeling the diverse migration behavior of bird species in
continuous space over the whole species global range, including age as an additional factor. The complex
space-time pattern was modeled by a multinomial BAMLSS model based on the breeding season location and
bird age.

6.2. RQ - 2: Age-structured migratory connectivity

The second research question looks at red kites' age-specific migratory connectivity between breeding season
and wintering locations. The migratory connectivity analysis of this chapter is exceptionally due to 1. the
almost continuous tracking data over the species’ global range, 2. the sheer number of tracked individuals of
one species, 3. the age-structured component of the migratory connectivity, and 4. the first analysis of
migratory connectivity for the species of red kites. Hereby, as observed in the previous chapter, red kites can
change their migration strategies with age. Thus, age-related differential migration is expected to impact the
migratory connectivity of red kites.

Most studies in the field of migratory connectivity looked at individuals' breeding and wintering sites. Then,
migratory connectivity was calculated using the Mantel correlation coefficient (ry) or MC (Ambrosini et al.,
2009; Cohen et al., 2018). In this work, both methods were used to compute the strength of migratory
connectivity and both approaches were compared. MC incorporates species abundance, which also allows
addressing the sampling strategy bias, yet results in no longer considering the breeding and wintering sites
continuously in space. Thus, if the strength of migration connectivity of the two methods differs substantially,
either a sampling strategy bias (for rv) or region classification (for MC) would be the trigger. The strength of
migratory connectivity is quite constituent for both methods for all subset computations, with a value of 0.276,
respectively 0.249 for MC and rv for the entire dataset. Thus, these values indicate low migratory connectivity,
with most likely a high inter-population mixing (Finch et al., 2017). While low connectivity can facilitate rapid
range shifts, but it may not be a good strategy when overall habitat availability is limited, such as by climate
change. (Finch et al., 2017). For a species with a large spread and low connectivity, changes in the availability
or quality of non-breeding habitats have a diffuse but far-reaching effect on breeding populations of a species
(Finch et al., 2017; Taylor & Norris, 2010).

To contextualize the weak migration connectivity of the red kite, it can be compared to the migration
connectivity of other bird species. The Egyptian vulture, another widespread raptor species, showed a very
strong migratory connectivity (Phipps et al., 2019). However, high connectivity is unusual for species with
large overwintering spread (Finch et al., 2017). Also, the European population of the lesser kestrel showed a
strong migratory connectivity (Sara et al., 2019). In contrast, most of the 28 long-distance migratory land-bird
species had a low connectivity (Finch et al., 2017). However, direct comparisons to other species are difficult,
as the red kite is an exception among the bird species evaluated so far; firstly, it migrates only over short
distances; secondly, connectivity has not yet been determined for a species with partial migration. The strength
of the migratory connectivity is underestimated when the sampling strategy is spatially limited to a subarea;
furthermore, a small sample size of less than 100 leads to substantial changes (Vickers et al., 2021). Because



Chapter 6 | Discussion 35

this study used an extensive dataset (n > 1000) that is well distributed across the breeding range, the sampling
strategy is likely to have little effect on the connectivity.

So far, the impact of differential migration on the strength of migratory connectivity has not been demonstrated
in any species, probably because an extensive movement data set with different demographic characteristics
must be available for this. Here, for the first time, the influence of differential migration on connectivity was
determined with different age groups (juveniles, immatures, and adults). Juvenile birds show the strongest
connectivity, which decreases with increasing age. Both methods (rv and MC) agree that the strength of
migratory connectivity is significantly higher for juveniles than adults. Thus, an age effect on migratory
connectivity could be confirmed for red kites. The migratory connectivity of immature birds was between the
values of juvenile and adult birds, whereby migratory connectivity of red kites can be assumed to decrease
with the age of the birds. Thus, the unraveled age-structured migratory connectivity proposes that differential
migration is likely to affect the connectivity of species. The higher migratory connectivity of juvenile birds
suggests that they are potentially more endangered if the quality of essential wintering sites decreases as
individuals conduct a more similar overwintering strategy. As seen in the results, the Iberian Peninsula is the
main wintering site, particularly important for young birds. Thus, if the quality of the Iberian wintering grounds
declines, younger birds will suffer greater consequences due to higher mixing. On the other hand, deterioration
of wintering habitats in, e.g., northern latitudes, has a more substantial effect on adult birds, as they have lower
connectivity and a higher tendency to residency. However, to have a thriving red kite population, both adult
and young birds need to be protected appropriately. Many monitoring programs focus on adult breeding birds,
but this thesis demonstrates that juvenile birds have a different migration behavior and stronger migratory
connectivity. These monitoring programs may be suboptimal, as changes in juvenile mortality have a delayed
effect on the breeding population.

Furthermore, the population-specific transition probabilities of the individuals were extracted. The transition
probabilities complement the results of the first research question by summarizing breeding areas at the
regional level and providing a more refined decomposition of migratory movements to the wintering grounds.
Thus, the migration to western wintering areas is classified more precisely, showing, for example, whether the
birds winter more often in the Iberian Peninsula or southern France. Large-scale patterns become apparent,
such as individuals of the northern populations migrating to great parts to the Iberian Peninsula and partly to
southern France. Thus, high mortality rates in these wintering areas would also affect many breeding
populations. Poisoning is the main reason for the high mortality of red kites (Knott et al., 2009; Mattsson et
al., 2022), therefore, effective poison prevention measures at this wintering site would have a positive effect
on many breeding populations.

Individuals of the eastern population additionally migrate to Italy and the Balkans. Southern and island
populations generally stay in their region and do not migrate to another area. While in research question 1, a
Spanish juvenile migrating 400 kilometers south from northern Spain would be identified as migrating to the
western breeding ground, in this transition probability approach, it would remain in the same region. Hence,
the breeding and wintering areas would have to be divided into finer sections to capture the small migrations.
Furthermore, it was demonstrated that the British Isles and the Balearic Islands populations are decoupled from
the others. Neither do animals migrate from these two regions to others, nor do individuals from other regions
overwinter in these areas. Detecting these enclosed populations reveals insights into the genetic inheritance
and disease transmission. Enclosed subpopulations lead to limited gene flow among subpopulations, and thus
local adaptation and potential for speciation are expected (Marra et al., 2006).
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Last, substantial inter-population differences were observed. Almost no population spread occurs in resident-
dominated populations (Balearic Islands, British Isles, Italy, and the Iberian Peninsula) due to the limited
movement of individual birds between seasons. However, the Iberian population has a relatively large variation
in population spread, indicating some inter-seasonal movements. The higher variation is explained in the
previous sections by the short migrations of predominantly young birds. On the other hand, a high population
spread occurs in populations with high migration probabilities. The highest population spread appeared in the
eastern population, likely due to the diverse migration strategies of individuals who can stay resident
throughout the year or migrate to western or eastern overwintering sites. The population spread provides
additional insightful information about the overwintering behavior of different populations. Populations with
a smaller population spread are more susceptible to changes in their overwintering grounds because large parts
of the populations are affected.
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7. Conclusion

7.1. Contributions

This thesis has built on the work of countless ornithologists and organizations who have independently tagged
red kites with a tracking device, which allowed the creation of this unprecedented dataset in size and
distribution of one bird species. Based on this data set, the migration behavior of red kites was studied in great
detail.

A novel approach to model the migratory behavior of birds continuously over the entire species range
was presented. Moreover, the different migration strategies were investigated by breeding season location and
bird age, providing a deep insight into red kite migration ecology. The migration behavior of red kites varies
across the breeding season location and with the bird’s age. Migration strategies differ between populations as
well as within populations. While in some populations, all individuals follow the same migration strategy,
there are populations where individuals exhibit different strategies. In southern and island populations, many
red kites stay resident throughout the year, while most birds of northern populations are migrating to wintering
grounds. A migration divide between migration to western and eastern winter ranges could be identified,
whereby along a narrow band, both migration strategies co-exist. Depending on location, red kite migration
behavior may be influenced by age. Here it was discovered that an age-induced differential migration exists,
in which young birds migrate more frequently and old birds remain resident more frequently.

By combining the tracking data, migratory connectivity could be inferred not only over the entire range
but also on an age-specific basis. For the first time, the strength of migratory connectivity was calculated for
the red kit, resulting in a low strength of migratory connectivity. However, age-structured migratory
connectivity was revealed, whereas the strength decreased with age. Thus, leading to consequences for the
population dynamics and the optimal conservation of the species. Most migrating individuals of various
populations overwinter in the Iberian Peninsula. The relatively large mixture in the main wintering area
promotes, e.g., disease transmission, especially for younger birds, as they mix stronger.

The results of this work help improve the understanding of the movement behavior of red kites and
thus helps to enhance the protection of the species and make it more efficient.

7.2. Limitations

Due to the scope of the topic and limited resources, certain limitations apply to this thesis. First, tracking data
were limited in certain areas (e.g., Sweden, Baltic countries, Ukraine). Even though, except for Sweden,
breeding populations are very small, this still affects the results of this thesis. Therefore, in addition to the
probabilities of the migration strategies, the uncertainties of the model were calculated. Knowledge of
uncertainty was incorporated into specific methods, but the exact behavior in these locations remains uncertain
and is, therefore, a limitation of this thesis. Further, Bayesian regression models allow a variety of ways to set
up the model, though not all have been explored. Thus, the model may still be improved further.

In addition, some calculations are based on breeding pair abundance data, which shows substantial
disparities depending on the location. The final calculation of the number of birds following a given migration
strategy and the measure of the strength of migratory connectivity using the MC method was subject to
uncertainties regarding abundance. In the next step, the uncertainty of the breeding pair abundance should be
included in the calculations to estimate its influence better. Further, if more accurate breeding numbers are
available, the evaluations could be recalculated to get more accurate results.
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Another limitation of this master thesis is that migratory connectivity was calculated on the individual’s
location during breeding season and overwintering. Analyzing the migratory connectivity on a finer temporal
scale would bring new insight into the red kites movement ecology. Further, subsequent years were examined
independently of each other. The return link from the wintering area to the breeding area was not investigated,
and thus, dispersal phenomena were disregarded.

Moreover, the main focus of this thesis was the revealing the age-structured migratory connectivity.
However, more research is needed to identify the ecological reasons for the observed phenomena.

7.3. Future research

The field of migratory connectivity is being heavily studied today and still offers room for new methods.
Especially, finding appropriate measures for a full annual migratory connectivity with a fine temporal
resolution has much potential for future research. In the field of migratory connectivity, there is still much
potential for methodological research.

The mechanism for the different migratory behaviors needs to be studied in more detail in red kite
research. However, this is a vast topic and therefore allows focused studies per subtopic. Hereby, the ecological
reasoning behind the increase in residency with age remains to be found. The cause of why individuals of some
populations show an age effect in their migration strategies while others do not has yet to be resolved. Thus,
another research gap is, studying whether individuals from central European populations are more frequently
becoming residents with age if they are breeding in an area with a dense red kite population. In addition, the
impact of the age effect of migration strategies on population dynamics should be investigated. Moreover, the
migratory divide and the co-occurrence of migration to eastern and western wintering grounds could be studied
more in-depth by selectively tagging individuals at breeding sites of particular interest, highlighted in this
study. Also, the ecological reason for the migratory divide has not yet been determined.

The current LIFE EUROKITE project is studying red kite mortality in many breeding and wintering
areas, including using studies red kite mortality in many breeding and wintering areas, including tracking data.
(LIFE EUROKITE, 2021). In this context, knowledge of where, when, and why red kites die can be combined
with the knowledge of red kite migratory connectivity obtained in this thesis to identify the effects of increased
local mortality on different breeding populations. Which ultimately approaches the great goal of conservation
of the species.
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Appendix A

Identifying the main overwintering period

A minimum displacement approach was used to determine the main overwintering period. The same method
was used in section 4.1.2 to extract the breeding season and wintering location. For each bird, the daily
displacement was generated using a one-day moving window in which all GPS data points within 14 days
were used to compute the centroid. Then, the average deviation of the 29 locations to the centroid was
calculated. The individual bird displacements were then combined by averaging on the day of the year. The
average displacement of all birds from late autumn to early spring showed high displacement values in
November and early December due to the ongoing migration of individuals. From mid of December to mid of
January, the displacement reached a low level, meaning most birds stayed stationary during this time period
(349™ to the 24™ day of the year). Hence, the low level corresponded to the main wintering period of red kites,
and this period was used for the overwintering site extraction.
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Figure 18: Mean displacement of all tracked red kites between late autumn and early spring. High values indicate large
movements of individuals, e.g., ongoing migration. Low values occur when a large proportion of birds do not move
over a large extent for several days and hence can be associated with the main wintering period.
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Appendix B

Validation of the breeding season location

Validation was performed to ensure the quality of the breeding season location extraction. Hereby, the
extracted breeding season locations were compared to a reference data set. Researchers of the Swiss
Ornithological Institute went to the field to observe the tracked red kites and searched for their nests. Three
hundred sixty-four identified bird nests corresponded to tracked individuals of a specific year. Thus, the
distance between the observed nests and the solely data-based breeding season locations extraction approach
were compared individually (Figure 19). Of these bird nests, 248 corresponded to year-round resident birds.
For resident birds, the breeding season location detection worked with very high precision since all birds
showed a distance difference below 1.5 kilometers except one nest having a difference of 3 kilometers. For
migrating red kites, 116 nest locations were found. Most of the extracted breeding season locations differed
from the nest by fewer than 1 kilometer. However, a few nests have a distance difference of up to 20 kilometers.
For the context of our work, the accuracy is more than sufficient since any analyses are performed on a large
scale in the European continent. The validation revealed that the extraction of breeding sites was performed
precisely, at least for breeding adults. The breeding season location was not verified for immature and non-
breeding adult birds as they did not build nests.
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Figure 19: Frequency of the distance difference between observed nests and the extracted breeding season locations for
red kites in Switzerland. The majority of the extracted breeding season locations were closer than 1 kilometer to the
actual nest.
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Appendix C

Breeding season location density

The breeding season location of all annual cycles were used to compute the tracking data breeding location
density over the breeding range. Thus, for the whole breeding area, the number of breeding season locations
within 200 km was determined (Figure 20). In Switzerland, as well as in large parts of Germany and the
Czechian Republic a very large number of extracted breeding season locations was found. Yet, very low to
absent breeding season sites were found in border regions of the breeding range (e.g., Southern Italy, Sweden,
England and the Baltic Countries). The number of nearby breeding sites provides an indication of where the
calculations of this thesis were inaccurate due to insufficient data.
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Figure 20: Number of breeding season locations within 200 km over the breeding range. The brighter the color the
more data is available.
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Appendix D

Generating a hexagonal neighborhood complex

The following procedure describes the process of the hexagonal neighborhood layer, which was used as a
smooth term in the BAMLSS model. First, a convex hull of all breeding season locations was created (with
the function chull (grDevices). Then, a small buffer was applied with the function gBuffer (rgeos) to
the convex hull so that the convex hull covers all locations. With st make grid (sf), ahexagonal grid was
created with the size of 11 and 10 in longitudinal respectively latitudinal directions. Further, the hexagonal
grid was converted to hexagonal polygons, and polygons that did not contain any breeding season locations
were removed. However, because some hexagons contained only single annual cycles and thus did not
represent the behavior of several years, hexagons containing annual cycles with only one age class were
omitted. The function poly2nb (spdep) was used to calculate the neighborhood of the hexagons. This
resulted in 22 hexagons corresponding to 4 neighborhood complexes: the British Isles, the Balearian Islands,
Italy, and the rest of Europe (Figure 214).

One more time, the breeding season locations were assigned to hexagons, this time, each breeding
season location was assigned to the closest hexagon. Thus, the neighborhood complex and the reference to the
hexagons of each breeding season location were passed to the BAMLSS model in the Markov Random Field.

On the other hand, each location needed an assigned hexagon for predicting the probabilities of the
migration strategies. Thus, for each location, the nearest hexagon was determined and assigned, except for
locations on the British Isles which were never assigned by distance but always to the British Hexagon. The
assignment of the breeding range locations to the hexagonal neighborhood is shown in Figure 21B.

. A v
Figure 21: Hexagonal neighborhood complex used as a Markov Random Field smoother. (A) Hexagons distributed
over the breeding range in blue and breeding season locations are shown as a black dot. (B) Assignment of all
locations of the breeding range to one of the hexagons of the neighborhood complex.
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