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Summary 

Animal migration is a fascinating and complex phenomenon, also essential for a vari-

ety of ecosystem services. Unfortunately, this extraordinary progress is facing pro-

found challenges due to the unprecedented anthropogenic activities in recent dec-

ades. Some challenges come directly from human activities, such as human-induced 

mortality; other challenges are indirectly caused by humans like those arising through 

climate warming and habitat loss. Migratory animals are becoming more sensitive 

and vulnerable to these anthropogenic threats. Especially long-distance migrants suf-

fer from global changes as their capability to adjust may be hindered by genetic, en-

vironmental, or time constraints. Across the globe, long-distance migrants are declin-

ing in numbers. In addition, we also often observe that they reduce their travel 

distances and overall migration propensity; they shift the timing of important life-his-

tory events and their geographical distribution. Behavioural diversity and flexibility in 

migratory animals may be vital to mitigate the adverse influences from global change, 

improve species’ resilience, and reduce their extinction risks.  

Variations in migratory behaviours can occur on three scales, i.e. within the 

individual, between individuals, and between populations. Both intrinsic and extrinsic 

factors have been suggested to contribute to these variations in migration, and act on 

different scales. Intrinsic factors include genetic polymorphism, phenotypic flexibility, 

and specific conditions such as age and sex. Extrinsic factors like weather, wind con-

ditions, and habitat features are widely acknowledged as drivers of migration varia-

tion. Predictable anthropogenic food subsidies such as organic food wastes on land-

fill sites have also been recognised as a driver of variation in movement behaviour. 

Finally, the seasonality of the life history cycle represents an overarching factor influ-

encing behavioural variations. Compared to the causes of these variations in migra-

tion, their consequences are typically nested and less well understood. Variations of 

individual fitness levels might scale up to populations, communities, and ultimately 

the entire ecosystems. Thus, estimating fitness consequences is essential for under-

standing this organism-environment interaction. Under the framework of movement 

ecology, biologging enables us to follow animals closely, reveal the links between en-

vironments, movement strategies, life history decisions and survival consequences. 

To understand the causes and consequence of behavioural variations in 

long-distance migration under the context of global changes, I used a unique dataset 

containing GPS and accelerometer data of white storks Ciconia ciconia originated 

from Southern Germany and Western Austria. The white stork is a long-lived, long-
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distance migrant which in most of its life-history stages is heavily influenced by hu-

man activities. Recently, researchers have found that the migration of white storks is 

changing dramatically, with general shifts in the migration timing and increasing num-

bers of over-wintering individuals on the Iberian Peninsula. At the same time, alt-

hough most Afro-Palearctic migrants are declining, white storks are increasing in 

numbers, especially the population exhibiting the greatest behavioural changes. 

Therefore, I explored in the present thesis, the main hypothesis that the variation and 

flexibility in migratory behaviour are key to the white storks’ success. To test this 

idea, I conducted the following steps.  

First, using GPS biologging data in the first year of life of 169 white stork 

fledglings, I examined whether juvenile mortality is associated with the inter-individual 

behavioural variation. I was particularly interested whether the recently observed 

shortening of the migration distance affected stork survival in their early life. I deline-

ated the survival probabilities and found that first autumn migration was the riskiest 

period for juveniles. Next, I linked the between-individual variation in migratory and 

wintering decisions, movement activity, and individual traits to survival probabilities.  I 

discovered that individuals that migrated shorter distances and overwintered “closer 

to home” experienced lower mortality risk. The majority of tagged juveniles had 

adopted this strategy and no longer went to the traditional wintering grounds in the 

Sahel region in Africa. Therefore, I was able to show selective mortality on storks 

who migrated further.  

Second, I looked at how specific individual conditions and abiotic factors 

caused inter-individual variations in the first autumn migration properties (i.e. timing, 

speed, and stopover). I explored which of these migration properties resulted in 

shorter migration distances, resulting in overwintering in more northern latitudes. I 

used data of 92 juveniles which had completed their first autumn migration. I found 

that the departure and termination time of autumn migration was modulated mostly 

by environmental factors like air pressure and thermal uplift, as well as certain habitat 

types. The suitability of the weather influenced migration speed and stopover deci-

sion. Also, encountering certain human-related habitat types (landfills or rice fields) 

influenced stopover probabilities. The overall properties of birds’ migratory journeys 

were internally connected with each other, all contributing to the total migration dis-

tance. For example, storks departed late at the beginning migrated faster and 

stopped less frequently during migration, but covered shorter distances in the end. 

Also, early hatchlings migrated shorter distances. These results provide evidence 
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that changes in a species’ phenology and distribution are linked together through mi-

gration while being regulated by various environmental factors. 

Lastly, I expanded my scope from juveniles to adults to distinguish between 

inter- and intra-individual variation in migration phenology and wintering locations. I 

used data of 33 white storks with repeated migration journeys, including over 200 mi-

gration bouts to examine phenotypic flexibility in migration phenology and wintering 

sites. I quantified the influences of age, sex, and different environmental factors on 

autumn and spring migration separately. Overall, storks expressed various degrees 

of flexibility to respond to weather and habitat parameters. The variation in migration 

timing and wintering site were more pronounced in sub-adults than adults. Both de-

parture and arrival time in spring advanced with age, while at the same time their 

wintering sites shifted northward as they grew older. Surprisingly, the autumn migra-

tion departure time was not associated with age, while autumn arrival time advanced 

slightly but significant. Finally, I found that delaying autumn arrival in comparison to 

the population (i.e. inter-individual variation) may be beneficial for the survival of 

young storks. 

In conclusion, the very long history of stork research in combination with the 

species’ capability to respond quickly to global changes provide a fantastic oppor-

tunity to deepen our understanding of how migratory birds cope with and survive in a 

changing world. Long-distance migrants like white storks are able to quickly adjust 

their life-history decisions over a relatively short evolutionary time frame in response 

to global changes. Currently, the stork population of south-western Germany may be 

at a transition period from full to partial migration, and the optimal migration strategy 

for them might require overwintering “closer to home” (shorter migration distance) or 

even to “stay at home”.    
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Zusammenfassung 

Die Migration von Tieren ist ein faszinierendes und komplexes Phänomen, das auch 

für eine Vielzahl von Ökosystemleistungen von wesentlicher Bedeutung ist. Leider 

steht dieser außergewöhnliche Prozess aufgrund der beispiellosen anthropogenen 

Aktivitäten in den letzten Jahrzehnten vor großen Herausforderungen. Einige 

Herausforderungen ergeben sich direkt aus menschlichen Aktivitäten, z.B. die vom 

Menschen verursachte Sterblichkeit; andere Herausforderungen werden indirekt vom 

Menschen verursacht, z.B. solche, die durch Klimaerwärmung und 

Lebensraumverlust entstehen. Wandernde Tiere werden immer empfindlicher und 

anfälliger gegenüber diesen anthropogenen Bedrohungen. Besonders 

Langstreckenmigranten leiden unter den globalen Veränderungen, da ihre 

Anpassungsfähigkeit durch genetische, umweltbedingte oder zeitliche 

Einschränkungen behindert werden kann. Überall auf der Welt nimmt die Zahl der 

Langstreckenmigranten ab. Darüber hinaus beobachten wir häufig, dass sich ihre 

Zugstrecken und ihre allgemeine Neigung zum Ziehen verringern, oder dass sie den 

Zeitpunkt wichtiger lebensgeschichtlicher Ereignisse und ihre geographische 

Verteilung verschieben. Variation und Flexibilität im Verhalten von wandernden 

Tieren kann entscheidend sein, um die negativen Einflüsse des globalen Wandels 

abzuschwächen, die Widerstandsfähigkeit der Arten zu verbessern und das Risiko 

ihres Aussterbens zu verringern.  

Variationen im Zugverhalten können auf drei Skalen auftreten: innerhalb des 

Individuums, zwischen Individuen und zwischen Populationen. Es wurden sowohl 

intrinsische als auch extrinsische Faktoren vorgeschlagen, die zu diesen Variationen 

im Zugverhalten beitragen und auf diesen verschiedenen Skalen wirken können. Zu 

den intrinsischen Faktoren gehören der genetische Polymorphismus, die 

phänotypische Flexibilität und spezifische Eigenschaften wie Alter und Geschlecht. 

Extrinsische Faktoren wie das Wetter, die Windverhältnisse und Habitatmerkmale 

werden weithin als Verursacher der Variationen im Zugverhalten anerkannt. 

Vorhersagbare anthropogene Nahrungsmittelquellen, z.B. organische 

Nahrungsmittelabfälle auf Mülldeponien, sind ebenfalls als treibende Kraft für 

Variationen im Bewegungsverhalten anerkannt. Schließlich stellt die Saisonalität des 

Lebenszyklus einen übergreifenden Faktor dar, der ebenfalls 

Verhaltensschwankungen beeinflusst. Im Vergleich zu den Ursachen dieser 

Variationen im Zugverhalten sind ihre Folgen in der Regel komplex und weniger gut 

verstanden. Variationen des individuellen Fitnessgrades können sich auf 

Populationen, Gemeinschaften und letztlich auf das gesamte Ökosystem auswirken. 
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Daher ist die Abschätzung der Fitnesskonsequenzen für das Verständnis dieser 

Organismus-Umwelt-Interaktion von wesentlicher Bedeutung. Im Rahmen der 

Bewegungsökologie ermöglicht es uns die Besenderung der Tiere, sie genau zu 

verfolgen und die Zusammenhänge zwischen Umwelt, Bewegungsstrategien, 

lebensgeschichtlichen Entscheidungen und Überlebenskonsequenzen aufzuzeigen. 

Um die Ursachen und Folgen von Verhaltensschwankungen beim 

Langstreckenzug im Zusammenhang mit globalen Veränderungen zu verstehen, 

verwendete ich einen einzigartigen Datensatz mit GPS- und 

Beschleunigungsmesserdaten des Weißstorchs (Ciconia ciconia) aus 

Süddeutschland und Westösterreich. Der Weißstorch ist ein langlebiger 

Langstreckenzieher, der in den meisten seiner Lebensstadien stark von 

menschlichen Aktivitäten beeinflusst wird. In jüngster Zeit haben Forscher 

herausgefunden, dass sich der Zug des Weißstorchs dramatisch verändert, mit 

allgemeinen Verschiebungen des Zugzeitpunkts und einer zunehmenden Zahl von 

überwinternden Individuen auf der Iberischen Halbinsel. Gleichzeitig, obwohl die 

meisten afro-paläarktischen Migranten zurückgehen, nimmt die Zahl der Weißstörche 

zu, insbesondere die Population, die die stärksten Verhaltensänderungen aufweist. 

Daher untersuchte ich in der vorliegenden Arbeit die Haupthypothese, dass Variation 

und Flexibilität im Zugverhalten der Schlüssel zum Erfolg der Weißstörche sind. Um 

diese Idee zu testen, habe ich die folgenden Schritte durchgeführt.  

Zuerst untersuchte ich mit Hilfe von GPS-Daten des ersten Lebensjahres von 

169 Jungstörchen, ob deren Sterblichkeit mit interindividuellen Verhaltensvariationen 

verbunden ist. Besonders interessierte mich, ob die kürzlich beobachtete Verkürzung 

der Zugdistanz das Überleben der Jungstörche in ihrem frühen Leben beeinträchtigt. 

Ich beschrieb die Überlebenswahrscheinlichkeiten und stellte fest, dass der erste 

Herbstzug die riskanteste Periode für Juvenile war. Als nächstes verknüpfte ich die 

inter-individuelle Variation der Migrations- und Überwinterungsentscheidungen, die 

Bewegungsaktivität und die individuellen Merkmale mit den 

Überlebenswahrscheinlichkeiten.  Ich entdeckte, dass Individuen, die über kürzere 

Distanzen ziehen und "näher an der Heimat" überwinterten, ein geringeres 

Sterberisiko hatten. Die Mehrheit der markierten Jungtiere hatte diese Strategie 

übernommen und ging nicht mehr in die traditionellen Überwinterungsgebiete in der 

Sahelzone in Afrika. Daher konnte ich eine selektive Sterblichkeit bei weiter 

wandernden Störchen nachweisen.  

Zweitens untersuchte ich, wie spezifische individuelle Bedingungen und 

abiotische Faktoren inter-individuelle Variationen in den Eigenschaften des ersten 
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Herbstzuges (d.h. Zeitpunkt, Geschwindigkeit und Zwischenstopp) verursachten. Ich 

untersuchte, welche dieser Migrationseigenschaften zu kürzeren Zugdistanzen und 

damit zu einer Überwinterung in nördlicheren Breiten führten. Ich verwendete Daten 

von 92 Jungtieren, die ihre erste Herbstwanderung abgeschlossen hatten. Ich fand 

heraus, dass die Abflugs- und Endzeit der Herbstwanderung hauptsächlich durch 

Umweltfaktoren wie Luftdruck und thermische Bedingungen sowie durch bestimmte 

Lebensraumtypen moduliert wurde. Die Migrationsgeschwindigkeit und die 

Entscheidung über einen Zwischenstopp wurden durch das Wetter beeinflusst. 

Darüber hinaus beeinflusste das Zusammentreffen mit bestimmten 

menschenbezogenen Lebensraumtypen (Deponien oder Reisfelder) die 

Zwischenstopp-Wahrscheinlichkeit. Die Gesamteigenschaften des Zuges waren 

intern miteinander verbunden und trugen alle zur Gesamtzugdistanz bei. So zogen 

z.B. Störche, die spät abflogen, schneller und stoppten seltener, legten aber am 

Ende kürzere Strecken zurück. Auch die frühen Schlüpflinge legten kürzere Strecken 

zurück. Diese Ergebnisse belegen, dass Veränderungen in der Phänologie und der 

Verbreitung einer Art durch den Zug miteinander verbunden sind und gleichzeitig 

durch verschiedene Umweltfaktoren reguliert werden. 

Zuletzt habe ich meinen Fokus von Jung- auf Alttier ausgedehnt, um zwischen 

inter- und intra-individuellen Variationen der Migrationsphänologie und der 

Überwinterungsorte zu unterscheiden. Ich verwendete Daten von 33 Weißstörchen 

mit mehreren Zugsaisons (über 200 Wanderungen), um die phänotypische Flexibilität 

der Zugphänologie und der Überwinterungsgebiete zu untersuchen. Ich quantifizierte 

die Einflüsse von Alter, Geschlecht und verschiedenen Umweltfaktoren auf die 

Herbst- und Frühjahrswanderung. Insgesamt zeigten die Störche ein verschiedenes 

Ausmass an Flexibilität bei der Reaktion auf Wetter- und Habitateigenschaften. Die 

Variationen im Zugzeitpunkt und Überwinterungsgebiet waren bei den sub-adulten 

stärker ausgeprägt als bei den adulten Tieren. Sowohl die Abflug- als auch die 

Ankunftszeit im Frühjahr nahmen mit dem Alter zu, während sich gleichzeitig ihre 

Überraschenderweise war die Abflugszeit im Herbst nicht mit dem Alter verbunden, 

während die Ankunftszeit im Herbst leicht, aber signifikant vorverlegt wurde. 

Schließlich fand ich heraus, dass eine Verzögerung der Herbstankunftszeit im 

Vergleich zur Population (d.h. interindividuelle Variation) für das Überleben der 

Jungstörche vorteilhaft sein kann. 

Zusammenfassend lässt sich sagen, dass die sehr lange Geschichte der 

Storchenforschung und die Fähigkeit von Störchen, schnell auf globale 

Veränderungen zu reagieren, eine fantastische Gelegenheit bietet, unser 
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Verständnis darüber zu vertiefen, wie Zugvögel in einer sich verändernden Welt 

zurechtkommen und überleben. Langstreckenzieher wie der Weißstorch sind in der 

Lage, ihre Lebensentscheidungen in einem relativ kurzen evolutionären Zeitrahmen 

als Reaktion auf globale Veränderungen schnell anzupassen. Gegenwärtig befindet 

sich die Storchenpopulation in Südwestdeutschland möglicherweise in einer 

Übergangsphase von Voll- zu Teilmigration, und die optimale Migrationsstrategie für 

sie könnte eine Überwinterung "näher an der Heimat" (kürzere Zugdistanz) oder 

sogar ein "zu Hause bleiben" erfordern.  
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1.1 Migration in a changing world 

Migration is one of the most fascinating phenomena in nature, and it has essential ef-

fects on a variety of ecosystem services (Wilcove & Wikelski 2008, Bauer & Hoye 

2014). It evolved as an adaptation to the seasonally changing environment (Newton 

2008). However, migration and other forms of movement are now being challenged 

due to unprecedented anthropogenic activities in recent decades (Hardesty-Moore et 

al. 2018, Tucker et al. 2018). Some challenges come directly from human activities 

such as human-introduced mortality, e.g. poaching, collision with human construc-

tions such as power line and wind turbine (Jenkins et al. 2010, Palacín et al. 2017, 

Hill et al. 2020). Other challenges come indirectly from human activities, such as cli-

mate warming and habitat loss (Hansson et al. 2014).  Migratory animals are becom-

ing more sensitive and vulnerable to global changes (Wilcove & Wikelski 2008, 

Robinson et al. 2009), as more than half of all migratory species have been esti-

mated to be affected by climate change and habitat loss (Robinson et al. 2009). 

Furthermore, human activities do not only act at the individual level but also 

scale up to the entire population and ecosystem. They also alter selection pressure, 

because advantages for individuals with certain traits may facilitate that animal can 

respond quickly to environmental changes (Otto 2018). These escalating influences 

from humans caused scientists to propose a new geological epoch, the Anthropo-

cene (Crutzen 2002). Undoubtedly, human activities are shaping how animals live, 

move and survive more than ever before (Hardesty-Moore et al. 2018, Otto 2018, 

Tucker et al. 2018).  

 

1.2 General behavioural responses of migratory species 

Migration behaviours have been suggested to be relatively fixed and controlled by in-

nate programs such as the circannual rhythm (Gwinner 1996, Åkesson & Helm 2020). 

However, a growing number of studies have shown variation and flexibility in migratory 

and movement behaviour (Vardanis et al. 2011, Sergio et al. 2014, Shaw 2020). In a 

changing world, diversified migration behaviours and plasticity are vital for migrants to 

mitigate the adverse influences, improve resilience, and reduce extinction risk 

(Robinson et al. 2009, Gilroy et al. 2016, Ducatez et al. 2020). Moreover, although the 

empirical evidence is sparse (Arnold et al. 2019), plasticity itself could also be a func-

tional trait, and be subject to selection (Nussey et al. 2005).  



18 

 

Two common responses of migrants to altered environmental conditions are the 

shifts in migration phenology and range, more specifically the advancement of spring 

migration timing and the poleward expansion of breeding and wintering ranges 

(Sutherland 1998, Crick 2004, Parmesan 2006). The migration period is an essential 

life-history stage for migrants. It also shows various responses to human influences; 

these include distance adjustments, but also changes to the routes, the stopover itin-

erary, the overall direction, destination, and propensity (Fiedler 2003, van Wijk et al. 

2016, Schmaljohann & Both 2017, Clausen et al. 2018, Lameris et al. 2018). One fre-

quently observed pattern is a high consistency in timing and high flexibility in routes, 

but the opposite pattern has also been observed (Åkesson & Helm 2020). Migration 

distance was shortened in most examples (Visser et al. 2009, Curley et al. 2020): Bar-

nacle geese, Branta leucopsis, have advanced their spring arrival time by skipping 

stopovers (Lameris et al. 2018); other species have changed their migration direction 

in newly established colonies such as blackcaps, Sylvia atricapilla, in Britain (Berthold 

1995), and Barn Swallow, Hirundo rustica, in Argentina (Winkler et al. 2017). The fully 

migratory population of blackbirds, Turdus merula, even has become a partial resident 

population (Fiedler 2003).   

However, the capability of long-distance migrants to adjust their behaviours in 

response to global changes might be hindered by environmental and time con-

straints, and by the low reliability of the decision cues (Both & Visser 2001, Gienapp 

et al. 2007, Usui et al. 2017, Bonamour et al. 2019). Many long-distance migrants 

have suffered from rapid population declines or have adopted a sub-optimal migra-

tion strategy (Both et al. 2006, Saino et al. 2011). In the Afro-Palearctic migratory 

system, the number of birds wintering in the Sahelian zone have declined at a higher 

degree compared to the number of birds performing short-distant migration or resi-

dency (Vickery et al. 2014). Recent environmental changes might be too fast for 

long-distance migrants to adjust, for example, most spoonbills, Platalea leucorodia, 

have travelled to wintering region further away, where they have experienced lower 

survival and recruited fewer offspring (Lok et al. 2011, 2017).  

 

1.3 Variation of migration at different scales 

Variations in migratory behaviours occur on different scales, i.e. within the individual, 

between individuals, and between populations (Conklin et al. 2013, Flack et al. 2016, 

Shaw 2020).  Reversible phenotypic plasticity (i.e. phenotypic flexibility), seasonality 

(life cycle staging), and conditional strategies can all lead to variation within an 
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individual (Piersma & Drent 2003, Nakagawa & Schielzeth 2010, Shaw 2020). Learn-

ing and social interactions might also influence the within-individual variation (Sergio 

et al. 2014, Teitelbaum et al. 2016, Oudman et al. 2020). Examples that differences 

in migration base on age, sex, body size or levels of dominance can easily be found 

in a wide range of migration systems, the so-called “differential migration” (Ketterson 

& Nolan 1983, Lundberg 1988). In many species, a specific population could vary 

from being completely migratory to entirely resident, and anywhere within that spec-

trum, i.e. partial migration (Lundberg 1988, Berthold 1999). What needs to be em-

phasized is that the phenotypic plasticity or flexibility is not necessarily adaptive. 

Thus, estimating fitness consequences is vital for understanding this organism-envi-

ronment interaction (Ghalambor et al. 2007, Arnold et al. 2019).  

 

1.4 Causes and the consequences of migration variation 

The first and foremost cause of variation in migration behaviour comes from the sea-

sonal routine of migrants (Newton 2008, Kemp et al. 2010, Thorup et al. 2017). Post-

breeding (autumn, and northward in the Northern Hemisphere) migration has been 

suggested to have fewer time constraints compared to spring (post-breeding) migra-

tion. It, therefore, should express less consistency (McNamara et al. 1998, Carneiro 

et al. 2019). Migration variation in autumn has not been studied to the same extent 

as that of spring migration, especially within the context of global change (Jenni & 

Kéry 2003, Gallinat et al. 2015).  

Both intrinsic and extrinsic factors have been suggested to contribute to the 

variation in migration (Przybylo et al. 2000, Teitelbaum et al. 2016, Tibblin et al. 

2016, Rotics et al. 2018, Shaw 2020). Intrinsic factors include genetic mechanisms 

and individual traits such as age, sex, body size (Dingemanse & Dochtermann 2013, 

Teitelbaum et al. 2016). Numerous studies have shown age- and sex-specific differ-

ences in migratory behaviour (Marques et al. 2010, Sergio et al. 2014, Senner et al. 

2015, Briedis et al. 2019). ). Also, extrinsic factors like temperature, or large scale 

weather pattern (e.g. the North Atlantic Oscillation, NAO) can drive behavioural re-

sponses to climate change (Przybylo et al. 2000, Gordo 2007). Similarly, wind condi-

tions and habitat features are widely acknowledged as drivers of migratory variation 

(Teitelbaum et al. 2016, Shamoun-Baranes et al. 2017, Clausen et al. 2018). There 

are also many cases in which bird migrations have been shaped by predictable an-

thropogenic food subsidies, such as seabirds relying on fishing discards, or gulls, 
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raptors, and storks on the rubbish dump, or songbirds feeding on bird feeders in the 

garden (e.g. reviewed by Oro et al. 2013).  

The consequences of variation in migration on individuals, populations, com-

munities, and ecosystems are typically nested (Shaw 2020). Individual survival or re-

productive consequences could vary depending on the direction and magnitude of 

the variation (Bêty et al. 2004, Senner et al. 2015, Tibblin et al. 2016). Individual dif-

ferences in fitness might change the composition of a group, and subsequentially 

change the group’s movement or migration decisions (Palacín et al. 2011, 

Teitelbaum et al. 2016, Flack et al. 2018).  Individual fitness variation might also 

scale up, as species with high intra-species flexibility in migratory movements and 

destinations are less likely to decline (Gilroy et al. 2016). Finally, variation in migra-

tion could also have implications on ecosystem dynamics and the predictability of en-

vironments (Riotte-Lambert & Matthiopoulos 2020, Shaw 2020). 

 

1.5 White stork Ciconia ciconia and its migration 

The white stork, Ciconia ciconia, is a long-lived, long-distance migrant that inhabits 

human-dominated landscapes during the breeding, and most of the migration 

season. It has a symbolic role in human cultures (Tobolka et al. 2012, Deinet et al. 

2013, Kronenberg et al. 2017), and breeds in vast areas from Europe to North Africa 

and West Asia. Storks nest close to human settlements or even on human construc-

tions, they forage in pastures and meadows nearby, and migrate through heavily 

human-influenced landscapes (Thomsen 2013). Thus, the behaviours of white storks 

are, and always have been heavily influenced by human activity. 

White stork migration has fascinated researchers and the public for 

centuries. The earliest ring recovery of a white stork can be traced back to the early 

20th century (Fiedler 2001). Some researchers even argue that it is one of the best-

studied migratory avian species (Cuadrado et al. 2016). Long-term studies provide 

fruitful knowledge of the historical and current state of stork migration. Recently, 

researchers have found that the migration of white storks has varied significantly 

between populations and that it has changed dramatically. The breeding population 

in Uzbekistan no longer migrates, whereas white storks from northeastern Germany 

migrate to Sub-Saharan Africa, or even down to South Africa. In contrast, a growing 

number of breeding adults in Spain has become residents while Spanish juveniles 

still migrate (Sanz-Aguilar et al. 2015, Cuadrado et al. 2016, Flack et al. 2016). The 

increasing resident population on the Iberian Peninsula and southern France might 
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indicate a transition between fully migratory to residential behaviour (Archaux et al. 

2008, Martín et al. 2016a, Catry et al. 2017). On top of these changes, additional be-

havioural adjustments have been observed on Spanish storks such as an earlier 

spring arrival time (Gordo & Sanz 2006), indicating towards the species current alter-

ations in migration.  

Milder winter weather, additional food sources from landfills and an invasive 

crayfish (Procambarus clarkia) have been considered as contributing factors to the 

observed changes on the Iberian Peninsula (Deinet et al. 2013). However, the new 

food sources coming from landfills may represent both an opportunity for the species 

and an ecological trap (Oro et al. 2013).  Breeding close to open rubbish dumps has 

enhanced the storks’ breeding success (earlier breeding and bigger clutch sizes) and 

has decreased their recruitment age (Tortosa et al. 2002, Massemin-Challet et al. 

2006). However, relying on rubbish dumps has also resulted in frequent ingestion of 

plastic objects (Peris 2003), or has enhanced the risks of collisions and electrocution 

with power lines, because storks often roost on the pylons near the landfills (Garrido 

& Fernández-Cruz 2003).  

 Interestingly, even though most of the Afro-Palearctic migrants have been 

declining, the world population of white storks has been increasing, especially the 

western population, i.e. storks migrating and wintering in western parts of Europe. As 

I have mentioned previously, this population also has shown enormous behavioural 

changes in the past years. All these properties make white storks an ideal system for 

studying migration in a changing world, and led me to hypothesize that the variation 

and flexibility in migratory behaviour are key to the white storks’ success.   

 

1.6 The technological advantages: biologging and lifetime-
tracking 

The white stork has been one of the first avian species that monitored with satellite 

telemetry tags (Berthold et al. 2002, 2006). Today, in the golden age of biologging 

(Kays et al. 2015, Wilmers et al. 2015), tracking technology continues to provide in-

dispensable new knowledge. This knowledge does not only relate to the species’ 

space use and resource selection (Zurell et al. 2018b), its inter-population variation, 

and costs of migration (Flack et al. 2016), but also covers broad range biological and 

ecological questions like the effect of sociality on migration (Flack et al. 2018), their 

life-history tradeoffs (Rotics et al. 2018), energetic landscapes (Scacco et al. 2019), 
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and even using storks as a bio-sensor to measure the environment that they are 

moving through (Weinzierl et al. 2015).  

Under the framework of movement ecology, recent methodological advances 

in biologging allow us to obtain detailed views of tracked individual movements 

(Nathan et al. 2008).  High spatiotemporal resolution and lifetime tracking data ena-

ble us to follow animals at each of their life history stages carefully, unravelling the 

links between movement strategies and life history decisions as well as the role of 

experience, and ultimately their survival (Sergio et al. 2014, Kays et al. 2015, Flack et 

al. 2016, López-López 2016). The telemetry-based techniques provide extensive, 

continuous and precise survival information, which can detect death events and 

causes, and distinguish immigration from death. Thus, it has become the principal 

tool in recent survival studies (Murray 2006, Newton et al. 2016). Long-term, re-

peated measurements from the same individual also provide the possibility to esti-

mate intra-individual variation caused by phenotypic flexibility in the wild (Conklin et 

al. 2013, Sergio et al. 2014, Åkesson & Helm 2020). The integrated sensors on track-

ing devices such as an accelerometer (ACC) gather additional data of physiology and 

energy expenditure from animals, revolutionizing the field of animal ecology (Cooke 

et al. 2004, Robinson et al. 2010, Kays et al. 2015).   

 

1.7 Thesis aims and structure 

In my PhD thesis, I provided new understandings of the mechanisms that facilitate a 

migrant to respond to the rapidly changing world from the perspective of a long-dis-

tance migrant. I measured the inter-and intra-individual variations in white stork mi-

gration and investigated the causes and survival consequences of these behavioural 

variances under the context of global changes. To answer these questions, I used a 

unique long-term dataset containing lifetime tracking data of white storks.  

In my second chapter, I examined the selective mortality that was associated 

with behavioural variation in the early life of white storks (i.e. from fledging until the 

end of their first winter). I delineated the survival probabilities by using survival status 

data of 169 tagged fledglings which originated from Southern Germany and western 

Austria. Then I linked the inter-individual variation in their migratory decisions (i.e., 

time, daily migration distance, wintering destination), their movement activity (meas-

ured using acceleration data), and individual traits of these juveniles to their survival 

probability.  
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In my third chapter, I used the same dataset but focused on 92 juveniles who 

completed their first autumn migration to investigate whether extrinsic factors (i.e. 

weather, wind, and habitat conditions) and intrinsic individual traits caused inter-indi-

vidual variations in migration properties including phenology, speed, and stopover 

schedule. Then I explored how the variations in migration properties led to the short-

ening of autumn migration distance, therefore, contributing to the northward expan-

sion of their wintering region to the Iberian Peninsula. 

In my fourth chapter, I determined the inter- and intra-individual variations in 

migration phenology and wintering site of 33 white storks with repeated migration 

journeys. I examined the phenotypic flexibility in their migration phenology and win-

tering site by quantifying the influences of age, sex and different environmental fac-

tors. Finally, I tested whether such flexibility in migration features was associated with 

differences in survival of subadults.  
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Chapter 2 “Closer-to-home” strategy benefits juvenile 
survival in a long-distance migratory bird 
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2.1 Abstract 

Human‐induced changes in the climate and environment that occur at an unprece-

dented speed are challenging the existence of migratory species. Faced with these 

new challenges, species with diverse and flexible migratory behaviors may suffer 

less from population decline, as they may be better at responding to these changes 

by altering their migratory behavior. At the individual level, variations in migratory be-

havior may lead to differences in fitness and subsequently influence the population's 

demographic dynamics. Using lifetime GPS bio‐logging data from 169 white storks 

(Ciconia ciconia), we explore whether the recently shortened migration distance of 

storks affects their survival during different stages of their juvenile life. We also ex-

plore how other variations in migratory decisions (i.e., time, destination), movement 

activity (measured using overall body dynamic acceleration), and early life conditions 

influence juvenile survival. We observed that their first autumn migration was the risk-

iest period for juvenile white storks. Individuals that migrated shorter distances and 

fledged earlier experienced lower mortality risks. In addition, higher movement activ-

ity and overwintering “closer‐to‐home” (with 84.21% of the tracked individuals stayed 

Europe or North Africa) were associated with higher survival. Our study shows how 

avian migrants can change life history decisions over only a few decades, and thus it 

helps us to understand and predict how migrants respond to the rapidly changing 

world. 
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2.2 Introduction 

Migration is a ubiquitous phenomenon that has evolved as an adaptation to season-

ally changing environments (Newton 2008). But within the same species, or even 

population, we often observe tremendous variation in specific migration features 

(Chapman et al. 2011, Flack et al. 2016). This may be the outcome of trade-offs be-

tween the costs and benefits of different migration strategies, leading to differences 

in individual fitness, and subsequently influencing demographic dynamics (Lok et al. 

2015, Palacín et al. 2017). Life in the Anthropocene is challenging many ancient evo-

lutionary adaptations including migration. Selection pressures change quickly, favour-

ing individuals that are better adapted to human-modified landscapes (Otto 2018).  

These human-shaped selection pressures are caused by hunting, poisoning, electro-

cution, food subsidies or global habitat and climate change, and many more (Oro et 

al. 2013, Otto 2018), and may indeed force migrants to respond quickly to survive. In 

recent years, numerous studies have shown that birds alter their migratory behaviour 

by changing their routes and/or timing, dynamically altering their wintering strategies, 

or even becoming residents (Fiedler 2003, Robinson et al. 2009, Palacín et al. 2017). 

Species with more diverse migratory behaviour or higher overall flexibility seem to 

suffer less from population decline as they are better at adjusting to these changes 

(Saino et al. 2011, Gilroy et al. 2016), and human-altered selection forces might fa-

vour individuals with certain behavioural or conditional traits (Otto 2018). Thus, if an 

individual’s behavioural traits or its decisions during ontogeny allow us to explain pat-

terns of longevity, we will gain insights into basic life history evolution, and under-

stand how migrants respond to the changing world. It will also allow us to develop a 

toolset for conservation managers to anticipate changes in populations of wild birds.  

One frequently studied migrant is the white stork Ciconia ciconia. Many stud-

ies provide detailed knowledge on this widely distributed, opportunistic species:  Eu-

ropean white storks were exclusively migratory, but in the last three decades, it has 

been reported that the subpopulation that migrates on the western flyway between 

Central Europe, Iberia, and western Africa is shortening its migratory distances. New 

wintering and resident behaviour emerged on the Iberian Peninsula (Tortosa et al. 

1995), resulting in larger numbers of wintering storks in Europe (Arizaga et al. 2018). 

New and stable food sources like open landfills or the invasive red swamp crayfish 

Procambarus clarkii may be contributing to the resident behaviour of storks (Tortosa 

et al. 2002, Gilbert et al. 2016). In addition, wintering in Europe may require less en-

ergy in terms of movement costs and foraging efforts (Flack et al. 2016, Rotics et al. 

2017). Thus, the question emerges: is long-distance migration in white storks 
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decreasing or even disappearing? Current studies which investigated the relationship 

between changes in migration strategy and breeding performance were inconsistent 

(Massemin-Challet et al. 2006, Gilbert et al. 2016). Here we hypothesize that these 

current changes in the white stork’s migratory behaviour will be reflected in their 

overall fitness (i.e. individuals with shorter migratory distance have higher survival), 

and thereby influence the entire population’s demography. 

Like in many long-lived birds, the first year of life is the most challenging period 

for a stork (Sergio et al. 2011, Rotics et al. 2016). Thus, due to this high mortality, we 

expect a strong selective pressure on white stork juveniles with differing traits. 

Thanks to technical and methodological improvements in bio-logging, we now have 

the opportunity to reveal the relationship between migratory decisions and fitness 

consequences in the context of global changes (Kays et al. 2015, Wilmers et al. 

2015). And because bio-logging devices also have integrated sensors that monitor 

animal movement activity precisely, we may also gain insights into the birds’ internal 

states and processes (Wilson et al. 2014).  Here, we used the lifetime tracks of 169 

white stork juveniles to link migratory decisions (i.e. time, distance, destination), 

movement activity and individual traits to their subsequent survival probabilities.   

 

2.3 Methods  

Dataset 

From 2013 to 2017, we equipped a total of 193 juvenile white storks from five differ-

ent regions in Germany and Austria with solar GPS-ACC loggers (e-obs GmbH, Mu-

nich, Germany). The total weight of transmitter and harness was 66g, corresponding 

to approximately 2% of the mean body mass of white storks (for details see Flack et 

al., 2016). All tags recorded GPS locations and three-dimensional body acceleration 

for 18 hours a day (between 2:00 and 20:00 UTC). GPS positions were recorded at 

intervals ranging from 1 second to 20 minutes; three-axial body acceleration data 

(hereafter ACC) were collected in short bursts (lengths ranging from 1.2 – 4.1 s) 

every 0.5 – 10 minutes at 10.54 – 33.33 Hz. Data were stored on the device until 

downloaded via an ultra-high-frequency radio link or sent via the mobile phone net-

work. We excluded: (1) thirteen of the tagged chicks that did not fledge; (2) five indi-

viduals from Bavaria which migrated along the eastern migration route (i.e. through 

Eastern Europe and Israel to East Africa); (3) five individuals with broken tags, or a 

too tight harness (which we identified after removing the harness of the captured 

bird), and (4) one bird that departed unusually late (departed at DOY 277, population 
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mean ± SD: 228.824 ± 11.120). Overall 169 fledglings were included in this study, 

see details of tagging year and location in Appendix S1: Table S1. Permits for tag-

ging and tracking were issued by the authorities of the corresponding Federal States 

of Germany. 

 

Hazard factors influencing survival  

We examined the effect of the following migration decisions on survival: departure 

date, movement distances, wintering region, and overall movement activity. Migration 

departure date was defined as the first day with a latitudinal difference of -0.38°, rep-

resenting a southward movement of approximately 50 km. We calculated the daily 

displacement distances (hereafter daily distance) as the distance between the first 

GPS locations of two consecutive days. Daily distances were log transformed. Win-

tering region was defined as the most southern point of the birds’ first winter and 

grouped in three categories, i.e. Europe (north of the Strait of Gibraltar), North Africa 

(between Strait of Gibraltar and 20°N) and Sub-Saharan Africa (between 12-20°N).  

Additionally, we examined how different individual traits in early life influence juvenile 

survival. These included: hatching rank, number of siblings, sex, and fledging date 

(defined as the first of two consecutive days during which the distance to the nest ex-

ceeded 500 m). Fledging and departure dates were converted to day of the year 

(DOY, i.e. 1-366).  

  To delineate physical movement characteristics, we estimated movement ac-

tivity levels using overall dynamic body acceleration (hereafter ODBA), often used as 

a proxy for energy expenditure and a potential indicator of an animal’s internal state 

(Wilson et al. 2006). To calculate ODBA, we subtracted the daily mean of each accel-

eration axis from the corresponding raw values to remove the static component of 

ACC (Wilson et al. 2006). The sum of all three axes provided a series of ODBA val-

ues for each burst. Then we standardized the ODBA value of each burst by dividing it 

with the product of ACC sampling frequency and burst duration, and calculated the 

median ODBA per day as daily ODBA. The ODBA calculation was performed using 

the “moveACC” package in R v. 3.3.3 (Scharf 2018).  
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Survival analysis 

We defined three life phases to examine which factors impacted survival during these 

specific life history stages: post-fledging period – after fledging and before migration 

onset; migration period – between departure date and September 30; and wintering 

period – between October 1 and February 28 of the following year (Sanz-Aguilar et 

al. 2015, Rotics et al. 2017). Individuals that vanished or were alive by the end of the 

specific time periods were censored (Therneau & Grambsch 2013).  

After visualizing GPS and ACC data, we identified an individual as dead 

when one of the following criteria was met: (1) accelerometer data showed a flat line 

for more than 24 hours; (2) GPS positions were located inside a radius of 100 m for 

more than three consecutive days; or (3) we observed GPS locations along, near or 

inside anthropogenic structures before the animal disappeared (e.g. houses, yards, 

roads identified using Google Earth). We confirmed or detected mortality by localizing 

the carcass in the field whenever possible. For each mortality event, we defined the 

death day as the first stationary or motionless day. Individuals that disappeared with-

out any death criteria being met were marked as vanished. In total, 64 individuals 

survived until the end of their first winter; we identified 58 deaths in the field, 21 

deaths using GPS and ACC data, 6 instances by locating the stork near to human 

structures (death event criteria iii), and 20 storks vanished due to unknown reasons. 

We had no incidents of birds losing their loggers. Since we considered different the 

tagging locations as the same metapopulation, we pooled all data together. 

We used the Kaplan-Meier estimator (Collett 2015) to illustrate the overall 

survival pattern, estimate median survival day and survival rates (since fledging) for 

each of the specific life history stages. To examine the relationship between survival 

and the above-mentioned covariates, we used a Cox proportional hazards regression 

model (hereafter cox model), as it is the most widely used multivariate survival analy-

sis for continuous time-to-event data (Therneau & Grambsch 2013). Because the co-

variates might influence survival differently during different life history stages, we built 

separate cox models for each of the three stages. Daily ODBA and daily distances 

were summarized for each stage by calculating medians. We used restricted cubic 

splines (3 degrees of freedom) to specify fledging and departure date (Harrell 2015).  

We stratified tagging year to control for potential inter-annual variation. Because con-

ditions in one season may influence subsequent seasons through carry-over effects 

(Klaassen et al. 2014), we included stage-specific covariates into the models of sub-

sequent life stages. The three initial full models are described in detail in Appendix 

S1: Table S2.  



33 

 

Regularization and variable selection using Elastic Net were performed using 

the “glmnet” package in R v.3.3.3 (Friedman et al. 2009). If any non-linear effects 

were selected, we included all knots of the restricted cubic spline term. Covariates 

with non-zero coefficients were refitted to the model with the “rms” package, redun-

dant predictors were dropped (Harrell 2018). We used likelihood ratio tests to deter-

mine the models’ overall statistical significance, and Wald tests to determine p-values 

of the individual covariates. All diagnostics were performed and plotted using the 

“survival” and “rms” packages in R v.3.3.3 (Therneau 2015, Harrell 2018). Visualiza-

tions of log relative hazard for each covariate was adjusted by the other covariates of 

the model and we used data between the 0.05 and 0.95 quantiles. Detailed infor-

mation on model diagnostics can be found in Appendix S2. We found the proportion 

hazard assumption did not hold true for one covariate (Appendix S2: Table S2). We 

therefore tested the potential causes of the non-proportion hazard and added the in-

teraction term in the final migration stage cox model (Keele 2010).  

Finally, we determined how sensitive the models are to any potential bias 

caused by non-random censoring (Collett 2015). Although we found that vanished 

birds were not randomly distributed, i.e. vanished birds had a higher migration dis-

tance compared to alive birds (t = -3.355, df = 16.107, p= 0.004), and similar dis-

tances as dead individuals (t = -0.066 df = 21.472, p= 0.948), a sensitivity analysis 

suggested that our findings are robust to dependent censoring (see detailed discus-

sion in Appendix S2).  

 

2.4 Results 

Overall migration and survival pattern 

All juvenile white storks migrated along the well-described western route, through the 

western European continent, and many crossed the Gibraltar Strait to reach finally 

the Sahel region or the coast of West Africa. The majority of deaths (84.88%) oc-

curred on the European continent (Figure 1). Migration was the riskiest period for ju-

venile storks as it exhibited the steepest decrease in the survival probability curve (in-

sert Figure 1, day 31-79). This sharp decrease of survival probability slowed down 

during winter. Cumulated survival rates since fledging for the post-fledging period, 

migration, and winter were 0.875 (95% CI=0.827-0.927), 0.609 (95% CI=0.538-

0.689), 0.457 (95% CI=0.384-0.543), respectively. Median survival time, i.e. time 

point by which half of the storks were expected to survive, was 177 days (corre-

sponding to early January).  
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Hazard factors  

During the post-fledging period, 18 of 169 storks died. However, none of the covari-

ates influenced survival during that period significantly. Thus, we mainly focus on mi-

gration and the wintering period.   

We found that survival during migration was influenced by daily movement activities 

(ODBA), daily migration distance, fledging date (as nonlinear effect), and the interac-

tion between daily distance and fledging date (Appendix S2: Table S3, df=8, 

R2=0.453, log ratio test p=0.000). Larger daily ODBA, shorter daily migration dis-

tance, and early fledging dates were linked to reduced mortality risks during migra-

tion (Figure 2a-c). In addition, the relationship between migration distance and mor-

tality was influenced by fledging date (Figure 2d), showing that survival was relatively 

independent of migration distance around the median fledging date July 15th. Storks 

that fledged earlier and migrated less than the median of the population had the low-

est mortality risk.  

We found that during winter, median ODBA and wintering region affected juvenile 

survival (Appendix S2: Table S5, df=3, R2=0.202, log ratio test p=0.007). Similar to 

migration, larger median daily ODBA reduced the mortality risk, after controlling for 

wintering regions (Figure 2e). Individuals overwintering in Europe and North Africa 

had lower mortality hazards compared to those staying in the traditional wintering 

grounds of Sub-Saharan Africa (Figure 2f) 
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Figure 1 Movement trajectories of storks during the study period (i.e., post fledging 

time, first autumn migration, and wintering period). Filled circles indicate the death lo-

cations. Trajectories ending with open circles indicate censored individuals (alive or 

vanished). Trajectories are color‐coded based on the total number of survival days. 

The bottom right insert shows the survival curve with 95% confidence interval 

(shaded area). Short vertical lines indicate censored events. Dashed lines corre-

spond to median survival time. (Background map from Natural Earth) 
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Figure 2 Estimated log-relative hazard of each covariate of the Cox model for the 

first autumn migration (a–d) and first winter (e, f), with histogram of data distribution 

at the bottom: (a) median daily migration overall dynamic body acceleration (ODBA), 

(b) fledging date, (c) median daily migration distance, (d) interaction between fledging 

date and migration distance, (e) median daily wintering ODBA, and (f) wintering re-

gion, that is, Europe (EU), North Africa (NA), and Sub‐Saharan Africa (SA). Black line 

or points represent the predicted values adjusted by the mean or the reference level 

of other model covariates. Gray bands or bars correspond to the 95% confidence 

limit. Dashed vertical or horizontal lines show the median value of covariates. DOY‐

day of the year 
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2.5 Discussion  

By exploring the lifetime tracks of juvenile white storks, we obtained a robust estima-

tion of true survival rates, and identified hazard factors in the early life stages of this 

long-lived migrant. Our results showed that the first southward migration is the riski-

est period for juvenile white storks. In agreement with our hypothesis, we found that 

mortality risk increases with migration distance; a finding that is in accordance with 

other long-distance migrants (Klaassen et al. 2014, Lok et al. 2015). This relationship 

was also reflected in the effect of the chosen wintering region. Low survival probabili-

ties of storks overwintering in Sub-Saharan Africa may drive the overall change in mi-

gration strategy that has been observed in the last three decades. It may also explain 

why only a small number of our study individuals (15.79%) moved towards Sub-Sa-

haran Africa, whereas the majority of juveniles adopted the “closer-to-home” strategy, 

i.e. terminated their migratory journey on the Iberian Peninsula (55.26%) or in North 

Africa (28.95%), where they experienced the lowest mortality rate during winter.    

Even though successful storks migrate shorter distances and benefitting from 

sufficient food and warmer temperatures in these southerly European regions (Martín 

et al. 2016b), we observed that higher movement activities (ODBA) during migration 

and wintering lowered their morality risks. Because the flight costs for soaring mi-

grants are relatively low (Duriez et al. 2014), we suggest that high values of daily 

ODBA point towards more intensive foraging behaviour during both the migration and 

wintering period. Previous studies found that storks with lower flight ODBA survive 

better (Rotics et al. 2016), or travel further (Flack et al. 2016), but our findings cannot 

be directly linked to individual flight performance, as our metric for median daily 

ODBA did not only include flight but the birds’ overall activities. 

Like in other species (Naef-daenzer et al. 2001, Menu et al. 2005), later 

fledging juveniles experienced higher mortality risks. This relationship was influenced 

by migration distance: if individuals fledged before or after the median fledging date, 

their survival was influenced more strongly by migratory distance, indicating that their 

optimal migratory strategy was state-dependent (Figure 2d). None of the other exam-

ined individual traits, i.e. sex, hatch rank, numbers of siblings, or departure date influ-

enced short-term survival. This may be because storks can potentially compensate 

for differences in nestling body conditions later on in life (Aguirre & Vergara 2007), 

although we did not observe a relationship between hatching rank and migratory dis-

tance, as suggested in that study.  
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As an opportunistic species, white storks exhibit high levels of behavioural 

flexibility, and can potentially adapt relatively fast to changing environments 

(Cuadrado et al. 2016, Martín et al. 2016b). In the mid-Twentieth century, droughts in 

the Sahel region had a strong negative effect on the western subpopulation of white 

stork. Although precipitation conditions gradually improved (Nevoux et al. 2008), 

hunting pressure has increased drastically in this region (Zwarts et al. 2012), repre-

senting a new significant threat to migrating birds. Our data show that 41.67% of the 

storks that overwintered in Sub-Saharan Africa died due to hunting (5 out of 12). 

Thus, given the effect of wintering region on survival, we expect that the number of 

juveniles overwintering in Europe keeps increasing. It has also been suggested that 

adults which overwinter closer to home, or even stay completely at their breeding 

grounds might experience benefits during the upcoming breeding season (Arizaga et 

al. 2018, Rotics et al. 2018), and that migratory distance of white storks decreases 

with age (Fiedler 2001). We therefore suggest that both the potential breeding bene-

fits for adults and the higher juvenile survival contribute to the increasing number of 

wintering white storks in Europe, and that a shortening of migratory distance could be 

the optimal migration strategy for the current western European white stork popula-

tion.  

In the past few decades, we have witnessed that white storks change their 

behaviour as a response to human-caused alterations in their environmental sur-

roundings, yet the future development of these behavioural changes is unclear. The 

number of white storks overwintering in Portugal has already increased tenfold in the 

last two decades (Catry et al. 2017). It has also been documented that an increasing 

number of individuals of the Spanish subpopulation use their nests all year round 

(Gilbert et al. 2016), suggesting an intensified competition among breeders. Density-

dependent intraspecific competitions and the foreseeable closure of landfill locations 

(Sanz-Aguilar et al. 2015, Gilbert et al. 2016) might cause further alterations of white 

stork migration and survival patterns. Although for Egypt vultures Neophron percnop-

terus no negative short-term effects of the landfill closures have been documented 

(Katzenberger et al. 2017), it is hard to predict the future consequences for white 

storks. Their highly flexible behaviour might enable them to regain a long-distance 

migratory strategy once selection pressures change again. Thus, further studies are 

essential to investigate how environmental or social conditions influence the life his-

tory strategies of white storks from different populations (Gillis et al. 2008, Chapman 

et al. 2011). 
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3.1 Abstract 

Migrants are facing unprecedented challenges due to fast-changes in the environ-

ment. Phenology and distribution shifts are two interconnected responses that have 

often being investigated separately. The adjustment of migratory behaviour is con-

strained by individual and life-history cycles and environmental conditions. We inves-

tigated a long-distance migrant which show on-going migratory behaviour alterna-

tions, the white stork Ciconia ciconia. We used data of 92 GPS-tagged juvenile storks 

that have completed their first autumn migration. We linked individual features, move-

ment decisions and environmental conditions to autumn phenology, and migration 

distances, both factors contributing alterations in overwintering regions. We found 

that environmental parameters affect migration decision variously. We showed that 

the landscape features and atmospheric parameters such as air pressure and ther-

mal convection were more influential than the temperature on migration departure 

and termination time.  During migration, suitable weather such as high thermal and 

wind support, promoted migration speed, while encountered aversive weathers and 

landfill increased the chance of short interruption (i.e. stopover). Overall, adjustments 

of specific migratory properties affected the timing and location of the following life-

history stage. Our results provide clear evidence that changes in specie’s phenology 

and distributions are internally linked by the migration period. Various environmental 

factors, particular flight and habitat-related conditions have overarching effects that 

regulate the inter-individual variations in migration properties. 
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3.2 Introduction 

Anthropogenic activities modify the environment heavily. These human-induced 

changes reshape selection pressures by altering the interplay between animals and 

their environments around the globe (Oro et al. 2013, Otto 2018, Riotte-Lambert & 

Matthiopoulos 2020). Migratory animals are particularly vulnerable to these adverse 

impacts of habitat loss and climate change (Wilcove & Wikelski 2008, Robinson et al. 

2009, Runge et al. 2014). Because their ability to adjust their behaviours are 

constrained by a suite of factors, including inherited circannual programs, 

environmental conditions along the way, or stopover quality (Both 2010, Knudsen et 

al. 2011). Furthermore, it is challenging to assess the impacts of global change clearly, 

because the magnitude of climate change varies temporally and spatially (Hüppop & 

Winkel 2006, Loarie et al. 2009). In recent years, many studies have explored how 

migrants are affected by and respond to these global changes (Sutherland 1998, 

Robinson et al. 2009, Knudsen et al. 2011, Teitelbaum et al. 2016). The most common 

responses of species to altered climatic conditions are changes in phenologies and 

distributions, especially the advancement of spring migration timing and the poleward 

expansion of breeding ranges (Sutherland 1998, Parmesan 2006). Whereas, 

phenology of post-breeding migration is less well known (Gallinat et al. 2015). 

Although alterations in phenologies and distributions might be interplay with 

each other, these two responses are generally being reported separately (Parmesan, 

2006, but see also Gill, Alves, & Gunnarsson, 2019). Migration, as a vital stage of an 

animal’s life cycle, could act as a natural link between shifts in phenology and range. 

For example, migratory routes and distances could change as consequences of range 

shifts (Potvin et al. 2016, Zurell et al. 2018a). In return, the reduction of migration 

distance, in addition with an increase of migration speed, or a shortening of the 

stopover period could also result in earlier arrival times at the breeding ground 

(Lehikoinen et al. 2004, Gordo & Sanz 2006, Pulido 2007). Thus, to estimate a species’ 

phenology and ranges shifts in response to global change, it is important to consider 

the inner connections between life-history stages (Ouwehand & Both 2017, Tomotani 

et al. 2018). It is also essential to examine the responses of different migratory 

properties (e.g. timing, speed, stopover and distance) because an adaptive 

evolutionary response requires adjustments to a whole suite of different properties 

simultaneously. In order to do so, long-term, and individual-identified tracking data are 

necessary (Lehikoinen et al. 2004, Pulido 2007, Knudsen et al. 2011, Buchan et al. 

2020).  
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Long-distance migration may have limited capability to adjust their phenology 

due to environmental and time constraints between difference life-history stages  (Both 

& Visser 2001, Usui et al. 2017). Changing the time and energy investments of one 

migration event would compromise other events in the life history cycle (Hedenström 

2008). In addition, climate change can shift different life cycle stages in various ways 

(Tomotani et al. 2018), even when examining a single environmental driver (Bauer et 

al. 2008). More importantly, environmental conditions of different migration stages can 

potentially mask the species’ adjustments to climate change (Both 2010, Knudsen et 

al. 2011). Subsequently, inter-individual variation in the behavioural responses reflects 

the trade-offs between costs and benefits of the adjustment across life-history stages 

(Knudsen et al. 2011, Schmaljohann & Both 2017, Monti et al. 2018).  

Here we examined how the combination of individual and environmental factors 

affect the inter-individual variation in different migration properties (i.e. departure date, 

speed, stopover, and termination date), potentially resulting in overall phenology and 

distribution shifts of an entire population. We explored this question using a long-lived, 

long-distance migratory bird which has shown both phenological and range changes 

in recent years, the White Stork (Ciconia ciconia). Historical data describes European 

white storks as exclusively migratory with overwintering regions in Sub-Saharan Africa 

(Tortosa et al. 1995). In the last few decades, the spring arrival time of white storks 

have advanced, and autumn departure has fluctuated with temperature in Iberian 

(Gordo & Sanz 2006, Scholer et al. 2016). Simultaneously, breeding ranges of white 

storks have expanded poleward and eastward, while wintering ranges, particularly of 

the Western European population, have shifted northward closer to the breeding 

ground (Thomsen 2013, Shephard et al. 2015). Warmer winter temperatures and hu-

man-induced habitat changes (e.g. open garbage dumps, or the invasive red swamp 

crayfish Procambarus clarki in rice fields and wetlands) have been considered as 

cause for the growing numbers of wintering individuals on the Iberian Peninsula (Gordo 

& Sanz 2006, Gilbert et al. 2016).  

We analysed a large dataset containing the trajectories of 92 GPS–tracked 

white storks. We focused on the southward (autumn) migration (including the post-

fledging period), because, given the high mortality rates of that period (Cheng et al. 

2019), its selection pressure strongly impacts population dynamics. We first investi-

gated whether environmental factors can account for the observed variation in different 

properties of migratory behaviour, while also taking into account the impacts from in-

dividual features and previous migratory stages at the same time. Second, we exam-

ined the influence of individual conditions (i.e. hatch rank, sex and fledging date) and 
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migratory properties on migration distance, to explain the population trend to overwin-

ter closer to the breeding ground.  

 

3.3 Methods 

Individual tracking and datasets 

From 2013 to 2017, we deployed high-resolution GPS-ACC loggers (e-obs GmbH, 

Germany) on 193 white stork nestlings in 5 locations of Southern Germany and Austria 

(Cheng et al. 2019). We performed our analyses on 92 white stork juveniles that com-

pleted their first autumn migration (i.e. southward migration from the breeding grounds 

in Northern Europe to the wintering grounds). These birds originated from 169 tagged 

fledglings after excluding 24 birds that did not reach the fledging state, migrated 

through the eastern flyway via Turkey and Eastern Africa or with tag failures. Within 

the fledglings, 18 birds that did not depart the breeding grounds and died, and 59 birds 

that died or vanished during migration (for details see Cheng et al. 2019).  

For each individual, we recorded hatch rank based on body mass, and sex 

determined using tissue from feather samples (Rotics et al. 2018). Brood size varied 

between 1-4 chicks, but we combined the last two hatched chicks in one group. The 

fledging date was defined as the first of two consecutive days on which the distance to 

the nest exceeded 500m. The loggers recorded GPS data from 2:00 to 20:00 (UTC) at 

varying intervals (see details in Cheng et al. 2019). We subsampled data into hourly 

locations. Our full datasets had been published in a Movebank Data Repository 

(https://www.movebank.org/node/15294) (Fiedler et al. 2019a, b, c, d, e).  

 

Tracking trajectory segmentation 

To quantitatively describe the migratory journey that each individual completed, we 

first characterized each individual GPS trajectory into behavioural segments. To do so 

we determined the migration start point which corresponded to the nest location (av-

eraged GPS position of the first three days after tag deployment). Then, we partitioned 

the GPS trajectories into sub-trajectories, namely segments using flat behavioural 

changing points analysis (hereafter BCPA) using the “bcpa” package (Gurarie 2014). 

BCPA identifies changes in movement parameter time series, and is robust to the ir-

regular sampling (Edelhoff et al. 2016, Gurarie et al. 2016). In our case data were 

discontinuous due to the tag switch off during the night. To conduct the BCPA analysis, 

we calculated as the input signal the net displacement distance from the nest to all 

https://www.movebank.org/node/15294
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other locations on the trajectory (Edelhoff et al. 2016). This net displacement distance 

increased throughout the migration, as the migration of white storks is in the north-

south direction. Tuning parameters of the BCPA were chosen as follows: window size 

= 20, cluster width = six hours, and sensitivity K = 2. To distinguish between active 

migratory and stationary phases (before departure, stopover, wintering), we clustered 

for each stork the segments into three groups (i.e. large, intermediate and low variance) 

using k-mean classification on the standard deviation of nest displacement distance of 

the segment (Zhang et al. 2015). Active migration (i.e. not at stopover site) or fast 

movement segments exhibited large or intermediate variance of net displacement dis-

tance, while stationary periods have the lowest variance.  

We defined departure date as the start date of the first medium or higher vari-

ance segment with net displacement distances larger than 50 km. Because storks win-

tering in different areas differ in their movement behaviours (see details below), we 

defined migration end date based on two criteria. First, storks overwintering in Sub-

Saharan Africa (between 12-20N°) undertake nomadic movements (Schaub et al. 

2005, Shephard et al. 2015) and might continue to move south tracing locust plagues 

(Van den Bossche et al. 2002). To distinguish winter southward movement from mi-

gration and determine the end of migration course, we used the first behavioural 

changing point time of continued stationary period (at least 10 days) after they reached 

Sub-Sahara Africa region as the end of the migration (i.e. the start of wintering; Ap-

pendix 1 Figure S1-1). Second, storks that overwintered in Europe and North Africa, 

we defined the migration terminated at the start date of the long stationary period (at 

least 10 days) after they reach the highest net displacement distance (Appendix 1 Fig-

ure S1-1). Individuals that did not show the evidence of stationary movement pattern 

were excluded from subsequent analysis because they either died or vanished during 

migration (see details of death events confirmation in Cheng et al. 2019). For all indi-

viduals, we defined stationary segments in-between migratory periods as stopovers. 

We also measured following individual migration properties: 1) maximum migration 

distance: the maximum great circle distance to the departure location, 2) stopover 

numbers, 3) average time at each stopover, and 4) daily migration speed, i.e. distance 

between the first point of two consecutive days divides the time difference.  All anal-

yses were performed in R 3.5.3 (R Core Team, 2019).  
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Annotation of environmental parameters 

We annotated hourly GPS points with atmospheric and terrestrial parameters from 

open source software and remote sensing products. We determined the day length of 

each hourly location at the given date using the “maptools” package (Bivand & 

Lewin-Koh 2019).  We extracted values of temperature (2m above Ground), wind (U 

and V component, 10m above ground), sea-level air pressure from European Centre 

for Medium-Range Weather Forecasts (ECMWF) Global atmospheric reanalysis (6 

hours temporal and 0.7° spatial resolution) via Movebank Env-Data system (Dodge 

et al. 2013). U and V components of the wind were converted to wind support (length 

of wind vector along the direction of animal movement) and crosswind (absolute 

length of the wind vector perpendicular to animal’s direction) (Safi et al. 2013). The 

velocity of thermal uplift was extracted from Movebank’s derived variables (Dodge et 

al. 2013).  

We included the following terrestrial parameters: Normalized difference vege-

tation index (NDVI) as a proxy of plant phenology and productivity (Trierweiler et al. 

2013, Rivrud et al. 2015), and landcover types. NDVI could also serve as an indication 

of vegetation senescence (Briedis et al. 2020). NDVI was extracted from MODIS (16 

days of temporal and 500m of spatial resolution) by using Movebank Env-data (Dodge 

et al. 2013). Landcover data were extracted from European Space Agency (ESA) CCI 

Global Landcover 2015 (global coverage, does not distinguish landfills from other arti-

ficial landscape) and CORINE land cover 2018 (contains landfill and rice fields as cat-

egories, but only available for the European continent). We combined the landcover 

types into five groups: 1) artificial and bare ground, 2) arable land, 3) forest, 4) grass-

land and sparsely vegetated area, and 5) wetland. For CORINE maps, we kept two 

additional types of landcover: landfills and rice fields, because these two habitat types 

impact the foraging behaviour of white storks (Sanz-Aguilar et al. 2015). After extract-

ing the hourly values of the environmental parameters, we summarized them into daily 

means. Daily mean habitat type was determined by using the most frequently utilized 

landcover type. Environmental raster and spatial location data were processed using 

“raster”, “sp” and “rgdal” package in R (Bivand et al. 2008, 2019, Hijmans 2019). A 

summary of all environmental parameters of the post-fledging and migration periods, 

together with individual properties, can be found in Appendix 1, Table S1-1.   
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Linking individual condition and Environments to migration phenology 

To investigate which factors contribute to decisions of beginning and ending migration, 

we fitted two separated cox proportion hazard models (hear after cox model) for the 

departure date and migration termination date, as drivers of these decisions should 

differ. We would, for example, expect environmental cues that improve travel condi-

tions relate to the onset of migration, whereas its termination might depend more on 

the quality of the wintering grounds. We controlled interannual variation by stratifying 

the tagging year. Both initiate models included individual features, photoperiod (i.e. 

day length) and environmental parameters. For the landcover type, we used ESA CCI 

Global Landcover. Additionally, we fitted daily environment covariates in the form of 

time-dependent variables, i.e. the measurement of environmental condition changed 

over time to avoid averaging over the entire migration course (Gienapp et al. 2005). 

For the migration termination date model, we also included departure date, daily speed, 

number of stopover sites and average days at each stopover. A positive coefficient 

meant an increase of the hazard, which indicated an enlarged possibility of an earlier 

event, either earlier departure or termination. Cox models were fitted by using the “rms” 

and “survival” packages (Therneau 2015, Harrell 2018). We found as the daylength 

gradually reduced during the post-fledging period, the later fledged chick experienced 

smaller daylength compare to the earlier ones. This fact caused the high negative cor-

relation between fledging date and daylength in the departure model and inflated the 

model which indicated by the high variance inflation factor (VIF) of these two factors 

Moreover, daylength was correlated with other atmospheric parameters. Considering 

the earlier fledging date predicts higher survival in the same dataset (Cheng et al. 

2019), we decided to exclude the daylength from the full departure cox model and only 

kept fledging date thus VIF of the remained factors were below 3 (Zuur et al. 2010). 

For both models, we then selected among all combinations of models using corrected 

AIC (AICc) using the “MuMIn” package (Barton 2018). The top model set (ΔAICc<=2) 

were averaged. Numeric covariates were standardized.  We fitted categorical variables 

as a dummy variable using the most frequent category as the reference level. We ex-

amined model fits using Nagelkerke R2 for Cox proportional hazard models. See de-

tails of all the model fitting in Appendix 2 Table S2-1. 

 

Migration speed vs environmental parameters 

To evaluate the influence of environmental conditions on daily migration speed, we 

used linear mixed models with individual identity and latitude as random effects 
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(intercept). Here we only focused on the speed of active migratory days, i.e. stopover 

periods were excluded. Because we expected that storks’ flight speeds depended 

strongly on environmental conditions (Shamoun-Baranes et al. 2003), we included 

wind support, crosswind, temperature, thermal uplift and air pressure as fixed effects, 

with daily migration speed as response variable (Kemp et al. 2010). We also included 

NDVI and departure date as factors, because they can affect the migration speed of 

soaring birds (Dodge et al. 2014, Rotics et al. 2018). Besides, we tested the effect of 

the Julian date (day of the year, DOY) to examine changes in migratory speed through 

the migration journey. Regularization and variable selection using Elastic Net of the 

linear mixed model was performed using the “glmnet” package; model fitting by using 

the “lme4” package (Friedman et al. 2010, Bates et al. 2015). For selecting the param-

eters of the full regression models, ten-fold cross-validation was used to fine-tune the 

lambda value. Covariates with non-zero coefficients were refitted to the model to de-

termine the shrunk model. Non-significant covariates were dropped to make the parsi-

monious model (the final model). Numeric covariates were standardized.  We exam-

ined model fits using Nakagawa and Schielzeth’s R2 for mixed models (Nakagawa & 

Schielzeth 2013). See details of all the model fitting in Appendix 2 Table S2-2. 

 

Compare environmental parameters in active migratory and stopover phase 

We built the logistic regression model, also with individual identity and rounded latitude 

as random intercept, to compare the atmospheric and terrestrial conditions of active 

migration and stopover days. We fitted daily wind support, crosswind, temperature, 

thermal uplift, air pressure, NDVI and landcover as fix effects. Because we were par-

ticularly interested whether the utilization of landfills or rice fields would affect stopover 

decisions (Sanz-Aguilar et al. 2015), we used CORINE land cover classification and 

restricted the stopover model only to the Europe continent. Model fitting and selection 

was conducted using the “glmnet” and “lme4” packages as described before. See de-

tails of all the model fitting in Appendix 2 Table S2-3. 

  

Linking individual and migration features to the maximum migratory distance  

To evaluate the relationship between individual condition, movement features, and 

overall migration distance, we fitted an ordinal logistic regression model due to the 

large distance differences between winter destinations (Appendix 1 Figure S1-2). We 

grouped individuals based on their maximum migration distance into four ordered cat-

egories and used the distance category as the response variables. The four migration 
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distance categories included: southern France and northern Spain, southern Spain, 

Northern Africa (Morocco), and Sub-Saharan Africa. We included sex, hatch rank, 

fledging date, mean daily migration speed (only active migration phase), migration de-

parture and termination date, net migration duration, and number and duration of stop-

overs as covariates. We performed elastic net method in ordinal logistic regression for 

regularization and variable selection as described above using the “ordinalNet” and 

“MASS” packages (Venables & Ripley 2002, Wurm & Rathouz 2019). See details of 

all the model fitting in Appendix 2 Table S2-4. 

 

3.4 Results 

Migratory behaviour of juvenile white storks varied considerably between individuals 

(Figure 1). To explore this variability, we examined which individual features and envi-

ronmental conditions influence different migration properties, and ultimately might ex-

plain a shorting of the overall migration distance. 

 

 

Figure 1 Individual trajectories and timelines of 92 juvenile white storks originating 

from Southern Germany and Austria. (a) GPS track of post-fledging period and south-

ward autumn migration; (b) timeline from fledging until end of the migration. Colour of 

trajectories and bars correspond to the different life-stages: post-fledging, migration, 

and stopover period are shown in grey, yellow and blue, respectively.  

(a) (b) 
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We discovered two different sets of variables that explained the onset and ter-

mination date of white stork migration (Figure 2), respectively. The birds’ departure 

dates in early August (DOY 223.957±12.605; mean ± standard deviation) were pre-

dicted by their fledging dates (DOY 196.033±12.676), and several environmental fea-

tures at their nesting location (importance value > 0.5, Figure 2A). For example, more 

substantial utilization of arable farmland, and higher NDVI levels delayed departure, 

whereas later fledging dates and higher air pressures enhanced the chances of an 

early departure. Thus, the onset of juvenile migration was mainly influenced by the 

timing of the nesting event, and the habitat and weather conditions at the breeding 

location.  

 

 

Figure 2 Model averaging of candidate models describing the effect of environmental 

variables on migration departure date (a) and termination date of white storks’ first 

autumn migration (). Averaged coefficient and 95% confidence interval are shown on 

the left. Dot and error bars represent the estimation of coefficient and 95% confidence 

interval for each predictor.  Dots and bars in blue are positive effects (the event hap-

pened earlier), and in red are negative effects (the event happened latter). The relative 

importance of variables is shown on the right, and darker colours correspond to higher 

importance values. L.C. abbreviation for landcover. * p< 0.05. 

(a) 

(b) 
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Similarly, an individual’s decision to terminate migration (DOY 268.870 ± 

20.602), corresponding to its decision on a wintering ground, depended on the encoun-

tered flight and habitat conditions (Figure 2B). Juvenile storks ended their migration 

earlier when thermal uplift velocities were low, and when their journey included fewer 

and shorter stopovers, which themselves were influenced by similar terrestrial and at-

mospheric environmental factors (see below). During migration, juvenile white storks 

mostly flew over arable farmland and grassland (Appendix 1 Table S1-1) and encoun-

tering less forest, and more grassland advanced their termination date.  

In addition to these depart and stop decisions, we examined the migration de-

cisions en route, namely migration speed and stopover choices. The overall migration 

duration (including stopovers) was on average 44.967 ± 6.402 days, ranging from 5 to 

100 days. We found the daily migration speed of the active migratory phase (14.840 ± 

6.402 days) depended on both weather conditions and departure date; the final model 

explained 35.1% variance of daily migration speed during the active phase (Appendix2 

Table S2-2). More specifically, higher wind support, temperatures and thermal uplift, 

as well as late departure dates increased migration speed, whereas it decreased with 

higher crosswinds (Figure 3A). These weather effects also influenced an individual’s 

decision to interrupt its active period briefly during migration. Birds stopped around 

30.137 ± 21.360 days in total during migration period. The average stopover duration 

of 6.273±7.983 days at each site. The number of stopovers ranged from 0 to 13, with 

a mean of 4.793±2.834. Most of our observed stopover sites (85.43%) were in Europe. 

Land cover types had the strongest influence on the individual decision to stop; the 

final model explained 34.0% variance (Figure3B; Appendix 2 Table S2-3). However, 

different land cover types affected stopover decisions differently. For example, individ-

uals using intensively human-modified landscapes (e.g. landfills, or other artificial 

lands) were more likely to stop. In contrast, the use of forest and rice fields, or high 

levels of NDVI decreased stopover probability. Late departing individuals tended to 

have fewer stopovers. Also, unfavourable weather, i.e. higher crosswind and wind sup-

port, but lower thermal uplift velocity, air pressures or temperatures increased an indi-

vidual’s chances to stop. 
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Figure 3 Coefficient estimates and 95% confident interval of the model predicting daily 

migration speed of active migratory phase (a) and stopover (b) based on environmen-

tal factors and departure date. Numeric covariates were standardized. Red is associ-

ated with an increase in migration speed or stopover probability, whereas blue is as-

sociated with a decrease in speed or stopover probability. L.C. abbreviation for 

landcover. * p< 0.05. 

 

Finally, we explored how these different migratory properties and individual fea-

tures influenced the overall migration distance categorized by wintering regions. We 

grouped the maximum migration distance of each individual into four groups: southern 

France and northern Spain, southern Spain, Northern Africa (Morocco), and Sub-Sa-

haran Africa (Appendix 1 Figure S1-2). Juvenile storks migrated on average 2037.862± 

1045.089 km. We found that their wintering region was best explained by hatch rank, 

migration speed, average time at each stopover, and the migration timing (76.2% var-

iance, Appendix 2, Table S2-4). Late departure and longer stopover times were con-

nected to shorter migration distances. Faster daily migration speeds and late migration 

termination dates contributed to longer migration distances. Of the individual factors, 

only hatching rank affected migration distance, with the last two hatched juveniles (Fig-

ure 4, hatch rank 3 and 4) migrating further.  

 

(a) (b) 
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Figure 4 Covariate coefficient estimation for the model of maximum migration distance. 

Numeric covariates were standardized. Dot and error bars represent the estimation of 

coefficient and 95% confidence interval for each predictor.  Red is associated with an 

increase in migration distance, whereas blue is associated with a decrease in distance. 

* p< 0.05. 

 

3.5 Discussion 

Our results provide clear evidence that changes in species’ phenologies and distribu-

tions are linked to each other by the migration stage. Adjustments of certain migratory 

properties affect the timing and location of the following life-history stage. The magni-

tude of adjustment modulated by various overarching environmental factors. More spe-

cifically, departure and termination timing of white stork autumn migration depended 

on a suite of habitat and weather conditions. Subsequently, variation in phenology af-

fected overall migration distance, thereby contributed to the northward expansion of 

the wintering region.  

 Diversified behaviour is key to species’ adaptability, especially when facing 

global changes (Robinson et al. 2009, Dodge et al. 2014). It has been suggested that 

long-distance migratory species have lower behavioural flexibility, and are therefore 

more sensitive to global changes (Hüppop & Winkel 2006, Gienapp et al. 2007). How-

ever, several of these species have shown modifications in certain sets of migratory 

properties. For instance, Pied Flycatchers (Ficedula hypoleuca), which were unable to 

accelerate their migratory speed (Schmaljohann & Both 2017) but adjusted their spring 

arrival timing through variation in departure time (Ouwehand & Both 2017). Barnacle 

geese (Branta leucopsis) changed their stopover itinerary to alter their arrival dates 
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(Lameris et al. 2018). In white storks, however, migrants achieved shorter migration 

distances by a combination of modifications: departed later, moved slower, and termi-

nated migration earlier (Figure 4). The outcome appears to be beneficial as wintering 

closer to the breeding ground is associated with higher survival (Cheng et al. 2019). 

Thus, when it comes to adjusting different migratory properties, i.e. phenology, speed, 

stopover itinerary and overall distance, white storks were highly flexible, therefore pro-

vides the species with the required mechanisms to cope with global changes.  

 Adjusting events in the annual cycle can be limited or masked by environmen-

tal constraints encountered in the breeding area or en route (Bauer et al. 2008, 

Ouwehand & Both 2017). It is plausible that the environments during the migration 

prevent juvenile modulated the arrival date to the wintering ground by adjusting the 

departure date (Figure 2B). However, departure time might still have indirect effects 

on migration termination time through their relationships with speed and stopover de-

cision (Figure 3, also additional result summary plot Figure S2-1 in Appendix 2). Addi-

tionally, we observed that fledging date did not affect migration distance, speed or 

stopover decision. Given that early adults also breed earlier (corresponding to earlier 

fledging dates) (Rotics et al. 2018), the potential effects of trans-generational pheno-

logical plasticity or parental effects might be diluted in the process of offspring devel-

opment (Senner et al. 2015, Donelson et al. 2018). Although early fledglings had higher 

survival during the first autumn migration, this benefit is limited because survival prob-

ability also depends on migration distance (Cheng et al. 2019). In recent years, early 

arrival may have become less beneficial, because changes in the agricultural land-

scape and management have improved the feeding opportunities at the breeding site 

(Gordo et al. 2013). The lacking connection between fledging date and following events 

in life might slow down the speed of storks adjust to the global changes but not at a 

great extent.  

 Overall, global climate change worldwide is often equalized with an increase 

in temperature (Robinson et al. 2009, Usui et al. 2017, Haest et al. 2019). However, 

global climate change also includes complex changes in weather conditions, each of 

them possibly affecting bird phenology differently (Haest et al. 2019). The flexible re-

actions of migratory birds on various atmospheric conditions including horizontal wind, 

thermal convection, precipitation had been wildly discussed (Shamoun-Baranes et al. 

2017), yet how this flexibility influences adaptations to climate conditions have re-

ceived less attention. We found that wind and landscape parameters affect white stork 

migration varies between different properties. But the temperature not always had an 

impact. For example, we found that temperature did not influence the departure or 
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termination date of stork migration. This result may be because warmer autumn and 

winter temperatures in European were no longer pose any physiological challenges, 

as they seem to have no thermoregulation costs during mild winters (Mata et al. 2010). 

Thus, recent climatic developments may favour the development of the stork popula-

tion (Archaux et al. 2004).  

Global warming is predicted to alter large scale wind patterns, such as the pre-

vailing wind direction and strength, thereby also influencing the suitability of migration 

routes (La Sorte & Fink 2016, Nourani et al. 2017). For example, a general increase in 

wind speed would reduce convective conditions, and with it the availability of thermal 

updrafts  (Shamoun-Baranes et al. 2017). This has drastic effects on soaring birds, 

including white storks, because they depend strongly on thermal uplift to travel long 

distance with minimal energy expenditure. Here we observed that low thermal uplift 

velocity en route resulted in storks ending their migration earlier.  We observed this 

despite the fact that uplift availability and/or intensity increase with lower latitudes 

(Scacco et al. 2019). This may be because individuals with lower flight skills may not 

be able to utilize poor thermal conditions and terminate their migration earlier than 

others (Flack et al. 2018). Yet, these inferior flyers might have higher survival due to 

the advantages of shorter migratory distance (Cheng et al. 2019). In addition, we found 

that wind support and crosswind affected the storks’ daily flight speeds during the ac-

tive migratory phase and their stopover decisions. In contrast, the departure date was 

not affected by wind conditions but increased with high air pressure. Thus, barometric 

pressure plays an important role in triggering autumn departure (Sjöberg et al. 2018). 

It also affects stopovers, which is in agreement with the finding that during high-pres-

sure days in Spain and an increase in bird counts can be observed (Miller et al. 2016).  

Because humans alter both the climate and habitat, species need to adjust their 

behaviour according to both changes in climates and habitats. Again, different habitat 

types affect migratory properties traits in various ways. For instance, higher usage of 

arable land in the breeding grounds delayed the departure time, while higher grassland 

usage advanced the termination of migration. Also, both food sources, organic wastes 

and crayfish, have been considered as causes of increasing residency of the white 

stork on the Iberian Peninsula during wintertime (Gordo & Sanz 2006, Gilbert et al. 

2016). Our results show that high landfill and low rice field use increased stopover 

probability, supporting the hypothesis that migratory juveniles were more specialized 

on landfills compared to the residents relying on rice fields (Sanz-Aguilar et al. 2015). 

These results suggest that the movement decision are affected by landscape features. 
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Moreover, storks had distinct habitat requirements during the different life-history 

stages.  

When considering the large variability in the European stork population (Flack 

et al. 2016), it is, of course, possible to observe population-specific behavioural re-

sponses. For example, while having similar migratory routes and destinations, storks 

from Belgium spent less time during their autumn migration (28±12.7, range from 13 

to 54 days) than those of our study (Shephard et al. 2015). Also, the core breeding 

population with high population density in the Iberian Peninsula may express different 

responses compare to the population that we studied due to the high competition and 

other density-dependent progress.  

In summary, our study deepens the insights on how animals with complex life 

phases adjust to a quickly changing world. Life-tracking and advanced analytic tools 

provide curial answers on the following questions. Can environment factors explain the 

variation of migration?  How are individual and migratory properties internally con-

nected? While we here explored the drastic responses of a species that seems to 

adapt quickly enough, the vast majority of long-distance migrants are indeed struggling 

to survive (Wilcove & Wikelski 2008, Robinson et al. 2009). The flexibility when it 

comes to responding to environmental factors that are altered by humans (e.g. land 

cover type, the landfill in especial and the wind condition) might make this species 

successful, even when facing ever-changing conditions. 
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intra-individual variations in the migratory behaviour 
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4.1 Abstract 

Many migratory animals are threatened by global changes like climate warming and 

habitat loss. Yet, some species have thrived in recent years as their numbers have 

been continuously rising. Exhibiting a diverse range of migratory behaviour may be 

one mechanism by which populations can improve their resilience to anthropogenic 

changes, because these diversities may cause differences in individual fitness. Here 

we quantified the variation in migratory behaviour of white storks (Ciconia ciconia), a 

species that seems to benefit from the current anthropogenic influences as parts of 

their population has been growing steadily. In addition, we examined their seasonal 

survival patterns in relation to inter- and intra-individual variations in migration timing 

and wintering latitude. Overall, we found that especially sub-adult white storks ex-

press various degrees of flexibility in their response to weather and habitat features. 

However, as storks age, their autumn arrival and spring migration timing advance 

and their wintering sites move northwards and become more repeatable. These high 

consistencies in wintering latitude in both age groups might suggest an increasing 

selection pressure on the wintering decisions, most likely even enhanced by human 

activities, as the location and size of the wintering regions depend on the human foot-

print index, while the timing of the migration is impacted by the North Atlantic Oscilla-

tion (NAO), a large-scale climatic phenomenon. Our results also showed that delay-

ing autumn arrival in comparison to the population may be beneficial for the survival 

of young storks, but overall these behavioural adjustments seem to be limited by the 

suitability of the surrounding environment. Our study highlights that while the success 

of the stork population may depend on the fact that storks’ migration features are 

strongly affected by large-scale climate patterns and human altered landscapes, their 

flexibility and diversity in early years are nevertheless essential, because only behav-

iourally and genetically diverse populations have the ability to adapt to the challenges 

caused by the Anthropocene. 
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4.2 Introduction 

In recent decades, migratory animals have become progressively sensitive to 

global changes such as climate warming and habitat loss (Wilcove & Wikelski 2008, 

Robinson et al. 2009). Certain features of their migratory behaviour (e.g. the timing of 

the different events) are controlled by innate mechanism like a rigid circannual pro-

gramme (Åkesson & Helm 2020), but behavioural flexibility may allow migrants to ad-

just their migratory schedule and destination. It has been shown that individuals can 

possess a considerable amount of variation and flexibility in their migration, often elic-

ited by adaptable responses to environmental factors (Sergio et al. 2014, Shaw 2020). 

Maintaining long-term variations in migratory behaviour is vital for facilitating individu-

als to mitigate the influence of ongoing threats, and to improve their resilience to future 

anthropogenic changes (Robinson et al. 2009, Gilroy et al. 2016, Shaw 2020). Diver-

sity in migration behaviour may cause differences in individual fitness and population 

dynamics, especially when it is exposed to heavily human-influenced selection (Otto 

2018, Buchan et al. 2020). How these consequences of individual variation in migration 

subsequently scale up to entire populations and ecosystems is not very well under-

stood (Shaw 2020). 

In order to quantify the flexibility individuals possess, it is essential to measure 

their responses to environmental changes, including those caused by humans (Fox et 

al. 2019). In addition to intrinsic factors like age or sex (Marques et al. 2010, Sergio et 

al. 2014, Senner et al. 2015, Briedis et al. 2019), a variety of environmental conditions 

can explain fluctuations in phenology (Teitelbaum et al. 2016, Shamoun-Baranes et al. 

2017, Clausen et al. 2018), and even long-term responses to climate change (Gordo 

2007). Irrespective of whether these variations in migratory behaviour are caused by 

individual traits and/or the abiotic environment, they can occur on different scales, 

ranging from intra- to inter-individual levels all the way up to inter-population levels 

(Conklin et al. 2013, Flack et al. 2016, Shaw 2020). Intra-individual variation is the 

outcome of reversible phenotypic plasticity (i.e. phenotypic flexibility) and/or strategies 

that depend on certain individual conditions (e.g. age; Piersma & Drent 2003, Nak-

agawa & Schielzeth 2010, Shaw 2020). Learning and social interaction might also play 

a role in intra-individual variation (Sergio et al. 2014, Teitelbaum et al. 2016). Inter-

individual variation is often found in differential migration systems, in which migratory 

distance varies according to, for example, sex (Åkesson & Helm 2020). Finally, partial 

migration is a great example of inter-population variation where populations of the 

same species vary in their extent of migratory behaviour, with individuals ranging from 

being fully migratory to being fully resident (Chapman et al. 2011).  
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 Differentiating between these different levels of variation in migratory behav-

iour requires repeatable measurements from the same individual across a long time 

span. In recent years, long-term and life-time movement tracking have been used to 

report a wide range of migratory properties (Pulido 2007, Conklin et al. 2013, Åkesson 

& Helm 2020). Migrants have the potential to express species-specific flexibility in one 

or multiple migration properties, including not just the propensity to migrate, but also 

the timing, direction, route choice, stopover locations, or the overall destination 

(Conklin et al. 2013, Eggeman et al. 2016, Clausen et al. 2018). However, phenotypic 

plasticity or flexibility is not necessarily an adaptive response, as it can result in non-

adaptive, or even maladaptive shifts in phenotypes (Arnold et al. 2019, Fox et al. 2019). 

It is therefore essential to estimate the fitness consequences of these shifts to under-

stand the adaptiveness in plasticity and with it the organism-environment interaction 

(Arnold et al. 2019, Fox et al. 2019).  

Here, we explored the causes and consequences of inter- and intra-individual 

variations in migration timing and wintering locations using a long-lived, long-distance 

migratory species, the white stork (Ciconia ciconia). In the last three decades, white 

storks have changed their migration behaviours drastically (Gordo & Sanz 2006, 

Martín et al. 2016a). The most pronounced changes in white stork migration concern 

the shifts in timing and the shortening of the migration distance. These alterations 

cause a general northward expansion of wintering sites of storks flying along the West-

ern European Africa flyway (Gordo & Sanz 2006, Gordo 2007, Shephard et al. 2015). 

Yet, this population of white storks which exhibit the strongest behavioural changes 

nearly doubled in numbers (Thomsen 2013). Substantial inter-population variation in 

migratory behaviour has been observed in storks(Flack et al. 2016). Also, it has been 

shown that inter-individual variation in the first autumn migration is closely linked to 

individual survival (Cheng et al. 2019), or, in case of spring migration timing, associated 

with different breeding success (Rotics et al. 2018). However, the intra-individual vari-

ation and its fitness consequences have not been quantified yet. In fact, the survival 

consequence of intra-individual variation of behaviour in general has rarely been tested 

in the wild (but see Tibblin et al. 2016).  

The questions arise; do human-altered environments introduce variation in mi-

gration behaviour, and, if so, what are the specific causes and consequences? To 

answer these questions, we examined the repeated migratory behaviour of white 

storks, covering up to six years. After quantifying the influences of different environ-

mental factors on the variation of migration timing and wintering locations, we differen-

tiated between inter-and intra-individual variations and explored their impact on 
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survival. Given the latest findings in migration research, we hypothesized that (a) 

younger individuals are more flexible (Marques et al. 2010, Clausen et al. 2018), (b) 

environmental factors (climate and habitats) contribute to individual variations 

(Knudsen et al. 2011, Haest et al. 2019),  and (c) flexible individuals (high intra-indi-

vidual variation) survive better (Tibblin et al. 2016). These questions whether different 

environmental factors, and especially those altered by humans, influence this variation 

in migratory behaviour, and ultimately result in fitness differences are essential for un-

derstanding the responses of long-distance migrants in the era of the Anthropocene.    

 

4.3 Methods 

Dataset 

From 2013 to 2018, we deployed high-resolution GPS-accelerometer (ACC) loggers 

(e-obs GmbH, Germany) on 225 white storks in five regions of Germany and Austria 

(see details in Cheng et al. 2019). The majority of these birds were nestlings (n=222), 

but they also included sub-adults (n=2) and adults (n=1). Of these, we included 33 

birds with multi-year migrations in our analyses. All study birds were tagged as nest-

lings, migrated along the western European migratory flyway, and survived at least 

until October of their second year after hatching (i.e. they were older than one year, 

and performed at least two autumn migrations). We categorised the age into two 

groups: sub-adults (between one and three years) and adults (older than three 

years). The tracking devices recorded GPS data from 2:00 to 20:00 (UTC) at various 

sampling regimes (Cheng et al. 2019). We downsampled the raw data to hourly posi-

tions to achieve identical resolutions of all individuals. The tracking data (up to March 

30, 2019) has been published in Movebank data repositories (see details in Data ac-

cessibility section). 

 

Determining migration phenology and winter latitude 

For each individual, we determined the start and end point of each migration bout 

and partitioned the migratory routes using the flat behavioural changing points analy-

sis (hereafter BCPA) of the “bcpa package” (Gurarie 2014). We used the following 

tuning parameters of the BCPA: window size = 20, cluster width = 6, and sensitivity k 

= 2. To distinguish between active and stationary migratory phases (before depar-

ture, stopover, wintering), we clustered for each stork the segments into three groups 

(i.e. large, intermediate and low variance) using k-mean classification on the 
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standard deviation of net displacement distance of the segment (Zhang et al. 2015). 

Using these segmentations, we divided and classified each multiple-year track into 

sequences of seasonal segments, i.e. first summer (post-fledging), first autumn mi-

gration, first winter, first spring migration, second summer (or breeding in older birds), 

second autumn migration et cetera. Then we summarized the departure and arrival 

time of each migration bout. Juvenile white storks can remain in southern regions 

during the first years of their life (Fiedler 2001, Shephard et al. 2015), so we also rec-

orded the number of skipped migration bouts for each individual. We estimated win-

tering latitudes of each winter by using the latitude of the centroid of GPS locations 

recorded during the corresponding period. 

 

Linking the GPS location with abiotic factors 

We used the two indexes as measurements of both climate variability and terrestrial 

human influence, the North Atlantic Oscillation index (NAO index) and the human 

footprint index (Sanderson et al. 2002). The NAO index is widely used as a general 

explanatory variable in migration phenology variation of multiple taxa (Haest et al. 

2018). The NAO is sensitive to climate change (Hurrell et al. 2001, Gillett et al. 2003), 

and it has already been shown that the human footprint index influences animals’ 

movements (Tucker et al. 2018). The daily NAO index was obtained from the Na-

tional Oceanic and Atmospheric Administration (NOAA), the human footprint index 

(2009) from the Last of the Wild Project, Version 3 (Venter et al. 2016, 2018). 

Beside the two large-scale indexes, we also included local atmospheric and 

landscape variables which potentially influence avian migration and wintering deci-

sion. We annotated the GPS location data with different atmospheric variables using 

the Movebank Env-Data system (Dodge et al. 2013).  We used temperature (2m 

above ground), and wind data (U and V component, 10 meters above ground) from 

the European Centre for Medium-Range Weather Forecasts (ECMWF) global atmos-

pheric reanalysis. We converted U and V wind components into wind support (length 

of wind vector along the animal’s movement direction) and crosswind (absolute 

length of the wind vector perpendicular to the animal’s direction; Safi et al. 2013). 

Thermal uplift velocities were extracted as derived variables from Movebank (Dodge 

et al. 2013). We extracted habitat types from the global land cover data (European 

Space Agency CCI Global Landcover 2013-2018; ESA 2017). We simplified the land 

cover types into five categories: 1) artificial and bare ground, 2) arable land, 3) forest, 

4) grassland and sparsely vegetated area, and 5) wetland. 
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For each individual, lift-history stage (i.e. summer, autumn migration, winter, 

spring migration) at each age, we calculated daily means of temperature, wind sup-

port, crosswind, thermal uplift velocity, NAO and human footprint indices. We also 

summarized habitat as the percentage spent in each habitat category. Next, we per-

formed a principal component analysis (PCA) on the land cover categories to reduce 

the dimension (details in the Appendix 1), and used the resulting components in the 

subsequent analysis. In case of the skipped migration bouts, we summarized the 

above measures within predefined periods, i.e. autumn migration – July 1st to Sep-

tember 30th; spring migration - March 1st to May 31st.  Environmental rasters and 

spatial location data were processed using the “raster”, “sp” and “rgdal” packages in 

R (Bivand et al. 2008, Hijmans 2019). 

 

Migration timing and wintering site variation 

We examined the variation in migration timing and wintering latitude using linear 

mixed models with the “lme4” package (Bates et al. 2015). All full models included 

sex, the ordinal number of the season (autumn, spring and winter, ranging from one 

to six, equivalent to age minus one), interaction between age and sex, and individual 

identities as random intercepts. As we did not find evidence for protandry in most of 

the features of storks’ migratory and wintering behaviour, we did not include sex as a 

predictor in the following analysis of behaviour variation. 

 

Inter- and Intra-individual variation and repeatability 

We used the environmental parameters from the previous season to predict the vari-

ation in the upcoming migration timing and wintering latitude. We built the models for 

sub-adults and adults separately. To be specific, we tested how summer/winter envi-

ronments influenced autumn/spring departure times, how the environment en route 

affect autumn/spring arrival time and wintering latitude. Individuals that skipped mi-

gration bouts were not included in the respective timing models. We included the de-

parture latitude in both departure and arrival timing models to control for potential ge-

ographic variation in departure phenology. And to measure the trade-off between 

wintering latitude and spring arrival (Gordo 2007, Rotics et al. 2018), we also in-

cluded arrival latitude in the arriving time model, because variation in arrival may be 

caused by changes in the destination. We then selected among all combinations of 

models using the corrected AIC (AICc). The top model sets (ΔAICc<=2) were 
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averaged using the “MuMIn” package. We examined potential collinearity in the final 

model using the variance inflation factor (VIF<=3; Zuur et al. 2010). 

We also evaluated the influences of human activities within the wintering re-

gion on wintering home range size while controlling for age group and wintering lati-

tude. Wintering home ranges were estimated by fixed kernel density estimators 

(smooth factors “href”, 95% contour) with the “rhr” package in R (Signer & Balkenhol 

2015). We fitted a linear mixed model to the log-transformed home range sizes with 

mean human footprint and NAO index of the wintering period, age group, and winter-

ing latitude as fixed factors. Individual identity was included as a random intercept.  

 

Survival analysis 

For each of the 33 individuals, we determined its survival status (i.e. alive, dead, and 

vanished) at the end of the study period following the same criteria as in Cheng et al. 

2019. We limited our survival analysis to the sub-adult period, because adult storks 

have a high annual survival rate (roughly 80%) (Schaub et al. 2004), and the survival 

of sub-adults influences breeding pairs recruitment. We first used the Kaplan-Meier 

method to estimate the survival curve of male and female white storks separately. 

We examined the period from July 1st of their second year of life (age one) until age 

three or the end of the study (Collett 2015). 

To evaluate the survival consequence of intra- and inter-individual variation, 

we built a Cox Proportional Hazards Regression model (henceforth cox model) for 

each migration timing and wintering latitude (Therneau & Grambsch 2013). Due to 

sample size limitations, we adopted a slightly different definition of behavioural varia-

tion that only measured the variances of migration timing and wintering latitude be-

tween the first and second year. Here, the intra-individual variation of migration tim-

ing and wintering latitude was calculated as the date of second-year (DOY), or the 

latitude minus the values of the first-year. This means that positive values of this vari-

ation correspond to delay in time or a wintering further north in the second year com-

pared to the first. The inter-individual variations were measured as the deviation from 

the population mean of the second year. Each cox model started at the time when 

the observed variation occurred. For example, the cox model examining the effect of 

individual variation in autumn departure date, estimated the survival curve from the 

second autumn departure date to the age of three or the end of the study. In the 

same way, we constructed cox models for autumn arrival date, wintering latitude, 

spring departure and arrival date. We built the cox model for intra- and inter-
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individual variation separately. We included the sex as the strata in all cox models 

and omitted individuals who had skipped migration bouts. Both the Kaplan-Meier and 

the cox models were built and diagnosed using the “survival” and “rms” packages in 

R (Therneau 2015, Harrell 2018).  We used likelihood ratio tests and Wald tests to 

estimate the p‐values of the models' overall statistical significance and covariates. 

 

Statistical notes 

All the data processing and statistical analysis were performed in R v3.5.3. Our sig-

nificance level was 0.05. Without further indication, mean values are presented as 

mean±SD. All parameters in the multivariate model were centred and scaled. We ex-

amined model fits using Nakagawa and Schielzeth’s R2 for mixed models (Nakagawa 

& Schielzeth 2013). 

 

4.4 Results 

In total, after tracking 33 individual white storks repeatedly from 2-6 years (age 0-5), 

we identified 105 autumn and 100 spring migration bouts, and 106 wintering events 

(Appendix 2 Table S2-1). Figure 1 shows the migration routes of both seasons and 

the distribution of the centroids of the wintering ranges. We identified 15 skipped mi-

grations (9 autumn and 6 spring) from 8 individuals at age 0-4, predominantly males 

(80%, Appendix 2 Table S2-1).  

We observed that the migratory behaviour of storks changed throughout their 

life. As storks became older, their autumn arrival dates advanced, the latitudes of 

their wintering sites shifted northwards, and their spring departure and arrival times 

occurred earlier in the season (Figure 1d-f, Appendix 3 Table S3-1).  We did not find 

strong differences in migratory behaviour between males and females, except that 

males departed earlier (coef =-10.174, p=0.048) in autumn (Appendix 3 Table S3-1). 

The other migratory features, however, were significantly affected by the age group 

of the birds (Appendix 3 Table S3-1) 
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Figure 1 Maps on the upper panel show the GPS migration trajectories of tagged 

storks in autumn (a), spring (b) and the latitude of the centroids of wintering ranges 

(c). Migration routes and wintering sites are coloured by the number of the season 

(equivalent to age minus one). The lower panel shows the relationships between 

season number and migration timing or wintering latitude for autumn (d) and spring 

(e) migration and wintering latitude (f). 

 

Next, we explored the effects of different environmental factors on the storks’ 

variation in migration timing and wintering site location. We found that these behav-

ioural alterations depend on environmental factors, some of them were directly influ-

enced by human activities, but also varied between age groups and seasons. For in-

stance, storks responded to the fluctuation of the NAO index (Fig 2a) by shifting the 

timing of their migration events. Winter NAO indices have been used to predict the 

northbound bird migration, because higher winter NAO indices correspond to favour-

able migration and breeding conditions as they coincide with warmer springs and 

westerly winds (Hüppop & Hüppop 2003). This can delay autumn arrival and spring 

departure (positive coefficient) and advance spring arrival date. In addition, the 

(a) (b) (c) 

(d) (e) (f) 
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location and size of the overwintering regions of sub-adults depended on the human 

footprint index (Fig 2b, Fig 3a). That means high levels of human impact led to an 

overwintering further north in a smaller wintering area. Adults, in contrast, only re-

duced the size of their wintering area when residing in areas with higher human per-

turbations (Fig 3a). We also found for both age groups that especially the autumn mi-

gration timing was shaped by a variety of environmental features such as wind 

conditions, thermal uplift strength, and habitat features (details in Appendix 3 Fig S3-

1). This was much less the case for spring migration timing, where adults in particular 

exhibited little dependence on these abiotic factors (Appendix 3 Fig S3-1). The loca-

tion of the wintering sites were for both age classes equally influenced by tempera-

ture and habitat type (Appendix 3 Fig S3-1).   

 

 

Figure 2 The effect sizes and confidence intervals of NAO (a) and human footprint (b) 

indices on migration timing (day of the year) and wintering sites for adults and sub-

adults. Star sign indicates significance (P<0.05). Indices that did not appear in the top 

model sets (ΔAICc<=2) during the model average process were not included (e.g. NAO 

index in the wintering latitude model of both age groups). The full results of environ-

mental parameters on migration phenology and wintering latitude can be found in Ap-

pendix 3 Fig S3-1. 

(a) 

(b) 
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While the size of the wintering regions were similar between the two age 

groups, adults had a higher likelihood of returning to previous areas than young birds 

(Table 1). Adults had overall higher repeatabilities in all features of their migration be-

haviour compared to subadults, this is especially true for the wintering sites (adults: 

R=0.896, subadults: R=0.462, details in Table 1). It indicates that adults have a 

higher degree of behavioural consistency. These differences in behavioural con-

sistency between the age groups is also reflected in the lower levels of inter- and in-

tra-individual variation of all migratory traits of adults compared to sub-adults (Fig.4).  

 

 

Figure 3 Wintering home range size is related to the human footprint index (a), win-

tering latitude (b), but not age(c) and NAO index(d) during winter and wintering lati-

tude.   

 

(a) (b) 

(c) (d) 
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Figure 4 Boxplots of inter-individual and intra-individual variation in migration timing 

and wintering latitude. The two age groups (sub-adults and adults) were calculated 

separately. The inter-individual variation was calculated within the age group. The p 

value of Wilcoxon-Mann-Whitney shows on the top of each pair of adult and subadult 

boxplot. 

 

Table 1 The repeatability of migration timing and wintering latitude for sub-adults, 

adults. Numbers in bold show a significant repeatability and p-value. Significance 

was evaluated as 0.05 level.  

  Stat. Autumn 
departure 

Autumn 
arrival 

Winter 
latitude 

Spring 
departure 

Spring 
arrival 

Sub-adult 
 

r 0.092 0.000 0.349  0.000 0.000 

SE 0.104 0.072 0.129 0.075 0.074 

CI [0.000, 

0.348] 

[0.000, 

0.238] 

[0.072, 

0.568] 

[0.000, 

0.256] 

[0.000, 

0.243] 



76 

 

p 0.220 1.000 0.015 1.000 1.000 

Adult 
 

r 0.507 0.635 0.896 0.706 0.194 

SE 0.249 0.22 0.074 0.188 0.23 

CI [0.000, 

0.853] 

[0.010, 

0.900] 

[0.693, 

0.971] 

[0.204, 

0.927] 

[0.000, 

0.722] 

p 0.070 0.022 0.001 0.011 0.292 

 

Finally, we explored whether these extent of variation (inter- and intra-individ-

ual) affected the survival of sub-adult storks. Sub-adult survival did not depend on 

sex (Appendix 3 Fig. S3-2). Also, we found that the intra-individual variation in migra-

tion timing and wintering sites (between the first two years) did not influence survival 

(Appendix 3, Table S3-2). Inter-individual variation in autumn arrival date, however, 

was positively correlated with mortality hazard (Fig.5). That means delaying autumn 

arrival time compared to the other storks reduced the subadults’ mortality risk. 

 

 

Figure 5 Inter-individual variation comparing autumn arrival date of first and 

second year predicts mortality risk (log Relative Hazard). Variation was centered 

around its mean value.  
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4.5 Discussion 

Our study unites movement and behavioural ecology by exploring an empirical exam-

ple of the response mechanisms of a long-distance migrant to the impacts of global 

change. We determined the inter- and intra-individual variation in the migratory be-

haviour of white storks, how they relate to different environmental factors, and quanti-

fied the survival consequence of these behavioural variations. We found that storks 

exhibited season- and age-driven behavioural flexibility in their migration timing and 

wintering location, with sub-adults expressing a higher degree of flexibility than 

adults. The migratory behaviour of both age groups was affected by the environment, 

but abiotic factors varied in their effects on migration and wintering features. We re-

vealed how white storks adjust their migration timing in relation to a large-scale cli-

mate phenomenon and to local habitat conditions. They also respond to human activ-

ities when choosing their locations and sizes of their wintering areas. Although our 

data set only covers a relatively short time period, we observed that sub-adults bene-

fit from delaying their autumn arrival time in comparison to the population in terms of 

survival. Exhibiting higher levels of behavioural flexibility, however, had no effect, as 

intra-individual variation was not correlated with survival. This missing relationship 

between intra-individual variation and survival seems to suggest that selection on 

flexibility directly is sparse (Arnold et al. 2019). Alternatively, theoretical work sug-

gests that when environmental cues are reliable, a plastic response allows individu-

als to tightly match their phenotype to the variable conditions encountered (e.g. NAO 

index and human footprint index), allowing them to maintain high survival (Reed et al. 

2010). Nevertheless, as most of the mortality happened before the second year, the 

sample size may also limit our ability of detecting connections between survival and 

intra-individual variation. 

          Overall, we found that the migration behaviour of sub-adult white storks was 

highly inconsistent compared to that of adults. This finding is in line with other long-

distance migratory species, as young birds are more likely to switch between differ-

ent migration strategies (Marques et al. 2010, Tombre et al. 2019). The observed 

age-dependent increase in the repeatability in migration features might represent a 

selection on phenotypic variance or developmental effects (Bell et al. 2009, Sergio et 

al. 2014, Senner et al. 2015), also because we observed that the direction of inter-

individual variation in sub-adults determined their mortality risk (Appendix 3 Table 

S3-2). Yet, learning and experience, or the “exploration-refinement” strategy, which is 

commonly found in seabirds, might also explain the observed pattern, but more long-

term data collection is necessary to support or refuse these mechanisms (Guilford et 
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al. 2011, Sergio et al. 2014). Intra-individual variation in the choice of the wintering 

sites of sub-adults was considerably high (therefore their absolute consistency was 

low), yet the repeatability was only moderate and significant. This could be due to 

higher differences in the inter-individual variation (Conklin et al. 2013). In contrast, 

the relatively low repeatability of the spring arrival dates indicates that the variation in 

spring arrival date of breeding birds mostly could be attributed to high intra-individual 

variation. Also, although adults exhibited less flexibility than sub-adults, we also ob-

served sporadic cases (2 instances of the same individual) in which a resident adult 

moved southward outside the normal migration window (i.e. in mid-winter). These 

movements coincided with harsh weather conditions (especially snowfall) suggesting 

that adults maintain a certain level of flexibility.  

Both departure and arrival time of spring migration in storks advanced with 

age, and the wintering sites gradually shifted towards northern latitudes, thus closer 

to the breeding ground.  However, age was not the main contributing factor when ex-

amining the autumn migration timing, in fact it was not significant, or had only a small 

effect size. The atmospheric conditions, however, modulated autumn phenology 

heavily, most likely because the autumn wind conditions in western Europe are less 

favourable than during spring (Kemp et al. 2010), and storks may be forced, regard-

less of their age, to adjust their timing to suitable weather and wind conditions. Alter-

natively, choosing the most suitable flight conditions may also be essential for storks 

to minimize mortality risk over timing (Alerstam & Lindström 1990), because most 

mortality events in and after the first year occurred during autumn migration (Appen-

dix 3, Figure S3-2, Cheng et al. 2019). It is also plausible that this pattern by which 

adults postpone their autumn migration (also reflected in adults' later departure com-

pared to juvenile), is currently disappearing, due to the drastic change that stork mi-

gration went through in the last three decades. However, the fact that late autumn ar-

rival dates in the second autumn reduced mortality risks may explain a slight delay of 

autumn arrival date with age.  

Many studies on long-distance migrants have found that intra-individual vari-

ation (the opposite of behavioural repeatability) during spring migration was lower 

compared to that of autumn migration (Thorup et al. 2006, Stanley et al. 2012, 

Carneiro et al. 2019). In our study, adult behavioural repeatability ranged from mod-

erate to high across the different stages of the migration cycle, except for spring arri-

val (Table 1). More specifically, we found no differences in the intra-individual varia-

tion between autumn and spring migration of adults (Appendix 4 Table S4-1). The 

unusual high repeatability in autumn arrival time and wintering sites might suggest an 
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emerging competition for wintering ground or density-dependent selection pressures. 

In the last years, the wintering population of white storks on the Iberian Peninsula 

has been increasing rapidly, mainly due to feeding opportunities on open landfill sites 

(Archaux et al. 2004, Catry et al. 2017).  The low and not significant repeatability in 

spring arrival time might suggest a lower selection pressure on arrival time. However, 

since we do not have breeding data, this pattern might simply be biased by non-

breeding individuals who experience lower travel risks and energetic costs, because 

they might wait for favourable conditions and do not rush their return to the breeding 

ground. 

Contrary to results from another stork population in northern Germany, 

where males arrived earlier to the breeding grounds (Rotics et al. 2018), we did not 

observe sex-related differences in most of the migration features (Figure 2). This 

suggests that protandry might not be a universal phenomenon in white storks. It has 

been suggested that male juveniles might be able to perform spring migration after 

one year, because of their higher body weight (Hall et al. 1987). However, we ob-

served no sex difference on skipped first spring migration, but found that only sub-

adult males skipped their second autumn migration (n=5, Appendix 1 Table S1-1). 

We hypothesize that the higher autumn mortality rate of the males in early years (Ap-

pendix 3 Figure S3-2) is likely to contribute to the skipping second autumn migration, 

as all skippers survived until the end of the study.    

Our approach of including numerous biotic and abiotic factors might seem 

exhaustive, but we argue it is necessary due to the uncertainties from, e.g. newly 

emerged environmental limitations, or knowledge gaps, and because the relevance 

of parameters may vary between migration phases (Bauer et al. 2008, Haest et al. 

2019). Our analysis showed that the physical environment may influence individual 

costs, decisions, and survival. Yet, white storks are social migrants, meaning that 

their social environment may also strongly impact individual and population move-

ments (Flack et al. 2018). In fact, social learning and cultural transmission may facili-

tate the establishment of new migratory features (Teitelbaum et al. 2016, Berdahl et 

al. 2018). While exhibiting this type of flexible decision-making may allow populations 

to adjust quickly to novel human-induced changes by expressing rapid behavioural 

plasticity (Sih et al. 2011, Otto 2018), these benefits arising from flexibility and social 

interactions are only maintained, if populations, and ecosystems in general, consist 

of phenotypically diverse members, because they are more resistant to and resilient 

from global change (Loreau et al. 2001, Gilroy et al. 2016). However, in a changing 
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world, social information can reinforce behaviours that avoid declines, but also those 

that increase extinction risk under new conditions (Gil et al. 2018).  

Thus, to conserve the long-distance migrants in the long-term, particularly 

this iconic species, it is not only essential to continue to monitor their migration be-

haviour over long time periods and multiple populations, but also to integrate the im-

pact of social interactions into our research on storks’ decision-making. Overall, our 

study emphasized the critical role of animal life-tracking at the individual- and popula-

tion-level to understand the development of behaviour and to investigate the causes 

and consequences of behavioural variation in the complex life-history of migrants un-

der the context of global change. We also encourage future studies to understand the 

components of flexibility and resilience in long-distance migrants. 
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By exploring a tremendous biologging dataset of over two hundreds of white storks, 

tracked from fledging age till death, I examined the mechanisms that explain the re-

cent behavioural changes of long-distance migrants in an ever-changing world. I dis-

entangled the inter- and intra-individual behavioural variations in their migration prop-

erties and wintering sites. I investigated the biotic and abiotic causes of these 

variations and their survival consequences. I also inferred how much human-altered 

environments could influence avian migrants. In this final chapter, I am going to sum-

marise the key findings of the present thesis and link them together. I am also going 

to provide some directions for future research and close this thesis with overall con-

clusions.   

 

5.1 How the biologging can boost global change research 

Facilitated by the development of tracking technology and related analytic tools and 

databases (e.g. Movebank), studies which explore the impacts of global changes on 

migratory systems are flourishing (Dodge et al. 2013, Kays et al. 2015, 

Schmaljohann & Both 2017, Chmura et al. 2018, McKinnon & Love 2018).  In the 

present thesis, biologging provided precise and quantitative measurements at the in-

dividual-level on the following three aspects, i.e. phenology and spatial distributions, 

the abiotic environments, and individual survival status.   

Traditionally, studies on phenology changes have used first arrival/last depar-

ture records or capture data from bird stations. These data, however, cannot provide 

information about the individual- and population-level variation (Lehikoinen et al. 

2004, Pulido 2007). A similar situation applies to the studies of range shifts, or the in-

fluences of environmental parameters en route, because in these cases only the spe-

cies’ distribution map or “artificial” routes between breeding and wintering sites have 

been used to summarise the abiotic parameters (Tottrup et al. 2008, Zurell et al. 

2018a, Curley et al. 2020). These approaches might no longer be efficient and accu-

rate enough to catch the patterns of on-going behavioural changes in this rapidly 

changing world. 

Similarly, survival estimations base on capture-recapture methods cannot dis-

tinguish between immigration or death, therefore they only provide probable survival 

rates (Murray & Patterson 2006, Newton et al. 2016). In contrast, the continuous sur-

vival model such as the cox proportion hazard model provides an estimation of true 

survival. Small sample sizes, and the short life-spans of expensive tracking devices 
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used to be the drawbacks of collecting telemetry data (Murray 2006, Hebblewhite & 

Haydon 2010). In recent years, however, biologging devices have become smaller, 

cheaper and longer-lasting, lifting the restrictions of implementing tracking technology 

into survival rate estimations (Rivrud et al. 2015, Palacín et al. 2017).  

 

5.2 White storks: old system rich of new insights 

As I referred to in chapter one, the white stork is one of the first bird species to be 

ringed and tagged, due to its biological characteristics: long-distance migration, large 

body size, breeds close to human settlements which makes it easy to catch (Fiedler 

2001, Berthold et al. 2002). Regardless of this long history of studying white storks, 

many questions related to its migration remain unsolved or emerge recently.  For ex-

ample, since the late 1980s, a noticeable transformation in stork migration has oc-

curred; the wintering population on the Iberian Peninsula has been growing exponen-

tially, with most of these birds being local residential adults (Tortosa et al. 1995, 

Cuadrado et al. 2016). It is an unusually fast response in a long-lived animal. This 

phenomenon is likely due to behavioural flexibility instead of microevolution because 

it only took two generations (16 years per generation) to occur (Birdlife International, 

2015). Here I discovered that this new behaviour had spread into the northern popu-

lation.  In chapter two, I observed that an unexpectedly high proportion (55%) of juve-

niles overwintered in Europe during their first winter and that number of storks winter-

ing in Europe increased with age (chapter four, Figure 1).   

One results did not match previous literature-based expectations: older storks 

did not delay their autumn departure time with age (chapter four, Figure 1). Field ob-

servations have suggested that adults leave the breeding ground later than juveniles 

(Bocheński & Jerzak 2006). I speculated that those juveniles who departed later also 

migrated shorter distances because they encountered flocks containing higher num-

bers of adults en route. However, our results do not support this speculation. This un-

expected result might be another example of the fast-behavioural change that oc-

curred in recent years. Although the drivers are not clear, I speculate that climate 

warming has altered the suitability of flight routes (Nourani et al. 2017), forcing storks 

to adjust their migration timing based on weather conditions more than before. Find-

ings of chapter three (Figure 2) support this hypothesis as it showed that autumn de-

parture times were modulated by air pressure, and a lack of thermal uplift led to an 

early end of the migration journey.   
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In soaring birds like raptors and storks, it is common that young birds skip 

their first spring migration, most likely because they do not have the pressure to 

breed and the migratory journey is risky in general (Hall et al. 1987, Strandberg et al. 

2012, Klaassen et al. 2014). In my thesis, I confirmed this but also showed that there 

were storks that did not only leave out their first spring migration but also subsequent 

migration bouts (Appendix for chapter four, Table S2-1). Moreover, I found this be-

haviour might be sex-biased in the second autumn migration (Appendix for chapter 

four, Table S2-1). Potentially it could be explained by the lower survival of juvenile 

males (Appendix for chapter four, Figure S3-2).  Besides, this sex-biased mortality in 

early life could also explain the sex allocation strategy in white storks (Sheldon 

1998). More specifically, a male-biased fledging sex ratio and male-dominated early 

hatching (Tryjanowski et al. 2010) could be a compensation mechanism of the high 

male mortality in early life. However, very little is known that can explain the mecha-

nisms behind this early-life sex-biased mortality.  

In my thesis, I distinguished between inter- and intra-individual behavioural var-

iations of white storks migrating along the western European flyway. Comparing to 

tracking studies that have explored stork migration along the eastern flyway, I also 

provide new insights into inter-population variation. In the 1990s, adults of the east-

ern flyway had exhibited very little wintering site fidelity (Berthold et al. 2002, 2004). 

But studies from 2012 to 2016 have revealed that wintering region repeatability (i.e. 

the Sahel vs southern Africa) of adults increases to a moderate level (Rotics et al. 

2018). In my studies from 2013 to 2018, I discovered extremely high repeatability of 

the wintering site (chapter four Table 1). Besides that, Rotics et.al. (2018) also found 

moderate repeatability in spring departure and arrival time, whereas I only found 

spring departure to be highly repeatable. These differences between the flyways may 

occur because of the less favourable wind conditions en route on the western route 

compares to the eastern route (Kemp et al. 2010). The difference in food reliability 

between the two flyways may also shape these inter-population variations of repeata-

bility that I observed here (Oro et al. 2013, Riotte-Lambert & Matthiopoulos 2020).  

 

5.3 General selection against migration, especially long-distance  

Nowadays, we see an increasing number of studies providing evidence of selection 

against migration, especially against long-distance migration. As I mentioned in chap-

ter one, the population of long-distance migrants are declining at a greater extent 

than the short-distance migrants. Besides, migration distances are becoming shorter, 
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and more migrants turn into residents (references see chapter one). Only very few 

species show the opposite trend, converting from sedentary to migratory behaviour 

or increasing their migration distances (Fiedler 2003, Newton 2008). Apart from that, 

a recent meta-analysis showed that residents or short-distance migratory birds have 

higher fitness, especially a higher survival than their migratory or long-distance mov-

ing conspecifics (Buchan et al. 2020).  

According to the definitions from Lundberg 1988, differential migration means 

all animals of a population migrate but with different distances. Partial migration 

means some animals of the population migrate, while others are not (Lundberg 1988, 

Cristol et al. 1999). The fact that the ring recovering distances of storks reduce with 

age suggested that the white stork is a differential migrant (Fiedler 2001). My study 

results indicate that the stork population of southwestern Germany might be at an 

early stage of transitioning from differential to partial migration. I have found that 

storks in their early life were all migratory, but they differed in their migratory dis-

tances (differential migration, chapter two and three).  Later in life, storks gradually 

reduced their travel distances, which is consistent with ringing data (Fiedler 2001). 

Some adults even stopped their migration and began to stay at the breeding grounds 

during the entire year, while others still went on their migration journey (partial migra-

tion, chapter four). The populations of the Iberian Peninsula are even more extreme, 

with the majority of the breeding adults being sedentary on the nest all year round 

(Tortosa et al. 2002, Gilbert et al. 2016).  

The evolutionary stable strategy (ESS) or the conditional strategy have been 

proposed (Lundberg, 1988) as mechanisms that allow the maintenance of two be-

havioural alternatives, i.e. migratory vs sedentary (partial migration), or long vs short 

distance migration (differential migration). Given that overwintering at northern lati-

tudes improves breeding success (Kosicki et al. 2004, Rotics et al. 2018), the evolu-

tionary stable strategy did not match my results because that would require that the 

long-distance migrants would have higher fitness, which I did not find. The age differ-

ences in migration distances suggest that storks adopted the conditional strategy, in 

which younger birds migrate further as “the best of bad choices”  (Lundberg 1988). 

Moreover, I found hatch rank associated with the variation in the migration distance 

of the first autumn migration, which the latest hatched storks in the brood migrated 

further. It suggests the storks’ first autumn distance may depend on dominance or 

competitiveness (Lundberg 1988), which represented by hatch rank. Other individual 

conditions which I did not include in my thesis might also influence the variation in 

distance, for instance, flight capacities or leadership properties (Flack et al. 2018), 
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social dominance (Lundberg 1988), or its danger of being predated (Santos et al. 

2015).  

However, these results, measuring life-long movement performance, were 

based on a population with a small population size compared to the southern popula-

tion on the Iberian Peninsula (Thomsen 2013) and covered only a relatively short 

time scale.   

 

5.4 Future researches  

I started my thesis with large sample size, but it dropped quickly because of the high 

mortality of storks in early life. Therefore, my ability to answer additional interesting 

research questions was limited by the sample size.  Long-term data are necessary to 

interpret the inter-annual fluctuation of migration phenology (King et al. 2017, Gurarie 

et al. 2019), or answer questions of the breeding success of tagged storks (which we 

have limited data on now; Fiedler unpublished data). It would be interesting to sys-

tematically tag the offspring of tagged parent/parents to explore transgenerational ef-

fects, or the maternal effects on offspring decisions (Gillis et al. 2008, Senner et al. 

2015, Fox et al. 2019).  

Highly predictable food sources on landfills could drive changes in movement 

behaviour (van Overveld et al. 2018, Riotte-Lambert & Matthiopoulos 2020). The ma-

jority of studies have focused on how these landfills on the Iberian Peninsula affect 

the behaviour of white storks breeding locally in Spain or Portugal (Tortosa et al. 

2002, Gilbert et al. 2016). A recent study has shown storks could be food specialist, 

depending on their age and migratory behaviour, even though storks are generalist at 

the species level (Sanz-Aguilar, Jovani, Melián, Pradel, & Tella, 2015). Results from 

chapter three support this hypothesis of Sanz-Aguilar et al. 2015 that juvenile migra-

tory storks are more likely to be specialised on feeding on rubbish dumps. I observed 

that the usage of landfills increased the possibility of stopover, and the more rice 

fields bird encountered, the more likely it would keep travelling (chapter three, Figure 

3B).  Furthermore, in chapter four, I found that the wintering latitude of adults had 

very high repeatability, although they still showed relatively large inter-individual vari-

ations (Figure 4). These preliminary findings made me hypothesise that the degree to 

which an individual utilises open landfills in early life would determine the inter-indi-

vidual variation of wintering latitude in adults.  
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I also encourage researchers to allocate more efforts to explore how the pres-

ence of landfills shape the foraging and wintering movement of migratory population. 

Here, I did not include any assessment of risks related to landfills. For instance, regu-

lar commuting flights between landfills and roosting sites have been suggested to in-

crease the risk of collision and electrocution with the power line (Garrido & 

Fernández-Cruz 2003).  Whether the landfill as newly emerged food sources are also 

ecological traps or not, requires further investigation (Schlaepfer et al. 2002, Oro et 

al. 2013).  

 

5.5 Conclusion remarks 

In general, the optimal migration strategy for storks of south-western Germany might 

currently be to “stay at home” (Gilroy 2017), or at least to “stay closer to home”.  

These new findings on stork behaviour show that the long-term history of stork stud-

ies in combination with the species’ capability of responding quickly to global 

changes make white stork a perfect system for studying how migratory birds adapt to 

the changing world.    
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A: Appendix of Chapter 2 

Appendix S1 Tagging details and initial full models 

Table S1 Sample sizes of the different stork tagging location 

Region (reference location) 2013 2014 2015 2016 2017 

Bavaria (49.84° N, 10.82° E), Germany 0 6 10 2 0 

Oberschwaben (48.01° N, 9.02° E), Germany 0 9 7 0 0 

Rheinland-Pfalz (49.22° N, 8.17° E), Germany 0 0 21 23 12 

Southwest Germany (47.75° N, 8.93° E) 12 57 2 2 3 

Vorarlberg (47.39° N, 9.70° E), Austria  0 0 0 3 0 

Total 12 72 40 30 15 

 

Table S2 Initial full model of Cox proportion hazard for post-fledging, migration and 

wintering stage.  

Stage Covariates To-

tal 

df.  

Post-

fledging 

Individual 

condition 

sex, hatch rank, sibling number, fledging date 10 

Movement log median daily post-fledging distance, median 

daily post-fledging ODBA* 

Migra-

tion 

Individual 

condition 

sex, hatch rank, sibling number, fledging date  15 

Movement departure date, log median daily migration dis-

tances, median daily migration ODBA 

Carry over log median daily post-fledging distances, median 

daily post-fledging ODBA 

Winter-

ing 

Individual 

condition 

sex, hatch rank, sibling number, fledging date  19 
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Movement departure date, log median wintering distances, me-

dian daily wintering ODBA, wintering regions 

Carry over log median daily post-fledging distances, log median 

daily migration distances, median daily post-fledging 

ODBA, median daily migration ODBA 

* ODBA: Overall Dynamic Body Acceleration 

 

Appendix S2 Model matrixes, diagnoses, and sensitivity analysis 

To diagnose the cox proportional hazards models, we examined three aspects of 

their residuals (Klein and Mosechberger 2012, Xue and Schifano 2017). Firstly, for 

each covariate, we would like to assess the functional form of the covariates using 

martingale residuals. Except for the fledging date and the departure date, we as-

sumed the continuous covariates had a linear functional form. Secondly, we checked 

the proportional hazards assumption using Schoenfeld residuals with rank-trans-

formed time (Park and Hendry 2015). Thirdly, we checked the potential outliers using 

deviance residual, i.e. birds that died too early or too late compared to model predic-

tions. All diagnostics were performed and plotted using the “survival” and “rms” pack-

ages for R (Therneau 2015, Harrell 2018). 

 

S2.1 Migration period 

Fledging date (restricted cubic splines, 3 degrees of freedom), migration distance 

and migration ODBA (Overall Dynamic Body Acceleration) were selected for the cox 

model of the migration period (Table S1). We omitted the results of the graphical test 

of the functional form (martingale residuals) as all the functional forms were correct. 

Table S1 and Table S2 show the model matrix and result of assessing the proportion 

hazard assumption. However, we found the proportion hazard assumption did not 

hold for migration distance. We tested the potential cause of this non-proportion 

hazard and added an interaction term in the final migration period cox model (Keele 

2010). The adjusted migration model matrix (Table S3) did not violate the proportion 

hazard assumption (Table S4). 
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Table S1 Migration stage cox model matrix without the interaction term.  

 

 

Table S2 Proportion hazard assumption test for migration stage model without inter-

action. Log median migration distance violated the assumption.  

 

 

 

 

 

 

 

 

 

Table S3 Cox survival migration stage cox model matrix with an interaction term.  

Matrix coef S.E.coef Wald Z p 

Fledging date -0.162 0.069 -2.36 0.018* 

Fledging date’ 0.435 0.200 2.17 0.030* 

Fledging date’’ -1.081 0.611 -1.77 0.077 

Log median migration distance 0.607 0.110 5.54 0.000* 

Median migration ODBA -0.929 0.238 -3.91 0.000* 

Model overall summary N=126, number of events=39, df=5 

R2=0.391, log ratio test p=0.000* 

 rho chisq p 

Fledging date 0.185 1.026 0.311 

Fledging date’ -0.124 0.477 0.490 

Fledging date’’ 0.097 0.286 0.593 

Log median migration distance -0.433 9.319 0.002* 

Median migration ODBA 0.049 0.065 0.758 

Global - 10.528 0.062 

Matrix coef S.E.coef Wald 

Z 

p 

Fledging date 1.359 0.558 2.44 0.015* 

Fledging date’ -2.821 1.329 -2.12 0.034* 

Fledging date’’ 7.174 3.796 1.89 0.059 

Log median migration distance 31.171 10.863 2.87 0.004* 
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Table S4 Proportion hazard assumption test for migration stage model with interac-

tion. No covariate violated the assumption.   

 rho chisq p 

Fledging date -0.107 0.658 0.417 

Fledging date’ -0.031 0.066 0.797 

Fledging date’’ 0.005 0.002 0.962 

Log median migration distance -0.106 0.627 0.428 

Median migration ODBA 0.131 0.814 0.367 

Fledging date: Log median migration distance 0.099 0.558 0.455 

Fledging date’: Log median migration distance -0.020 0.029 0.865 

Fledging date’’: Log median migration distance -0.015 0.019 0.892 

Global - 11.614 0.169 

 

Deviance residuals of the migration period cox model with the interactive term (Fig-

ure S1) suggest 5 potential outliers which died too earlier, and 1 that died too late, 

compared to the model prediction using (-2,2) as the threshold (Klein and 

Mosechberger 2012). Three of these storks died from electrocution by power lines, 

and two were predated. The bird that died to late in Mali had an unknown reason for 

Median migration ODBA -1.161 0.279 -4.17 0.000* 

Fledging date: Log median migration dis-

tance 

-0.164 0.058 -2.82 0.005* 

Fledging date’: Log median migration dis-

tance 

0.355 0.142 2.50 0.013* 

Fledging date’’: Log median migration dis-

tance 

-0.907 0.411 -2.21 0.027* 

Model overall summary N=126, number of events=39, df=8 

R2=0.453, log ratio test p=0.000* 
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death. Due to the small sample sizes, we did not exclude these individuals from our 

model. 

 

 

Figure S1 Migration stage cox model goodness of fit diagnoses (deviance residuals). 

Black dots are deviance residuals, red dots are potential outliers, red dashed line is 

the expected value and blue dashed line is the smoothed residuals value.  

 

S2.2 Wintering stage 

Wintering ODBA and wintering regions were selected for the cox model of first winter 

period (Table S5). The results of the graphical test of the functional form using mar-

tingale residuals were also omitted here. Table S6 shows the result of assessing the 

proportion hazard assumption: no covariate violates the assumption. One bird which 

died in Morocco of electrocution was considered as potential outlier which died too 

earlier (Figure S2). 

 

Table S5 Cox survival model matrix for first wintering 

Matrix coef S.E. coef Wald Z p 

Median winter ODBA -1.428 0.626 -2.28 0.023* 

Wintering region Europe -2.032 0.723 -2.81 0.005* 

Wintering region North Africa -3.064 1.014 -3.02 0.003* 
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Model overall summary N=76, number of events=18, df=3 

R2=0.202, log ratio test p=0.007* 

 

Table S6 Proportion hazard test for wintering model 

 rho chisq p 

Median winter ODBA 0.215 1.444 0.229 

Wintering region Europe -0.019 0.009 0.925 

Wintering region North Africa -0.289 1.237 0.266 

Global NA 6.028 0.110 

 

 

 

Figure S2 Winter stage cox model goodness of fit diagnoses (deviance residuals). 

Black dots are deviance residuals, the red dot is potential outliers, red dashed line is 

the expected value and blue dashed line is the smoothed residuals value. 

 

S2.3 Sensitivity analysis  

Censored survival time due to lost follow-up (vanished) or alive until the end of study 

is one of the inherited features of survival data (Collett 2015). One basic assumption 

of survival analysis is subjects are lost to follow-up independent or non-formative, 

which telemetry studies are prone to violation (Murray 2006). In our study, we had 20 
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storks vanished during migration and first winter (Fig.S3). We found some evidence 

of depended censoring, which suggested vanishing time was associated with migra-

tion distance. The results of t-test between vanished and know-fate individuals during 

migration show that migration distance of vanished birds is significantly larger than 

survivors (t = -3.355, df = 16.107, p = 0.004) and no difference with died birds (t = -

0.066 df = 21.472, p = 0.948). 

 

Figure S3 The GPS coordinates of the last location before individuals vanished, red 

open circles indicate the last coordinates before vanished during migration and blue 

point during winter. 

 

We did not remove vanished birds or speculate the “death time” as it will introduce 

artificial and unmeasurable biases as well. Instead, we tested the sensitivity of de-

pendent censoring to determine whether it affects the inferences of study interests 

(Collett 2015). We assumed the vanished birds were under high risk of mortality and 

died at the time of censoring versus low risk and survival beyond the end of migration 
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or first winter. After that, we re-fitted the modified datasets to the models. Model ma-

trices under high-risk and low-risk were shown in Table S8 and Table S9. Compared 

to the results of non-adjusted data set (Table S1 and Table S5), effect sizes changed 

but remain the same positive or negative, i.e. each covariate increased or deduced 

mortality rate in the same way. Beside wintering ODBA during winter, all the covari-

ates remained significant and model still significant overall. Therefore, our findings 

were robust for dependent censoring.  

 

Table S8 Cox Survival Model matrix for migration with vanished individuals under 

high vs low mortality risk. 

 

 

 

 

 

 

 

Risk levels  High risk Low risk 

Matrix  coef S.E.coef Wald 

Z 

p coef S.E.coef Wald 

Z 

p 

Fledging date -1.743 0.798 -2.18 0.029* -2.100 0.862 -2.44 0.015* 

Fledging date’ 5.216 2.312 2.26 0.024* 5.500 2.532 2.17 0.030* 

Fledging date’’ -

13.657 

7.1009 -1.92 0.055 -

13.540 

7.780 -1.74 0.082 

Log median mi-

gration distance 

1.322 0.227 5.82 0.000* 1.344 0.247 5.44 0.000* 

Median migra-

tion ODBA 

-0.446 0.130 -3.44 0.000* -0.517 0.134 -3.85 0.000* 

Model overall 

summary 

N=126, number of events=45, 

df=5 

R2=0.384, log ratio test p=0.000* 

N=126, number of events=38, 

df=5 

R2=0.388, log ratio test p=0.000* 
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Table S9 Cox Survival Model matrix for first winter with vanished individuals under 

high vs low mortality risk.  

Risk levels  High risk Low risk 

Matrix  coef S.E. 

coef 

Wald 

Z 

p coef S.E. 

coef 

Wald Z p 

Median winter 

ODBA 

-

0.124 

0.322 -0.39 0.699 -

0.772 

0.288 -2.68 0.007* 

Wintering re-

gion Europe  

-

1.721 

0.617 -2.79 0.005* -

1.866 

0.727 -2.57 0.010* 

Wintering re-

gion North Af-

rica 

-

1.933 

0.708 -2.73 0.006* -

2.952 

1.050 -2.81 0.005* 

Model overall 

summary 

N=76, number of events=25, 

df=3 

R2=0.182, log ratio test p=0.006* 

N=76, number of events=18, df=3 

R2=0.187, log ratio test p=0.010* 
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B: Appendix of Chapter 3 

Appendix 1 Examples of GPS trajectory segmentation and summary  

 

 

Figure S1-1 Examples of GPS trajectory segmentation for individuals overwintered in 

(A) southern France and northern Spain, (A) southern pain, (C) northern Africa, and 

(D) Sub-Saharan Africa. Vertical pink lines are detected behavioural changing points, 

segments marked with white are the stationary period, blue and yellow are the inter-

mediate and fast movement periods. Departure date and migration end date are indi-

cated by the black vertical dash lines. White “steps” in between are the stopover peri-

ods. Black horizontal line departure threshold, blue is the distance from depart location 

to the Strait of Gibraltar, the green line indicates the 20N° in the Sahara Desert.  

 

 

 

 

 

 

(A) (B) 

(D) (C) 
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Table S1-1 Individual condition, migration parameters and environmental covariates 

summary of migration phenology (departure and termination of first autumn south-

ward migration). Continues variables are summarized with mean ± SD, categorical 

variables in percentage.  

 Post-Fledging Period  Migration period  

Terrestrial   

NDVI 0.636±0.079 0.403±0.177 

Land cover (ESA CCI 

Global Landcover) 

Artificial land 33.255%,  

Arable land 5.110%,  

Forest 2.633%,  

Grassland 58.097%, 

Wetland 0.904%. 

Artificial land 6.967%,  

Arable land 40.210%,  

Forest 11.880%, 

 Grassland 35.224%,  

Wetland 5.729%. 

Land cover (CLC 

Landcover) of within 

Europe migration sec-

tion 

--1 Artificial land 19.812%,  

Landfill 2.220%,  

Arable land 44.463%, 

Rice field 2.334%,  

Forest 7.031%, 

 Grassland 9.764%,  

Wetland14.375%. 

Weather   

Temperature (C°) 19.098±3.619 21.693±4.578 

Air pressure (atm) 1.004±0.004 1.003±0.004 

Wind support (m/s) -0.041±0.319 -0.036±0.675 

Cross wind (m/s) 0.003±0.309 -0.074±0.658 

Thermal uplift (m/s)  0.668±0.210 0.673±0.214 

Photoperiod    

Daylength (hours) 15.170±0.613 13.051±1.071 

Stopover over    
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Number of stopovers --1 5.734±2.648 

Average time at each 

stopover (days) 

--1 7.986±5.095 

Individual condition  

Sex  Female 45.977%  

Fledging date (DOY) 196±12.676 

Hatch rank 1st 42.391%, 2nd 23.913%, 3rd and 4th 26.087%, Un-

known 7.609%. 

1 “--", not included in the model.  

 

 

 

Figure S1-2 Histogram of the autumn migration distance of white storks. Colours in-

dicate the categories of migration distance base on wintering region. Red is southern 

France and Northern Spain, orange is southern Spain, green is northern Africa (Mo-

rocco) and blue is Sub-Saharan Africa.  
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Appendix 2 model selection  

Table S2-1 Model selection of cox proportion hazard models for autumn departure and 

migration termination time. The final results of model averaging are not shown here.  

Type Formula AICc R2  

Departure date 

Null model Departure date~1 322.303 0.000 

Full model Departure date~ sex+ hatch rank+ fledging date+ 

thermal uplift+ wind support+ cross wind+ air 

pressure+ NDVI+ mean temperature+ mean tem-

perature+ land cover   

266.326 0.275 

Termination date 

Null model Termination date~1 332.083 0.000 

Full model Termination date~ sex+ hatch rank+ fledging 

date+ departure date+ thermal uplift+ wind sup-

port+ cross wind+ air pressure+ NDVI+ mean 

temperature+ day length+ mean temperature+ 

day length+ land cover+ stopover number+ aver-

age time of each stopover 

226.016 0.446 

 

Table S2-2 Linear mixed model comparison of the null and full model of migration 

speed verse daily mean of environmental factors. All the models include individuals 

and rounded latitude as random intercept.  

Type Formula AICc Mar-

ginal R2  

Condi-

tional 

R2 

Null model Daily speed~1 15935.021 0.000 0.323 

Full model Daily speed~ fledging date+ de-

parture date+ date of year NVDI+ 

wind support+ cross wind+ Tem-

perature+ Thermal uplift+ Air pres-

sure 

15662.316 0.208 0.368 
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Shrunk 

model 

Daily speed~ departure date+ 

date of year+ wind support+ cross 

wind+ Temperature+ Thermal up-

lift  

15686.569 0.188 0.345 

Parsimoni-

ous model 

(Final) 

Daily speed~ wind support+ cross 

wind+ Temperature+ Thermal up-

lift + departure date 

15689.576 0.191 0.351 

 

Table S2-3 Generalized Linear mixed model comparison of the null and full model of 

active migratory phase verse stopover of environmental factors in Europe. All the mod-

els include individuals and rounded latitude as random intercepts. 

Type Formula AICc Marginal 

R2  

Conditional 

R2 

Null model Stopover~1 3962.383 0.000 0.312 

Full model Stopover~ fledging date+ de-

parture date+ NVDI+ wind sup-

port+ cross wind+ tempera-

ture+ thermal uplift+ air 

pressure+ land cover 

3857.943 0.075 0.340 

Shrunk 

model& Par-

simonious 

model (Final) 

Stopover~ departure date+ 

NVDI+ wind support+ cross 

wind+ temperature+ thermal 

uplift + land cover 

3856.053 0.076 0.341 
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Table S2-4 Model comparison of the full, shrunk and parsimonious ordinal regression 

model of maximum migration distance categories. Max migration distances ware 

grouped in four ordinal groups. 

Type Formula AICc R2 

Null model Maximum distance~1 240.810 0.000 

Full model Maximum distance~ sex+ hatch 

rank+ fledging date+ departure 

date+ migration end date+ stopover 

number+ average time of each stop-

over+ mean daily migration speed 

166.826 0.798 

Shrunk 

model 

Max distance~ hatch rank+ depar-

ture date+ migration end date+ stop-

over number+ average time of each 

stopover +mean daily migration 

speed 

167.582 0.762 

Parsimoni-

ous model 

(final) 

Max distance~ hatch rank+ depar-

ture date+ migration end date+ aver-

age time of each stopover +mean 

daily migration speed 

165.010 0.762 
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Figure S2-1: Schematic summary of results that shows the cascade structure in indi-

viduals features and migration properties of tracked white storks. Shapes in the circle 

are individual features, in the quadrangle are migratory properties. Shapes with blue 

background affected the maximum migration distance, i.e. wintering distribution shift-

ing. Arrows filled with blue mean significantly affecting (p<0.05), dashed and open ar-

rows mean not affecting. 
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C: Appendix of Chapter 4 

Appendix 1 Principal components of land cover 

Table S1-1 Loadings of principal components (pc) of landcover for autumn migration 

timing models. PCs of landcover in previous summer were used in autumn departure 

time model, in autumn migration were used in autumn arrival time model. 

  Previous summer Autumn migration 

component PC 1 PC 2 PC 3 PC 1 PC 2 PC 3 

Eigenvalues 1.516 1.439 1.085 1.797 1.212 1.090 

Cumulative variance % 30.329 59.100 80.792 35.945 60.186 81.976 

Artificial land -0.945 -0.318 -0.042 0.568 -0.004 -0.629 

Arable land 0.132 0.792 -0.461 -0.879 -0.474 -0.039 

Forest 0.118 0.519 0.203 -0.219 0.851 -0.277 

Grassland 0.764 -0.634 -0.106 0.800 -0.218 0.423 

Wetland 0.086 0.199 0.904 -0.116 0.465 0.661 

  

Table S1-2 Loadings of principal components (pc) of landcover for spring migration 

timing models. PCs of landcover in previous winter were used in spring departure 

time model, in spring migration were used in spring arrival time model. 

  Previous winter Spring migration 

Component PC 1 PC 2 PC 3 PC 1 PC 2 PC 3 

Eigenvalues 1.720 1.260 1.172 1.575 1.343 1.064 

Cumulative variance % 34.406 59.613 83.050 31.495 58.357 79.629 
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Artificial land 0.528 -0.466 -0.663 0.273 0.825 -0.494 

Arable land -0.787 -0.511 0.223 -0.804 -0.450 -0.337 

Forest -0.448 0.813 -0.249 -0.421 0.428 0.780 

Grassland 0.727 0.330 0.258 0.810 -0.455 0.266 

Wetland 0.304 -0.104 0.744 0.144 -0.265 -0.162 

  

Table S1-3 Loadings of principal component (pc) of landcover in autumn migration 

for wintering latitude model. The results of PCA is different from autumn migration in 

Table S2-1 as the individuals included in the data set were different. Here, storks 

skipped autumn migration were included in the wintering latitude model, and their 

“migration” period was defined as July 1st to September 30th of the corresponded 

year.  

  Previous autumn Winter 

Component PC 1 PC 2 PC 3 PC 1 PC 2 PC 3 

Eigenvalues 1.876 1.136 1.042 1.737 1.227 1.175 

Cumulative variance % 37.524 60.2046 81.084 34.734 59.270 82.772 

Artificial land -0.498 0.153 0.837 0.498 -0.358 -0.747 

Arable land 0.846 -0.523 0.062 -0.785 -0.544 0.178 

Forest 0.391 0.706 -0.017 -0.458 0.840 -0.148 

Grassland -0.843 -0.137 -0.513 0.748 0.257 0.295 

Wetland 0.225 0.567 -0.272 0.322 -0.177 0.690 

  



133 

 

 

Appendix 2 Sample size summary 

Table S2-1 Sample sizes of each migration and wintering stage. Value in bracket in-

dicates the number and sex of individuals who skipped migration in that stage. 

No. 1st  2nd 3rd 4th 5th 6th Seasonal 
sum* 

Autumn mi-
gration 

33 28 
(5 ♂) 

23 
(1 ♂) 

11 
(1♀1 ♂) 

8 
(1 ♂) 

2 105 

Winter 33 30 19 13 9 2 106 

Spring mi-
gration 

31 
(1♀1 ♂) 

29 
(1 ♂) 

19 11 
(1♀1 ♂) 

8 
(1 ♂) 

2 100 

Age 0 1 2 3 4 5 -- 

*Skipped migration not included. 

Appendix 3 The influence of age and sex, and survival 

consequence of variation.  

Table S3-1 model matrix of the influence of age and sex on migration phenology and 

wintering latitude (Figure 2) 

model N Obs. R2 m. R2 c. Covariate Coef. SE p 

Autumn depar-
ture 

32 103 0.064 0.112 Sex m -10.174 3.806 0.048 

Age -0.043 5.081 0.974 

Sex: age 2.630 1.811 0.150 

Autumn arrival 32 103 0.059 0.088 Sex m -12.323 7.947 0.124 

Age -5.237 2.061 0.013 
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Sex: age 5.096 2.840 0.076 

Winter latitude 32 104 0.086 0.585 Sex m -1.001 2.147 0.643 

Age 0.929 0.437 0.037 

Sex: age 0.517 0.603 0.394 

Spring depar-
ture 

32 98 0.484 0.580 Sex m -13.973 7.434 0.063 

Age -14.283 1.863 0.000 

Sex: age 3.22 2.578 0.215 

Spring arrival 32 98 0.485 0.496 Sex m -10.145 9.77 0.302 

Age -17.398 2.537 0.000 

Sex: age 1.538 3.487 0.660 
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Figure S3-1 Sub-adults <=3, adults >3 (Human footprint included) Number of the 

season (ranging from one to six, equivalent to age) and environmental factors which 

explain the variation of migration timing (a-h) and wintering latitude (i, j). Dots and 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

(i) (j) 
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error bars represent the estimation of model coefficients and the 95% confidence in-

tervals for each predictor. Black corresponds to events (departure or arrival) earlier 

(or wintering further south) with an increasing covariate. Grey means that events 

happened later (or wintering further north) with increasing covariates. Details of the 

landcover principal components (“landcover pc”) can be found in Appendix 1. 

 

 

Figure S3-2 The survival probability of sub-adults (age 0-2) after the departure date 

of the second autumn migration.   

 

Table S3-2 Summary of cox proportional hazard model with sex and intra-individual 

variation of sub-adult storks. We present coefficients for each model and standard er-

rors. Numbers in bold are significant p-value (α=0.05). Female was the reference cat-

egory. 

Survival 
model 

Covariate n* Death 
event 

log-ratio 
test p 

R2 Coef. SE p 

Autumn de-
parture 

Intra-var. 27 8 0.112 0.118 0.038 0.025 0.133 

Inter-var. 27 8 0.815 0.003 0.005 0.023 0.818 
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Autumn ar-
rival 

Intra-var. 27 8 0.115 0.116 -0.021 0.014 0.143 

Inter-var. 27 8 0.008 0.304 -0.070 0.031 0.024 

Winter lati-
tude 

Intra-var. 29 5 0.261 0.074 -0.059 0.048 0.217 

Inter-var. 29 5 0.331 0.055 -0.049 0.045 0.281 

Spring de-
parture 

Intra-var. 28 5 0.333 0.056 -0.019 0.020 0.342 

Inter-var. 28 5 0.583 0.018 -0.016 0.029 0.576 

Spring arri-
val 

Intra-var. 28 5 0.839 0.003 -0.003 0.016 0.838 

Inter-var. 28 5 0.316 0.060 -0.030 0.032 0.340 

 
 
Appendix 4 seasonal comparison of intra-individual variation  
 
Table S4-1 Migration timing seasonal (i.e. autumn and spring) comparison of intra-
individual variation in two age group. 

Age group timing t df p 

Adult Departure date -0.762 18.665 0.455 

Arrival date 0.168 21.968 0.868 

Sub-adult Departure date -3.702 56.439 0.000 

Arrival date -2.414 51.532 0.019 
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