
Understanding and predicting global change impacts 

on migratory birds 

Publikationsbasierte Dissertation (Univ. Diss.) 

zur Erlangung des akademischen Grades 

"doctor rerum naturalium" 

(Dr. rer. nat.) 

in der Wissenschaftsdisziplin "Ökologie" 

eingereicht an der 

Mathematisch-Naturwissenschaftlichen Fakultät 

Institut für Biologie und Biochemie 

Universität Potsdam 

und dem 

Leibniz-Zentrum für Agrarlandschaftsforschung (ZALF) e.V. 

Title 

von 

M.Sc. Merlin SCHÄFER

geboren am 25.01.1983 in Berlin 

Datum der Disputation: 24.10.2019 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hauptbetreuer: Prof. Dr. Florian Jeltsch 
Zweitbetreuerin: Prof. Dr. Stephanie Kramer-Schadt 
ZALF-Betreuerin: Dr. Marina Müller 
 
Gutachter:  Prof. Dr. Florian Jeltsch 

Prof. Dr. Karin Frank 
Prof. Dr. Ulrich Brose 

 
Published online at the 
Institutional Repository of the University of Potsdam: 
https://doi.org/10.25932/publishup-43925 
https://nbn-resolving.org/urn:nbn:de:kobv:517-opus4-439256 



 

 

 

 

 

 

 

 

I am a part of all that I have met. 

Alfred Lord Tennyson 

 





Acknowledgement 

V 

Acknowledgement 

I wish to thank all those people who supported me in one way or the other during 

the last years.  

I am very grateful to my supervisors Prof. Dr. Florian Jeltsch and Prof. Dr. Stephanie 

Kramer-Schadt for believing in me, supporting me in countless ways and giving me 

the tremendous freedom I enjoyed during my PhD. I appreciate it very much.  

A special thanks goes to Dr. Damaris Zurell, who was a wonderful mentor to me, 

for invaluable scientific discussions and professional advice, as well as to Karsten 

Isakovic who taught me C++ programming with lots of patience and engagement.  

I also want to thank Dr. Marina Müller for her warm support at the ZALF and her 

sincere interest in my development and well-being.  

Additionally, I thank my mentor Dr. Niels Blaum who always had a sympathetic ear 

for my concerns. I am also very grateful to him and my colleagues Alexis Synodi-

nos, Jette Reeg and Michael Crawford for proof-reading of this thesis.  

I would like to extend my gratitude to the whole BioMove group and my working 

group for all the inspiring and joyful moments as well as their helpful feedback. 

Above all, thanks to my office colleagues Jette, Lisa and Katrin who made life in 

the office much more wonderful. 

Another big thanks goes to my co-authors and collaborators for invaluable discus-

sions on migratory birds and their contributions to the manuscripts.  

I further acknowledge financial support from the Leibniz-Institute for Agricultural 

Landscape Research (ZALF), the Deutsche Forschungsgesellschaft (DFG) and the 

Potsdam Graduate School (POGS).  

Finally and most of all, I thank my beloved partner Robert Sieg, family and friends 

for being patient during all those years in which they shared me with plenty of 

work. Here, special credit is due to my dear friend Sven Mücke who lent me his 

designer skills and software and to Rob for providing continuous meta-advice and 

last-minute help. Thank you all for your loving support and continuous care. 



 

 



Abstract 
 

 

VII 

Abstract 

This is a publication-based dissertation comprising three original research studies 

(one published, one submitted and one ready for submission; status March 2019). 

The dissertation introduces a generic computer model as a tool to investigate the 

behaviour and population dynamics of animals in cyclic environments. The model 

is further employed for analysing how migratory birds respond to various scenar-

ios of altered food supply under global change. Here, ecological and evolutionary 

time-scales are considered, as well as the biological constraints and trade-offs the 

individual faces, which ultimately shape response dynamics at the population 

level. Further, the effect of fine-scale temporal patterns in resource supply are 

studied, which is challenging to achieve experimentally. My findings predict pop-

ulation declines, altered behavioural timing and negative carry-over effects arising 

in migratory birds under global change. They thus stress the need for intensified 

research on how ecological mechanisms are affected by global change and for ef-

fective conservation measures for migratory birds. The open-source modelling 

software created for this dissertation can now be used for other taxa and related 

research questions. Overall, this thesis improves our mechanistic understanding 

of the impacts of global change on migratory birds as one prerequisite to compre-

hend ongoing global biodiversity loss. The research results are discussed in a 

broader ecological and scientific context in a concluding synthesis chapter. 
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Zusammenfassung  

Dies ist eine publikationsbasierte Dissertation, welche aus drei wissenschaftlichen 

Originalstudien (eine publiziert, eine eingereicht und eine einreichbar; Stand März 

2019) besteht. Die Dissertation stellt ein generisches Computermodell bereit, um 

das Verhalten und die Populationsdynamik von Tieren zu untersuchen, welche sai-

sonale Umweltbedingungen erfahren. Mit diesem Computermodell untersuche 

ich in der vorliegenden Thesis, wie Zugvögel auf verschiedene Szenarien veränder-

ter Nahrungsverfügbarkeit reagieren, welche im Rahmen des globalen Wandels 

wahrscheinlich sind. Dabei werden ökologische und evolutionäre Zeitskalen be-

rücksichtigt. Außerdem werden biologisch bedingte Einschränkungen und Zielkon-

flikte einbezogen, welche das einzelne Individuum erfährt, die aber letztendlich 

auch das Geschehen auf Populationsebene bestimmen. Weiterhin studiere ich mit 

dem erstellten Computermodell am Beispiel des Weißstorchs, wie sich feinskalige 

Zeitmuster in der Nahrungsverfügbarkeit auf Zugvögel auswirken. Solche Studien 

würden eine enorme experimentelle Herausforderung darstellen. Die im Rahmen 

dieser Dissertation entstandene frei verfügbare Modellierungs-Software kann nun 

für andere Taxa und verwandte Forschungsfragen eingesetzt werden. Nach mei-

nen Ergebnissen ist im Zuge des globalen Wandels mit verstärkten Populationsab-

nahmen bei Zugvögeln zu rechnen, sowie mit Änderungen im zeitlichen Verhal-

tensablauf und nichtlinearen negativen Carry-over-Effekten. Dies verdeutlicht, wie 

wichtig es ist, die vom globalen Wandel betroffenen ökologischen Mechanismen 

näher zu erforschen sowie effektive Schutzmaßnahmen für Zugvögel zu entwi-

ckeln. Allgemein erhöht die Dissertation unser mechanistisches Verständnis da-

von, wie sich der globale Wandel auf bedrohte Zugvogelarten auswirkt und damit 

die globale Biodiversität beeinflusst. Die Forschungsergebnisse werden in einem 

abschließenden Synthese-Kapitel zusammenführend diskutiert. 
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1 General introduction 

1.1 Global change – the main driver of biodiversity loss 

Biodiversity, the “variety of life” on Earth (Gaston, 2000), is increasingly affected 

by human activity (Leadley et al., 2010; Pereira et al., 2010). Humans have con-

verted the globe’s surface to fulfil their demands for food, shelter, energy, and 

mobility, thus profoundly influencing the Earth system’s many interacting compo-

nents (McGill et al., 2015; Vitousek et al., 1997). They induced “global change”. 

Involving land conversion, resource overexploitation, pollution and species inva-

sion, global change encompasses many of the main drivers of ongoing biodiversity 

loss (Hoffmann et al., 2010; Leadley et al., 2010; Pereira et al., 2010; Sala et al., 

2000). It also involves climate change, which is predicted to rapidly increase its 

impact during the 21st century, becoming the key driver of future changes in bio-

diversity (Maxwell et al., 2016; Pereira et al., 2010; Thuiller, 2007). Indeed, it has 

been suggested that we are approaching a global extinction crisis, with humanity 

being responsible for the sixth mass extinction of species within the last 540 mil-

lion years (Barnosky et al., 2011). 

By the early 21st century, scientists no longer debate whether the anthropogenic 

emission of greenhouse gases such as CO2 is provoking climate change (IPCC, 

2013). According to the Intergovernmental Panel on Climate Change (IPCC), cli-

mate change encompasses increasing global temperatures, altered atmospheric 

and material cycles, ocean acidification, ice melt, sea level rises, and intensified 

extreme weather events (IPCC, 2013). The rate, magnitude, and direction of these 

climatic changes and their associated indirect effects and risks will vary across the 

planet but clearly operate globally (Garcia et al., 2014; IPCC, 2014, 2013; Thuiller 

et al., 2011). Thus, climate change has the potential to affect pristine regions that 

are far from other human influences but are important for the Earth’s climate and 

biodiversity, such as primeval forests or arctic regions (Beaumont et al., 2011; 

Brierley and Kingsford, 2009). Moreover, various facets of climate change interact 

via positive feedback loops, accelerating climate change even further (IPCC, 2013). 

For instance, increased global temperatures are causing permafrost melt, leading 

to the release of additional greenhouse gases and additional heat absorption of 

the ground beneath, which in turn is accelerating global warming (IPCC, 2013). 

Consequently, humanity is causing rapid but long-lasting changes to the Earth’s 

climate system. 
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Further, the wide-ranging consequences of global change, including climate 

change, go beyond their physical manifestations by influencing the biosphere and 

human society (Bellard et al., 2012; Díaz et al., 2006; Jetz et al., 2007; McGill et al., 

2015; Parmesan and Yohe, 2003). Observed changes in the abundance and distri-

bution of species have been attributed to global change, as well as altered behav-

ioural patterns and species interactions (Jetz et al., 2007; McGill et al., 2015; Raimo 

and Aleksi, 2017). For example, mounting evidence indicates that the number of 

different species existing on Earth, i.e. global species richness, is declining due to 

global change (Ceballos et al., 2017, 2015; Pimm et al., 2014), meaning that extinc-

tion rates are outpacing speciation rates. Indeed, current extinction rates are sig-

nificantly higher than those from fossil records (Barnosky et al., 2011; Pimm et al., 

2014). Converting wilderness to farmland and pasture in particular has been 

shown to negatively impact global biodiversity, with an increasing signature of cli-

mate change (Newbold et al., 2015). Species’ abundances are further in decline 

(Sanderson et al., 2006), which is not captured by focusing on species richness 

(Hillebrand et al., 2018). 

Indeed, species richness represents only one aspect of biodiversity, which also en-

compasses other important qualities like functional, genetic, phylogenetic, and 

phenotypic diversity (CBD, 2014; Díaz et al., 2013; Pereira et al., 2013). The noted 

effects of human activity on biodiversity vary not only with the type of biodiversity 

or the type of human impact considered, but also with scale (McGill et al., 2015). 

Analysing biodiversity trends at local and regional scales have invoked an enduring 

debate whether these reflect global trends (Cardinale et al., 2018; Gonzalez et al., 

2016; Newbold et al., 2015; Primack et al., 2018; Vellend et al., 2017). In some 

regions such as many islands, local and regional species richness is actually increas-

ing due to the establishment of new species (Hillebrand et al., 2018) and for some 

species the IUCN Red List status has improved (Hoffmann et al., 2010), highlighting 

a potential for successful conservation measures (Hoffmann et al., 2010; Johnson 

et al., 2017). Additionally, different taxa, populations, and trophic levels are une-

venly affected by global change (Böhm et al., 2013; Both et al., 2009; Schipper et 

al., 2008; Stuart et al., 2004; Thackeray et al., 2016). Despite such complexities 

there is large scientific consensus that a biotic homogenization of the world is tak-

ing place at larger spatial scales (Primack et al., 2018; Thuiller et al., 2011). 

Conserving biodiversity is predicted to make ecosystems more stable and resilient 

to change (Cardinale et al., 2012; Jiang and Pu, 2009; van der Plas, 2019). Every 
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species fulfils a specific function in the ecosystem and is part of various interacting 

ecosystem processes (MEA, 2005). When a species presents high genetic and phe-

notypic diversity, it is likely more adaptable to a rapidly changing world (McGill et 

al., 2015).  However, declining species’ abundances and, eventually, extinctions 

can induce community-level changes that potentially threaten the functioning and 

stability of the whole ecosystem (Brook et al., 2008; Strona and Bradshaw, 2018). 

In particular, extinction processes are likely amplified by co-extinction processes, 

meaning that consumer species follow their resource species’ fate (Strona and 

Bradshaw, 2018). When species go extinct, not only their unique gene pool might 

be lost but also various free benefits a functioning ecosystem is providing to hu-

manity, i.e. ecosystem services such as provisioning of food, pollination or pest 

control (Mace et al., 2012; MEA, 2005). Accordingly, biodiversity declines are ex-

pected to be detrimental for human-wellbeing (Johnson et al., 2017), apart from 

ethical concerns about causing species extinctions (May, 2010). 

Apart from decreasing in abundance and going extinct, natural population can re-

spond in two different ways to a changing environment: they can shift their range 

by moving (or being moved) or they can adapt to their new, altered environmental 

conditions (Holt, 1990; Pulido and Berthold, 2004). Range shifts towards the poles 

represent a widely documented response of organisms to climate change 

(Maclean et al., 2008; Parmesan and Yohe, 2003; Perry et al., 2005; Root et al., 

2003). Adaptive responses refer to adjustments in morphology, physiology, or be-

haviour to meet the new requirements posed by the altered environment (Pulido 

and Berthold, 2004). Two main underlying mechanisms of adaptive response are 

discussed in the scientific literature: evolutionary adaptation and phenotypic plas-

ticity (Charmantier and Gienapp, 2014; Gienapp et al., 2008; Merilä and Hendry, 

2014).  

Evolutionary adaptation is genetic change driven by natural selection (Merilä and 

Hendry, 2014). One of the most well-known examples of evolutionary adaptation 

to anthropogenic environmental change is the peppered moth (Biston betularia) 

in industrial England, where the air pollution supposedly selected for darker wing 

colour because they provided a better camouflage (Kettlewell and Ford, 1956). 

Another evolutionary adaptation facilitated by human influences is the newly de-

veloped migratory route of German blackcaps, which started migrating to Great 

Britain instead of the Iberian Peninsula in the 1960s (Bearhop et al., 2005; Berthold 

et al., 1992). This behavioural change was not only found to have a genetic basis 



1.1 Global change – the main driver of biodiversity loss 
 

 

4 
 

and to be associated with fitness benefits (e.g. larger clutch sizes), but it also leads 

to a temporal segregation of breeding populations overwintering in either Britain 

or distant Spain (Bearhop et al., 2005; Berthold et al., 1992). Despite this example 

and though evolutionary changes can occur quite rapid in some taxa, the rate of 

microevolution has been estimated to be relatively low for vertebrates (Gienapp 

et al., 2008). 

Phenotypic plasticity, in contrast, is the potential of a single genotype to produce 

different phenotypes under different environmental conditions (Merilä and 

Hendry, 2014). For example, many migratory bird species return earlier to their 

breeding grounds and advance their breeding activities in warmer springs (Gordo, 

2007; Lehikoinen and Sparks, 2010). Phenotypic plasticity allows beneficial short-

term responses to novel environmental conditions and may thus buffer a popula-

tion from negative global change effects (Visser, 2008). Though many observed 

changes in natural populations are interpreted as plastic response to environmen-

tal change, the relative role of genetic versus plastic responses is still debated, as 

well as potential interactions between the two mechanisms (Charmantier and 

Gienapp, 2014; Gienapp et al., 2008; Merilä and Hendry, 2014). 

Nevertheless, any adaptive response represents a time-dependent process and 

different temporal, spatial and entity scales need to be crossed in order to grasp 

how global change affects biodiversity, ranging for example from individual life-

histories over ecological to evolutionary timescales (Garcia et al., 2014; Pulido and 

Berthold, 2004). Accordingly, an important question when assessing the vulnera-

bility of a species to rapid global change is not whether that species can find an 

adequate response to global change, but whether it can do so in time before going 

extinct – given the environmental and evolutionary constraints it experiences 

(Visser, 2008). Similarly, global change features different temporal signatures 

(Garcia et al., 2014). On the one hand, many facets of global change happen grad-

ually, e.g. global mean temperature is gradually increasing and land all over the 

world is continuously degrading (e.g. IPCC, 2013; Leadley et al., 2014; MEA, 2005). 

On the other hand, global change incorporates discrete short-term changes in the 

environment such as sudden land conversions or intensifying extreme weather 

events like droughts (e.g. IPCC, 2013; Leadley et al., 2014; MEA, 2005). Extreme 

events are unpredictable, rare, and abrupt short-term changes, whose effect on 

the life cycle of individuals up to whole ecosystems is typically disproportional to 
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their short duration (Jentsch et al., 2007; Jentsch and Beierkuhnlein, 2008). Nev-

ertheless, simple events can also leave their fingerprint in a population by increas-

ing mortality, reducing reproductive success, and altering species interactions 

(Jentsch et al., 2007). Further, they may have long-lasting effects within the life-

history of individuals, when the influence of an event within one season carries 

over to subsequent seasons (Harrison et al., 2011; O’Connor et al., 2014). Since 

populations consist of individuals, such altered individual life cycles potentially 

scale up to shape population and community dynamics (Garcia et al., 2014). Both 

types of change, gradual and punctuated, pose specific challenges to the organ-

isms experiencing them, and their potential impacts on the ecosphere are still be-

ing explored (Jentsch et al., 2007). 

While there is high confidence in predictions regarding the physical impact of 

global change, its implications for the biosphere remain largely uncertain (IPCC, 

2014). Anticipating the effects of global change on biodiversity presents major 

challenges. First, it requires knowledge of species and a thorough understanding 

of biological and ecological processes, which involves collection and analysis of 

massive amounts of high-quality data (IPCC, 2014). Second, we require a systemic 

approach that works across temporal, spatial, and entity scales: from ecological to 

evolutionary timescales and from the past to the future, from local to global spa-

tial scales, from the individual to populations and communities (Bellard et al., 

2012; Garcia et al., 2014). Third, there are numerous interdependencies and inter-

actions between the biotic and abiotic environment but also within the living 

world itself (Garcia et al., 2014; Leadley et al., 2010; van der Plas, 2019). These 

must not only be identified but also be understood. Critically, given the serious 

threats posed by global change to biodiversity (Leadley et al., 2010; Pereira et al., 

2010), it is imperative to develop a better understanding of biodiversity loss and 

to conserve existing biodiversity. 

To this end, different scientific approaches are required, including theoretical 

studies and suitable model systems for analysing the causes, mechanisms and con-

sequences of global change on biodiversity. 

1.2 Threatened migratory birds – a model system for the ecological im-

pacts of global change 

A remarkable indicator of global change are birds, particularly those that migrate 

(BirdLife International, 2018; Møller et al., 2010). Comprising more than 10,000 

known extant species (BirdLife International, 2018), birds represent the second-
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largest group of vertebrates on the planet, with recent phylogeny-based estimates 

inferring an avian diversity of greater than 18,000 species (Barrowclough et al., 

2016). On average, one in five of these species is migratory, undertaking regular 

seasonal movements between its distant breeding and overwintering ranges 

(BirdLife International, 2018; Kirby et al., 2008). At high latitudes such as Scandi-

navia, bird species richness increases by up to 80 % during summer with the pres-

ence of migratory birds, leading to similar decreases in local species richness in the 

southern overwintering ranges during that time (Figure 1-1) (Somveille et al., 

2013). Thus, per se, migratory birds can have a profound impact on local biodiver-

sity. 

(BirdLife International, 2018). In particular, agricultural expansion and intensifica-

tion, deforestation and unsustainable logging, invasive alien species and overex-

ploitation threaten birds around the world, while the effect of climate change is 

increasing and amplifying existing threats (Bairlein, 2016; BirdLife International, 

2018). Migratory birds, whose life-cycle is tightly synchronised with global envi-

ronmental cycles and depends on the well-functioning of multiple ecosystems 

(Bauer and Hoye, 2014), are particularly threatened (Bairlein, 2016; BirdLife 

International, 2018; Sanderson et al., 2006). It has been shown that they are af-

fected by multiple independent risks compounding each other (Zurell et al., 2018). 

Birds living in agricultural landscapes and insect-feeding birds also seem to be par-

ticularly vulnerable to global change (BirdLife International, 2018; Frenzel et al., 

2016; Stanton et al., 2018). Their declining populations reflect major changes in 

agricultural practices that also affect other taxa, for example the substantial loss 

of flying insects over recent decades cascading to bird populations (Fox, 2013; 

Hallmann et al., 2017; Thomas et al., 2004). To conclude, bird population trends 

mirror those of general biodiversity. 

Anyhow, birds have been observed and studied for centuries and recent technical 

advances resulted in a rapidly growing wealth of bird data to be harnessed (Bridge 

et al., 2011; Lehikoinen et al., 2004; López-López, 2016). In particular migratory 

birds with their extraordinary lifestyle have fascinated people and scientists alike 

with the eldest systematic records dating from the early 1700s (Lehikoinen et al., 

2004; Miller-Rushing et al., 2012). Accordingly, their abundance, distribution, be-

haviour, ecology, and taxonomy are quite well-known, allowing to aim for a mech-

anistic understanding of the global change impacts on migratory birds. 
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Figure 1-1: Global distribution patterns for migratory bird species. (A) Difference in species richness 
for the local avifauna between July and January, whereby positive values (red) indicate areas that 
are richer in July, and negative values (blue) show areas that are richer in January; (B) richness in 
migratory bird species; (C) share of migratory species compared to total number of bird species. 
This figure was adapted from the original paper by Somveille et al. (2013). 
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According to the IUCN Red List index for birds, one in eight bird species is threat-

ened with extinction (IUCN, 2018) – mainly due to global change  

Birds in general and migratory birds in particular further fill different functions in 

the food chain and provide various important ecosystem services (Şekercioğlu, 

2006; Şekercioğlu et al., 2004). For example, they are consumers, predators, prey 

and recyclers, and provide major ecosystem services such as insect and pest con-

trol, pollination, seed dispersal and carcass disposal (Şekercioğlu, 2006; 

Şekercioğlu et al., 2004). Moreover, connecting distant ecosystems around the 

world (Figure 1-2), like Central European breeding and Sub-Saharan overwintering 

ranges, they represent important mobile links (Bauer and Hoye, 2014; Jeltsch et 

al., 2013). They transport nutrients and energy but also pathogens along their mi-

gratory routes, potentially influencing down-stream processes that affect biodi-

versity patterns (Bauer and Hoye, 2014; Jeltsch et al., 2013). Therefore, an im-

proved knowledge on migratory birds will help improving our understanding of 

whole ecosystems and their vulnerability to global change. 

 

Figure 1-2: Generalized global flyways of migratory land and water birds. This figure was taken 
from the original report by BirdLife International (2018). 

Additionally, the high mobility of birds generally, and migratory birds in particular, 

leads to comparatively quick responses to environmental change (BirdLife 
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International, 2018). The most prominent examples of such responses in migra-

tory birds are an altered timing of life-history events like breeding and migration, 

reduced migratory activity (Berthold et al., 1992; Pulido and Berthold, 2004) and 

range shifts (A La Sorte and Thompson, 2007; Maclean et al., 2008) that are con-

nected to altered migratory routes and distances (Knudsen et al., 2011). For in-

stance, many but not all migratory bird populations seem to advance spring mi-

gration and egg laying in response to climate change (Aloni et al., 2017; Dunn and 

Møller, 2014; Miles et al., 2017; Rubolini et al., 2007). The extent to which advanc-

ing their breeding phenology is possible and beneficial might vary among taxa and 

is not yet fully understood (Knudsen et al., 2011). Such temporal adjustments of 

behaviour can be crucial for population dynamics but are challenging to predict 

(Knudsen et al., 2011; Møller et al., 2008). If migratory birds fail to respond ade-

quately to the generally advancing spring phenology of the food sources in their 

breeding habitats, trophic mismatches might occur that could induce population 

declines (Both et al., 2009; Knudsen et al., 2011; Visser et al., 2004). Similarly, tem-

poral mismatches with respect to predator pressure, pathogen prevalence, or pro-

tective foliage cover could arise (Elmberg et al., 2014; Knudsen et al., 2011; Møller 

et al., 2010), highlighting the importance of understanding and predicting the ef-

fects of environmental change on migratory birds. Another example of a quick 

adaptive response to climate change is the poleward shifts in the winter ranges of 

many wader species from 1981 to 2000, which may constitute range expansion 

(Maclean et al., 2008). Nevertheless, migratory birds—like other species—face im-

portant evolutionary constraints in their adaptive potential to global change. 

These include, for example, internal constraints in behavioural decision-making, 

but also external constraints such as the temporal and spatial heterogeneity of 

climate change (Senner et al., 2018).  

Altogether, migratory birds provide a valuable early-warning indicator for the ef-

fects of global change and a suitable study system to reach a deeper understand-

ing of the impacts of global change including climate change on the biosphere. 

Additionally, they can serve to test and refine respective explanatory and predic-

tive methods. 
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1.3 Understanding and predicting global change impacts on migratory 

birds 

To better understand and predict how global change impacts migratory birds, we 

need to know how environmental factors and changes therein affect the behav-

iour and population dynamics of migratory birds. This endeavour can only be suc-

cessful if we recognize the evolutionary constraints that migratory birds are expe-

riencing, as well as their potential for adaptive response. Life-history theory (Sec-

tion 1.3.1) provides a natural background for such questions. Further, by acknowl-

edging that movement plays a central role in the life of migratory birds, this thesis 

strongly connects to the movement ecology framework (Section 1.3.2) by Nathan 

et al. (2008). Therefore, I will briefly summarize both life-history theory and the 

movement ecology framework, illustrating important terms with bird examples. 

1.3.1 Life-history theory 

Life history theory aims to explain how natural selection shapes the design and life 

schedules of organisms for achieving long-term reproductive success (Roff, 1992; 

Stearns, 2004, 2000). It is concerned with questions like: Why do organisms differ 

in their lifespans? Why do they have different numbers of offspring? Why do they 

reproduce earlier or later? Why do they migrate and why do they vary in their 

departure and arrival dates? Such genetically determined but environmentally 

shaped properties of an organism (lifespan, offspring size, behavioural timing etc.) 

with direct fitness consequences contribute to an organism’s phenotype and are 

termed life history traits (Varpe, 2017). Fitness describes an individual‘s success in 

surviving and contributing the most copies of itself in successive generations (Roff, 

1992; Stearns, 2004, 2000). Typically, there exist trade-offs between different life-

history traits, meaning that a beneficial change in one trait is associated with a 

costly change in another trait with respect to fitness (Stearns, 1989). Such trade-

offs may even act inter-generationally (Stearns, 1989). For example, experimen-

tally increased clutch size in birds decreased the survival probability of both the 

parents and their offspring, in addition to decreasing their future clutch sizes (Roff, 

1992; Vander Werf, 1992). An organism’s set of life-history traits and its associated 

schedule of major life-history events (e.g. reproduction or migration) throughout 

its life represents the life history strategy of an organism (Houston and McNamara, 

1999; McNamara and Houston, 2008; Varpe, 2017). The life-history strategy in 

turn may comprise an annual routine, i.e. the regular schedule of behavioural ac-

tivities which are performed over the annual cycle (Houston and McNamara, 1999; 
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McNamara and Houston, 2008; Varpe, 2017). For instance, billions of birds under-

take regular seasonal journeys between their breeding and overwintering habitat 

each year (Bauer and Hoye, 2014). 

In classic life-history theory (as reviewed in Roff, 1992; Stearns, 2004), the evolu-

tion of life-histories including annual routines, is treated as an optimality problem 

(Stearns, 2000). Assuming that natural selection maximizes fitness, it should select 

for the optimal trait combination and behavioural schedule, maximizing long-term 

reproductive success in a given environment and subject to given trade-offs and 

phylogenetic constraints. Since environmental conditions vary spatially over the 

globe, different life-history strategies have evolved. Temporal variation in environ-

mental conditions further increased the number of life-history strategies, which 

include adaptations to cope with unfavourable and to exploit favourable time pe-

riods in seasonal environments, respectively (Varpe, 2017). Birds accumulate fat 

depots or migrate to warmer regions during winter, for example, or they repro-

duce at certain times of the year in order to improve offspring survival (Blix, 2016). 

Additionally, environmental conditions can be more or less predictable and fluc-

tuate over the years, leading to different optimal life-history strategies for uncer-

tain environments (Kivelä et al., 2016; Tökölyi et al., 2012). 

One major tool to understand the evolution of different life-history strategies is 

mathematical modelling. In particular, mathematical optimization and dynamic 

state variable models were successfully employed to this end (Clark and Mangel, 

2000; Houston and McNamara, 1999; Stearns, 2000). Optimal annual routine 

(OAR) models as introduced by Houston and McNamara (1999) became a key tool 

for analysing annual routines in seasonal environments, for example. These mod-

els determine the optimal schedule for multiple behavioural activities over an en-

vironmental cycle with respect to long-term reproductive success, considering the 

state of the environment, the internal state of an organism such as its energetic 

reserves (cf. Section 1.3.2) and trade-offs between various life-history traits 

(Houston and McNamara, 1999). With changing environmental conditions, the fit-

ness consequences of existing traits and behavioural schedules can be expected 

to change (McNamara et al., 2011), promoting the development of new life-his-

tory strategies including behavioural strategies. Indeed, organisms that do not up-

date their life-history strategy might be threatened by population declines and ex-

tinctions (McNamara et al., 2011; Thomas et al., 2001). 
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Meanwhile, further modelling approaches involving evolutionary game theory or 

explicit density- and frequency-dependence have been developed (e.g. Barta et 

al., 2008, 2006; Stearns, 2000). Though optimality models have not failed in their 

predictions, such model approaches represent the logical next step in life-history 

theory from a theoretical point of view. However, their empirical success is still 

under evaluation and they are even more challenging to apply than OARs because 

of their increased complexity (Barta et al., 2008, 2006). Still, with global change 

rapidly altering the planet’s environmental conditions, mechanistic modelling ap-

proaches that are grounded in life-history theory are required (Pereira et al., 2010) 

to provide a better understanding and more reliable predictions of the global 

change impacts on natural populations. 

1.3.2 The movement ecology framework 

Organismal movements play a key role for the fate of individuals up to the dynam-

ics of whole communities (Jeltsch et al., 2013). The movement ecology framework 

by Nathan et al. (2008) describes the interplay between individual movement and 

the environment (Figure 1-3), aiming to facilitate a holistic understanding of the 

causes, mechanisms, patterns and consequences of movement. It focuses on the 

individual and encompasses four components: external factors and the internal 

state, navigation capacity and motion capacity of the individual, which together 

result in the realized movement path of an organism. 

 

Figure 1-3: Conceptual framework for movement ecology with its basic components: external fac-
tors (blue background) that affect the internal state, navigation capacity and motion capacity of 
the focal individual (yellow background), resulting in its movement path. Arrows indicate the oc-
currence and direction of relationships between these factors. This figure was adapted from the 
original paper by Nathan et al. (2008). 
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An individual’s movement emerges from external and internal factors. External 

factors are influences from outside the animal that affect its movement. These can 

be biotic, such as seasonally high food supply provoking migratory movements, or 

abiotic, such as atmospheric weather conditions influencing the path and timing 

of migration. Internal factors, by contrast, relate to the individual itself. Nathan et 

al. (2008) distinguish three basic components of movement: the internal state 

(“why move?”), the navigation capacity (“where and when to move?”) and the 

motion capacity of an individual (“how to move?”).  The internal state reflects the 

unmet needs and goals of an individual, and accounts for its physiological and neu-

rological state. For example, if a bird has low energetic levels, it will feel hungry 

and start moving in search of food in order to improve its energy balance. The 

navigation capacity allows the individual to orient itself in space and time and to 

control its movement in order to achieve its goal including interfering goals. For 

example, a hungry bird might direct its movement towards a detected food source 

or decide to wait since there exists a stronger interfering goal such as hiding from 

a predator or avoiding bad weather. The specific manner in which the individual 

moves is determined by its motion capacity. The motion capacity encompasses 

fine-scale movement patterns like different hunting movements that depend on 

the specific prey to gross-scale movement modes like flying or walking. Finally, the 

observable movement path emerges from this interplay of movement compo-

nents and external factors. 

One important process within the movement ecology framework, which also plays 

a major role for my work in this thesis, is the navigation process. Here, navigation 

capacity, internal state and external factors together determine which movement 

decisions are made. Each movement and hence movement decision is associated 

with certain costs and payoffs, such as those relating to the individual’s survival, 

energy balance, or reproduction success. Accordingly, natural selection will act on 

it alongside to the underlying behavioural strategy, optimizing them with respect 

to an appropriate measure of fitness like survival or reproductive success. Hence, 

optimal annual routine modelling (cf. Section 1.3.1) can be applied to study how 

environmental factors shape movement decisions. 

Integrating the optimality perspective of evolutionary and behavioural ecology, 

the movement ecology framework considers how movement is shaped over eco-

logical and evolutionary timescales, fostering a deeper understanding of animal 
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movement. It also suggests that the taken movement path operates on the envi-

ronment – an idea that has been refined by Jeltsch et al. (2013), who incorporated 

various mechanisms into the framework by which movement interacts with biodi-

versity. 

1.4 Research objectives 

As alluded to above, we still do not fully understand how ongoing global change is 

and will be affecting the behaviour and population dynamics of migratory birds. 

However, such knowledge is crucial for predicting future population dynamics and 

identifying vulnerable populations in order to develop effective conservation 

measures. It also is a prerequisite to understand and anticipate the impacts of 

global change on general biodiversity patterns. Thus, with this thesis, I aim to im-

prove our understanding of the impacts of global change on migratory birds and 

to advance our ability to predict their responses to expected environmental 

change.  In particular, my objective is to investigate how changes in food supply as 

they can be expected under global change will influence the population size and 

the behavioural timing of migratory birds over ecological and evolutionary time-

scales. I further seek to clarify, what carry-over effects can be expected from pre-

dicted intensifying droughts in the overwintering habitat of many migratory birds 

as these will scale-up to affect population dynamics.  

To this end, I implement a dynamic mechanistic model that allows to determine 

optimal animal life-history strategies in cyclic environments and to simulate emer-

gent behavioural patterns and population dynamics of a population following the 

computed behavioural strategy in a given environment. Abstracting global change 

to altered environmental food supply, I employ this model to analyse the potential 

impacts of expected food changes on modelled migratory birds, as well as the re-

quired adaptive responses to keep population sizes stable. I consider two signa-

tures of global change, namely gradual versus punctuated changes, and two tem-

poral scales, specifically an ecological or short-term and an evolutionary or long-

term timescale.  Further, I revert to bird functional types, namely a stork and a 

falcon type. Since the functional traits of a species reflect its ecological strategy 

(Westoby et al., 2002), functional types naturally link mechanistic models of spe-

cies’ response to environmental change (Jeltsch et al., 2008). They also produce 

more general results than individual- or species-specific approaches and ease scal-

ing-up from individuals to ecosystems (Blaum et al., 2011; Chave, 2013; Zakharova 

et al., 2019). Further, there exist promising studies demonstrating the potential of 
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using animal functional types in mechanistic modelling (Kearney et al., 2010; 

Scherer et al., 2016; Teckentrup et al., 2018). The stork and falcon bird functional 

type selected for this dissertation are both long-distant migrants for which enough 

biological data is available to parametrize the implemented model.  

1.5 Outline of thesis 

The core part of this publication-based thesis is structured into four chapters, 

thereof three thematically related but independently readable research papers 

that summarize my findings and one synthesizing chapter that discusses my work 

in a wider ecological and scientific context. One of these research papers is pub-

lished in Ecography (Schaefer et al., 2018 / Chapter 2), one has been under review 

and was invited to be resubmitted to Oikos (Chapter 3) and one has been under 

review and was invited to be resubmitted to Movement Ecology (Chapter 4). Since 

the papers are co-authored, they are written in first-person plural. However, being 

the lead author of all articles, I performed the main work and was predominantly 

responsible for the study design, the model development, the model implemen-

tation, the computations and simulations, the result analyses and the writing. Nev-

ertheless, I want to acknowledge the support of my co-authors in terms of invalu-

able discussions, data provision, and proof-reading. 

In Chapter 2, I introduce the software sOAR (Schaefer et al., 2018), which repre-

sents a powerful and user-friendly implementation of the well-established frame-

work of optimal annual routine modelling. The generic open-source software al-

lows for the determination of animals’ optimal behavioural strategies in cyclic en-

vironments, as well as the simulation of emerging behavioural patterns and dy-

namics of a population following this strategy. It helps to improve our understand-

ing of how complex behaviours evolve and how behavioural decisions are con-

strained by internal and external factors experienced by the animal. Such 

knowledge is crucial for anticipating potential species’ response to global environ-

mental change. sOAR is particularly suited for theoretical studies of bird migration. 

For example, it includes options to differentiate between costs of active and pas-

sive flight into the optimal annual routine modelling framework, as well as options 

to consider periodic wind conditions affecting flight energetics. A user manual and 

two illustrative examples are included in the software package. 

In Chapter 3, I am particularly interested in potential global change impacts on 

migratory birds over ecological and evolutionary time scales. Analysing two con-

trasting bird functional types using sOAR, I find that the advancement of spring 
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phenology in migratory birds is an optimal response to global change, whereas 

model populations, which do not adapt their behavioural strategy to the altered 

environment, decline in most cases. The falcon type shows higher phenotypic plas-

ticity in its behavioural strategy, but at times this counteracts optimal behavioural 

adaptation. The results further indicate that observed advances of spring phenol-

ogy cannot be explained by phenotypic plasticity but suggest adaptive response. 

They highlight a need to disentangle the role of phenotypic plasticity, microevolu-

tion and other adaptive mechanisms like social learning in observed behavioural 

responses. Sociality and flight mode could indeed be important overlooked factors 

that may improve predictive models for identifying vulnerable migratory bird spe-

cies. Apart from that, decreasing food levels during the breeding phase as well as 

in the overwintering location significantly affected population dynamics of the 

studied bird functional types. 

In Chapter 4, I explore the effects of altered overwintering food supply until the 

breeding season in Central European white storks, which follow the currently op-

timal behavioural strategy. The results showed that annual routine modelling is a 

valuable tool for studying carry-over effects, which are difficult to assess experi-

mentally in migratory birds. Hereby, overwintering conditions significantly af-

fected population dynamics depending on the timing, duration and strength of re-

source events. Under decreased food supply, breeding was delayed, fewer birds 

started a brood and they had lower energetic reserves when doing so, especially 

late breeders. Equivalent food surplus had the opposing effect. Additional to these 

carry-over effects (COEs), intra-seasonal effects occurred that can indirectly influ-

ence subsequent breeding performance, e.g. food shortages immediately reduced 

energetic reserves and increased mortality rates later in winter. The pre- and post-

migratory phase turned out to be particularly important. Contrary to experimental 

findings, model birds had low mid-winter reserves. This indicates that even a mo-

bile and opportunistic feeder like the white stork experiences food supply in the 

African overwintering regions as highly unpredictable, so that winter fat depots 

and a nomadic lifestyle might be fostered at evolutionary timescales. 

In Chapter 5, I synthesize my findings and discuss them in a wider scientific con-

text. I evaluate how OAR modelling can be employed for global change research 

and address the challenges to be met when working with complex models. I dis-

cuss how population declines, altered behavioural patterns and carry-over effects 

in migratory birds as predicted in this thesis relate to and advance the scientific 
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literature, while assessing their meaning for general biodiversity patterns. Advanc-

ing theoretical ecology, I further propose how the movement ecology framework 

by Nathan et al. (2008) can be developed further so that it operates smoother 

across temporal and entity scales. To assist the conservation of migratory birds, 

which is highly necessary according to my results, I outline a mechanistic-based 

indicator of vulnerability based on my work. Finally, I reveal worthwhile future di-

rections of research to reach a deeper mechanistic understanding of different eco-

logical phenomena and to predict global change impacts on the biosphere. 
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2.1 Abstract  

Periodic environments determine the life cycle of many animals across the globe 

and the timing of important life history events, such as reproduction and migra-

tion. These adaptive behavioural strategies are complex and can only be fully un-

derstood (and predicted) within the framework of natural selection in which spe-

cies adopt evolutionary stable strategies. We present sOAR, a powerful and user-

friendly implementation of the well-established framework of optimal annual rou-

tine modelling. It allows determining optimal animal life history strategies under 

cyclic environmental conditions using stochastic dynamic programming. It further 

includes the simulation of population dynamics under the optimal strategy. sOAR 

provides an important tool for theoretical studies on the behavioural and evolu-

tionary ecology of animals. It is especially suited for studying bird migration. In 

particular, we integrated options to differentiate between costs of active and pas-

sive flight into the optimal annual routine modelling framework, as well as options 

to consider periodic wind conditions affecting flight energetics. We provide an il-

lustrative example of sOAR where food supply in the wintering habitat of migra-

tory birds significantly alters the optimal timing of migration. sOAR helps improv-

ing our understanding of how complex behaviours evolve and how behavioural 

decisions are constrained by internal and external factors experienced by the ani-

mal. Such knowledge is crucial for anticipating potential species’ response to 

global environmental change. 

2.2 Introduction 

Life on earth is subject to various geophysical cycles such as the solar day or the 

seasons (Numata and Helm 2014). In response to these cycles, many animals dis-

play rhythmic patterns of behaviour (Numata and Helm 2014). For example, mi-

gratory birds respond to seasonal environments by undertaking regular long-dis-

tance journeys between breeding and wintering habitat (Alerstam 1990). Such 

grand-scale behavioural patterns can only be fully understood and protected from 

global change if the complete behavioural cycle, as embedded into the periodic 

environment, is considered from an evolutionary and mechanistic perspective 

(Helm et al. 2013, Visser 2010, Wilcove and Wikelski 2008). Life history theory (see 

Stearns 2004 for review) predicts that natural selection and other evolutionary 

forces led to the evolution of optimal behaviours that ensure highest fitness in 

terms of long-term reproductive success (McNamara et al. 2001) under the given 

ecological constraints.  
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In mathematical biology, game theoretic approaches help to understand complex 

decision-making processes that lead to the maximization of fitness and the evolu-

tion of optimal strategies (Houston et al. 1988, McNamara et al. 2001, Parker and 

Smith 1990). Notably, stochastic dynamic programming (SDP) can be applied, 

which is a well-known method for solving multi-stage decision problems 

(Bertsekas 2005, Parker and Smith 1990). In periodic environments, we face the 

additional problem that behavioural cycles need to be closed (Clark and Mangel 

2000, Hostetler et al. 2015, Houston and McNamara 1999). To this end, the opti-

mal annual routine (OAR) modelling framework has been introduced (Houston and 

McNamara 1999, McNamara et al. 1998). Grounded in state-based life history the-

ory, it assumes that evolution shapes the behaviour of animals by natural selection 

and that an animal takes its behavioural decisions based on knowledge of its envi-

ronment as well as its own state. These assumptions allow for an optimization-

based approach like SDP to identify state-dependent optimal life-history strategies 

of organisms under cyclic environmental conditions (McNamara and Houston 

2008).  

Although the OAR framework is suited for a broad range of research questions and 

has many advantages over other modelling approaches, the number of actual im-

plementations is small (Feró et al. 2008). One major reason for this might be the 

complexity of such models, which require time and expertise for model develop-

ment and implementation. Here, we present the software package sOAR (Figure 

2-1) that provides an open source implementation of the original OAR framework 

by Houston and McNamara (1999). We further extended the framework by certain 

optional features that are crucial for studying bird migration and account for flight 

ability and wind-dependent migration costs. sOAR provides a computationally fast 

and ready-to-use OAR software, which is implemented in a modular manner in 

C++ allowing easy adjustment for specific research questions. 
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Figure 2-1: sOAR flow of use. User-defined settings provided by an input file are illustrated in the 
blue box, while the green boxes give an overview of the output files generated by the internal back-
ward and forward iteration of sOAR (orange box). 

2.3 Theoretical Background 

The key ingredients of stochastic dynamic programming (SDP) are state variables, 

decisions and a currency to evaluate decisions. The set of possible decisions, or 

available behavioural activities, at time 𝑡 depends on the state 𝑋𝑡 of the animal. 

The main objective is finding the optimal strategy that maximises pay-off, for ex-

ample the long-term reproductive success (Houston and McNamara 1999, Mangel 

2015). The optimal strategy takes the short- and long-term costs and benefits of 

any particular decision into account, as well as the associated probability of sur-

viving the activity and the probability that the animal’s state is changed by a cer-

tain increment when the activity is performed (Mangel, 2015). The decision costs 

can depend on internal (e.g. metabolism) but also on external constraints (e.g. 

food availability) (Bauer and Klaassen, 2013).  

The development of state 𝑋𝑡 of an organism at time t under the given constraints, 

costs and benefits is modelled as a discrete-time dynamical system with usually 

nonlinear difference equations of the form 

𝑿𝒕+𝟏 = 𝑭(𝑿𝒕, 𝑨𝒕, 𝑾𝒕),   𝒕 = 𝟎, 𝟏, … , 𝑻 − 𝟏 with 𝑿𝟎 = const., (1) 

where 𝐴𝑡 is the vector of decision variables to be selected in the process, 𝑊𝑡is a 

random parameter with given probability distribution, 𝑇 represents the time hori-

zon, 𝑋0 is the initial state and 𝐹 is a function specifying the system’s transitions in 

state with time. In general, though the concrete result of a given action will be 

unknown, the probability distribution of states 𝑋𝑡+1 resulting from state 𝑋𝑡 and 

action 𝐴𝑡 taken at time 𝑡 can be estimated (Bertsekas, 2005). 
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Subject to this random sequence of constraints (eq. 1), a planned sequence 

{𝐴𝑡
∗}𝑡=0

𝑇  of behavioural decisions conditional on the sequence of realized states 

shall be selected that maximizes the payoff. By Bellman’s Principle of Optimality 

(Bellman, 1957) and the law of iterated expectations, the maximum payoff 𝑉(𝑋𝑡) 

to be expected given state Xt is  

𝑉(𝑋𝑡) = max
𝐴𝑡

{𝑈(𝑋𝑡, 𝐴𝑡) + 𝜆𝔼[𝑉(𝑋𝑡+1)]}, 

where U(𝑋𝑡, 𝐴𝑡) is the utility or immediate reward of being in state 𝑋𝑡 performing 

action 𝐴𝑡 and 𝔼[𝑉(𝑋𝑡+1)] represents the expected value of being in state 𝑋𝑡+1 at 

the next time step. The discounting factor 𝜆 equals one when a population is fol-

lowing an assumed evolutionary stable strategy. Thus, if the optimal payoff at final 

time 𝑇 is given (𝑉(𝑋𝑡+1) = 𝑉(𝑋𝑇)), the expected maximum payoff can be calcu-

lated recursively for each combination of state and time by using the appropriate 

transition probabilities between states 𝑋𝑡 and 𝑋𝑡+1 (eq. 1) and maximizing only 

the immediate utility 𝑈(𝑋𝑡, 𝐴𝑡) in each case at a time. Simultaneously, the optimal 

sequence {𝐴𝑡
∗}𝑡=0

𝑇  of decisions for all potential sequences of states that could re-

alize is obtained, i.e. the optimal strategy.  

For computational reasons, the optimal strategy is usually computed by backward 

induction, starting from the known (or desired) end state and moving backwards 

in time until convergence. Hereby, suboptimal solutions are omitted during the 

search as illustrated in Houston et al. (1988). In the context of optimal annual rou-

tine modelling, the terminal reward 𝑉(𝑋𝑇) is assumed to equal one for all possible 

states. Further, consecutive periodic time cycles are connected by setting the state 

and payoff at the end of one cycle equal to the state and payoff at the beginning 

of the next cycle (Houston and McNamara 1999). Iterating over successive time 

cycles to convergence may then result in the best strategy maximizing the ex-

pected number of descendants left in the distant future. Once the optimal strategy 

has been computed, it can be applied in simulations of population dynamics or 

individual life histories under the optimal strategy, e.g. for predictive modelling.  

2.4 Model description 

The model considers the behaviour of a female animal and its female descendants 

over a specified number of periodically reoccurring stages or decision epochs re-

spectively. For example, the animal has to make behavioural decision at each week 

of an annual cycle. The animal itself is described by the state variables energy re-
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serves, health condition (optional), age of offspring, experience, location, and mi-

gratory state (optional). Their uniform discretization is user-defined, whereby the 

location variable is currently implemented for up to two different sites. An over-

view of the implemented state variables is provided in Table 2.1 and Table S 2.4-1. 

Table 2.1: Overview of state variables and behavioural actions implemented in sOAR, and of user-
defined costs, constraints and response functions. Italic entries indicate optional settings. 

State Variables: Energy reserves, health condition, experience, age of offspring, 

location, migratory state 

Actions: Forage, start reproduction, care for offspring, subsist, migrate 

Fixed costs and constraints: Reproduction costs and constraints, growth and role of experi-

ence, maximum lifespan, basal metabolic rate, food availability, 

grade of stochasticity, wind conditions, migration costs and con-

straints 

Response functions: Metabolism, predation, immune response, flight energetics 

 

At the beginning of each stage the animal selects a behavioural action (Table 2.1). 

For an animal without dependent offspring these are either initiating reproduc-

tion, subsisting or migrating (optional). Potential activities of an animal with de-

pendent offspring are caring for the offspring or abandoning it. Simultaneously, 

the animal must choose a foraging intensity at each decision epoch, ranging from 

zero (no feeding) to one (maximum possible energetic intake of available re-

sources). If an animal with dependent offspring cannot forage with sufficient in-

tensity to balance the offspring’s energy needs, this is abandoned.  

Each behavioural action is associated with the following costs that influence the 

animal’s future state (Table S 6.1-1): metabolic energy costs that increase with 

foraging intensity, and additional energetic costs for reproduction and migration. 

If health condition is included in the model, it will also be affected by costs for 

metabolism, reproduction and migration. Further, there are expected energetic 

gains from foraging that increase with foraging intensity, food availability and ex-

perience. Energy intake is coupled to experience assuming that young animals may 

have a lower foraging efficiency than adults. The coupling happens via a parameter 

𝜃 with 0 < 𝜃 ≤ 1, which scales the actual energy intake of an animal with low ex-

perience such that it will be a certain fraction of the intake of an animal with full 

experience. The parameter 𝜃 implicitly accounts for density dependence and is 

usually adjusted during computations until the population growth rate equals 1, 
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meaning the population is in a stationary state with constant population size (see 

Houston and McNamara 1999, sOAR User Manual). 

The animal faces different sources of mortality: starvation, predation and disease 

(optional). Starvation and disease correspond to reserves and health condition 

dropping to their minimum level. The user-defined predation rate can increase 

with foraging intensity and higher levels of reserves. It is specified for each location 

and the migration period, respectively, and may include a background mortality. 

Disease risk rises with decreasing values of the health variable. If this variable is 

enabled, a background mortality for disease is determined in sOAR that reflects 

the maximum life expectancy of the species. If a parent animal dies, its dependent 

offspring dies, too.  

sOAR can be run as a pure reproduction model or can optionally include migration 

between two locations. In both models, environmental food availability is speci-

fied by a periodic function of time and location. Migratory costs can be time and 

reserves dependent but since migrating model animals cannot forage, these user-

defined costs need to integrate potential energy gains through foraging for species 

that in reality feed during migration. We introduced an option to read in periodic 

migratory costs from file, which can mirror cyclic wind conditions like thermals 

that allow energy-efficient soaring flight of avian migrants. However, in principle 

this option allows time-dependent migration costs for any animal. Additionally, 

the respective share of active (flapping) and passive (soaring/gliding) flight regard-

ing total flight costs is determinable. Migration may span several decision epochs 

but must be completed without pause once started. During that time, the state 

variable indicating the state of migration increases while the location variable in-

dicates the place of origin until the last week of migration upon which the animal 

will be relocated and the migratory state be reset.  

To determine the optimal strategy, behavioural actions are evaluated in terms of 

their associated long-term reproductive success. Subsequently, the computed op-

timal strategy can be employed in Markov chain iterations (forward iteration). The 

values of the resulting steady state distribution represent the probability of an in-

dividual or the proportion of a population that follows the optimal strategy to be 

expected in any particular state-time combination. Thus, population dynamics un-

der the optimal strategy emerge from the simulation allowing to analyse behav-

ioural timing, proportions of a population performing a behaviour, age structures, 

mortality patterns and the development of mean reserves and health condition.  
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A detailed model description and instructions on running sOAR are provided in the 

User Manual (sOAR User Manual). Figure 2-1 illustrates the workflow of sOAR in-

cluding required inputs and produced output files, while Figure 2-2 provides a 

model overview.  

 

Figure 2-2: Model overview for sOAR depicting the implemented interdependencies (arrows) be-
tween state variables (orange stars), behavioural activities (blue boxes), user-defined input param-
eters (grey ellipses), internal sub-models (yellow ellipses) and sources of mortality (white ellipses). 

2.5 Illustrative examples 

We illustrate sOAR by simulating the effect of seasonality in the wintering habitat 

on the timing of migration and reproduction in a migratory bird. Using a hypothet-

ical migratory bird we show sOAR’s capability to determine a complete life-history 

strategy based on differing cyclic environmental conditions at two distinct loca-

tions representing the breeding and wintering habitat. Ecologically, the example 

reveals how the degree of seasonality in the wintering habitat may alter the opti-

mal timing of migration and reproduction. Moreover, it shows that the optimal 

timing of behaviour depends on the state of the animal and that different degrees 

of synchrony between adult and juvenile behaviour might arise from different en-

vironmental conditions. 
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Figure 2-3: The timing of behaviour with respect to different experience (a-c, left) and reserve clas-
ses (d-f, right) for different degrees of seasonality in wintering grounds, ranging from very low sea-
sonality of high tropics (top) to intermediate seasonality of subtropics (bottom), whereas seasonal-
ity of breeding grounds was very high as in temperate zones. Graphs represent the proportion of a 
population following the optimal strategy that performs a certain behaviour or has a certain con-
dition over the year. Left: The timing of migration (blue), especially autumn migration, varies with 
seasonality in the wintering habitat, in contrast to the breeding period (black). Varying seasonality 
can induce synchronic or differential migration between individuals with low (dashed), medium 
(dotted) or high (solid) experience. Please note that only individuals of the highest experience return 
from wintering location in spring and attempt breeding. Right: The level of reserves on the onset of 
migration is depicted from high to low in pink, blue, yellow and green. Regardless of other factors, 
an early departure is optimal when reserves are high. This figure was adapted from the original by 
Schaefer et al. 2018 to ensure readability in this thesis. 

In the example, both the health variable and the migration option were enabled. 

Biological parameter settings (Table S 6.1-2) were oriented at a medium-sized 

long-distant migrant as from the genus Falco, employing active flapping flight. The 

two locations can be interpreted as a temperate and a more tropical location in 

the same hemisphere, meaning that seasonal food availability (following a sine 

curve) was synchronised but the tropical location showed much lower seasonality 

despite the same yearly average. We computed the optimal behavioural strategy 

for three scenarios with different degrees of seasonality in the wintering habitat 

such that the maximum potential energy gain from foraging in the two locations 

differed by approximately 25 % (subtropics), 30 % and 35 % (high tropics) during 

peak times (Figure S 6.1-1). Sample scripts and detailed instructions are provided 

in the supporting information. 
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The preferential departure date of autumn migration varied depending on season-

ality of food supply in the wintering habitat whereas the onset of spring migration 

and breeding was very similar across scenarios. For lower degrees of seasonality 

in the wintering location (high tropics compared to more seasonal subtropics), the 

timing of autumn migration varied considerably between experience classes (Fig-

ure 2-3 a,b,c), and depending on the level of reserves (Figure 2-3 d,e,f) and health 

condition (not shown). Timing of spring migration was overall less variable be-

cause the optimal timing of spring migration is more influenced by conditions in 

the breeding habitat and because only mature birds return to summer grounds to 

attempt breeding, as emerging during the solution of the model. At the same time, 

the time window of spring migration was longer when overwintering in more sea-

sonal subtropics because building up reserves after strenuous autumn migration 

was less effective than in tropics because of the more pronounced resource low 

during winter. Hence, overall, differences in seasonal food availability between 

different locations may induce large variances in migration patterns. No major dif-

ferences in the optimal timing of the breeding period occurred but the highest 

food abundance coincided with the hatching of the young for all settings.  

We note that time slots of favourable wind conditions might be similarly important 

in driving the timing of migration in soaring and gliding birds since passive flight 

can decrease their energy consumption during migration considerably 

(Pennycuick 1972), which can be further explored using sOAR. 

A second example illustrates how the optimal number of brood cycles per year of 

non-migratory birds decreases with increasing fledging age of the offspring (Figure 

2-4), parameter settings and configuration file see Table S 6.1-3 and the sOAR User 

Manual). Here, the migration option and the state variable of health condition 

were not included in the model. The sOAR software has further been tested on 

the optimal annual routine models of Houston and McNamara (1999) and a mi-

gration model oriented at McNamara et al. (1998). The results were consistent 

with those published except for minor differences which we attribute to potential 

differences in the actual implementation of the model and in selected model set-

tings regarding e.g. the convergence criterion and stochasticity settings for energy 

reserves and health condition. The respective configuration files and some visual 

results can be found in the sOAR User Manual. 
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Figure 2-4: The optimal timing of initiation of breeding activities when the offspring becomes inde-
pendent from the parent bird at the age of 3 (solid yellow), 4 (dotted blue) or 5 (dashed pink) weeks. 
Other model parameters than age of independence were kept constant. With increasing age of 
independence the optimal number of brood cycles decreases. 

2.6 Conclusion  

sOAR provides a powerful and user-friendly implementation of the optimal annual 

routine framework by Houston and McNamara (1999) for computing optimal life 

history strategies of animals under periodic environmental conditions and simu-

lating their population dynamics given such a strategy. Facilitating theoretical 

studies of animal behaviour, it will improve our understanding of how natural se-

lection shapes trade-offs in animal behaviour within cyclic environments. We fur-

ther extended the original framework to differentiate between the costs of active 

and passive flight and to consider periodic wind conditions acting on birds during 

migration. This will allow studying the timing of migration between obligate soar-

ing vs. flapping birds, or studying ontogenetic differences in birds where soaring 

vs. flapping flight is age dependent (Hake et al., 2003).  

Our main illustrative example showed how the optimal timing of spring and au-

tumn migration may vary with environmental food supply at a site. Such insights 

are particularly interesting in the face of global change that may differently alter 

food availability in different regions. Changing environments may render current 

behavioural strategies of migrants and other animals suboptimal with potentially 

negative effects on population dynamics such that, in the long-term, a new opti-

mal strategy should be adapted in order for a population to persist. Such facets, 

the consequences of suboptimal behaviour or the development of new behav-

ioural strategies, can be easily explored using sOAR. Also, individual variation can 

be explored within OAR frameworks and be compared to empirically observed 

movement data, for example by means of telemetry (Feró et al. 2008). To illustrate 

usage and ease application, the software package sOAR includes descriptions and 

configurations for two illustrative examples as well as two examples from the lit-

erature (Figure 2-3, Figure 2-4 and sOAR User Manual).  
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The following list provides a summary of potential applications of sOAR (cf. Feró 

et al. 2008) whereby additional sites and processes such as molt or explicit density-

dependent effects (Barta et al., 2008) or thermoregulation could be integrated 

into future versions of sOAR: 

 Analysis of life-history constraints under global change 

 Prediction of potential new adaptive behavioural strategies 

 Theoretical studies of carry-over effects at the population level 

 Analysis of phenotypic variation in a population within a life-history con-

text 

 Studies of functional groups of organisms 

 Combining life-history models with large-scale datasets that are becoming 

increasingly available nowadays 

Overall, such analyses will contribute to better understanding the different con-

straints on movement and behaviour of individuals and the consequences for pop-

ulation and community dynamics (Jeltsch et al. 2013, Nathan et al. 2008). 
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https://sourceforge.net/projects/soar-animal-behaviour
https://sourceforge.net/projects/soar-animal-behaviour
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3.1 Abstract 

Migratory birds are increasingly affected by global change, with changes in popu-

lation size as well as phenology. Yet, not all species appear to be advancing breed-

ing phenology, and the extent to which advancing phenology is possible and ben-

eficial might vary among taxa. Here, we use optimal annual routine modelling for 

investigating evolutionary shaped behavioural strategies of migratory birds under 

current and future environments. Exploring associated phenological shifts in be-

havioural timing, we aim to reach a deeper understanding of the response of mi-

gratory birds to global change and to advance research on the underlying mecha-

nisms and unexplained variation. The model is parameterised for white storks and 

small falcons, which differ in longevity, body mass, flight mode and breeding span. 

We determine the timing of migration and breeding for various food scenarios un-

der global change, assuming either adaptation of the optimal behavioural strategy 

to altered food conditions or adherence to the traditional behavioural strategy, 

which has become suboptimal under global change. In nearly all analysed scenar-

ios, stable populations of both bird types employing the new optimal strategy had 

an advanced spring migration and breeding phenology whereas populations, 

which did not adapt their behavioural strategy to the altered environment, de-

clined in most cases. Phenotypic plasticity in the behavioural strategy was higher 

for the falcon type, but at times counteracted optimal behavioural adaptation. Our 

results indicate that observed advances of spring phenology cannot be explained 

by phenotypic plasticity but suggest adaptive response.  Further, not only food 

decreases during the breeding phase but additionally in the overwintering location 

significantly affected population dynamics. The study illustrates the various effects 

of global change on the population dynamics and behavioural strategy of migra-

tory birds. It also highlights a need to disentangle the role of phenotypic plasticity, 

microevolution and other adaptive mechanisms like social learning in observed 

behavioural responses.  
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3.2 Introduction 

We currently witness large changes in the size and phenology of migratory bird 

populations, which is commonly attributed to global change (Both et al., 2004; 

Stephens et al., 2016). While many migratory bird populations seem to be declin-

ing due to warming climate and altered land use, others are of stable size or even 

increasing (Bairlein, 2016; Stephens et al., 2016). Additionally, many but not all 

populations seem to advance spring migration and egg laying (Aloni et al., 2017; 

Miles et al., 2017; Rubolini et al., 2007)  whereby the extent to which advancing 

breeding phenology is possible and beneficial might vary among taxa (Knudsen et 

al., 2011). The intra- and interspecific variation in the response of migratory bird 

species is studied intensely and various ecological, geographical and life-history 

factors have been tested as predictors of species’ vulnerability (Knudsen et al., 

2011; Lehikoinen et al., 2004; Usui et al., 2017). Additionally, there now exist sev-

eral theoretical models to predict climate-related changes in population dynamics 

and migratory phenology (Bauer et al., 2008; Taylor et al., 2016; Tökölyi et al., 

2012). However, a substantial part of variation in the response of migratory bird 

populations to global change remains unexplained (Knudsen et al., 2011; Usui et 

al., 2017). It is further unclear, to what degree changes in bird migration phenology 

represent phenotypic plasticity or microevolution (Charmantier and Gienapp, 

2014), reflecting that a full mechanistic understanding of the potential response 

and inherent limitations of migratory birds has not been reached yet and that im-

portant ecological mechanisms might have been overlooked. 

Successful conservation of migratory bird populations under global change, how-

ever, will require both robust assessments of species’ vulnerability as well as spe-

cies’ adaptive potential within a mechanistic framework. For that, it is necessary 

to better understand the evolution of life-history strategies and the selection pres-

sures and constraints mediating individual behaviour. Visser et al. (2008) suggest 

that annual routine models (McNamara and Houston 2008) could be used to com-

pute optimal reaction norms, which relate a range of environments to a spectrum 

of phenotypes for a particular genotype. This would help to assess the behavioural 

plasticity of migratory birds and whether observed behavioural changes are actu-

ally adaptive. The optimal annual routine (OAR) framework introduced by Houston 

and McNamara (1999) employs mathematical optimization techniques for compu-

ting the optimal life-history strategy and resulting population dynamics based on 
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various biological parameters and ecological constraints within a given environ-

ment. It is grounded in state-dependent life-history theory and works with sto-

chastic dynamic programming as dynamic optimisation technique. An important 

characteristic of it is that it considers animal behaviour and associated trade-offs 

over the full annual cycle (FAC). 

Here, using an existing annual routine model (Schaefer et al. 2018), we aim to ad-

vance the exploration of phenological shifts in migratory birds and shed light on 

the behavioural strategies of animals as well as their plasticity in changing envi-

ronments. According to state-dependent life-history (McNamara and Houston, 

1996), individuals differ in their state and available behavioural options at a par-

ticular time. As a result, individuals also differ in performed behaviour and individ-

ual life histories with direct consequences for reproductive success and survival. 

For example, it was shown that migratory birds arriving at an optimal timing to the 

breeding grounds can have more offspring (Kokko, 1999; Tryjanowski et al., 2004).  

Since behaviour has an inheritable genetic component, the underlying behavioural 

strategy will be subject to evolution by natural selection and should be optimized 

to increase long-term reproductive success in the population under the given con-

straints and trade-offs. Accordingly, Houston and McNamara (1999) define the op-

timal behavioural strategy to maximize fitness in the population and assume that 

the strategy’s fitness indicates the fitness of the genotype that codes for the strat-

egy. The behavioural strategy hereby is a rule, which specifies the action to take 

by an organism at a certain time depending on the state of its environment and its 

own internal state. When the actions are performed, they constitute the observa-

ble behavioural phenotype.  

The optimal behavioural strategy is dependent on the given environment and rep-

resents a quasi-equilibrium situation. Changes in the environment may cause de-

viations from this quasi-equilibrium. These might result in short-term population 

growth if the behavioural strategy proves (still) beneficial or might lead to popula-

tion declines if the behavioural strategy proves suboptimal. Eventually, the indi-

viduals will adapt a new optimal behavioural strategy for the altered environment 

or go extinct. A crucial question is thus whether and how fast individuals can adapt 

a new optimal behavioural strategy given inherent biological constraints and en-

vironmental predictability. For vertebrates, the rate of microevolution has been 

estimated to be quite low (Gienapp et al., 2008). Phenotypic plasticity on the other 

hand, which is incorporated in the OAR framework, might also allow migratory 
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birds to respond to altered environmental conditions (Gibbin et al., 2017; Visser, 

2008). However, plastic behavioural changes can only be beneficial in the short-

term, helping to buffer the population from negative effects, and might even ham-

per adaptive evolution (Visser 2008). This is because the old reaction norm of a 

genotype will not be suited for the altered environment anymore (Visser, 2008). 

Thus, the short-term as well as the long-term perspective are relevant for identi-

fying populations at risk and for designing appropriate conservation measures. 

In the present study, we employ an existing optimal annual routine model 

(Schaefer et al. 2018, Houston and McNamara 1999), to investigate the population 

dynamics and the phenology of two distinct migratory bird populations under en-

vironmental change when assuming sub-optimal behaviour (following the histori-

cally shaped life-history strategies) and when assuming adaptation to the new 

equilibrium situation. The modelled migratory bird types represent two typical 

long-distance migrants, for which comparatively comprehensive data are available 

to parametrize the model: white storks and small falcons like Eurasian hobby. The 

theoretical approach allows for a deeper understanding of how species-specific 

optimal reaction norms, the phenotypic plasticity, and behavioural adaptation 

may determine population response to global change. Such an understanding will 

be crucial for interpreting observed changes and for identifying and anticipating 

potential human-wildlife conflicts caused by global change. It includes assessing 

whether observed behavioural changes are plastic or adaptive and how much ad-

aptation of behavioural strategies would be necessary for migratory bird popula-

tions to persist in the future.  

3.3 Material and Methods 

3.3.1 Bird types 

We study two migratory bird types of Central Europe, which employ distinct flight 

modes during migration and can be expected to differ in their behavioural strategy 

and behavioural plasticity due to differences in temporal and energetic constraints 

throughout the year. The first bird functional type (T1) is oriented at the white 

stork. This large and long-lived species has long breeding periods and is thus 

strongly constrained by time and additionally by the availability of thermal up-

drafts that are required for its energetically efficient soaring-gliding flight mode 

during migration. The second bird type (T2) is taken from Schaefer et al. (2018) 

and a composite of several small falcon species like the Eurasian kestrel, Eurasian 

hobby or European red-footed falcon. Functionally it represents a smaller, shorter-
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lived species with shorter breeding periods and an active flight mode during mi-

gration, leading to comparably lower time- and wind-constraints but larger ener-

getic costs during migration. Both bird functional types are described by various 

state variables, parameters and functions capturing their biology in the model (Ta-

ble 3.1). A detailed justification of selected parameter values including references 

can be found in Appendix Section 6.2.1. 

Table 3.1: Model parameters and formulas including their baseline values for the stork (T1) and 
falcon (T2) functional type, whereby when only one value/formula is given, it holds for both func-
tional types (a detailed justification of selected parameter values including references can be found 
in Appendix Section 6.2.1). 

Parameter Symbol Value / Formula 

T1 (white stork) 

Value / Formula  

T2 (small falcon) 

State and stage variables: 

Range of energy reserves 𝑥 ∈ [0,10], ∈ ℕ 

Range of health condition 𝑦 ∈ [0,10], ∈ ℕ 

Range of experience 𝑒 ∈ [0,2], ∈ ℕ 

Age of any offspring 𝑎 ∈ [−1, 𝑎𝑖𝑛𝑐𝑢𝑏 + 𝑎𝑖𝑛𝑑𝑒𝑝], ∈ ℤ 

Location 𝑜 ∈ [1, 𝑛𝑙𝑜𝑐], ∈ ℕ 

State of migration 𝑠 ∈ [−1, 𝑠𝑚𝑖𝑔𝑟 − 1], ∈ ℤ 

Week of year 𝑡 ∈ [0,51], ∈ ℕ 

General biology: 

Background mortality by disease 𝑀𝑏𝑔 0.00055 0.0016 

Basic metabolic cost 𝑐𝑏 1.7 2.0 

Foraging intensity 𝑢 ∈ [0,1] 

Energetic cost of subsistence  𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡  𝑐𝑏(1 + 0.01(𝑥 10⁄ 2
) + 6𝑢2(1

+ 0.01(𝑥 10⁄ )2) 

Health cost of subsistence ℎ𝑠𝑢𝑏𝑠𝑖𝑠𝑡  1 −  0.2𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡  −  0.01𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡² 

Environment: 

Number of locations 𝑛𝑙𝑜𝑐  2 

Average food availability at overwintering 
and breeding location (F1-base) 

𝐴𝑓𝑜𝑜𝑑  [1.0, 1.0] 

Degree of seasonality of food at overwin-
tering and breeding location (F1-base) 

𝜀 [0.3, 0.7] 

Background predation for both locations 𝑀𝑏𝑔𝑝𝑟𝑒𝑑 [0.004, 0.002] [0.01, 0.01] 

Predation risk 𝑀𝑝𝑟𝑒𝑑  𝑀𝑏𝑔𝑝𝑟𝑒𝑑  (𝑜)𝑢2(1 + 0.01(𝑥/10 )2) 

Probability of active flight 𝑝𝑎𝑐𝑡  𝑝𝑎𝑐𝑡(𝑜, 𝑡) 1.0 

Reproduction: 

Duration of incubation in weeks 𝑎𝑖𝑛𝑐𝑢𝑏  4 4 
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Age of independence in weeks 𝑎𝑖𝑛𝑑𝑒𝑝   9 6 

Energetic cost of starting a brood 𝑐𝑠𝑡𝑎𝑟𝑡  1.53 0.5 

Energetic cost of incubation 𝑐𝑖𝑛𝑐𝑢𝑏  0.63 1.5 

Energetic cost of brood care 𝑐𝑐𝑎𝑟𝑒  6.0 7.0 

Health cost of starting a brood ℎ𝑠𝑡𝑎𝑟𝑡  1.0 1.0 

Number of offspring 𝑛𝑏𝑟𝑜𝑜𝑑  2 2 

Fitness of offspring at independence 𝑓𝑖𝑛𝑑𝑒𝑝  0.5 0.5 

Computed equilibrium value for foraging 
efficiency of inexperienced young 

𝜃 0.7381 0.8123 

Probability of experience growth 𝑝𝑒𝑥𝑝  0.01 0.02 

Migration: 

Duration of migration in weeks 𝑠𝑚𝑖𝑔𝑟   3 3 

Energetic cost of active flight 𝑐𝑎𝑐𝑡  4.0 2.0 

Energetic cost of passive flight 𝑐𝑝𝑎𝑠 0.8 𝑛. 𝑎. 

Reserves change during migration 𝐷𝑥𝑚𝑖𝑔𝑟  (𝑝𝑎𝑐𝑡𝑐𝑎𝑐𝑡 + (1 − 𝑝𝑎𝑐𝑡)𝑐𝑝𝑎𝑠)(1

+ 0.001𝑥²) 

Health cost of active flight ℎ𝑎𝑐𝑡  2.0 1.0 

Health cost of passive flight ℎ𝑝𝑎𝑠 0.4 𝑛. 𝑎. 

Health change during migration 𝐷𝑦𝑚𝑖𝑔𝑟  𝑝𝑎𝑐𝑡ℎ𝑎𝑐𝑡 + (1 − 𝑝𝑎𝑐𝑡)ℎ𝑝𝑎𝑠  

Background predation during migration 𝑀𝑏𝑔𝑚𝑖𝑔𝑟  0.004 0.01 

Predation risk during migration 𝑀𝑚𝑖𝑔𝑟  𝑀𝑏𝑔𝑚𝑖𝑔𝑟(1 + 0.01𝑥/10 )2 

 

3.3.2 The model 

We use the OAR model implemented by Schaefer et al. (2018) to compute the 

optimal behavioural strategy for a population of migratory birds in a given envi-

ronment using stochastic dynamic programming. Then, the population dynamics 

and emergent distribution of states and behaviour within a population can be sim-

ulated by following a cohort of individuals employing this optimal strategy forward 

in time, either under equilibrium or non-equilibrium environmental conditions. 

For simplicity, we only consider female birds and their long-term number of de-

scendants. They are characterized by the following state variables: energy re-

serves 𝑥, health condition 𝑦, experience 𝑒, breeding status 𝑎, location 𝑜 and mi-

gratory state 𝑠. The strategy is computed for an annual cycle that is divided into 

𝑇 = 52 weeks. At the beginning of each week, birds take a decision regarding their 

foraging intensity and potential migratory or reproductive activities. Migration can 

occur between two locations. The optimal decision depends on the birds’ internal 

state (in terms of energy, health and dependent offspring) and week 𝑡 of the year. 
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In the following, we describe the specific model components. Further mathemat-

ical and computational details can be found in Appendix Section 6.2.2 and 

Schaefer et al. (2018).  

3.3.2.1 ENVIRONMENT 

We use two environmental variables to constrain bird behaviour, namely food 

availability and wind conditions during migration.  

Birds can migrate between two locations representing the Northern breeding and 

the African overwintering habitat, which differ in resource availability. Environ-

mental food supply 𝑔(𝑜, 𝑡) varies sinusoidal over the year with the same yearly 

average in both locations but higher seasonality in the breeding location (Figure 

3-1 a). Consequently, the Northern breeding grounds show a distinct resource 

peak during summer but low resource availability during winter. The Southern 

overwintering grounds are also assumed to be north of the equator with a small 

resource peak during summer. 

The wind conditions are important for the stork (T1) functional type because it 

employs passive flight and depends on the availability of thermals for its migration. 

Accordingly, we defined a time- and location-dependent probability of active flight 

affecting migratory costs for the T1 type. Since the formation of strong enough 

thermals requires warm temperatures, the probability of active flight in the breed-

ing location is set equal to one during winter and equal to zero during summer 

with a linear increase over one month in spring and a corresponding linear de-

crease in late summer (Figure 3-1 a; details in Appendix Section 6.2.2). In the Afri-

can overwintering location, the probability of active flight is set zero throughout 

the year. 

Bird type T2 is assumed to employ only active flight such that the probability of 

active flight is always equal to one. 
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Figure 3-1: Temporal distribution of food in the African overwintering and the European breeding 
habitat for each of the four studied scenarios F1-F4. For scenario F2-F4, two different sub scenarios 
were run, in which the onset of spring and autumn was shifted by either two or four weeks. pAct 
represents the probability of active flight for the stork (T1) functional type, which is location- and 
time-dependent and here depicted for the breeding habitat. 
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3.3.2.2 DYNAMICS OF ENERGY RESERVES 

Energetic intake 

Environmental food supply 𝑔(𝑜, 𝑡), a bird’s experience 𝑒 and its selected foraging 

intensity 𝑢 determine the bird’s energetic intake 𝛾(𝑒, 𝑜, 𝑢, 𝑡) in a given location 𝑜 

at a particular week 𝑡. The foraging intensity 𝑢 can range from not feeding at all to 

feeding with full intensity, i.e. 𝑢 ∈ [0,1], and linearly scales with gross energy in-

take. Experience 𝑒 increases with age from no experience (𝑒 = 0) of newly fledged 

young to full experience (𝑒 = 𝑒𝑚𝑎𝑥) of fully matured adults. Higher levels of expe-

rience are associated with higher energetic gains from foraging, assuming that 

newly fledged young forage less efficiently than adults. Hereby, gross energetic 

intake and experience are coupled via a parameter 𝜃 with 0 < 𝜃 < 1 that implic-

itly quantifies the effect of density dependence acting on the foraging success of 

juveniles (see Houston and McNamara 1999). In particular, if a fully experienced 

bird gains an energy amount 𝛾 from foraging with intensity 𝑢, a bird with experi-

ence 𝑒 will have the energetic intake 𝜃𝑒𝑚𝑎𝑥−𝑒 𝛾 under the same foraging intensity. 

Then, the gross energetic intake is: 

𝛾(𝑒, 𝑜, 𝑢, 𝑡) = 𝜃𝑒𝑚𝑎𝑥−𝑒 ∗ 𝑔(𝑜, 𝑡) ∗ 𝑢. 

The value of the parameter 𝜃 is calibrated during computations such that the pop-

ulation following the computed optimal behavioural strategy will be of stable size 

(see Houston and McNamara 1999).  

Energetic expenditure 

The energetic expenditure 𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥) of a subsisting bird is a function of its for-

aging intensity 𝑢, body reserves 𝑥 and basal metabolism 𝑐𝑏:  

𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥) = (𝑐𝑏 + 6𝑢2) ∗ (1 + (0.01
𝑥

𝑥𝑚𝑎𝑥
)

2

) 

Additional energetic costs (𝑐𝑎𝑐𝑡𝑖𝑜𝑛) arise from demanding behavioural activities, 

namely from initiating breeding (𝑐𝑠𝑡𝑎𝑟𝑡), incubation (𝑐𝑖𝑛𝑐𝑢𝑏), brood care (𝑐𝑐𝑎𝑟𝑒) 

and migration (𝑐𝑚𝑖𝑔𝑟). The average level of energy reserves at the beginning of 

next week 𝑡 + 1 is 

𝑥𝑡+1 = 𝑥𝑡 + 𝛾(𝑒, 𝑜, 𝑢, 𝑡) − 𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥) − 𝑐𝑎𝑐𝑡𝑖𝑜𝑛, 
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where 𝑐𝑎𝑐𝑡𝑖𝑜𝑛 is either any of the extra demanding activities or zero when the bird 

chooses to subsist only. A bird that has dependent young must forage with suffi-

cient intensity 𝑢𝑐𝑟𝑖𝑡(𝑡) ≤ 𝑢 ≤ 1 to ensure their survival. Otherwise, the brood is 

abandoned and dies. 

3.3.2.3 DYNAMICS OF HEALTH CONDITION 

Reproduction and migration activities also impose fixed health costs on a bird. 

However, its health condition can improve when activity and thus metabolic ex-

penditure is low. Here, the average health condition of a non-migrating bird at 

week 𝑡 + 1 is 

𝑦𝑡+1 = 𝑦𝑡 − ℎ𝑎𝑐𝑡𝑖𝑜𝑛 + (1 − 0.2𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥) − 0.01(𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥))2, 

where 𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥) is the metabolic expenditure of subsistence and ℎ𝑎𝑐𝑡𝑖𝑜𝑛 rep-

resents potential extra health costs (ℎ𝑠𝑡𝑎𝑟𝑡 , ℎ𝑚𝑖𝑔𝑟𝑎𝑡𝑒) for initiating breeding or mi-

grating during time 𝑡 to 𝑡 + 1.  

3.3.2.4 REPRODUCTION 

The breeding status of a bird is denoted by the state variable 𝑎 ∈ [−1, 𝑎𝑚𝑎𝑥], 

where 𝑎𝑚𝑎𝑥 is the age at which the brood becomes independent. Birds that have 

no brood (𝑎 = −1) and are not migrating (𝑠 = −1) may start a brood any time of 

the year. Initiating a brood is associated with above-mentioned costs and will 

change the breeding status to 𝑎 = 0 at the next time step 𝑡 + 1. The action is fol-

lowed by a subsequent voluntary period of incubation and brood care, which both 

decrease the parent bird’s reserves. To prevent starvation of its brood, the parent 

bird must provide it with sufficient food 𝛾(𝑒, 𝑜, 𝑢𝑐𝑟𝑖𝑡, 𝑡). Otherwise, the brood dies 

while the parent bird’s breeding status is reset to 𝑎 = −1. If the parent bird con-

tinues brood care, its breeding status is incremented by one (𝑎𝑡+1 = 𝑎𝑡 + 1). If 

the parent bird dies, any dependent brood dies, too. When the brood reaches the 

maximum age 𝑎 = 𝑎𝑚𝑎𝑥 the brood becomes independent. Newly independent 

young are assumed to have no experience (e = 0) and mean levels of reserves and 

health (𝑓𝑖𝑛𝑑𝑒𝑝 = 0.5).  

3.3.2.5 MIGRATION 

Migration may occur between two locations, differing in temporal food supply, 

and takes three weeks for both bird types. Once migration is started, it must be 

completed until the other location is reached. However, it may occur at any time 

of the year. The dynamics of reserves during migration are described by 

𝑥𝑡+1 = 𝑥𝑡 − (𝑝𝑎𝑐𝑡𝑐𝑎𝑐𝑡 + (1 − 𝑝𝑎𝑐𝑡)𝑐𝑝𝑎𝑠)(1 + 0.001𝑥2), 
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where 𝑝𝑎𝑐𝑡 is the probability of active flight, 𝑐𝑎𝑐𝑡 is the energetic cost of active and 

𝑐𝑝𝑎𝑠 of passive flight. The term 0.001𝑥2 causes flight costs to increase with body 

reserves (Alerstam, 1991). The average health condition 𝑦𝑡+1 of a bird after having 

migrated for one week is: 

𝑦𝑡+1 = 𝑦𝑡 − (𝑝𝑎𝑐𝑡ℎ𝑎𝑐𝑡 + (1 − 𝑝𝑎𝑐𝑡)ℎ𝑝𝑎𝑠), 

where 𝑦𝑡 represents the state of health in the previous week and ℎ𝑎𝑐𝑡  and ℎ𝑝𝑎𝑠 

are the health costs of active and passive flight. 

Mortality 𝑀𝑚𝑖𝑔𝑟(𝑥) during migration is assumed to be an accelerating function of 

body reserves, incorporating a behaviour-independent background mortality 

𝑀𝑏𝑔𝑚𝑖𝑔𝑟 : 

𝑀𝑚𝑖𝑔𝑟(𝑥) = 𝑀𝑏𝑔𝑚𝑖𝑔𝑟(1 + 0.01
𝑥

𝑥𝑚𝑎𝑥
). 

3.3.2.6 SOURCES OF MORTALITY 

There are three sources of mortality: starvation, disease and predation. Starvation 

occurs when reserve levels fall to zero. Disease risk increases with decreasing 

health condition. It includes a constant weekly disease risk 𝑀𝑏𝑔𝑑𝑖𝑠 associated to 

the maximum life expectancy of the modelled bird type, such that a bird in top 

condition throughout its life will live for 1/(𝑀𝑏𝑔𝑑𝑖𝑠 ∗ 52) years, on average. The 

weekly probability of death due to disease 𝐷(𝑦) is given by: 

𝐷(𝑦) = 𝑀𝑏𝑔𝑑𝑖𝑠 + (1 − 𝑀𝑏𝑔𝑑𝑖𝑠) ∗ (1 −
𝑦

𝑦𝑚𝑎𝑥
)8. 

Predation risk 𝑀𝑝𝑟𝑒𝑑(𝑥, 𝑜, 𝑢) for a non-migrating bird depends on its location, for-

aging activity and body reserves. It increases with activity and reserve levels and 

comprises a location-specific background predation 𝑀𝑏𝑔𝑝𝑟𝑒𝑑(𝑜) which is inde-

pendent of behaviour: 

𝑀𝑝𝑟𝑒𝑑(𝑥, 𝑜, 𝑢) = 𝑀𝑏𝑔𝑝𝑟𝑒𝑑(𝑜) ∗ 𝑢2 ∗ (1 + 0.01 ∗ (
𝑥

𝑥𝑚𝑎𝑥
)2). 

3.3.2.7 COMPUTING THE OPTIMAL STRATEGY AND EXPECTED BEHAVIOUR 

The optimal behavioural strategy defines the probability of a bird to perform a 

specific action (start breeding, incubate, care for brood, migrate), depending on 

its state and week of the year. The optimal strategy maximizes fitness in terms of 

long-term reproduction success and is computed by stochastic dynamic program-

ming, iterating backwards from a future target year until convergence (mathemat-

ical details in Appendix Section 6.2.2; Schaefer et al. 2018).  
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Subsequently, the realized behaviour within a large population adopting the opti-

mal strategy in a given environment is determined by following it forward in time. 

Hereby, for each week 𝑡, the new distribution of states at week 𝑡 + 1 is computed 

based on the old distribution of states at week 𝑡 and the associated behavioural 

action as given by the optimal strategy. The iteration is started with a large cohort 

of newly independent young and stopped when the distribution of expected states 

and behaviour settles down at an equilibrium pattern, which only depends on 

state and time of the year but not the year itself (Houston and McNamara, 1999). 

3.3.3 Indicator of plasticity 

For each weak of year t, we aimed to assess the behavioural plasticity provided by 

the optimal strategy. To this end, we developed a simple indicator that measures 

the variation of potential behaviours that could be exhibited (are optimal) in week 

t when considering all possible states of the individuals. Specifically, the indicator 

quantifies the deviation of the optimal behavioural strategy from a strategy in 

which optimal behavioural activities are evenly distributed among states. In par-

ticular, for each week: 

𝐼𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦,𝑡 =
| (∑ |

𝑁𝑎𝑐𝑡𝑖𝑜𝑛

𝑁𝑡𝑜𝑡𝑎𝑙
−

1
4|𝑎𝑐𝑡𝑖𝑜𝑛 ) − 1.5|

1.5
 

where 𝑁𝑎𝑐𝑡𝑖𝑜𝑛 is the number of states for which a certain behavioural action from 

the set of actions {𝑠𝑢𝑏𝑠𝑖𝑠𝑡, 𝑠𝑡𝑎𝑟𝑡, 𝑐𝑎𝑟𝑒, 𝑚𝑖𝑔𝑟𝑎𝑡𝑒} is optimal and 𝑁𝑡𝑜𝑡𝑎𝑙  is the total 

number of around 2 million state combinations. The summation runs over all four 

potential actions. The value of 1.5 represents the summed deviation from a uni-

form distribution of actions among state combinations when only one behavioural 

option is optimal for all states. The indicator of the strategy’s mean plasticity for 

the complete year then is 

𝐼𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦,𝑦 = mean
𝑡

(𝐼𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦,𝑡). 

Consequently, smaller indicator values represent lower plasticity in behaviour 

than higher values. A uniform distribution of actions among state combinations 

throughout the year will result in an indicator value of 1, while a value of 0 arises 

when always the same single behavioural action is optimal.  

3.3.4 Global change scenarios 

We explore population response and population phenology for six environmental 

change scenarios and two behavioural scenarios. 
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3.3.4.1 ENVIRONMENTAL SCENARIOS 

For each bird type, we consider four food scenarios (Figure 3-1, Appendix Section 

6.2.2) inspired by current assessments and predictions of global change in Europe 

and Africa (IPCC, 2013): 

F1. Baseline. Environmental food supply varies sinusoidal over the year with the 

same yearly average in both locations but higher seasonality in the breeding 

location (Figure 3-1 a). 

F2. Shorter winter associated with improved winter food availability in the breed-

ing habitat. This scenario represents milder and shorter winters due to climate 

change and intensified winter agriculture, likely increasing availability and ac-

cessibility of food resources in the Northern location (Figure 3-1 b). 

F3. Shorter winter with improved food supply but also a lower summer food peak 

in the breeding habitat. This scenario is based on the assumption that North-

ern summer become hotter and drier with an increasing number of droughts 

that can be expected to decrease food supply (Figure 3-1 c). 

F4. Maximum change: F3 + lower overall food supply in the overwintering habitat. 

Predictions of hotter, drier climate with severe droughts also exist for the Af-

rican overwintering habitat where, additionally, natural land is converted and 

degraded (Jayne et al., 2014). Thus, yearly food supply is assumed to decrease. 

Additionally, the magnitude of F2-F4 is varied by setting the onset of spring and 

autumn in the breeding grounds (scenario F2-F4) to two and four weeks. 

3.3.4.2 BEHAVIOURAL SCENARIOS 

We test global change effects for two distinct behavioural scenarios: B1) The pop-

ulation is evolutionary adapted to historic environmental conditions and contin-

ues following the once optimal life-history strategy that has become outdated 

with environmental change. This scenario corresponds to the short-term behav-

ioural response. B2) The population has adapted a new optimal life-history strat-

egy in response to a new environmental equilibrium. This scenario corresponds to 

the long-term behavioural response. 

3.4 Results 

Model species migrate to the European breeding grounds in spring, initiate breed-

ing there soon after arrival and start migrating to the African wintering grounds 

from late summer to mid-autumn. Breeding only occurs in the summer grounds. 
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3.4.1 Suboptimal behaviour in a new environment 

3.4.1.1 POPULATION AND STATE DYNAMICS  

Under the old optimal behavioural strategy (B1), higher winter food availability in 

the breeding grounds (F2) leads to a slight population increase in both model spe-

cies if the resource peak in summer remains constant (Table 3.2). By contrast, if 

the peak food supply during the breeding period is decreasing (F3-F4), the popu-

lations decline. This decline is stronger when overall food supply in the wintering 

grounds decreases (F4). Hereby, even a small reduction of food supply by 5 % in 

the overwintering location has major impacts on population trends (Table 3.2), 

resulting in population declines of up to 23 % in the model (e.g. T1-B1-F4). 

For both functional bird types, mean reserves and health condition increase when 

food supply solely changes in the breeding habitat (F2-F3, Table 3.3). However, in 

the F3 scenario, this is accompanied by strong population declines, so that the 

remaining population will have a higher mean state than prior to environmental 

change. The increase in health condition is larger for the stork functional type than 

for the falcon type (T1: 4-7 %, T2: 1-2 %). Again, deteriorating food conditions in 

the overwintering habitat (F4) have severe effects, reducing the population’s 

mean energy reserves and, for the stork type (T1), also health condition.  

3.4.1.2 TIMING OF BEHAVIOUR  

The modelled stork (T1) population following the baseline strategy (F1) is strongly 

time-constrained and fixed in its behaviour (Figure 3-2 B1a-b, Table 3.2). Sole 

changes of food availability in the breeding habitat (F2, F3) do not result in notable 

shifts in their timing of spring migration or breeding. Food scenario F4 leads to a 

mean delay of spring arrival by three days and of autumn departure by one to two 

days. 

Table 3.2: Development of population size and the timing of migration for both studied bird types 
when they follow the old optimal behavioural strategy under the given scenarios of food availability 
F1-F4 (B1) or when they follow the new optimal behavioural strategy (B2), whereby the food sce-
narios are (F1) the old baseline scenario, (F2) a shorter and better winter in the breeding grounds, 
(F3) additionally a worse summer in the breeding grounds, (F4) an additionally overall lower food 
availability in the wintering grounds, and whereby the strength of change is 5 % in the wintering 
grounds and 10 % in the breeding grounds with the onset of spring being two (four) weeks earlier 
than in the baseline model. Blue cells mark a positive change, red a negative and grey no change. 
Differing trends between sub-scenarios are in yellow. 

Bird 
type 

Assu-
med 

strategy 

 

Food 
scena-

rio 

Change in 
population 

size over 
years, % 

Change in mean timing of mi-
gration, days 

Change in 
mean start 

of breeding, 
days 

Spring arrival Autumn de-
parture 
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Stork 

(T1) 

Baseline F1 0.0 Week 13 Week 32 Week 13 

Old stra-
tegy 

(B1) 

F2 +0.5 (+0.9) 0.0 (0.0) -0.1 (-0.3) 0.0 (0.0) 

F3 -5.5 (-2.7) 0.0 (0.0) +0.9 (+0.7) 0.0 (0.0) 

F4 -22.5 (-16.8) +2.7 (+2.7) +1.5 (+1.3) +2.6 (+2.6) 

New 
strategy 

(B2) 

F2 0.0 (0.0) -9.3 (-10.8) -1.5 (-0.3) -8.7 (-11.1) 

F3 0.0 (0.0) -6.9 (-10.9) -1.0 (-0.5) -6.4 (-11.2) 

F4 0.0 (0.0) -4.3 (-8.1) -6.5 (-7.7) -4.2 (-8.3) 

Falcon 

(T2) 

Baseline F1 0.0 Week 13 Week 32 Week 15 

Old stra-
tegy 

(B1) 

F2 +1.3 (+2.0) -0.3 (-0.4) -2.6 (-4.5) -0.7 (-1.3) 

F3 -11.4 (-0.5) 0.0 (-0.3) +0.9 (-1.5) -0.6 (-1.2) 

F4 -24.6 (-20.5) +17.6 (+17.3) +8.2 (+5.9) +8.4 (+8.0) 

New 
strategy 

(B2) 

F2 0.0 (0.0) -9.8 (-18.9) +1.5 (+43.3) -6.6 (-1.0) 

F3 0.0 (0.0) -9.6 (-19.7)  +0.2 (+31.9) -5.0 (-2.9) 

F4 0.0 (0.0) +4.2 (-2.7) -2.6 (-0.6) +2.2 (-2.8) 

 

The falcon (T2) type advances spring arrival and breeding activities by less than a 

day, on average, when food availability is altered in the breeding habitat only (Fig-

ure 3-2 B1c-d, Table 3.2). Autumn migration is slightly advanced under the sce-

nario of overall higher food availability in the breeding habitat (F2), whereby lower 

summer food peaks (F3) lead to mixed results. A notable delay of migration and 

breeding activities is predicted for scenario F4 (Figure 3-2 B1c-d), when food avail-

ability in the overwintering habitat decreases. Hereby, spring arrival is delayed 

more than breeding activities with 18 versus 8 days, respectively, such that the 

time interval between both activities decreases (Table 3.2). 

Generally, the modelled falcon population shows higher variation in the timing of 

migration and breeding under equilibrium environment (baseline) and under the 

different food scenarios (Figure 3-2).  

Table 3.3: Development of mean energy reserves and health condition for both studied bird types 
when they follow the old optimal behavioural strategy under the given scenarios of food availability 
F1-F4 (B1) or when they follow the new optimal behavioural strategy (B2), whereby the food sce-
narios are (F1) the old baseline scenario, (F2) a shorter and better winter in the breeding grounds, 
(F3) additionally a worse summer in the breeding grounds, (F4) an additionally overall lower food 
availability in the wintering grounds, and whereby the strength of change is 5 % in the wintering 
grounds and 10 % in the breeding grounds with the onset of spring being two (four) weeks earlier 
than in the baseline model. Blue cells mark a positive change, red a negative and grey no change. 
Differing trends between sub-scenarios are in yellow. 

Assumed 
strategy 

Food 
scenario 

Change in population’s an-
nual mean reserves, % 

Change in population’s an-
nual mean health, % 
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Type Stork 
(T1) 

Type Falcon 
(T2) 

Type Stork 
(T1) 

Type Falcon 
(T2) 

Baseline F1 6.3 Ures 6.4 Ures 8.9 Uhealth 7.8 Uhealth 

Old stra-
tegy 

(P1) 

F2 +3.2 (+6.0) +3.2 (+5.9) +0.5 (+0.8) +1.5 (+2.4) 

F3 +2.3 (+5.0) +1.6 (+4.3) +4.2 (+7.0) +1.2 (+2.2) 

F4 -3.5 (-0.6) -3.3 (-1.1) -0.4 (-0.1) +0.2 (+1.1) 

New stra-
tegy 

(P2) 

F2 +1.1 (+3.4) +1.0 (+1.5) -0.5 (+0.6) +1.0 (+0.7) 

F3 +2.4 (+4.2) +1.1 (+1.4) -0.9 (-0.2) +0.5 (+0.6) 

F4 +2.4 (+4.3) -0.1 (+0.7) -1.2 (-0.9) -1.0 (+0.1) 

 

3.4.2 Developing a new strategy for the altered environment 

3.4.2.1 POPULATION AND STATE DYNAMICS  

Any population following its new optimal strategy for a particular altered environ-

ment will have a stable size by default. For white storks, the new environments 

lead to higher mean levels of energy reserves compared to the baseline environ-

ment, while mean health condition is marginally reduced by approx. 1 % (Table 

3.2). The new mean levels of energy reserves and health condition within the fal-

con population lie slightly above the baseline values (F1) for food scenarios F2 and 

F3. For simultaneous changes of food supply in the overwintering grounds, the 

results are ambiguous and depend on the particular assumptions for the breeding 

grounds.  

3.4.2.2 TIMING OF BEHAVIOUR 

The white stork population advances both migration and breeding (Figure 3-2, 

Table 3.2). On average, individuals arrive in the breeding grounds and start breed-

ing 6 – 11 days earlier. Autumn migration is only advanced by one day, when 

southern food availability does not decrease (F2-F3). By contrast, if the wintering 

grounds show overall lower food resources (F4), the advance in spring arrival is 

less pronounced while advance in autumn migration is more pronounced. Leaving 

their breeding location earlier in autumn allows more time for building up reserves 

and health condition in the overwintering location without compromising arrival 

time in the breeding location. 

Advanced spring arrival and initiation of breeding under the new strategy is also 

observed for the falcon type when food availability only changes in the breeding 

habitat (Table 3.2, F2-F3). By contrast, autumn departure is delayed in these sce-

narios. If food availability decreases in the overwintering habitat (F4), the potential 
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time shifts of migration are less clear and inconsistent between different magni-

tudes of spring advance and autumn delay. For example, the falcon spring migra-

tion is delayed when spring is advanced by two weeks in the breeding habitat but 

migration is advanced by three days when spring is advanced by four weeks. The 

scale of spring and autumn onset (2 vs. 4 weeks) strongly affects the strength of 

reaction in food scenarios F2 and F3, prolonging the birds’ period of residence in 

the breeding habitat for over a month when the onset is 4 weeks. In food scenario 

F4, autumn migration is consistently shifted by one to three days earlier.  

3.4.2.3 BEHAVIOURAL PLASTICITY UNDER THE OPTIMAL STRATEGY  

The indicator of plasticity is consistently higher for the optimal behavioural strat-

egy of the falcon functional type (T2) compared to the stork type (T1). For T1, in-

dicator values range from 0.17 to 0.18, while for T2 they range from 0.20 to 0.21 

in food environments F1-F4. 

To identify major determinants of reduced plasticity in white storks, we ran a sen-

sitivity analysis by systematically exchanging stork parameters (T1) by falcon pa-

rameters (T2) and re-computing the optimal behavioural strategy and its plasticity 

index for these new parameters sets. Age of independence proved to be the most  
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Figure 3-2: Timing of behaviour using the old optimal behavioural strategy in the new environment 
(B1a-d) and using the new optimal behavioural strategy in the new environment (B2a-d). Shown is 
the proportion of a population of the stork (a-b) and falcon (c-d) functional types migrating (a, c) 
and initiating breeding activities (b, d) at each week of the yearly cycle for four different food sce-
narios F1-F4 under the old optimal behavioural strategy. Food scenarios are (F1) baseline scenario, 
(F2) a shorter and better winter in the breeding grounds, (F3) additionally a worse summer in the 
breeding grounds, and (F4) an additionally overall lower food availability in the wintering grounds. 
The strength of change is 5 % in the wintering grounds and 10 % in the breeding grounds with the 
onset of spring being two weeks earlier than in the baseline model. The timing of behaviour changes 
notably only under scenario F4 of maximum change. 

sensitive parameter, changing plasticity by over 20 % and highlighting time con-

straints in the schedule of the stork (T2) type and their influence on the strategy’s 
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plasticity. The effect of the other parameters was 3 % for altered basal metabo-

lism, predation risk and migration costs, 5 % for altered lifespan and 7 % for al-

tered brood care costs. Patterns were largely robust against different wind condi-

tions. Longer availability of thermals for bird functional type T1, and thus a lower 

probability of active flight, did not change the overall migration and breeding pat-

tern though the optimal timing of migration is slightly shifted (Appendix Section 

6.2.3, Figure S 6.2-1). 

3.5 Discussion 

Here, we use theoretical models to study the effect of behavioural plasticity and 

adaptation in the phenological and population response of migratory birds to 

global environmental changes. In particular, we employed an optimal annual rou-

tine model (Schaefer et al. 2018) to explore the relationship between expected 

anthropogenic changes in food supply and the behavioural strategy and popula-

tion dynamics of two long-distance migratory bird types that typically breed in 

Central Europe. Better understanding the role and mechanisms of behavioural 

plasticity in migratory birds to environmental change is vital for assessing the vul-

nerability of various migratory bird populations. Since migratory birds further 

serve as mobile linkers between ecosystems, changes in their large-scale move-

ment patterns can have cascading effects onto local biodiversity (Jeltsch et al., 

2013) and should be anticipated for biodiversity conservation.  

A key finding of our research was that stable populations of the analysed bird func-

tional types show an advanced spring migration and breeding phenology for nearly 

all analysed scenarios of altered food supply under global change (Figure 3-2 B2). 

This is in line with widely reported recent advances of spring migration and breed-

ing in many migratory bird populations (Knudsen et al., 2011; Rubolini et al., 2007). 

Further, our scenarios of suboptimal behaviour under global change indicate that 

phenotypic plasticity alone cannot explain the observed advance of spring arrival. 

Our model results thus support the assumption that reported advances in the be-

havioural spring phenology of migratory birds (Lehikoinen et al., 2004; Rubolini et 

al., 2007) are adaptive and reflect the development of a new optimal behavioural 

strategy under changing environmental conditions.  

Overall, the potential of plastic responses to altered food supply (under the subop-

timal behavioural strategy) was comparably low in the model. The stork functional 

type (T1) did not adapt spring migration or breeding phenology at all in food sce-
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narios F2 and F3. Thus, short-term behavioural responses due to behavioural plas-

ticity were insufficient for preventing population declines of these large soaring 

migrants under the chosen environmental scenarios. Generally, plasticity could 

even lead to the opposite phenological response than would be required to keep 

the population size stable. For example, a shorter winter and decreased summer 

resource peaks in the breeding habitat resulted in delayed autumn departure of 

the falcon functional type (T2) under the old strategy (B1), which proved subopti-

mal as indicated by the new strategy (B2). Also additionally deteriorated overwin-

tering food supply shifted behavioural timing under the old behavioural strategy 

(B1) into the opposite direction as would be required for keeping population size 

stable (B2). 

These results concord with recent findings on the well-studied Eastern white stork 

populations (Kaatz 2004, Rotics et al. 2016, Kaatz et al. (eds.) 2017), which seem 

not to advance spring phenology (Gordo et al., 2013) and exhibited only marginal 

population increases between the international census in 2004/2005 and 

2014/2015. These increases are thought to reflect natural fluctuations associated 

to the general overwintering situation in Eastern Africa (Thomsen, 2017). Similarly, 

several falcon populations like red-footed falcon and Eurasian kestrel have been 

declining over recent decades (Burfield, 2008) and Eurasian kestrels delayed au-

tumn passage in the Western Pyrenees (Filippi-Codaccioni et al., 2010), indicating 

limitations in adaptation to novel conditions.  

Still, observed changes in the timing of breeding and migration of birds are gener-

ally interpreted as being mostly plastic (Charmantier and Gienapp, 2014). Western 

white stork populations continue to rise after strong historic declines and arrive 

increasingly earlier at the breeding grounds (Thomsen, 2017). Also, populations of 

Eurasian hobby have been slightly increasing for several decades (Sanderson et al., 

2006) and seem to advance autumn migration (Filippi-Codaccioni et al., 2010). This 

implies two important questions. First, why do some empirical results suggest 

higher behavioural plasticity than our model? Second, is the role of microevolution 

and new behavioural strategies underestimated? 

Regarding the first question, new feeding opportunities on open Iberian landfills 

allow Western white storks to shorten migration and arrive earlier at the breeding 

grounds (Flack et al., 2016; Rotics et al., 2017), a feature not included in our model. 

This does not apply to Eurasian hobbies, though. Interestingly, both modelled bird 

functional types differed in the plasticity of their behavioural strategy, suggesting 



3.5 Discussion 
 

 

56 
 

that a species or even population-specific assessment of vulnerability will be re-

quired for accurate predictions of their fate under global change and migratory 

bird conservation. Nearly all analysed traits of the falcon (T2) functional type en-

hanced plasticity of its behavioural strategy compared to the stork (T1) type. When 

phenotypic plasticity shifts timing of behaviour into the optimal direction as in sce-

nario T2-F3 or potentially in Eurasian hobbies, it may act as buffer against negative 

global change effects (cf. Visser 2008). The major determinant of reduced plastic-

ity in the stork (T1) functional type was the long nestling period. This trait might 

be difficult to modify short-term but might come with other benefits like higher 

offspring survival or advanced learning capabilities, which facilitates social learn-

ing as adaptive mechanism. Also, if the differences between the old behavioural 

strategy (B1) and the required new one (B2) are large, genetic adaptation might 

not act fast enough to prevent extinction. Overall, our study emphasises the need 

for research designed to disentangle the role and value of phenotypic plasticity 

and microevolution in observed behavioural changes. 

Another mechanism that could facilitate the development and spread of a new 

adaptive behavioural strategy might be social learning. This is especially true for 

highly social birds like many falcon species or long-lived birds with high learning 

capabilities like the white stork that also flock together during migration, allowing 

information transfer. Social migratory bird species employing this mechanism 

might be less vulnerable to negative global change effects than species that are 

living more solitary. Indeed, we are still at the beginning of comprehending the 

effects of social learning and social behaviour on migratory bird populations and 

their response to global change (cf. Flack, Nagy, Fiedler, Couzin, & Wikelski, 2018). 

We thus advocate intensified research in this direction and propose to test social-

ity as an additional predictor of vulnerability, e.g. in statistical analyses of behav-

ioural changes and population dynamics of migratory birds with respect to envi-

ronmental change. Further, since adaptive social learning works much faster than 

microevolution, it should be facilitated through a network of sufficiently large and 

undisturbed habitat and stop-over sites promoting positive social interaction be-

tween birds as a conservation strategy.  

Another trait of migratory birds that could improve future predictive frameworks 

might be flight mode, since the stork as soaring bird type experienced lower de-

clines in the same food scenarios than the falcon type as active flier. However, 

though the overall pattern of results did not change under an extended favourable 
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wind period, wind conditions were implemented quite crudely in the model and 

on a theoretical basis so that a further in-depth study is recommended including 

more realistic soaring conditions for the two species throughout the year. For ex-

ample, falcons also use flap-glide mode despite being mainly active fliers (Nir et 

al., 2014). 

Another important finding of our study is the influence of food abundance not only 

during the breeding phase but also in the overwintering location on population 

dynamics and behavioural timing. Higher winter food supply and shorter winters 

in the breeding location (F2) led to short-term population increases in both mod-

elled bird types, suggesting that these could benefit from milder winters and ad-

vanced spring under global warming (Table 3.2). Accordingly, slightly increasing 

populations could be expected in the early stages of climate change, given that 

habitat loss is prevented. This is in accordance with international census data of 

growing white stork populations in the near past (Boere et al., 2006), a phase of 

intensive white stork conservation efforts and climate warming.   

However, lower summer food peaks in the breeding location (F3-F4) and de-

creases in overall food supply (F4) in the overwintering location strongly counter-

acted population growth resulting from higher winter food supply in the breeding 

habitat. Such a reduction in food supply could be caused by land-use change and 

unsuitable farming practices and would induce the formerly synanthropic species 

to be paying for human-wildlife coexistence with declining populations.  

Since the effect size of food shortenings during the breeding period was much 

stronger than of winter improvements in the breeding location, sufficient future 

food supply and quality needs to be ensured in the breeding habitat of migratory 

birds. Additionally, reduced food supply in the overwintering location (P1- F4) led 

to similarly severe reductions in population size of both modelled bird types as 

lowered food supply during the breeding season. This is in accordance with results 

from Dallinga and Schoenmakers (1987) and Schaub et al. (2005) who found that 

breeding success of Northern and Western white storks positively correlates with 

previous rainfall in the African overwintering habitat as an indicator of food abun-

dance there. It highlights a need for intensified research, data collection and con-

servation efforts in the overwintering habitats of migratory birds, for which eco-

logical information often is quite scarce. 
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3.6 Conclusion  

The modelled bird functional types varied in their optimal behavioural strategy, 

their plasticity and their vulnerability to environmental change. Studying behav-

ioural strategies of individual migratory bird populations in depth will thus be im-

portant for identifying risk levels and buffering capacities against environmental 

change and for designing effective conservation measures. This comprises not only 

improving our understanding of behavioural legacies but also of the behavioural 

routines to be expected or required in a changed world. The OAR modelling ap-

proach allows analysing both and could be a valuable tool for reaching a deeper 

and more mechanistic understanding of global change impacts on migratory birds. 

Besides pointing to worthwhile avenues of future research, it can help to predict 

future behavioural timing and the strength of future positive or negative impacts 

on focal migratory birds.  
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4.1 Abstract 

Background: Many migratory bird populations are threatened by global change. 

Yet, predicting future population dynamics is challenging because of the seasonal 

movements across countries and continents, which expose the migrants to global 

change effects in different parts of the world. It is thus difficult to isolate overwin-

tering effects on population dynamics from effects of environmental conditions 

during breeding phases.  

Methods: Here, we used mechanistic state-based modeling to analyze how al-

tered food supply in the overwintering range may affect the viability of white stork 

populations in their breeding range.  

Results: Under decreased food supply during overwintering, breeding was de-

layed, fewer birds started a brood and they had lower energetic reserves at breed-

ing start. The intensity of such carry-over effects depended on the timing, duration 

and strength of resource scenarios. Here, the phase directly after autumn and di-

rectly before spring migration turned out to be particularly important.  Addition-

ally, food shortenings directly decreased energetic winter reserves and increased 

mortality rates later in winter. Equivalent food surplus had opposing effects. 

Conclusions: Our findings show that overwintering conditions can have profound 

impacts on phenology and demography of migratory birds, which depend on fine-

scale resource dynamics. Modeling survival and behavior as patterns emerging 

from underlying biological processes allowed a deeper understanding how chang-

ing resource regimes during winter carry over to the breeding season and affect 

migration and breeding phenology as well as survival rates of migrants. Dynamic 

state-based modeling thus provides a promising approach for analyzing such com-

plex seasonal interactions and may not only help to assess consequences from 

negative carry-over effects but also to understand effectiveness of conservation 

measures in different phases of the annual cycle of migrants. 

4.2 Background 

Migratory birds feature unique annual behavioral cycles, undertaking regular sea-

sonal movements between their distant breeding and overwintering habitats 

(Berthold, 2012). Often, it is difficult to isolate how events and processes experi-

enced in the breeding or overwintering habitats or during migration affect the 

breeding population dynamics. For example, food shortage or surplus will not only 

have immediate consequences for migratory birds such as reduced or increased 
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energy reserves. Instead, also the bird’s future state, performance and reproduc-

tive output might be affected through non-lethal ‘carry-over effects’ (COEs) that 

influence fitness in later seasons (Harrison et al., 2011; O’Connor et al., 2014). For 

instance, droughts in the overwintering area can lead to immediate reductions in 

population size through food shortage but also alter the timing and success of the 

following spring migration and breeding activities (Dallinga and Schoenmakers, 

1987; Sæther et al., 2005).  

COEs have the potential to accumulate or be buffered over time. For example, the 

autumn migration of collared flycatchers (Ficedula albicollis) got delayed with 

higher parental efforts, while the following spring migration advanced (Briedis et 

al., 2018). Breeding efforts in one year may further impair breeding options in the 

following year (Inger et al., 2010; Low et al., 2015). Thus, COEs may profoundly 

impact population dynamics of migratory birds but cannot be understood by stud-

ying seasons in isolation. Rather, they result from complex seasonal interactions, 

meaning that events affecting the non-breeding individuals and population may 

have repercussions on the breeding population (Harrison et al., 2011). 

With ongoing global change, many migratory birds are threatened (Zurell et al., 

2018) and will likely experience increased food shortages in the near future. Espe-

cially in their overwintering ranges including major parts of Africa, the climate is 

predicted to become hotter and drier with intensified droughts (IPCC, 2013). Fur-

ther, land is converted and degrading rapidly, which represents a major driver of 

population declines in migratory birds (Bairlein, 2016; Vickery et al., 2014). 

Droughts but also major land conversions pose special challenges to organisms 

since they lead to unpredictable and abrupt food shortenings, making it difficult 

to adequately respond in time. Such environmental disturbances have event char-

acter rather than acting gradually as e.g. continuously rising global mean temper-

atures. Events and particularly extreme events are characterized by statistical ex-

tremity and have large effects on the life cycle of individuals up to whole ecosys-

tems despite their short duration (Jentsch et al., 2007; Parmesan et al., 2000), e.g. 

by increasing direct mortality or reducing reproductive success through COEs due 

to arising food scarcity (Albon et al., 2017; Gardner et al., 2017).  

Carry-over effects in migratory birds have been investigated with field data 

(Briedis et al., 2018; Marra et al., 1998; Norris et al., 2004) and theoretical models 

(McNamara et al., 2011; Norris and Taylor, 2006; Souchay et al., 2018). While most 

field studies identify COEs from the non-breeding to the breeding season (Harrison 
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et al., 2011; López-Calderón et al., 2017), the overwintering phase seems to serve 

as a buffer in Hudsonian godwits (Senner et al., 2014), red-backed shrikes 

(Pedersen et al., 2016) and collared flycatchers (Briedis et al., 2018). Despite these 

valuable insights, field studies are limited because it is difficult to isolate effects of 

various influencing factors and of different time periods and to relate them to pop-

ulation dynamics (Norris, 2005). It also remains challenging to follow individuals 

up to populations throughout the annual cycle (McKinnon et al., 2015), to monitor 

relevant habitat features and to determine their effect on the inner state of the 

birds.  

A density-dependent theoretical model with two seasons and pre-estimated COEs, 

was used by Norris (Norris, 2005) to predict how the population size of migratory 

birds changes with habitat loss and degradation in the overwintering area. Further 

variants of the model addressed more applied questions or had four seasons 

(Norris and Taylor, 2006; Sheehy et al., 2011, 2010). Runge and Marra (Runge and 

Marra, 2005) found that COEs among other factors strongly affected the popula-

tion dynamics of migratory birds. In their two-season matrix model, the population 

was structured by sex and habitat quality and the breeding and wintering season 

were coupled by a migratory period. Using statistical modeling, Saino et al. (Saino 

et al., 2017) found that 65-70 % of variation in female fecundity of female barn 

swallows (Hirundo rustica) during spring could be explained by a combination of 

overwintering NDVI and migration timing. Similarly, Souchay et al. (Souchay et al., 

2018) was able to explain 75 % of observed variance in breeding success by indi-

vidual quality, breeding conditions and migration timing with structural equation 

modeling. 

However, in none of the above models, COEs emerged from the underlying bio-

logical and ecological processes. In particular, external factors were directly linked 

to high-level variables of interest such as the size or breeding success of a popula-

tion without considering the mechanistic pathways through which they act, such 

as changes in body condition or behavior. These models are thus limited in their 

suitability to fully understand the cause-effect links of COEs and to predict popu-

lation dynamics in new environments. The density-dependent models mentioned 

above further treated individuals as identical and neglected stochasticity. Finally, 

time was usually aggregated to seasons so that it was impossible to study the ef-

fect of different spatiotemporal patterns onto population dynamics and behav-
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ioral patterns. Accordingly, it remains an open question how the timing and inten-

sity of food surplus or shortenings in the overwintering habitat influence the oc-

currence, strength and persistence of COEs between the overwintering and the 

breeding season in migratory birds. 

Optimal annual routine (OAR) modeling has been suggested to be particularly 

suited for investigating carry-over effects (Feró et al., 2008; Harrison et al., 2011; 

McNamara and Houston, 2008; Schaefer et al., 2018), but has not been employed 

for this specific purpose yet. OAR models are dynamic state-based full annual cycle 

models that allow to determine the optimal behavioral strategy for an organism 

within a given cyclic environment and to simulate behavior, internal state and pop-

ulation dynamics under a given behavioral strategy and environment (Clark and 

Mangel, 2000; Houston and McNamara, 1999). Hereby, the optimal behavioral 

strategy is the decision-rule governing which behavior is performed when and in 

which state so that a population following it maximizes its long-term reproductive 

success (Houston and McNamara, 1999). Since OAR models are based on first prin-

ciples of energetic and evolutionary theory, they allow a mechanistic understand-

ing of studied phenomena like COEs. Another advantage of OAR models is that 

they account for individual variation within a population (Houston and McNamara, 

1999). OARs have been used to study the optimal timing of reproduction and mi-

gration (McNamara et al., 1998) and optimal molt strategies (Barta et al., 2008) in 

migratory birds, but also to investigate the influence of environmental variability 

on gonad regulation in non-migratory birds (Tökölyi et al., 2012). 

Here, we aim to narrow the gap in our understanding of COEs in the annual cycle 

of migratory birds by theoretically exploring the effects of different resource dy-

namics during the overwintering phase up to the following breeding season in a 

long-distance migratory bird (Figure 4-1). To this end, we adapted an OAR model 

(sOAR by Schaefer et al. (Schaefer et al., 2018)) to first determine the optimal be-

havioral strategy of a model population of white storks (Ciconia ciconia) breeding 

in Central Europe and overwintering in Eastern Africa. Then, we simulated the dy-

namics of a population following this strategy under various scenarios of changing 

food availability in the overwintering season. By doing so, we are able to assess 

how differences in overwintering food supply (timing of resource pulse, intensity, 

overall food surplus or shortening) affect the breeding population and breeding 

phenology. Since changes in winter population size arising from such altered food 

supply can lead to seasonal compensation effects during the breeding period, we 
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also looked at the overwintering dynamics of the population. We predict that (P1) 

COEs exist from the overwintering to the breeding season, (P2) post- and pre-mi-

gration represent a particularly vulnerable period for migratory birds since they 

might be exhausted from and need to prepare for the strenuous journey, and thus 

food events occurring in that time result in stronger COEs than mid-winter events, 

(P3) short but severe food deprivations may be compensated for until spring mi-

gration while longer but milder food shortenings carry-over to the breeding phase. 

We further assessed the suitability of state-based optimal annual routine model-

ing for predicting population dynamics of animals under global change. 

 

Figure 4-1: Conceptual model for exploring carry-over effects between overwintering food supply 
and early breeding season in migratory birds. The focus of this study are immediate and proximate 
effects of overwintering food surplus or shortening, both varying in their timing and intensity, on a 
modelled white stork population. We also look at intra-seasonal effects within the overwintering 
period since changes in population size arising from such changes in food supply can lead to sea-
sonal compensation effects during the breeding period. 

4.3 Methods 

4.3.1 The model 

White stork behaviour and population dynamics are modelled with the new open 

source software sOAR (Schaefer et al. 2018). For simplicity, only female birds and 

their long-term number of descendants are considered. They are characterized by 

the following state variables: energy reserves x, health condition y, experience e, 

breeding status a, location o and migratory state s. Using sOAR, we first determine 

the optimal behavioural strategy for a population of modelled white storks breed-

ing in Central Europe and overwintering in Eastern Africa. The strategy is com-

puted for an annual cycle that is divided into T=52 weeks. At the beginning of each 
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week, birds take a decision regarding their foraging intensity and potential migra-

tory or reproductive activities. Migration can occur between two locations. The 

optimal strategy depends on the birds’ internal state and week 𝑡 and is computed 

using stochastic dynamic programming (Houston and McNamara, 1999; Schaefer 

et al., 2018). Environmental conditions, i.e. food supply and thermal conditions, 

vary with time of the year but are periodic between years. Second, a cohort of 

individuals employing the optimal strategy in the given environment is followed 

forward in time until its population dynamics settle down at an equilibrium pat-

tern (baseline). Then, the equilibrium population is subjected to a year with tem-

poral food shortage or surplus in the overwintering location. The population is 

tracked further in time, and the emergent population dynamics, behaviour and 

distribution of states within the population are analysed and compared to the 

baseline scenario of unaltered food conditions.  

4.3.1.1 ENVIRONMENT 

Model birds were constrained by food availability and thermal conditions. Envi-

ronmental food supply g(o,t) varied sinusoidal over the year but with higher sea-

sonality and a distinct resource peak during summer in the breeding location. 

Thermal availability, on which white storks depend during migration, was reflected 

in the weekly probability of active flight. This probability was zero in the African 

overwintering location but varied seasonally in the breeding location. 

4.3.1.2 DYNAMICS OF ENERGY RESERVES 

Energetic intake 

Environmental food supply 𝑔(𝑜, 𝑡), a bird’s increasing experience 𝑒 and its se-

lected foraging intensity 𝑢 ∈ [0,1] determined the bird’s energetic intake 

𝛾(𝑒, 𝑜, 𝑢, 𝑡) in a given location 𝑜 at a particular week 𝑡 in the following way: 

𝛾(𝑒, 𝑜, 𝑢, 𝑡) = 𝜃𝑒𝑚𝑎𝑥−𝑒 ∗ 𝑔(𝑜, 𝑡) ∗ 𝑢. 

Hereby, gross energetic intake and experience were coupled via a parameter 𝜃 

with 0 < 𝜃 < 1 that implicitly quantified the effect of density dependence acting 

on the foraging success of juveniles (see Houston and McNamara (Houston and 

McNamara, 1999)). In particular, more experience resulted in higher energetic 

gains from foraging. The value of the parameter 𝜃 was calibrated during compu-

tations such that the population following the computed optimal behavioral strat-

egy would be of stable size (cf. (Houston and McNamara, 1999)). 

Energetic expenditure 
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The energetic expenditure 𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥) of a subsisting bird was a function of its 

foraging intensity 𝑢, body reserves 𝑥 and basal metabolism 𝑐𝑏:  

𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥) = (𝑐𝑏 + 6𝑢2) ∗ (1 + (0.01
𝑥

𝑥𝑚𝑎𝑥
)

2

) 

Additional energetic costs (𝑐𝑎𝑐𝑡𝑖𝑜𝑛) arose from demanding behavioral activities, 

namely from initiating breeding (𝑐𝑠𝑡𝑎𝑟𝑡), incubation (𝑐𝑖𝑛𝑐𝑢𝑏), brood care (𝑐𝑐𝑎𝑟𝑒) 

and migration (𝑐𝑚𝑖𝑔𝑟). The average level of energy reserves at the beginning of 

next week 𝑡 + 1 then was 

𝑥𝑡+1 = 𝑥𝑡 + 𝛾(𝑒, 𝑜, 𝑢, 𝑡) − 𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥) − 𝑐𝑎𝑐𝑡𝑖𝑜𝑛, 

where 𝑐𝑎𝑐𝑡𝑖𝑜𝑛 was either any of the extra demanding activities or zero when the 

bird chose to subsist only. For migrating birds, 𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡 technically equaled zero 

since it was accounted for in the constant energetic migratory costs 𝑐𝑚𝑖𝑔𝑟. A bird 

that had dependent young must forage with sufficient intensity 𝑢𝑐𝑟𝑖𝑡(𝑡) ≤ 𝑢 ≤ 1 

to ensure their survival. Otherwise, the brood was abandoned and died. 

4.3.1.3 DYNAMICS OF HEALTH CONDITION 

Health condition was reduced by activity but improves when activity and thus met-

abolic expenditure was low. The average health condition of a bird at week 𝑡 + 1 

was 

𝑦𝑡+1 = 𝑦𝑡 − ℎ𝑎𝑐𝑡𝑖𝑜𝑛 + (1 − 0.2𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥) − 0.01(𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥))2, 

where 𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢, 𝑥) was the metabolic expenditure of subsistence and ℎ𝑎𝑐𝑡𝑖𝑜𝑛 

represented potential extra health costs (ℎ𝑠𝑡𝑎𝑟𝑡 , ℎ𝑚𝑖𝑔𝑟𝑎𝑡𝑒) for initiating breeding 

or migrating during time 𝑡 to 𝑡 + 1. 

4.3.1.4 REPRODUCTION 

Birds that had no brood (𝑎 = −1) and were not migrating (𝑠 = −1) could start a 

brood any time of the year with the outlined costs, changing the breeding status 

to 𝑎 = 0 at the next time step 𝑡 + 1. Then, each week of voluntary brood care 

increased the brood’s age until 𝑎 = 𝑎𝑚𝑎𝑥, upon which the brood became inde-

pendent. If the parent could not gain sufficient energy 𝛾(𝑒, 𝑜, 𝑢𝑐𝑟𝑖𝑡, 𝑡) from forag-

ing to supply its young, the brood died while the parent bird’s breeding status was 

reset to 𝑎 = −1. If the parent bird died, any dependent brood died, too. Newly 

independent young were assumed to have no experience (e = 0) and mean levels 

of reserves and health (𝑓𝑖𝑛𝑑𝑒𝑝 = 0.5). 
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4.3.1.5 MIGRATION 

Migration took three weeks and was free to occur any time of the year, but had to 

be completed once started. Migratory reserve dynamics were described by: 

𝑥𝑡+1 = 𝑥𝑡 − (𝑝𝑎𝑐𝑡𝑐𝑎𝑐𝑡 + (1 − 𝑝𝑎𝑐𝑡)𝑐𝑝𝑎𝑠)(1 + 0.001𝑥2), 

where 𝑝𝑎𝑐𝑡 was the probability of active flight, 𝑐𝑎𝑐𝑡 was the energetic cost of active 

and 𝑐𝑝𝑎𝑠 of passive flight. The term 0.001𝑥2 caused flight costs to increase with 

body reserves (Alerstam, 1990). The average health condition 𝑦𝑡+1 after each 

week t of migration was: 

𝑦𝑡+1 = 𝑦𝑡 − (𝑝𝑎𝑐𝑡ℎ𝑎𝑐𝑡 + (1 − 𝑝𝑎𝑐𝑡)ℎ𝑝𝑎𝑠), 

where 𝑦𝑡 represented health levels in the previous week and ℎ𝑎𝑐𝑡  and ℎ𝑝𝑎𝑠 were 

the health costs of active and passive flight. Mortality 𝑀𝑚𝑖𝑔𝑟(𝑥) during migration 

was an accelerating function of body reserves and incorporated the background 

mortality 𝑀𝑏𝑔𝑚𝑖𝑔𝑟 : 

𝑀𝑚𝑖𝑔𝑟(𝑥) = 𝑀𝑏𝑔𝑚𝑖𝑔𝑟(1 + 0.01
𝑥

𝑥𝑚𝑎𝑥
). 

4.3.1.6 MORTALITY 

Starvation occured when reserve levels hit zero. The weekly probability of death 

due to disease 𝐷(𝑦) increased with low health and was given by: 

𝐷(𝑦) = 𝑀𝑏𝑔𝑑𝑖𝑠 + (1 − 𝑀𝑏𝑔𝑑𝑖𝑠) ∗ (1 −
𝑦

𝑦𝑚𝑎𝑥
)8, 

whereby 𝑀𝑏𝑔𝑑𝑖𝑠 reflected the maximum life expectancy of white storks. Predation 

risk 𝑀𝑝𝑟𝑒𝑑(𝑥, 𝑜, 𝑢) for a non-migrating bird depended on its location and increased 

with foraging activity and fat depots: 

𝑀𝑝𝑟𝑒𝑑(𝑥, 𝑜, 𝑢) = 𝑀𝑏𝑔𝑝𝑟𝑒𝑑(𝑜) ∗ 𝑢2 ∗ (1 + 0.01 ∗ (
𝑥

𝑥𝑚𝑎𝑥
)2), 

whereby 𝑀𝑏𝑔𝑝𝑟𝑒𝑑(𝑜) was the location-specific background predation. 

4.3.2 Computing the optimal strategy and expected behaviour 

The optimal behavioural strategy defines the probability of a bird to perform a 

specific action (start breeding, incubate, care for brood, migrate), depending on 

its state and week of the year. The optimal strategy maximizes fitness in terms of 

long-term reproduction success and is computed by stochastic dynamic program-

ming, iterating backwards from a future target year until convergence. Further de-

tails on the computational routine to determine the optimal behavioural strategy 
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can be found in Houston and McNamara (1999) and Schaefer et al. (2018). All pa-

rameters are listed in Table S 6.3-1, including selected values and relevant litera-

ture. After determining the optimal behavioural strategy, behaviour and popula-

tion dynamics are modelled through forward iteration by simulating how individ-

uals select their optimal behavioural option each week based on their current 

state. Simulations were run until equilibrium. Once a stable population was 

reached, we could apply different scenarios of global change and explore how 

these affected the population dynamics. 

4.3.3 Food resource scenarios 

We were especially interested how global change-induced alteration in food avail-

ability could affect migratory birds. To this end, we tested scenarios of food short-

enings (-) and of food surplus (+) in the overwintering location, and compared 

these to the baseline scenario with its cyclic sinusoidal food supply. Specifically, 

food supply was varied in strength (-/+ 10/20/40/80 %) and duration (1/2/4/8/16 

weeks) between scenarios. Two lines of scenarios were run: a) constant intensity 

(i.e. strength x duration) of food surplus or shortening over the overwintering sea-

son, whereby the strength (magnitude) and duration (number of weeks) of food 

change varied but the product thereof was kept constant b) increasing intensity of 

winter food shortening, whereby the duration of altered food supply increased 

while its strength was kept constant. In the latter line of scenarios, only food short-

age was tested since detrimental droughts are expected to intensify in the African 

overwintering habitats (cf. IPCC, 2014).  

4.4 Results 

4.4.1 Baseline scenario 

The modelled population of white storks showed a distinct temporal pattern of 

energy reserves and health condition during the overwintering period in the base-

line scenario without alterations in environmental food supply (Figure 4-2). Mean 

energy reserves had a midwinter low (Figure 4-2 A) because the proportion of 

modelled birds with low reserve levels was increasing (Figure 4-2 C). At the same 

time, the mean health condition increased continuously during the overwintering 

period (Figure 4-2 B) as birds that arrived in bad condition were building up their 

health status (Figure 4-2 D). 
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Figure 4-2: Development of energetic reserves and health condition over time in the baseline sce-
nario. (A) Mean reserves (B) mean health condition (C) weekly distribution of reserve levels (D) 
weekly distribution of health levels. 

4.4.2 Constant intensity of food surplus/shortening  

Food shortenings during overwintering led to up to 16 % lower mean levels of re-

serves among birds that started breeding and a delayed start of migration and 

subsequent breeding activities of up to 5 days (Figure 4-3 A,B,C and Figure S 6.3-

1). Nevertheless, the proportion of individuals starting a brood did not change 

much, decreasing only by up to 1.4 %. Food surplus during overwintering had op-

posing effects. Mean reserves were up to 22 % higher in birds starting to breed, 

and migration and breeding activities started around 1-4 days earlier compared to 

the baseline scenario (Figure 4-3 A,B,C; Appendix Section 6.3.3 Figure S 4.4-1). 

Again, the proportion of birds starting to breed changed little with increases of 

0.5-1 %. In both food surplus and food shortening scenarios, health levels varied 

much less than energy reserves since health dynamics are only indirectly affected 

by food supply and have slower dynamics than the energetic reserves in the model 

(Appendix Section 6.3.3 Figure S 4.4-2 and Appendix Section 6.3.5 Figure S 4.4-3).  
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Figure 4-3: Carry-over effects from the overwintering to the beginning of following breeding period 
for various scenarios of food surplus (blue) and food shortenings (red) in the overwintering location. 
Effect on A) the proportion of the population starting a brood B) the level of mean reserves of pa-
rental birds when starting a brood C) mean timing of when the brood is initiated. The absolute 
change in food supply relative to baseline food supply was the same in all scenarios, meaning its 
intensity was constant. However, the duration and relative strength of food surplus or shortening 
was varied between +/-80 % change in food supply over only one week to +/-10 % change in food 
supply over 8 weeks, i.e. the population experienced short but strong changes in food supply (darker 
in colour) versus long but small changes in food supply (lighter in colour). Dashed lines represent 
the effect of altered resource dynamics that did not affect the complete population equally since 
they fell into the migratory period. The migratory period is depicted by light blue bars. The breeding 
period starts in week 11. 

The effects on mean energy reserves and the timing of breeding (Figure 4-3 B,C) 

were larger in magnitude the later the food surplus/shortening occurred during 

the overwintering season, meaning the closer food alterations occurred towards 

the breeding period. The same applied for health condition and spring migration 

(Appendix Section 6.3.3 Figure S 4.4-4). Late breeders were particularly strongly 

affected by such food shortenings (Appendix Section 6.3.5 Figure S 4.4-5). These 

effects arise because the individuals need a certain time to build up their reserves. 

Considering only food shortenings occurring (and ceasing) before the onset of 

spring migration, longer-lasting mild food reductions impacted the level of energy 

reserves in spring and the timing of breeding more than short and heavy events 

around the same time (Figure 4-3 B,C; Figure 4-4 B,C). These differences between 

food shortenings that are of constant intensity but vary in duration became more 

pronounced for higher levels of overall food shortenings (Figure 4-4, green versus 

pink graphs). 
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Figure 4-4: Dynamics in reserve levels and population size during the overwintering period when 
food shortening was initiated in five different weeks of the overwintering period. (A) Weekly mean 
reserve levels and (B) population size. Food shortening of -80 % was initiated in five different weeks 
(circles) and lasted only one week. The lines indicate the corresponding temporal development of 
mean reserves and population size after the event up to the following breeding season compared 
to the baseline scenario. The migratory period is depicted by light blue bars. The breeding period 
starts in week 13. 

Figure 4-5 exemplarily shows the temporal development of mean reserve levels 

and population size relative to the baseline scenario when food shortening 

of -80 % lasting one week was initiated at different times during winter. Food 

shortening led to a direct reduction of mean reserve levels (Figure 4-5 A) between 

the week of food shortage and the following week. Hereby, food shortening di-

rectly after autumn arrival (week 36, blue) and just before spring migration (week 

8, green) produced the largest direct effect on mean energetic reserves (Figure 4-5 

A). Further, our model indicated a time lag between food shortage and increased 

mortality rates with shorter time lags the later the food shortage occurred during 

winter (Figure 4-5 B). 

 

Figure 4-5: Dynamics in reserve levels and population size during the overwintering period when 
food shortening was initiated in five different weeks of the overwintering period. (A) Weekly mean 
reserve levels and (B) population size. Food shortening of -80% was initiated in five different weeks 
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(circles) and lasted only one week. The lines indicate the corresponding temporal development of 
mean reserves and population size after the event up to the following breeding season compared 
to the baseline scenario. The migratory period is depicted by light blue bars. The breeding period 
starts in week 13. 

4.4.3 Increasing intensity of food surplus/shortening  

When the duration and thus the intensity of food shortening increases, the pro-

portion of breeding birds can decrease substantially (Figure 4-8). Specifically, in an 

extreme scenario in which per-week food supply was reduced by 20 % for 16 

weeks during overwintering, the proportion of birds starting to breed decreased 

by one third (Figure 4-8 A). The largest effect on the number of birds initiating a 

brood was observed when food shortening occurred during midwinter (Figure 4-6 

A and Figure 4-8 A), since reserve levels were comparatively low during this time 

(Figure 4-2).  

Generally, longer food deprivations during winter reduced the mean reserve levels 

of parental birds in spring and delayed initiation of breeding more than shorter 

adverse periods of the same strength (Figure 4-8 B,C and Figure 4-7 B,C). When 

the period of food shortening in the overwintering location lasted into spring, 

however, the negative impact was smaller because the birds left the overwintering 

location by end of winter. The mean reserves of birds initiating a brood was slightly 

lower than those of the total population in early spring (not shown).   

 

Figure 4-8: Carry-over effects under increasing duration of food shortages during the overwintering 
period. Shown are effects of prolonged food shortages on (A) the number of birds starting a brood 
(B) their mean reserve levels (C) delays in starting a brood. Food shortenings of 20 % per week over 
durations of 4-16 weeks are depicted in light to dark blue, while food shortenings of 10 % per week 
over durations of 4-16 weeks are shown in yellow to red. Dashed lines represent the effect of altered 
resource dynamics that did not affect the complete population equally since they fell into the mi-
gratory period. The migratory period is represented by light blue bars. The breeding period starts 
in week 13. 
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4.5 Discussion 

Here, we explored carry-over effects in migratory birds resulting from changes in 

food supply during the overwintering season based on an optimal annual routine 

model (Schaefer et al., 2018). Since the frequency and strength of adverse events 

(e.g. the occurrence and intensity of droughts) can be expected to increase under 

global change, it is important to gain a better understanding of the long-term ef-

fects of such events on vulnerable migratory bird populations. Our results indicate 

that changes in food supply during overwintering can strongly affect breeding pop-

ulation sizes and timing of breeding as well as pre-breeding energy reserves with 

potentially strong effects on subsequent breeding success. Thereby, the timing of 

changes in food supply played a crucial role with food shortening in late winter 

showing the most detrimental effects. Food surplus resulted in corresponding pos-

itive effects, which might be interesting for designing conservation measures, 

though these effects were less pronounced except when occurring directly before 

spring migration.  

Generally, optimal annual routine modeling proved to be a valuable tool for ana-

lyzing the effects of altered resource distributions on migratory birds. Using sOAR 

(Schaefer et al., 2018), it was not only possible to study the relative magnitude of 

carry-over effects on different aspects of the individual state and the population 

state but also to study how the timing of changing food supply affects the magni-

tude of the carry-over effects. Thus, we were able to explore whether short but 

strong food shortening is less or more detrimental then long but relatively small 

food shortening, and whether some kind of "tipping points" could be observed 

when the duration of food shortage increased. Due to sOAR’s mechanistic foun-

dation based on energy- and health budgets, the timing of events and survival pat-

terns emerged from the implemented ecological processes rather than being im-

posed on the modelled birds. Thus, simulated animal behavior and population dy-

namics responded flexibly to assumed changes in food supply, which is an im-

portant step forward for improving the predictive ability of models that are de-

signed to capture global change impacts on animals.  

Our findings are in line with evidence that survival rates of western white storks 

migrating to western Africa are positively correlated with yearly amount of rainfall 

in the African overwintering region, which is an indicator for African food supply 

in form of large insects (Dallinga and Schoenmakers, 1987; Kanyamibwa et al., 

1990). Although Kanyamibwa et al. (Kanyamibwa et al., 1993) found no correlation 
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between rainfall and population size for eastern white storks migrating to eastern 

and southern Africa, Sæther et al. (Sæther et al., 2005) detected time- and region-

dependent effects for them. Survival rates of eastern white storks seem to further 

increase with primary production in the overwintering habitat (Schaub et al., 

2005). Also, reproductive investment of Polish white storks is higher following 

rainier African winters (Tobolka et al., 2018). Dallinga & Schoenmakers (Dallinga 

and Schoenmakers, 1987) found that western white storks arrived earlier at their 

breeding grounds and that the number of pairs with a nest and their breeding suc-

cess was higher in years with high winter rainfall and locust plagues in African win-

tering areas, which corroborates the importance of carry-over effects on popula-

tion dynamics.  

In the model, birds arriving at the breeding grounds in low physical condition were 

typically late breeders. These were particularly affected by food shortenings so 

that the mean level of reserves of birds initiating a brood was slightly lower than 

mean reserve levels of the total population under food shortenings. This indicates 

that carry-over effects might accumulate over time and that negative maternal 

effects might arise here with the parent’s low body condition directly influencing 

the success of its young (Blount et al., 2006; Clausen et al., 2015; Verhulst and 

Nilsson, 2008). At the same time, a disproportionately negative effect of food 

shortenings on birds that are already in bad shape should drive the evolution of 

compensation measures like skipping a breeding period, prelaying adjustment of 

clutch size, partial or total destruction of eggs (ovicide) and killing of offspring (filial 

infanticide) including filial cannibalism, which have been observed in white storks 

(Kaatz et al., 2017). 

Concordant with expectations, COEs from the overwintering to the breeding 

phase became stronger the closer the food shortening occurred to spring migra-

tion (Figure 4-3). In these cases, the time before the strenuous migratory journey 

was not sufficient for compensating any negative effects on body condition. Thus, 

late winter can be seen as the most vulnerable phase for white stork populations 

in terms of overwintering COEs affecting breeding. At the same time, food surplus 

directly before spring migration improved the analyzed breeding parameters.  

At the beginning of the overwintering period, individuals were particularly sensi-

tive to food reductions that led to the largest immediate decrease of energy re-

serves and caused mid-winter population declines. After the strenuous breeding 

phase and autumn migration reserves are typically reduced, and overwintering 
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food supply, which is overall lower than summer supply in the breeding grounds, 

is not sufficient to replenish reserves of all birds. At the same time, however, the 

resulting COE on the breeding seasons was lower and relative population size de-

creases were smaller when food shortening occurred early. This indicates that the 

length of the overwintering season is crucial for the ability of individuals to buffer 

negative effects, corroborating findings from Briedis et al. (Briedis et al., 2018) 

where the overwintering phase allowed compensating for experimentally in-

creased brood size in collared flycatchers. Here, our temporally highly resolved 

simulations help understanding transient dynamics, and with that the complex 

consequences related to timing and magnitude of carry-over effects. 

We have to caution that although our model allows valuable insights into the com-

plexity of COEs, it is still an abstraction of reality and makes several simplifying 

assumptions. For example, the mid-winter level of energy reserves was unexpect-

edly low in the model (Figure 4-2 and Appendix Section 6.3.6 Figure S 4.5-1), re-

sulting in high impacts of midwinter food changes on population size and the num-

ber of breeding at the beginning of the following breeding season (Figure 4-9 A). 

Although Sæther et al. (Sæther et al., 2005) found large effects of midwinter rain-

fall in East-Africa on the population size of white storks in spring, Berthold et al. 

(Berthold et al., 2001) report that body mass and subcutaneous fat depots of white 

storks overwintering in captivity was very high and that corresponding anecdotal 

evidence exists from wild white storks overwintering in Africa. Thus, current em-

pirical evidence indicates that mid-winter energetic levels in the model were too 

low, which could have two reasons. First, the applied optimal behavioral strategy 

had been computed for a predictable cyclic environment without additional sto-

chasticity in the food resource trajectory. Accordingly, there was no need for spare 

reserves during winter. Secondly, in the model there is an inherent trade-off be-

tween building up energetic reserves through foraging activity versus building up 

health condition, which increases under rest and requires more time. Since quite 

high levels of both reserves and health are required in order to master the stren-

uous subsequent spring migration and breeding period, the previously determined 

optimal behavioral strategy thus favored investment into the immune system be-

fore fat stores (cf. Appendix Section 6.3.6 Figure S 4.5-2).  

Tökölyi et al. (Tökölyi et al., 2012) found that non-migratory birds kept a certain 

degree of physiological preparedness for unfavorable periods, when food availa-
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bility was variable in their OAR model focusing on the activation of gonads for re-

production in unpredictable environments. Since the modelled white storks 

showed no such adaptation in their energetics despite experimental indication, 

the food availability in their African overwintering grounds likely is more unpre-

dictable than we assumed – even for an opportunistic and very mobile feeder like 

the white stork (Kaatz et al., 2017). However, the severity of immediate effects of 

mid-winter food shortages on the overwintering population in our model setting 

indicates that there exists a strong selective pressure for physiological or behav-

ioral adaptations for white storks in a more variable environment. Potential adap-

tations could involve selection for higher energy acquisition during mid-winter, as 

found by Berthold et al. (Berthold et al., 2001) for captured white storks, or selec-

tion for a more nomadic lifestyle in the African overwintering grounds (Kaatz et 

al., 2017) especially as movement costs in Africa are cheap for soaring birds like 

the white stork due to high thermal availability. Overall, our findings highlight the 

importance of implementing unpredictable food regimes together with energy-

budget driven mechanisms for non-tropical African overwintering sites in mecha-

nistic models of bird migration, especially for long-lived birds. 

With respect to the impact of short but severe versus longer but milder food 

events (P3), notable differences in the impact only arose for food events of high 

intensity. So, events of 40 % intensity differed little in their effects, while for 80 % 

intensity the temporal pattern of the event mattered (Figure 4-4). In particular, 

enduring events affected breeding parameters stronger than short-term events of 

equivalent intensity – if the event fell completely within the overwintering period. 

Consequently, it is crucial to consider spatiotemporal environmental patterns re-

sulting from global change when predicting impacts on migratory birds under 

severer global change scenarios. A first step in this direction has been performed 

by La Sorte et al. (La Sorte et al., 2017) who matched the weekly distributional 

dynamics of Neotropical migratory forest birds with predicted spatiotemporal pat-

terns of altered land use and climate in order to characterize their vulnerability to 

global change. 

4.6 Conclusions 

In summary, global changes in the wintering grounds may affect both demography 

and breeding phenology of migratory birds through carry-over. However, dynamic 

state-based modeling and optimal annual routine modeling in particular improve 

our understanding of carry-over effects within the annual cycle of migratory birds 
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and represent a valuable tool for global change ecology. Furthermore, they not 

only allow studying potentially negative carry-over effects but also assessing the 

effectiveness of conservation measures in different parts of the annual cycle. In 

the future, our model could be extended to study how COEs affect population dy-

namics over several consecutive breeding seasons. 
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COEs: Carry-over effects; OAR: Optimal annual routine. 
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5 Synthesis 

In the three studies presented in this thesis, I investigated how global change im-

pacts the behaviour, state and population dynamics of long-distance migratory 

birds (Chapter 3, 4) and developed the first open-source optimal annual routine 

model (Chapter 2) to this end (Figure 5-1). Generally, my findings demonstrate the 

importance of reaching a deeper mechanistic understanding of global change ef-

fects on migratory birds and the need for good predictive models that can assist 

conservation efforts. In particular, I found that altered food supply, as it can be 

expected under global change, will have mostly negative effects on the behaviour 

and population dynamics of the studied migratory stork and falcon bird types, 

which are not only population specific but act across different temporal scales.  

 

Figure 5-1: Performed research on the impacts of global change on migratory birds as presented in 
this thesis. Two temporal characteristics of global change (yellow and orange box) are considered, 
while global change is abstracted to changes in environmental food availability (black). The ex-
pected ecological responses of migratory birds (blue boxes) are determined across two temporal 
scales (short- and long-term) using the software sOAR (broad grey arrow) that was developed for 
this thesis. 

From the short-term perspective, many birds might not be able to adjust in time 

to altered environmental conditions and generally decreasing food supply will 

likely further reduce the population size of many migratory birds (Section 3.4.1). 

Intensifying extreme events like food shortenings from increasing droughts (IPCC, 

2013) will add to this development, not only directly reducing population sizes 

through starvation of individuals but also leading to negative carry-over effects 

(Section 4.4). In the long-term, long-distance migratory birds will need to update 
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their behavioural strategy in order to persist, e.g. by advancing spring migration 

and breeding phenology next to adjusting the timing of autumn migration (Sec-

tion 3.4.2). Whether and how fast a population is able to adapt its behavioural 

strategy to the new environmental situation will determine its vulnerability. The 

scope of required adjustments, which varied with the analysed bird type and as-

sumed environmental scenario (Section 3.4.2), could serve as an indicator of the 

experienced evolutionary pressure and thus the vulnerability of a population of 

migratory birds. For example, the new optimal timing of migration in the falcon 

type requires larger time shifts of behaviour than in the stork type (Section 3.4.2). 

In the following, I discuss my work and major findings including their relevance in 

a wider scientific context. In particular, I assess the value and challenges of em-

ploying OAR modelling for global change research (Section 5.1) before discussing 

the modelled short- and long-term effects of global change on the behaviour, pop-

ulation and state dynamics of migratory birds in relation to scientific literature 

(Section 5.2). Then, I will broaden the discussion to look at the ecological implica-

tions of my work, considering also animal migration in general (Section 5.3). Fi-

nally, I suggest how to advance the movement ecology framework (Section 5.4) 

and how to develop a new indicator of vulnerability for migratory birds based on 

my research (Section 5.5), before ending with worthwhile future directions of re-

search (Section 5.6). 

5.1 OAR modelling for global change research 

Optimal annual routine (OAR) modelling, which I heavily employed for this thesis, 

proved to be a powerful tool for modelling potential impacts of global change on 

migratory birds. Indeed, the OAR approach is suited for a much wider range of 

ecological questions and taxa, and deserves to be applied more frequently in 

global change, behavioural, evolutionary and movement ecology. In Chapter 2, I 

therefore introduced sOAR, the first open source OAR implementation (Schaefer 

et al., 2018). sOAR is based on the well-known OAR framework by Houston and 

McNamara (1999) and was designed as a user-friendly application for computing 

optimal animal life-history strategies in cyclic environments and for simulating the 

emerging behaviour and population dynamics under such a strategy. It shall help 

to open up the excellent but complicated and thus frequently used OAR technique 

(Feró et al., 2008) to a wider user circle. 
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Generally, animal movement under global change can be studied in a more holistic 

sense considering the causes, constraints and consequences of movement as en-

visioned by Nathan et al. (2008) using the excellent OAR modelling approach. OAR 

modelling theoretically works over large temporal, spatial and entity scales that 

would be difficult to tackle experimentally. It not only allows to better understand 

the spatial-temporal patterns observed in animal behaviour and the resulting pop-

ulation dynamics of the focal species (cf. Chapters 2, 3, 4). But, it additionally helps 

to analyse how complex movement and behavioural patterns evolve in animals, 

how their behavioural decisions including the timing of migration are constrained 

by internal and external factors and how natural selection shapes trade-offs in an-

imal behaviour within cyclic environments. Such knowledge is crucial for anticipat-

ing potential species’ response to global environmental change. Consequently, 

and especially evidenced in Chapters 3 and 4, OAR modelling possesses high po-

tential for research in movement ecology, particularly within the context of global 

change. 

sOAR is particularly suitable for investigating bird migration since I extended the 

original OAR framework with important features such as differentiation of active 

vs. passive flight costs in response to periodic time- and location-dependent wind 

conditions. Recent studies suggest that migratory birds optimize migratory deci-

sions with respect to prevailing wind conditions (Kranstauber et al., 2015; 

Vansteelant et al., 2017). Figure S 6.2-1 confirms this view because the optimal 

migration timing of the studied stork functional type got shifted when the period 

of high thermal availability was prolonged, even though the overall pattern of re-

sults did not change. Therefore, wind conditions need to be considered when pre-

dicting global change impacts on migratory birds, as it is now possible with sOAR. 

Data on large-scale atmospheric patterns become increasingly available as well as 

high-resolution remote sensing data, improving the parametrization of thermal 

and food availability. Also tracking data is increasingly available at high spatial and 

temporal resolution and for more and more populations (e.g. at www.move-

bank.org), benefitting model validation. Blending such data with empirical and 

theoretical approaches like sOAR in order to resolve outstanding research ques-

tions regarding how global change will affect migratory animals in seasonal envi-

ronments is highly promising, as highlighted by the results presented in Chapters 

3 and 4. 
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My work shows that sOAR’s main characteristics are major advantages when mod-

elling global change impacts on migratory birds – namely that it is a mechanistic, 

dynamic, state-based model covering the full annual cycle and incorporating be-

havioural decision-making within the evolutionary sound framework of life-history 

theory (cf. Section 1.3.1). As argued in Chapter 1, mechanistic modelling is needed 

to understand and project species responses to global change. The mechanistic 

basis of sOAR which included life-history considerations allowed for making pre-

dictions for an altered future environment. This would be difficult with statistical 

modelling because historic correlations between the focal animal and the environ-

ment might not hold anymore under global change. Mechanistic modelling en-

sured that computed patterns emerged from underlying ecological processes in-

stead of being imposed on the modelled birds. Thus, simulated bird behaviour and 

population dynamics responded flexibly to the assumed changes in food availabil-

ity, which is important for improving the predictive capacity of models for project-

ing ecological impacts of global change. To capture the temporal patterns in the 

seasonal life-style of migratory birds, dynamics were required, which might be a 

favourable model property whenever time-dependent behaviour including move-

ment is involved. Indeed, one major benefit of using sOAR is that one can not only 

study how strongly environmental change affects the state of the individual and 

the population, but also how the specific timing of change influences the occur-

rence and magnitude of effects (cf. Chapter 4). By working with internal states, the 

immediate motivation driving behaviour was included in the model and it was ac-

counted for how individuals vary within a population. Both of these factors have 

been recognized as being important in ecology. To capture the role of different 

seasons in the life of migratory birds and resulting interdependencies with their 

behaviour, as addressed in Chapter 4, a full annual cycle approach was necessary. 

Finally, the focus on behavioural decision-making and underlying behavioural 

strategies allowed studying how behavioural responses to global change leads to 

the observed declines in bird populations worldwide. Indeed, behavioural changes 

could serve as early-warning signals to anticipate population declines. It is possible 

that the model properties presented in this paragraph are actually the core ingre-

dients of any realistic model to accurately predicting global change impacts on 

mobile animals, suggesting that highly complex models such as sOAR are needed 

in the future. 
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Nevertheless, sOAR would profit from two optional extensions: explicit density-

dependence and a more detailed breeding process. The former integrates the ef-

fect of population size on food availability into the model, which should be im-

portant for populations whose size is close to the carrying capacity of their habitat. 

Explicit density-dependence could be reached by a circular computational process 

as it has been suggested by Houston and McNamara (1999) and been employed 

by Barta et al. (2006) and Barta et al. (2008) to analyse molt patterns in non-mi-

gratory and migratory birds. Here, the optimal behavioural strategy depends on 

food availability, which in turn is influenced by the population size that emerges 

when the computed behavioural strategy is followed by a model population. Usu-

ally, this iterative procedure converges towards the strategy that is the best re-

sponse to itself given the environmental food supply, i.e. an evolutionary stable 

strategy (ESS) (Barta et al., 2008, 2006; Houston and McNamara, 1999). More re-

alism in the modelled breeding process, e.g. including partial brood abandonment, 

would expand sOAR’s range of applications because population dynamics could 

realistically be simulated across breeding seasons, allowing to even follow the 

complete life-history of an animal. 

Complex models pose various challenges with respect to their parametrization, 

implementation, validation, application, documentation and transfer, though 

(Grimm et al., 2010).  

One effective approach to reduce parametrization efforts for complex mechanistic 

models is to revert to functional groups of organisms (as done in Chapter 3) in-

stead of trying to calibrate the model for each existing species, which will be im-

possible. In plant ecology, there already exist rich databases of plant functional 

traits to classify functional types (e.g. Kattge et al., 2011; Kleyer et al., 2008; 

Poschlod et al., 2003), which are widely used and have successfully been employed 

in various mechanistic models (Giacomini et al., 2013; Jeltsch et al., 2008; May et 

al., 2009; Reeg et al., 2017). Also animal functional types are increasingly used in 

mechanistic ecological modelling (Kearney et al., 2010; Scherer et al., 2016; 

Teckentrup et al., 2018). Though it can be difficult to derive the relevant animal 

functional traits and groups (Blaum et al., 2011; Buchmann et al., 2012, 2011), 

modelling studies might also help solving this challenge since they can be used to 

identify the influencing factors in ecological processes and to test and validate our 

assumptions (Railsback and Grimm, 2012). 
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Certain implementation as well as parametrization and validation challenges could 

be met by strengthening interdisciplinary collaborations between ecologists and 

computer scientists. For example, digital ecological data can be distributed in bits 

and pieces, be difficult to access and process, and profit from automatization that 

allows research of larger scale. Here, productive collaboration between ecologists 

and people with high IT competency could not only take place within research pro-

jects and in education but also through new collaborative approaches like hacka-

tons or data challenge events, where participants from various backgrounds come 

together for some hours to days to intensely and collaboratively work on a certain 

problem. 

Another challenge arising from the demand for large and complex models is that 

we need to develop and establish appropriate routines to document such models, 

maximizing transparency of the modelling process. For individual- and agent-

based modelling, there exist the ODD and ODD+D protocols to standardize model 

descriptions in order to reveal their theoretical foundations and to make them 

better understandable and complete (Grimm et al., 2010, 2006; Müller et al., 

2013). Acknowledging their success, they could serve as a template for a more 

general documentation scheme that is also suited for OARs among other types of 

complex mechanistic models. 

At the same time, the applicability and user-friendliness of complex models need 

to be ensured, which includes being easily adjustable to specific research ques-

tions. Publishing sOAR (Schaefer et al., 2018) as a modular ready-to-use 

standalone and an open source binary distribution including an extensive docu-

mentation in form of a user manual represents a first fundamental step in this 

direction. Another nice prototype for improving the user-friendliness of ecological 

models is given by the simulation platform RangeShifter by Bocedi et al. (2014), 

which allows modelling and visualizing species’ responses to environmental 

changes considering spatial eco-evolutionary dynamics via a graphical user inter-

face (GUI). Still, the value of sOAR lies in automatized large-scale computations 

that are better performed via shell/batch scripting than via GUI and should profit 

from existing big data solutions. 
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5.2 Predicted global change impacts on migratory birds 

5.2.1 Short-term effects of global change 

5.2.1.1 POPULATION DEVELOPMENT 

In the short term, my results mostly predicted declining populations for the stud-

ied stork and falcon bird functional type when food supply was altered according 

to likely global change scenarios (Sections 3.3.4 and 4.3.3). This finding concurs 

with statistical analyses of field data showing that the populations of several 

smaller falcon species such as the red-footed falcon and the Eurasian kestrel are 

declining in size (Burfield, 2008). Also Eastern white storks seem to strongly de-

pend on and decline with overwintering food supply since the size of white stork 

populations from all over Central and Eastern Europe fluctuate synchronously 

(Thomsen, 2017). Though their populations are currently still stable, lasting popu-

lation declines can be expected from my results (Section 3.4.1) in the near future 

when the impacts of global change on their food supply are becoming more se-

vere.  

Further, cross-sectional analyses of field data show that migratory birds in general 

are particularly threatened by global change (Bairlein, 2016; BirdLife International, 

2018; Sanderson et al., 2006). In Germany, 45 % of migratory bird populations de-

clined over the years 1998-2008, compared to 28 % for partial migratory and 17 % 

for non-migratory bird species, for example (Wahl et al., 2015). Long-distance mi-

grants like those used as model birds for this thesis, were found to be particularly 

threatened by global change (Zurell et al., 2018) and show stronger population 

declines than short-distance migrants or resident birds (Berthold et al., 1998; Both 

et al., 2009). Likely, they are particularly sensitive to global change, performing 

regular strenuous journeys and depending on the well-functioning of various eco-

systems (Bauer and Hoye, 2014). Luckily, conservation measures and options to 

shorten the migration can benefit long-distance migrants at times, as growing 

white stork populations in Western Europe demonstrate. Here, white storks were 

re-introduced and benefited from intensive conservation measures, while they 

were additionally able to shorten their migration route feeding on open land-fills 

in Spain in recent years (Barbraud et al., 1999; Kaatz et al., 2017; Schaub et al., 

2004). 

5.2.1.2 BEHAVIOURAL TIMING 

Regarding changes in the timing of major life-history events such as breeding and 

migration, both studied bird functional types showed only minor responses to 
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gradual global change in the short-term (Section 3.4.1.2). Likewise, real Eastern 

white storks have not adjusted their behavioural timing (Gordo et al., 2013), while 

declining Eurasian kestrels are delaying their autumn passage into the Western 

Pyrenees (Filippi-Codaccioni et al., 2010), both indicating limitations in adaptation 

to novel conditions according to my results (Table 3.2).  

Such non-adaptive responses – whether simulated or observed – can be treated 

as early-warning signal of global change since observed advanced spring migration 

and egg laying dates have been interpreted as an adaptive response to climate 

change (Usui, Butchart, and Phillimore, 2017; Knudsen et al., 2011). Indeed, spe-

cies that notably advanced their spring migration during the years 1990-2000 were 

stable, while migratory bird species with declining populations did not adjust their 

migratory timing over the same time period (Møller, Rubolini, and Lehikoinen, 

2008). Moreover, modelled stable populations that followed the new optimal 

strategy in the altered environment migrated earlier to the breeding location and 

also advanced breeding (Section 3.4.2 and Table 3.2).   

The temporal shifts of autumn migration depended strongly on the specific sce-

nario of food supply in the model and did not show a consistent pattern (Section 

3.4). In field studies, autumn phenology is tackled less than spring phenology due 

to methodological complexities among other reasons, so that it was termed ’the 

neglected season in climate change research’ (Gallinat et al., 2015). For example, 

it is often less obvious when birds are departing for their overwintering grounds 

than when they are arriving at the breeding grounds (Gallinat et al., 2015; 

Lehikoinen et al., 2004). Therefore, it is currently still difficult to validate modelled 

projections of autumn migration timing in migratory birds. 

Many but not all migratory bird species displayed changes in behavioural timing in 

recent decades, which are generally interpreted as a response to climate change 

(Knudsen et al., 2011; Lehikoinen et al., 2004; Rubolini et al., 2007; Usui et al., 

2017). The observed responses differ among taxa and populations, just like for the 

modelled stork and falcon type (Section 3.4). The challenge is to explain the ob-

served variation and to identify vulnerable populations for conservation. Some of 

the variation in observed responses could be explained by migratory distance, 

body mass, general timing of migration and phylogeny in the latest and most com-

prehensive meta-analysis to date considering data sets of >400 bird species across 

5 continents covering >=15 years (Usui et al., 2017). Still, the authors concluded 

that a substantial part of the existing variation in how migratory birds alter their 
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behavioural timing in response to climate warming remains largely unexplained. 

Therefore, additional useful predictors of phenological responses are needed. 

Since the modelled bird types not only responded differently to altered food sup-

ply but also differed significantly in their migratory flight costs, flight mode might 

be one such potential predictor of vulnerability to global change (Section 3.5, also 

see Section 5.2.3 on the influence of wind conditions). Flight mode, particularly 

use of active versus passive flight, indicates how costly flight and migration are 

with respect to energy expenditure. Another useful predictor could be sociality 

(Section 3.5), as predicted phenotypic plasticity in the behavioural strategy and 

thus the adaptive potential was generally low in the model (Section 3.4.2.3). Soci-

ality facilitates the spread of new adaptive behaviour within a population and 

could thus reduce the vulnerability to global change, as also discussed in Sec-

tion 5.2.2.  

5.2.1.3 CARRY-OVER EFFECTS 

Predicted climate change and land conversion in the southern overwintering 

grounds of many migratory birds (IPCC, 2014, 2013) give reason to expect over-

wintering food shortenings in the near future. As shown in Chapter 4, food short-

enings threaten migratory birds beyond direct mortality from starvation. Rather, 

food shortenings will also induce notable carry-over effects (COEs) according to 

my results (Section 4.4), which likely impair breeding success and negatively affect 

the offspring with consequences for long-term population dynamics. For example, 

when spring migration and breeding were delayed in the model, less birds started 

breeding and these were overall in worse condition than without the assumed 

food changes. Similar COEs from the overwintering to the breeding season were 

noted experimentally for other species (Harrison et al., 2011; López-Calderón et 

al., 2017), whereas in studied Hudsonian godwits (Senner et al., 2014), red-backed 

shrikes (Pedersen et al., 2016) and collared flycatchers (Briedis et al., 2018) the 

overwintering period buffered carry-over effects from the breeding phase.  

Critically, sOAR allowed to investigate fine-scale temporal effects for the first time, 

demonstrating that whether and how strongly COEs come into effect, is not only 

determined by the magnitude of food change but also by its timing and duration. 

For example, longer food deprivations during winter had larger negative carry-

over effects on parental birds in spring than shorter adverse periods of the same 

strength (Figure 4-8 and Figure 4-3 B, C). Also, birds were particularly sensitive to 
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food changes in the pre- and post-migratory phase. Although food shortening dur-

ing this time led to severe COEs and population declines, food surplus especially 

before spring migration had positive effects. This suggests that supplemental feed-

ing before migration and on arrival might be an appropriate conservation measure 

(Robb et al., 2008). In conclusion, OAR modelling provides a valuable tool for iso-

lating effects of altered food supply from other influencing factors and for analys-

ing temporal effects, which remains challenging in experimental studies 

(McKinnon et al., 2015).  

Further, OAR models allow to anticipate potential effects of extreme events on 

the population dynamics of migratory birds. This is especially important since ex-

treme events are not only expected to intensify under climate change (IPCC, 2013), 

but by their very nature they are unpredictable and have disproportionately large 

effects compared to their short duration (Jentsch et al., 2007). In the study in 

Chapter 4, unexpected extreme food shortenings enduring over nearly the com-

plete overwintering season reduced the share of model birds initiating a brood by 

one third (Figure 4-8 A), which would have major consequences for population 

dynamics in the following years. But also minor events can have lasting negative 

effects in a population, according to my results, whereby these effects increase 

nonlinearly with increasing duration and strength of the event (Section 4.4). My 

results are supported by field data studies of lower temporal resolution, which 

show that survival data of white storks positively correlates with yearly rainfall in 

the African Sahel zone (Kanyamibwa et al. 1990 and Dallinga and Schoenmakers 

1987). Further, increasing droughts and desertification in Northern Africa have 

been made responsible for observed declines in Afro-Palaearctic migratory birds 

(Newton, 2004; Sanderson et al., 2006). Here, sophisticated modelling techniques 

like sOAR and advanced remote sensing and tracking technologies can be ex-

pected to generate new research insights on the overwintering situation of migra-

tory birds in the upcoming years, which is still mostly unknown, especially for re-

mote African or tropical regions. 

Generally, my short-term predictions (Section 3.4.1, Section 4.4) confirm that mi-

gratory birds are highly vulnerable to global change and that further population 

declines can be expected under global change even if specific populations still 

seem to be stable. The negative effects of altered food supply, such as declining 

populations (Section 3.4.1) and negative carry-over effects (Section 4.4), represent 

the cost of non-adaptation to global change because the simulated behavioural 
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plasticity was quite low in the model, so that this potential mechanism for buffer-

ing negative effects of environmental change could not become effective. Thus, 

my research results emphasize the need for targeted conservation measures.  

5.2.2 Long-term effects of global change 

In the long-term, evolution should select for an advanced spring phenology in mi-

gratory birds according to my results. In particular, modelled spring migration and 

breeding occurred earlier in the year under the new optimal behavioural strategy 

in both analysed bird functional types (Section 3.4.2). Accordingly, and assuming 

they are able to adapt their strategy to the new environment, migratory birds can 

be expected to return earlier to their breeding ground. My work thus theoretically 

underpins that observed advances in the spring phenology of migratory birds 

(Lehikoinen et al., 2004; Rubolini et al., 2007; Usui et al., 2017) represent an opti-

mal response to climate change. Since such beneficial responses have been wit-

nessed over the period of only a few decades or generations in some populations, 

they can occur faster than previously assumed (Pulido and Berthold, 2004). Inter-

estingly, the relative role of microevolution versus phenotypic plasticity in this 

context is still debated. As of 2019, observed changes in the timing of breeding 

and migration of birds are generally interpreted as being mostly plastic because 

they frequently correlate with climatic variables and also occur during the lifetime 

of individual birds (Charmantier and Gienapp, 2014; Merilä and Hendry, 2014).  

The generally assumed strong role of behavioural plasticity in recent changes of 

behavioural timing in migratory birds (Charmantier and Gienapp, 2014; Merilä and 

Hendry, 2014) contradicts my finding of low plasticity in the behavioural strategy 

for the stork and falcon functional type. In my model, behavioural plasticity stems 

from variance in energy reserves and health condition. Environmental change or 

altered food supply, respectively, changes the distribution of these state variables 

within the population. Accordingly, behaviour should change in my model if the 

underlying strategy would involve plasticity. Plasticity hereby means that, under 

the same strategy, different behavioural activities should be performed at a cer-

tain time of the year in state combinations that were formerly unlikely but are 

reached under environmental change. This is not the case, though, so that behav-

ioural plasticity was comparatively low, especially for the stork functional type. 

The main determinant of lower plasticity in the stork type compared to the falcon 

type was the longer nestling phase. Inferring, long-distance migratory birds and in 

particular long-lived species are generally limited by time constraints that make 
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their adaptation to environmental change more difficult than for resident birds. 

This could explain why migratory bird populations are over-proportionately de-

clining compared to non-migratory birds (cf. Chapter 1). 

Returning to the role of evolutionary versus plastic responses, my results raise the 

vital question whether other adaptive mechanisms have been missed and un-

derrepresented in previous research. Indeed, we observe comparatively rapid be-

havioural changes in some migratory bird species like the European Blackcaps (Syl-

via atricapilla)  (Bearhop et al., 2005; Berthold et al., 1992) although behavioural 

plasticity might be lower than previously assumed (cf. Chapter 3) and the evolu-

tionary rate in vertebrates was assessed to be low (Gienapp et al., 2008). There-

fore, a key suggestion of my research is that other important mechanisms to 

spread a new behavioural strategy within a population might have been over-

looked.  

One such adaptive mechanism could be social learning, especially for highly social 

birds like many falcon species or long-lived birds like the white stork which also 

flock together during migration allowing information transfer. In the model, the 

required magnitude of behavioural change would remain the same under social 

learning but if such additional adaptive mechanisms existed, they would have sped 

up the birds` adjustment to change. In that case, also a new set of potential indi-

cators to assess the vulnerability of a species to global change, such as sociality, 

would become necessary and should be tested for their suitability. Mechanisms 

like social learning act much faster than evolution but are far from being under-

stood (Flack et al., 2018). Nevertheless, they might be supported by appropriate 

conservation measures such as undisturbed gathering sites of sufficient size and 

quality to provide for larger flocks of birds. My results (Section 3.4) stimulate the 

discussion on the mechanisms underlying the observed advances in the behav-

ioural phenology of birds and promote the idea that studying sociality and social 

learning is a worthwhile point of departure for future research in this context. Dis-

entangling the role of various mechanisms including social learning in observed 

responses to environmental change will additionally improve future predictive 

frameworks, also for other taxa and systems. 

Migratory birds that are not able to adapt will likely experience severe population 

declines and potentially go extinct (Section 3.4.1.1). Unfortunately, migratory 

birds face specific challenges in adapting their behavioural timing to climate 
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change as it would be required according to my results (Section 3.4.2.2). In partic-

ular, migratory birds need to predict the phenology of their food resources from 

hundreds to thousands of kilometres away so that different suitable cues trigger-

ing migration have evolved under natural selection (Berthold, 2012). Adapting the 

migratory strategy to ongoing climate change now involves updating whether and 

how strongly to react to certain cues triggering migration (Winkler et al., 2014). 

Since global warming acts unevenly around the globe, however, migratory birds 

seem to be particularly threatened by climate change when the rate of warming 

in their breeding habitat surpasses the one in their overwintering habitat so that 

correct cueing is interrupted (Tim and Will, 2009).  

5.2.3 The influence of wind conditions 

Due to their flying movement mode, migration timing and energetic flight costs 

strongly depend on atmospheric circulation patterns, which are also expected to 

be impacted by climate change. Though confidence in the predictions regarding 

how they will change in the near future is still low (IPCC, 2013), it is reasonable to 

assume that the period of thermal availability will lengthen and thermals become 

stronger with global warming. Then, larger passive fliers like the white stork or 

various vultures might experience longer windows of opportunity with cheap flight 

costs. Accordingly, they might be less vulnerable to climate change in this respect 

than smaller birds that mainly employ active flight and save less energy from soar-

ing/gliding due to different flight energetics (cf. Pennycuick, 1972). This argument 

is not only supported by findings that population declines in migratory birds cor-

relate negatively with body mass (Usui et al., 2017) but also by my finding that the 

modelled active flyer (falcon) showed stronger population declines than the mod-

elled passive flyer (stork) for the same food scenarios (Table 3.2). 

The influence of wind conditions on migratory patterns has only recently come 

into the scientific focus, despite excellent theoretical considerations on wind as a 

selective force for migratory birds (Alerstam, 1979) and experimental approaches 

to determine the flight mechanics and dynamics of birds (e.g Pennycuick, 1972). 

Kranstauber et al. (2015) used 21 years of available global wind data to compute 

the optimal flight route with respect to wind support between any two locations 

in the world. Following these wind-optimized routes would save birds around 27 

% of travelling time compared to the shortest route, with likely consequences for 

survival (Kranstauber et al., 2015). Many known migratory flyways (cf. Figure 1-2) 

overlap with the computed routes so that they likely represent energetically cheap 
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aerial highways to which migratory birds adapted at the population level 

(Kranstauber et al., 2015). Meanwhile, it was shown that Honey Buzzards, which 

are large soaring migrants, make seasonal detours to exploit predictable favoura-

ble wind patterns further down the route (Vansteelant et al., 2017). Even noctur-

nally migrating songbirds in the USA could benefit from altered wind regimes un-

der climate change as projected future wind patterns were theoretically found to 

assist them during their migration (La Sorte et al., 2018).  

Generally, it seems vital to re-address pending questions regarding how wind con-

ditions affect migratory bird population for improving predictions regarding the 

impacts of global change on migratory birds. Now, in the era of advanced tracking 

technology, high-performance computing and big data, we also have the tools for 

doing so and can model wind effects more explicitly, as it is possible with sOAR, 

for example, and has been done in Chapters 3 and 4. 

5.3 Ecological consequences of declining migrants  

In the following, I will set my findings into the bigger ecological picture, consider-

ing their wider ecological consequences and also other migratory animal popula-

tions. Besides migratory birds, also other migratory animals have notably de-

creased in population size over recent decades (Wilcove and Wikelski, 2008). For 

example, the migratory Mongolian antelope (Saiga tatarica mongolica) has 

dropped from over one million to less than 50,000 individuals within 20 years, 

which is equivalent to a population decline of over 95 % (Berger, Young, and Ber-

ger, 2008). Similarly, scientists estimated that the biomass of salmon returning to 

the Pacific Northwest of the USA for reproduction is only 5-9 % of the biomass of 

salmons that reached this area prior to European settlement (Gresh et al., 2000). 

Accordingly, Wilcove and Wikelski (2008) warned that migratory animals and the 

phenomenon of animal migration could disappear altogether under global change, 

with major consequences for whole ecosystems.  

At the individual level, the changes in temporal patterns of resource supply in-

duced by global change will require the adjustment of the timing of life-history 

events by migratory birds. Otherwise, ecological mismatches between the bird’s 

resource demand and available supply might incur negative fitness consequences 

throughout its lifecycle (Both et al., 2009; Møller et al., 2008; Thomas et al., 2001). 

Accordingly, modelled populations that kept following the outdated behavioural 

strategy in the new environment had mostly declining populations (Section 3.4.1). 
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The potential for detrimental resource mismatches under climate change also ap-

plies to other taxa and can be expected to alter species interactions and potentially 

shift community compositions (Both et al., 2009). 

Keeping pace with the advancing phenology of food resources and utilizing new 

feeding opportunities, migration distances might decrease or migration be given 

up at all (Knudsen et al., 2011). Though the affected populations will be saving the 

energy spent for migration, it was shown that migratory populations also suffer 

from reduced migration, potentially accelerating their decline. Typically, migratory 

animals are assumed to encounter more diverse parasites and pathogens than 

sedentary animals and to experience temporary high infection risks (Bauer and 

Hoye, 2014; Satterfield et al., 2015), e.g. during flocking on departure. However, 

migration also allows to escape contaminated regions, kills off infected individuals 

during the strenuous journeys, and can lead to pathogen loss along the route 

(Krkošek et al., 2007; Satterfield et al., 2015). Accordingly, migration positively af-

fected disease dynamics for the host species in several recent studies on wild ani-

mals (Bartel et al., 2011; Daversa et al., 2018; Krkošek et al., 2007). For example, 

the infection rate of American monarch butterflies (Danaus plexippus) with a cer-

tain pathogen is much lower in migratory populations than in populations that 

have become sedentary, although the pathogen virulence was similar in both pop-

ulations (Satterfield et al., 2015). 

At higher systematic levels, migratory animals form part of biodiversity - meaning 

that declining populations of migratory birds and other migratory animals down 

to extinctions will directly reduce biodiversity. Therefore, not only species richness 

will be negatively affected but also other important components of biodiversity 

such as the genetic, functional, phenotypic and phylogenetic diversity (CBD, 2014; 

Díaz et al., 2013; Pereira et al., 2013). Generally, the population declines predicted 

for the modelled bird functional types in Chapter 3 are in line with the current 

scientific view that the biotic world is becoming more homogeneous globally 

(Primack et al., 2018; Thuiller et al., 2011). 

Finally, population declines and corresponding changes in biodiversity have con-

sequences at the ecosystem-level. Migratory birds are mobile links that connect 

ecosystems and perform various ecosystem services such as controlling insects, 

dispersing seeds, serving as energetic prey and redistributing nutrients among oth-

ers (Bauer and Hoye, 2014; Şekercioğlu, 2006; Şekercioğlu et al., 2004). Decreasing 

population sizes will threaten such services. For example, in an experimental study 
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on a Jamaican coffee farm, coffee shrubs were infested 40 % - 58 % more by the 

major insect pest in coffee when they were experimentally excluded from foraging 

by birds (Johnson et al., 2010). Here, migratory birds constituted 26 % - 41 % of 

detected birds on the coffee farm (Johnson et al., 2010). The corresponding eco-

system service of pest control provided freely to humanity by the birds was esti-

mated to be worth 12 % of total crop value, which would need to be substituted 

by harmful pesticides (Johnson et al., 2010). Additionally, positive ecosystem prop-

erties can be expected to suffer from population declines in migratory birds. For 

instance, given the observed magnitude of predation in the example above, the 

birds in the coffee farm should have strong top-down effects on the prey insect 

communities, potentially altering competitive interactions therein (cf. Chase et al., 

2002). From an ecosystem perspective, noted and predicted declines in migratory 

bird populations might thus decrease the stability and resilience of ecosystems (cf. 

Cardinale et al., 2012; Jiang and Pu, 2009; van der Plas, 2019). 

Other migratory animals also serve such important wider ecological functions, 

which will be affected by their declining populations with far-reaching conse-

quences. For instance, due to the huge decline of migratory salmon mentioned 

above, rivers in the American Northwest were estimated to receive only 6 % - 7 % 

of historic input of nitrogen and phosphorus from the sea (Gresh et al., 2000). 

These nutrients are typically spread by bears and other predators and scavengers 

of salmon from the rivers to the vicinity (Gende et al., 2007). There, they act as a 

fertilizer for plants (Hocking and Reynolds, 2011; Hurteau et al., 2016) and it was 

shown that these salmon-derived nutrient subsidies influence the abundance, 

species richness and community composition of plants which are present (Hocking 

and Reynolds, 2011; Hurteau et al., 2016). Accordingly, declining populations of 

migratory animals can be expected to significantly affect the ecosystems of their 

different habitats (Cardinale et al., 2012; Jiang and Pu, 2009; van der Plas, 2019; 

Wilcove and Wikelski, 2008). 

Besides such ecosystem services, also ecosystem properties will be affected, when 

populations decline or go extinct since higher trophic levels in the food web de-

pend on them. Some predators will switch prey when their favourite prey becomes 

less abundant (Chase et al., 2002), for example the modelled white stork which is 

an extremely opportunistic feeder (Kaatz et al., 2017). Though prey switching can 

act as a so-called stabilizing mechanism that maintains species coexistence 

(Chesson, 2000; Jeltsch et al., 2013), such mechanisms are not always sufficient to 
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prevent biodiversity loss. For example, predators can still experience food scarcity 

when several focal prey species decline. Then, a chain of co-extinctions might be 

induced, in which predators decline or go extinct because their food sources have 

dwindled or disappeared (Strona and Bradshaw, 2018). Thus, because resource 

and consumer species are intertwined in complex hierarchical food webs, biodi-

versity loss might be amplified by co-extinction processes at higher trophic levels 

(Strona and Bradshaw, 2018). 

5.4 Advancing the movement ecology framework 

In the following, I will interpret my findings within the theoretical framework of 

movement ecology of Nathan et al. (2008), which has been introduced to facilitate 

a holistic understanding of movement processes and their consequences (cf. Sec-

tion 1.3.2). I will highlight where my work fits into the framework but also make 

valuable suggestions on how it could be extended so that important findings of my 

research regarding global change impacts on migratory birds can be better cap-

tured by it (Figure 5-2). With these extensions, the framework would also work 

smoother across different time and entity scales. 

 

Figure 5-2: Suggested modifications (blue boxes and arrows) of the frameworks by Nathan et al. 
(2008) and Jeltsch et al. (2013) for studying movement ecology and its interplay with biodiversity, 
respectively. The modifications allow capturing the findings (yellow stars) of research presented in 
this thesis (Chapters 2,3,4) regarding global change (orange stars) impacts on migratory birds 

Global change is equivalent to altering the external factors in the movement ecol-

ogy framework. I abstracted global change to changes in food supply which can 
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directly affect the internal state of an individual, leading to changes in the distri-

bution of state variables within the population, e.g. in the level of energy reserves 

(Chapter 4). In view of my work, it makes sense to interpret death as a particular 

realization of the internal state. Death could be equivalent to zero or the minimum 

level of energy reserves, for example, as in my model. In this way, two major 

measures for the ecological fitness of an individual would be readily included in 

the movement ecology framework, namely energetic gains and survival. Addition-

ally, it would provide an option to capture the loss of individuals within a popula-

tion, which will become necessary when more wide-ranging consequences of 

movement on biodiversity shall be considered as it is possible with the extended 

framework by Jeltsch et al. (2013). 

The immediate effects of global change on the motion or navigation capacity of an 

individual are not considered in my model though both can directly be affected by 

changes in the environment. For example, wind turbines that get installed to mit-

igate the impacts of climate change are frequently responsible for broken wings in 

raptors (Kirby et al., 2008) and night time light pollution leads to disorientation in 

birds among other animals (Gaston et al., 2013). Focusing on behavioural strate-

gies under global change in my research, the navigation capacity nevertheless is 

the element of the movement ecology framework which connects most promi-

nently to my work. 

The navigation capacity encompasses the cognitive machinery enabling an individ-

ual to orient in time and space (Nathan et al., 2008) and is responsible for the 

optimal timing of breeding and migration in migratory birds. It thus includes the 

optimal behavioural strategy, which sOAR computed for the given environmental 

scenarios and which the model birds followed in the simulations. Even if an animal 

adheres to its traditional behavioural strategy, it might change its behaviour in the 

short-term under environmental change because the behavioural strategy can in-

volve phenotypic plasticity. For example, when summer food supply decreases, 

birds could be in worse condition by autumn and thus migrate later than usual. 

Though phenotypic plasticity was low in my study (Section 3.4.2.3), it represents 

an important adaptive mechanism (Charmantier and Gienapp, 2014) that might 

not only invoke changes in observed movement patterns but, at least as im-

portantly, in altered reproductive activities. 
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Successful reproduction produces additional individuals and thus naturally con-

nects different entity and time scales. Additionally, long-term reproductive suc-

cess represents the ultimate measure of fitness (Houston and McNamara, 1999; 

McNamara et al., 2001) and needs to be considered when mechanisms working at 

evolutionary time-scales shall be incorporated into the framework. I, therefore, 

recommend to substitute the ‘movement path’ in the movement ecology frame-

work more generally by ‘behaviour’, which would then encompass both move-

ment and reproduction activities that both feed back to the internal state of an 

individual. 

Under global change, the optimality paradigm incorporated in the movement ecol-

ogy framework would become invalid, at least for a transient period of time. In 

particular, the traditional timing of migration and reproduction in migratory birds 

will often be suboptimal with respect to maximizing long-term reproduction suc-

cess under global change, as indicated by the results in Chapter 3. If migratory 

birds keep following the outdated behavioural strategy despite global change, 

their behaviour might not be the best possible response to the environment any-

more and can lead to carry-over effects and notable declines at the population 

level (Chapter 3, 4). Though under favourable environmental changes, populations 

might also grow (Chapter 3, 4) until density-dependent mechanisms start to kick 

in. 

The required long-term response to global change (Chapter 3) ensuring stable 

populations cannot be captured by the original movement ecology framework. 

Suboptimality between the environment, or external factors, and the internal 

state of the individual will provoke natural selection of better adapted individuals 

and thus the evolution of a new optimal behavioural strategy. My results showed 

that permanently altered food supply will not only have major short- but also such 

long-term consequences on migratory birds. In particular, birds should return ear-

lier to the breeding grounds and start breeding earlier if they are able to adapt 

their behavioural strategy to the altered environment (Section 3.4.2), as it is also 

evidenced by earlier mean spring arrivals and earlier mean breeding dates in dif-

ferent bird populations (Lehikoinen et al., 2004; Rubolini et al., 2007; Usui et al., 

2017). 

To update the framework so that it works better over evolutionary time scales, it 

must include the individual-level genetic processes which cause individuals to vary 

in their navigation and motion capacity. These genetic processes would be another 
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new element within the framework and act on both capacities, being able to cre-

ate a new optimal behavioural strategy that again fulfils the optimality paradigm. 

The genetic processes could further be influenced by the external factors, e.g. 

when pollution increases mutation rates. 

However, the new optimal behavioural strategy would still need to spread within 

a population. Here, it is appropriate to switch from the movement ecology frame-

work to the framework of Jeltsch et al. (2013), which links movement ecology and 

biodiversity research. The latter explicitly incorporates intra- and interspecific ac-

tions that arise from the (movement) behaviour of individuals and, via various 

mechanisms, influence biodiversity including the focal individual. If evolutionary 

game dynamics (Maynard Smith, 1993) were to be integrated into the interactions 

in the framework at the population level, there would emerge a direct link from 

these interactions to the navigation and motion capacity of an individual because 

the individual’s capacity is strongly determined by the outcome of the evolution-

ary dynamic game. Generally, interactions between animals with different behav-

ioural strategies can mathematically be treated as a dynamic game with multiple 

players (Maynard Smith, 1993). Then, the fitness consequences of a behavioural 

action depend on which behavioural strategy is pursued by other individuals in-

volved in the game besides the focal player’s ones (Houston and McNamara, 1999; 

Maynard Smith, 1993). This can lead to evolutionary stable strategies of behaviour 

over evolutionary timescales (Hines, 1987; Houston and McNamara, 1999; 

Maynard Smith, 1993). 

The framework by Jeltsch et al. (2013) also provides for the integration of social 

learning, which represents an important but overlooked mechanism for adapting 

to global change (Section 3.5). Social learning represents an alternative way to de-

velop a new optimal behavioural strategy, apart from evolutionary adaptation. 

Working over ecological time scales, it could be involved in many rapid behavioural 

adaptations to global change, especially in long-lived and social animals like the 

studied stork and falcon bird functional types. In the framework by Jeltsch et al. 

(2013), social learning could be included in the element of intra- and interspecific 

interactions and link to the navigation capacity. 

To conclude, building on the valuable theoretical frameworks of Nathan et al. 

(2008) and Jeltsch et al. (2013), my work highlighted significant advances which 

will improve their coherence across temporal and entity scales and expand their 

scope of application. Uncovering important adaptive response mechanisms and 
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integrating them explicitly into the frameworks, I further improved their suitability 

for research questions within the context of global change. 

5.5 Developing a new indicator of vulnerability to global change 

The approach and findings presented in this thesis should not only be evaluated 

from the viewpoint of theoretical ecology but also be assessed with respect to 

their conservation value. In the following, I want to outline how OAR modelling 

could principally be used for conserving migratory birds under global change and 

in particular for determining the vulnerability of different migratory bird popula-

tions. Though extending sOAR might present one option in that direction, the pre-

sented considerations will also apply to alternative, appropriate mechanistic mod-

els. 

Complementing traditional extinction risk assessments such as climate envelope 

modelling (Thuiller et al., 2005; Zurell et al., 2018), OAR modelling could be used 

for developing a mechanistic indicator of vulnerability to global change. This could 

happen within a hierarchic process that starts analysing the extinction threat at 

ecological time scales and broadens to include an evolutionary perspective. In the 

next paragraph, I outline potential steps of this hierarchic process. Generally, it 

should be reverted to bird functional types in order to cover a broad range of spe-

cies.  

In a first step and using OAR modelling, the historic behavioural strategy needs to 

be determined for model populations of various bird functional types. Following 

the approach in Chapter 3, model populations employing the computed optimal 

behavioural strategy should then be subjected to environmental change. This ex-

periment provides the expected response at ecological time scales, assuming no 

adaptive mechanisms are at work. If populations are predicted to decline, the old 

behavioural strategy can be regarded as suboptimal and the population at risk of 

extinction. The magnitude of decline (cf. Chapter 3) and an analysis of arising car-

ryover effects (cf. Chapter 4) provide a first proxy for how urgent conservation 

measures are. Thus, the approach helps to identify the most vulnerable functional 

types and to prioritise conservation measures accordingly. 

In a second step, the new optimal behavioural strategy for the altered environ-

ment needs to be computed (cf. Chapter 3). If the difference between the old and 

the new optimal strategy is large, adaptation pressure likely is strong. This proce-

dure further points out whether and to what degree the focal population might be 
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able to adapt, at all. For example, no new optimal solution might be found within 

the given constraints, indicating that the focal population cannot survive in the 

expected new environment if major functions underlying biological processes such 

as metabolic functions do not change. Though it must be acknowledged that be-

havioural responses could be developed, too, this step provides critical additional 

information for conservation. 

In a third step, phenotypic plasticity should be assessed because it may buffer sim-

ulated global change impacts and thus buy time for evolutionary adaptation. In 

particular, it needs to be determined, how much phenotypic plasticity is included 

in the outdated behavioural strategy and whether it acts towards the same direc-

tion as the new environment requires (cf. Chapter 3). The indicator proposed in 

Chapter 3 represents a first exemplary method for this purpose. Highly plastic 

strategies acting towards the optimal response might reduce the urgency of con-

servation measures, while the opposite might be true for rigid strategies or mala-

daptive plastic responses in behavioural timing. However, higher selective pres-

sure in the latter case could also speed up evolutionary responses. 

A reasonable fourth step is to analyse which factors determine a population’s 

grade of plasticity (cf. Chapter 3). Some factors like migratory or brood care costs 

could be manipulated by conservation measures such as food provisioning, while 

others like metabolic constraints might only be tackled by microevolution.  

Finally, the results should be complemented by an assessment of other factors 

that partly predict the vulnerability of a species to global change based on statis-

tical analyses of field data. For example, body mass, phylogeny, migratory distance 

and the general timing of migration were found to correlate with changes in phe-

nology (Usui et al., 2017).  My work (Chapter 3) further suggests that flight mode 

could be such a predictive factor since the modelled bird functional types, employ-

ing either active or passive flight, differed notably in their response to altered food 

supply. I also came to the conclusion that social learning likely plays a larger role 

in adaptive responses of social or long-lived birds than previously acknowledged 

(Chapter 3) and might provide additional useful hints regarding species vulnerabil-

ity. 

Generally, migratory birds are threatened by multiple independent environmental 

factors under global change that act accumulatively (Zurell et al., 2018). My thesis 

reveals that there exist additional risks stemming from behavioural constraints 
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and evolutionary limitations, which have not been included in vulnerability assess-

ments. Hence, a major step forward in predicting the vulnerability of migratory 

bird populations will be to create a composite indicator of vulnerability for migra-

tory birds, which integrates the results of highly developed statistical methods 

with the outcomes of advanced mechanistic modelling methods. This goal requires 

defining the scope of assessment, specifying relevant functional groups and iden-

tifying suitable model species for which there is enough data and process 

knowledge to parametrize the complex mechanistic models. 

5.6 Quo vadis? 

Achieving a complete understanding of the global change impacts on migratory 

bird populations and predicting their responses remains an open challenge. As was 

demonstrated throughout this thesis, optimal annual routine modelling repre-

sents a promising research avenue to approach this goal. With the first open-

source OAR model sOAR that I presented in Chapter 2, there now exists an excel-

lent basis to employ OAR modelling more frequently for research questions re-

lated to global change impacts and to refine the method. Here, I wish to outline 

meaningful next steps of research based on my work: 

1. Supplement model validation and further explore potential limitations of 

sOAR and the OAR approach. In particular, perform a global sensitivity analysis 

of the complete parameter space of the model. Though this will require time 

and extensive computations, it would be very useful to thoroughly understand 

the model’s sensitivity to each parameter and its constraints. So far, I have 

performed local sensitivity analyses around most parameters including e.g. 

food supply, metabolic costs, mortality. Additionally, where possible, model 

predictions regarding the timing of migration can be compared with increas-

ingly available tracking and ringing data in more detail. 

2. Improve parameter estimations, particularly for uncertain or sensitive pa-

rameters and functions. For example, overwintering food availability can have 

severe effects on the dynamics of migratory bird population (Chapter 3), which 

may carry over and affect fitness in subsequent seasons (Chapter 4). At the 

same time, assumptions of winter food supply are often highly uncertain due 

to a lack of data, especially for Eurasian long-distance migrants overwintering 

in Sub-Saharan Africa. To improve these estimates, we need to get a better 

understanding of the food availability in such remote regions of the world, e.g. 

by blending land use, NDVI and climate data from intensified data collection 
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efforts. Additionally, the birds’ overwintering locations and movements need 

to be evaluated. Nomadic movements following available food sources are 

quite wide-spread in the overwintering habitats (Andersson, 1980; Dean, 

2004; Runge et al., 2015), for instance. Chapter 4 suggests that the African 

overwintering food supply might be more unpredictable than assumed in the 

model.  Generally, a better understanding of the overwintering conditions will 

also help tackle other important ecological questions such as whether the sum-

mer and winter niches of migratory birds overlap (Thorup et al., 2017). 

3. Reach a better understanding of differential behavioural patterns and the 

evolutionary shaped life-history of birds by analysing modelled results from 

additional perspectives. For example, investigate how juveniles and adults dif-

fer in their behavioural timing, foraging and mortality patterns or how the re-

productive value changes over time. Tentative analyses I have performed (not 

shown here) in this direction showed that departing a week before the adults 

represents an optimal response to the environment for juvenile white storks. 

It would be worthwhile to investigate which patterns of differential migration 

timing arise under which biological constraints and environmental conditions, 

especially as differential timing of behaviour also occurs in other species 

(Kjellén, 1992; Mueller et al., 2000). For this purpose, I recommend to make 

flight costs experience-dependent since juvenile white storks have been 

shown to spend more energy during their first migration than more experi-

enced birds (Rotics et al., 2016). Importantly, the assumed share of employed 

active and passive flight must reflect the biology and typically experienced 

wind conditions of the focal population (cf. stork functional type in Chapter 3).  

4. Examine flight mode and sociality as additional predictors of a species’ re-

sponse and vulnerability to global change (as suggested in Chapter 3). For a 

start, these parameters could be included as explanatory variables in existing 

statistical approaches for separating out the major determinants of a species 

vulnerability, such as the mixed effects meta-analytic approach by Usui et al. 

(2017). In the case of flight mode, the required data could be extracted from 

existing literature and databases or be derived from other morphological pa-

rameters such as wing shape (Blaum et al., 2011). The sociality factor will likely 

be more difficult to grasp and define since comparative studies on the social 

behaviour of migratory birds and its effects are still rare, except for research 

on flocking behaviour and flight formations (Flack et al., 2018). Apart from 
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that, it will be challenging to disentangle the social learning capabilities of a 

population from its social behaviour. For example, many short-lived song-birds 

are threatened and highly social but their social learning capabilities might be 

restricted compared to longer-lived species. In any case, it should be noted 

that both sociality and flight mode would be better represented by gradients 

rather than binary parameters.  

5. Seek to explain the evolution of different migration strategies for active and 

passive fliers, performing additional computations with sOAR. To this end, 

evaluate how increasing flight costs affect emerging behavioural patterns. A 

nuanced but potentially important consideration is that in reality different 

flight costs are likely to be coupled to different metabolic and predation costs, 

e.g. larger birds experiencing higher energetic costs during active flight also 

have a different metabolism and predation risk than smaller birds. Addition-

ally, rich databases for different bird species will be required for such a study.  

6. Assess the ecological role of reduced migration distances in the few observed 

population increases of migratory bird populations including Western white 

storks. Here, sOAR could be adapted so that it is able to work with multiple 

stopover locations that are characterized by individual food supply and wind 

conditions. This would require a higher discretization of the location variable 

and implementing assumed connectivity between the individual locations (cf. 

Bauer et al., 2008). 

7. Study seasonal interactions including carry-over effects at the individual 

level, extending sOAR by an individual-level Monte-Carlo simulation. In this 

case, the breeding process should be modelled in more detail, in order to an-

alyse seasonal interactions and carry-over effects arising from a single event 

across multiple breeding seasons. Then, it would also be possible to simulate 

the complete life-history of an individual, including potential long-term effects 

of early life experiences. Such long-term studies are challenging to perform 

experimentally, especially in migratory birds with their distant breeding and 

overwintering ranges. Apart from that, there is scientific evidence that breed-

ing events influence migratory behaviour (Low et al., 2015), that overwintering 

conditions carry over to affect later survival and breeding success (Chapter 4, 

Norris, 2005; Norris et al., 2004), and that carry-over effects arising from over-

wintering conditions vary with age and sex (López-Calderón et al., 2017). 
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8. Improve the accuracy of the predicted annual routines by extending sOAR to 

include explicit density dependence in the food availability as outlined in Sec-

tion 5.1 and done by Barta et al. (2006) and Barta et al. (2008). Then, in an 

iterative process, the size of a population following a certain behavioural strat-

egy in the given environment would be computed, its effect on food supply via 

density dependence determined, in turn influencing the optimal behavioural 

strategy. Ideally, these computations would converge and the resulting behav-

ioural strategy would represent an evolutionary stable strategy (ESS) within 

life-history theory (Barta et al., 2006; Houston and McNamara, 1999).  

9. Model and analyse the larger ecological consequences of predicted popula-

tion declines and altered behavioural timing in migratory birds at the com-

munity-level. Given that migratory birds perform various ecosystem functions 

(Şekercioğlu, 2006; Şekercioğlu et al., 2004) and often represent a substantial 

share of the local avifauna (Somveille et al., 2013), such changes in their ecol-

ogy can be expected to have notable effects on the whole ecosystem (cf. 

Chapter 1, Bauer and Hoye, 2014; Jeltsch et al., 2013). A suitable approach to 

tackle community-level effects induced by population-level changes in migra-

tory behaviour might be network modelling. As of 2019, not only do there exist 

robust methods to analyse food webs and social networks, but scientists are 

also developing an increasing number of tools to assess the movement net-

work of an individual as well as the interplay of movement and social networks 

(Jacoby and Freeman, 2016). Developing spatially explicit, individual based 

models (IBMs) (Railsback and Grimm, 2012) could also be ideal for simulating 

species interactions under decreasing population sizes or different behavioural 

strategies of migratory birds. Of course, sufficient biological data and ecologi-

cal process knowledge would be required to parametrize such multi-species 

models. A promising IBM that spans multiple hierarchical levels from individual 

processes to consequences at the community level has been presented by 

Teckentrup et al. (2018) and works based on different body mass distributions. 

10. Verify life-history theory and the OAR approach for global change research, 

e.g. by combining OAR modelling and experiments on micro-organisms or 

other suitable small animals with short generation cycles. This allows testing 

for which circumstances various optimality paradigms such as optimal foraging 

theory still hold. Moreover, the interplay between environmental changes, the 

inner state of an individual and behaviour can be explored under controlled 



5.7 Conclusion 
 

 

106 

conditions and across temporal scales, ranging from instantaneous responses 

over the life-cycle of the individual to multiple generation times. In larger ani-

mals, the inner state can be tracked by utilising sensors tracking heart rates, 

motion, brain activity, body temperature etc. (Wilson et al., 2015). Since any 

sensor and device attached to or implanted in an animal can seriously impair 

its ecological fitness, it should be carefully assessed though whether the par-

ticular experiment is justified (McMahon et al., 2011). 

5.7 Conclusion 

Ongoing global biodiversity loss due to global change is exemplified by observed 

population declines in many migratory bird species. Recently noted changes in 

their behavioural timing have further been ascribed to anthropogenic climate 

change. Though individual populations vary in their response to global change, this 

variation including the underlying ecological mechanisms are not fully understood 

(Usui et al., 2017). It further remains unproven whether observed responses are 

actually adaptive in the long-term (Knudsen et al., 2011). Both aspects represent 

prerequisites for identifying vulnerable migratory bird populations and for design-

ing effective conservation measures. Still, existing models for anticipating global 

change impacts on migratory birds are typically statistical models (e.g. Zurell et al., 

2018), which limits their applicability to novel environmental conditions as they 

are developing under global change. Moreover, it is often neglected (Jentsch et 

al., 2007) that global change features two temporal characteristics, namely grad-

ual versus punctuated changes, though these likely differ in their impact on natural 

populations.  

In this thesis, I filled these gaps by developing an open-source software (sOAR) to 

determine the optimal behavioural strategy for animal populations in a given en-

vironment and to simulate the emerging behaviour and dynamics when the pop-

ulation is following the computed behavioural strategy. The software is a modular 

and extended implementation of the optimal annual routine framework by Hou-

ston and McNamara (Houston and McNamara, 1999) and is based on first princi-

ples, allowing to reach a process-based understanding of global change impacts 

on migratory birds. I applied an adapted version of the software to investigate how 

changes in food supply as they can be expected under global change will influence 

the population dynamics and behavioural timing of a migratory stork and falcon 

bird type in the short- and long-term. My findings theoretically underpin that ad-

vancing spring migration and breeding phenology is a required response under 



Synthesis – Chapter 5 
 

 

107 

global change for keeping population sizes stable. They further highlight that se-

vere population declines of migratory birds are to be expected in the near future, 

especially when environmental conditions in both the breeding and overwintering 

habitat change. Unfortunately, according to my results, long-distance migratory 

birds will face various constraints in adapting to environmental change, including 

major time-constraints. Further, unpredictable punctuated changes in the over-

wintering habitat, such as intensifying droughts, can lead to notable carry-over 

effects that have the potential to affect population dynamics across seasons and 

generations. Here, sOAR and OAR modelling in general proved to be a valuable 

tool for examining fine-scale temporal effects that would be challenging to tackle 

experimentally. Considering the temporal dimension at higher resolution sug-

gested that there is a threshold at which the negative effects of short but intense 

food shortenings will surpass those of enduring milder food shortening. Further-

more, targeted conservation measures during the pre- and post-migratory phase, 

in which modelled birds were particularly vulnerable, might have overproportion-

ately positive effects on the individual. Importantly, my research indicates that ad-

ditional predictors of vulnerability such as flight mode and important mechanisms 

of adaptation such as social learning have been overlooked.  

Overall, my results advance a mechanistic understanding of the impacts of global 

change on migratory birds across temporal scales. They further allow to refine pre-

dictive models for anticipating the responses of migratory birds to global change. 

In particular, they provide valuable insights and techniques for developing a new 

indicator of vulnerability that also accounts for the inherent constraints and trade-

offs migratory birds face in adapting to global change. Finally, theoretical ecology 

could be advanced through my work, updating the excellent movement ecology 

framework (Nathan et al., 2008) and framework to integrate movement ecology 

and biodiversity research (Jeltsch et al., 2013). Now, empirical studies need to be 

designed that test and validate the model predictions and analyse their larger con-

sequences for biodiversity. 
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6 Supporting information 

6.1 Appendix to Chapter 2 

6.1.1 Overview of stage and state variables in sOAR 

Table S 6.1-1: Overview of stage and state variables in sOAR, including a characterization of varia-
bles and their allowed range of values. The grid of each discretized variable is equally spaced. For 
energy reserves and health condition non-integer values are possible. 

Variable Characterization Range of values 

Time, 𝑡 Stage variable/decision epoch: at each stage 

of time a behavioural decision must be made. 

𝑡 ∈ {0,1, … 𝑡𝑚𝑎𝑥} 

Energy reserves, 𝑥 State variable: level of energy reserves within 

defined range.  

𝑥 ∈ {𝑥𝑚𝑖𝑛 , … , 𝑥𝑚𝑎𝑥} 

with 0 ≤ 𝑥𝑚𝑖𝑛 < 𝑥𝑚𝑎𝑥  

and 𝑥𝑖 − 𝑥𝑖−1 = 𝑐𝑜𝑛𝑠𝑡. 

Health condition, 𝑦 Optional state variable: state of the immune 

system.  

𝑦 ∈ {𝑦𝑚𝑖𝑛 , … , 𝑦𝑚𝑎𝑥} 

with 0 ≤ 𝑦𝑚𝑖𝑛 < 𝑦𝑚𝑎𝑥  

and 𝑦𝑖 − 𝑦𝑖−1 = 𝑐𝑜𝑛𝑠𝑡. 

Age of offspring, 𝑎 State variable: existence and age of depend-

ent offspring. A value of -1 indicates no off-

spring, a value of 0 newly born offspring and 

values >0 the age of dependent offspring in 

number of decision epochs. Offspring be-

comes independent at 𝑎𝑚𝑎𝑥. 

𝑎 ∈ {−1,0,1, … , 𝑎𝑚𝑎𝑥} 

Experience, 𝑒 State variable: foraging experience of individ-

uals, e.g. newly independent young might be 

less efficient at finding resources.  

𝑒 ∈ {0,1, … , 𝑒𝑚𝑎𝑥} 

Location, 𝑜 State variable: location of the animal. When 

migration is enabled, o can take one of two 

values representing the two locations be-

tween which the animal can migrate. 

𝑜 = 1  

or  

𝑜 ∈ {1,2} 

Migratory state, 𝑠 Optional state variable: indicating if and how 

long the animal has been migrating; the total 

duration of migration (in number of decision 

epochs) is user-defined. 

𝑠 = −1 

or 

𝑠 ∈ {−1, 0, … , 𝑠𝑚𝑎𝑥} 

 

  



Supporting information – Chapter 6 
 

 

109 

6.1.2 Parameter settings in illustrative example on optimal migration timing 

Table S 6.1-2: Model parameters and their corresponding values or formulas as used in the example 
illustrating how the optimal timing of spring and autumn migration may vary with environmental 
food availability at a site. Where three values are given, these refer to the three simulated environ-
mental scenarios. Extra costs of reproductive or migratory activities add to the cost of subsistence 
(details in the sOAR User Manual). 

Parameter Symbol Value / Formula 

State and stage variables:   

Range of energy reserves 𝒙 ∈ [𝟎, 𝟏𝟎], ∈ ℕ 

Range of health condition 𝒚 ∈ [𝟎, 𝟏𝟎], ∈ ℕ 

Range of experience 𝒆 ∈ [𝟎, 𝟐], ∈ ℕ 

Age of any offspring 𝒂 ∈ [−𝟏, 𝒂𝒊𝒏𝒄𝒖𝒃 + 𝒂𝒊𝒏𝒅𝒆𝒑 + 𝟐], ∈ ℤ 

Location 𝒐 ∈ [𝟏, 𝒏𝒍𝒐𝒄], ∈ ℕ 

State of migration 𝒔 ∈ [−𝟏, 𝒔𝒎𝒊𝒈𝒓 − 𝟏], ∈ ℤ 

Week of year 𝒕 ∈ [𝟎, 𝟓𝟏], ∈ ℕ 

General biology:   

Background mortality by dise-
ase 

𝑴𝒃𝒈 𝟎. 𝟎𝟎𝟏𝟔 

Basic metabolic cost 𝒄𝒃 𝟐. 𝟎 

Foraging intensity 𝒖 ∈  [𝟎, 𝟏] 

Energetic cost of subsistence  𝒄𝒔𝒖𝒃𝒔𝒊𝒔𝒕 𝒄𝒃(𝟏 + 𝟎. 𝟎𝟏(𝒙/𝟏𝟎)𝟐) + 𝟔𝒖𝟐(𝟏
+ 𝟎. 𝟎𝟏(𝒙/𝟏𝟎)²) 

Health cost of subsistence 𝒉𝒔𝒖𝒃𝒔𝒊𝒔𝒕 𝟏 −  𝟎. 𝟐𝒄𝒔𝒖𝒃𝒔𝒊𝒔𝒕  −  𝟎. 𝟎𝟏𝒄𝒔𝒖𝒃𝒔𝒊𝒔𝒕² 

Environment:   

Number of locations 𝒏𝒍𝒐𝒄 𝟐 

Average food availability at 
site 1 

𝑨𝒇𝒐𝒐𝒅(𝟏) 𝟏. 𝟎 

Average food availability at 
site 2 

𝑨𝒇𝒐𝒐𝒅(𝟐) 𝟏. 𝟎 

Degree of seasonality of food 
at site 1 

𝜺(𝟏) 𝟎. 𝟏, 𝟎. 𝟐, 𝟎. 𝟑 

Degree of seasonality of food 
at site 2 

𝜺(𝟐) 𝟎. 𝟕 

Predation risk at location 1 
and 2 

𝑴𝒍𝒐𝒄𝟏, 𝑴𝒍𝒐𝒄𝟐 𝟎. 𝟎𝟏𝒖²(𝟏 + 𝟎. 𝟎𝟏(𝒙/𝟏𝟎)²) 

Probability of active flight 𝒑𝒂𝒄𝒕 𝟏. 𝟎 

Reproduction:   

Duration of incubation in 
weeks 

𝒂𝒊𝒏𝒄𝒖𝒃 
=  𝒂𝒎𝒂𝒙 − 𝒂𝒊𝒏𝒅𝒆𝒑 − 𝟐 

𝟒 

Age of independence in weeks 𝒂𝒊𝒏𝒅𝒆𝒑  

=  𝒂𝒎𝒂𝒙 − 𝒂𝒊𝒏𝒄𝒖𝒃 − 𝟐 

𝟔 
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Energetic cost of starting a 
brood 

𝒄𝒔𝒕𝒂𝒓𝒕 𝟎. 𝟓 

Energetic cost of incubation 𝒄𝒊𝒏𝒄𝒖𝒃 𝟏. 𝟓 

Energetic cost of brood care 𝒄𝒄𝒂𝒓𝒆 𝟕. 𝟎 

Health cost of starting a brood 𝒉𝒔𝒕𝒂𝒓𝒕 𝟏. 𝟎 

Number of offspring 𝒏𝒃𝒓𝒐𝒐𝒅 𝟐 

Fitness of offspring at inde-
pendence 

𝒇𝒊𝒏𝒅𝒆𝒑 𝟎. 𝟓 

Computed equilibrium value 
for foraging efficiency of inex-
perienced bird (𝒆 = 𝟎) 

𝜽 𝟎. 𝟕𝟏𝟔𝟓, 𝟎. 𝟕𝟓𝟖𝟏, 𝟎. 𝟖𝟏𝟐𝟑 

Probability of increasing expe-
rience 

𝒑𝒆𝒙𝒑 𝟎. 𝟎𝟐 

Migration:   

Duration of migration in 
weeks 

𝒔𝒎𝒊𝒈𝒓 =  𝒔𝒎𝒂𝒙 + 𝟏 𝟑 

Energetic cost of active flight 𝒄𝒂𝒄𝒕 𝟐. 𝟎 

Reserves change during mig-
ration 

𝑫𝒙𝒎𝒊𝒈𝒓 𝒑𝒂𝒄𝒕𝒄𝒂𝒄𝒕(𝟏 + 𝟎. 𝟎𝟎𝟏𝒙²) 

Health cost of active flight 𝒉𝒂𝒄𝒕 𝟏. 𝟎 

Health change during migra-
tion 

𝑫𝒚𝒎𝒊𝒈𝒓 𝒑𝒂𝒄𝒕𝒉𝒂𝒄𝒕 

Predation risk during migra-
tion 

𝑴𝒎𝒊𝒈𝒓 𝟎. 𝟎𝟏(𝟏 + 𝟎. 𝟎𝟏(𝒙/𝟏𝟎)²) 
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6.1.3 Parameter settings in illustrative example on optimal number of brood 

cycles 

Table S 6.1-3: Model parameters and their corresponding values or formulas as used in the example 
illustrating how the optimal number of brood cycles may vary with environmental food availability. 
Where three values are given, these refer to the three simulated environmental scenarios. Extra 
costs of reproductive activities add to the cost of subsistence (details in the sOAR User Manual). 

Parameter Symbol Value / Formula 

State and stage variables:   

Range of energy reserves 𝒙 ∈ [𝟎, 𝟏𝟎], ∈ ℕ 

Range of health condition 𝒚 ∈ [𝟎, 𝟏𝟎], ∈ ℕ 

Range of experience 𝒆 ∈ [𝟎, 𝟐], ∈ ℕ 

Age of any offspring 𝒂 ∈ [−𝟏, 𝒂𝒊𝒏𝒄𝒖𝒃 + 𝒂𝒊𝒏𝒅𝒆𝒑

+ 𝟐], ∈ ℤ 

Location 𝒐 ∈ [𝟏, 𝒏𝒍𝒐𝒄], ∈ ℕ 

State of migration 𝒔 ∈ [−𝟏, −𝟏], ∈ ℤ 

Week of year 𝒕 ∈ [𝟎, 𝟓𝟏], ∈ ℕ 

General biology:   

Basic metabolic cost 𝒄𝒃 𝟏. 𝟖𝟕 

Foraging intensity 𝒖 ∈ [𝟎, 𝟏] 

Energetic cost of subsistence  𝒄𝒔𝒖𝒃𝒔𝒊𝒔𝒕 𝒄𝒃 + (𝟐𝒖 + 𝟑𝒖²) 

Environment:   

Number of locations 𝒏𝒍𝒐𝒄 𝟏 

Average food availability  𝑨𝒇𝒐𝒐𝒅(𝟏) 𝟏. 𝟏 

Degree of seasonality of food  𝜺(𝟏) 𝟎. 𝟐 

Predation risk at location 𝑴𝒍𝒐𝒄𝟏 𝟎. 𝟎𝟎𝟏𝟗 + 𝟎. 𝟎𝟎𝟒𝒖² 

Reproduction:   

Duration of incubation in weeks 𝒂𝒊𝒏𝒄𝒖𝒃 
=  𝒂𝒎𝒂𝒙 − 𝒂𝒊𝒏𝒅𝒆𝒑 − 𝟐 

𝟐 

Age of independence in weeks 𝒂𝒊𝒏𝒅𝒆𝒑  

=  𝒂𝒎𝒂𝒙 − 𝒂𝒊𝒏𝒄𝒖𝒃 − 𝟐 

𝟑, 𝟒, 𝟓 

Energetic cost of starting a brood 𝒄𝒔𝒕𝒂𝒓𝒕 𝟎. 𝟓 

Energetic cost of incubation 𝒄𝒊𝒏𝒄𝒖𝒃 𝟐. 𝟑 

Energetic cost of brood care 𝒄𝒄𝒂𝒓𝒆 𝟒. 𝟔 

Number of offspring 𝒏𝒃𝒓𝒐𝒐𝒅 𝟏 

Fitness of offspring at independence 𝒇𝒊𝒏𝒅𝒆𝒑 𝟎. 𝟓 

Computed equilibrium value for for-
aging efficiency of inexperienced bird 
(𝒆 = 𝟎) 

𝜽 𝟎. 𝟒𝟗𝟗𝟖, 𝟎. 𝟓𝟏𝟑𝟑, 𝟎. 𝟓𝟐𝟔𝟎 

Probability of increasing experience 𝒑𝒆𝒙𝒑 𝟎. 𝟎𝟒 
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6.1.4 Environmental food availability 

 

Figure S 6.1-1: Environmental food availability in the breeding (black) and wintering (red) habitat 
varying sinusoidal over the year. Average yearly food supply in both locations is the same but the 
degree of seasonality in the wintering habitat varies from low (solid, high tropics) to high (dashed, 
subtropics). Please note that the actual energetic gain of an animal further depends on foraging 
intensity and experience and is scaled according to the maximum possible energy level. 

6.2 Appendix to Chapter 3 

6.2.1 Derivation of parameter values 

Parameter values for the stork functional type (T1) were derived from available 

literature on the white stork species, while the falcon functional type (T2) is based 

on literature on several small falcon species like red-footed falcon, lesser kestrel 

and Eurasian hobby. Though the values were determined carefully, we would like 

to note that parameter settings might be uncertain due to missing, inconsistent, 

uncertain or large variation in the underlying data, as it often is the case with bio-

logical data.  

To set the energetic cost values, we converted all corresponding literature values 

to [kJ/week] and then translated them into model units using a bird-specific con-

version factor. This factor was obtained by multiplying the range of individual re-

serves in the model species with the energetic value of fat, which is 37.4 kJ/g (Food 

and Agriculture Organization of the United Nations (FAO) 2003), and then dividing 

the result by the range of ten model units. 

6.2.1.1 STORK FUNCTIONAL TYPE 

General – The range of individual reserves for the stork functional type was com-

puted using data by Mata et al. (2001), where the mean body mass of experi-

mental white storks was 3322 g just before fasting and lean body mass was 2418 g. 

The associated range of reserves of 904 g multiplied with the outlined caloric value 

divided by ten model units results in a caloric worth of one model unit of ≈3381 

kJ. We computed the basal metabolic cost 𝑐𝑏 for an average experimental stork by 

taking the mean value from three approaches: the basal metabolic rate for birds 

as given by Bezzel and Prinzinger (1990) and by Aschoff and Pohl (1970), assuming 



Supporting information – Chapter 6 
 

 

113 

16 hours of activity and 8 hours of rest since storks are day active, and the basal 

metabolic rate for homeotherms as given by Peters (1983). The resulting weekly 

cost of ≈ 5733 kJ for basal metabolism (BMR) divided by the conversion factor of 

3381 kJ amount to 𝑐𝑏 = 1.7 model units. Activity increases metabolic costs 

(Glazier, 2008; Hammond and Diamond, 1997) and modelled metabolic expendi-

ture under maximal sustained activity (𝑢 = 1) is the BMR plus six model units, 

scaled by reserve-dependent factor. Accordingly, maximal sustained energy ex-

penditure is about 3.5 x BMR, or approximately three times the existence meta-

bolic rate, and thus within the observed range for birds (Hammond and Diamond, 

1997). Health costs ℎ𝑠𝑢𝑏𝑠𝑖𝑠𝑡 increase with metabolic expenditure and, in the 

model, health levels fall from highest to lowest levels within about two months 

under maximum metabolic expenditure. Under minimum activity, it takes about 

four month to recover from lowest to highest health levels. 

Mortality – The background mortality 𝑀𝑏𝑔 due to disease is set such that an indi-

vidual in top shape throughout its life will die of disease after 35 years in the 

model. It thus reflects the maximum lifespan of white storks (Kaatz et al., 2017). 

The predation parameter includes collisions with man-made structures and hu-

man hunting. In the northern breeding habitat death cases are rare and mainly 

caused by collisions and electrocution (Haas et al., 2003; Hancock et al., 1992; 

Kaatz, 2004). In the African overwintering areas, white storks are also hunted and 

there are no laws for bird-friendly power line constructions. Accordingly, we as-

sume that the predation risk 𝑀𝑏𝑔𝑝𝑟𝑒𝑑 in the overwintering location is twice as high 

as in the breeding location. The exact values are reasoned from modelled mortal-

ity and assessed causes of death (Barbraud et al., 1999; Haas et al., 2003; Kaatz, 

2004; Ryslavy, 2011; Schaub et al., 2004). Predation risk further slightly increases 

with reserves (cf. Lima 1986; Gosler et al. 1995).  

Reproduction – Energetic cost 𝑐𝑠𝑡𝑎𝑟𝑡 of starting a brood are the converted mean 

value of known energy requirements of birds for producing eggs (Carey, 1996), i.e. 

basal metabolic costs multiplied by 0.9. Based on Monaghan and Nager (1997), 

modelled incubation costs 𝑐𝑖𝑛𝑐𝑢𝑏 equal one quarter of the existence metabolism, 

which is 1225 kJ/d for white storks in their breeding habitat (Profus, 1986). The 

field metabolic rate 𝑐𝑓𝑚𝑟 of ground-foraging birds with nestlings can be estimated 

by 𝑐𝑓𝑚𝑟 = 7.76 𝑚𝑔𝑟𝑎𝑚
0.75 with 𝑚𝑔𝑟𝑎𝑚 being the bird’s mass in gram (Nagy et al., 

1999). The body mass of white storks can range from 2300 to 4400 𝑔, theoreti-

cally resulting in field metabolic rates of 2577 − 4192 𝑘𝐽 𝑑−1 for parental white 
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storks, and thus weekly costs for brood care of 3.6 − 7.0 model units (excluding 

basal metabolic costs). However, mean body mass of adult white storks in differ-

ent studies (Mata et al., 2001; Nir et al., 2014; Rotics et al., 2016) rather approxi-

mated 3.5 𝑘𝑔 (≈5.7 model units) and McNamara et al. (1998) worked with brood 

care costs of six model units within the same range of energy reserves. We thus 

assume energetic costs of brood care to be 𝑐𝑐𝑎𝑟𝑒 = 6. The incubation period of 

white storks ranges from 24 to 34 days for a clutch (Kaatz et al., 2017), whereby 

incubation of the individual egg was 31-32 days in captivity (Bauer et al., 1987), so 

that an incubation period of four weeks is assumed in the model. Since nestlings 

fledge approximately 54 – 68 days after hatching (Creutz, 1985), the period of 

brood care (𝑎𝑖𝑛𝑑𝑒𝑝) is set to nine weeks in the model. The average clutch size of 

three to five eggs (Creutz, 1985) results in two offspring per successfully breeding 

parent, i.e. 𝑛𝑏𝑟𝑜𝑜𝑑 = 2. Clutch sizes of four eggs are also the ones most commonly 

observed (Profus, 1986). Experience of young grows with probability 𝑝𝑒𝑥𝑝 = 0.01  

by one unit per week so that full experience is reached by the age of 3.8 years, on 

average, which corresponds to the age of 3–5 years at which white storks success-

fully start reproduction and are considered to be fully matured (Hancock et al., 

1992). Health costs ℎ𝑠𝑡𝑎𝑟𝑡  of initiating a brood and the fitness 𝑓𝑖𝑛𝑑𝑒𝑝 of offspring 

at independence are oriented at McNamara et al. (McNamara et al., 1998) due to 

lack of data. However, it has been shown that reproductive effort impairs the im-

mune system of breeding birds (Deerenberg et al., 1997; Lochmiller and 

Deerenberg, 2000; Norris and Evans, 2000).  

Migration – Migration is assumed to take 𝑠𝑚𝑖𝑔𝑟 = 3 weeks in the model based on 

studies by Berthold et al. (Berthold et al., 2001) and Kaatz (2004). Modelled back-

ground predation 𝑀𝑏𝑔𝑚𝑖𝑔𝑟 during migration is twice as high as in the northern 

breeding location due to increased electrocution and hunting risk en route (Haas 

et al., 2003; Hancock et al., 1992; Kaatz, 2004). In the employed OAR framework 

(Houston and McNamara, 1999; Schaefer et al., 2018) migratory energy and health 

costs are implemented as weekly constants, integrating any costs and gains during 

migration including stopovers. Thus, they can only be a rough estimate of the real 

costs, for which the data situation is scarce, too. We estimated the energetic cost 

of migration using passive flight as follows. First, we computed the energetic cost 

of soaring/gliding, resting, preening and foraging during migration. Hereby, the 

respective time share of each activity was extracted from Rotics et al. (2016) and 

multiplied by its assumed energetic cost in kJ before converting the result to 
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weekly applying model units. Mean flight costs on a migration day were deter-

mined for a reference soaring and gliding white stork with morphometric param-

eters as in Eder et al. (2015) flying in air with density 𝜌 = 1.15 km/m³, using the 

software Flight 1.24 (Pennycuick, 2011). In particular, we assumed 8.2 h of flight 

per day for a reference stork of 3.53 kg with wing span 1.98 m and wing area 0.55 

m², so that flight consumes 680.4 kJ/h. On-ground time is 15.8 h/d of which 56 % 

were assumed to be spent on resting at basal metabolic rate, 19 % on preening 

with existence metabolic rate (Profus, 1986) and 25 % on foraging with field met-

abolic rate. For the latter, we used the mean of the field metabolic rate for tem-

perate meadow birds (𝐹𝑀𝑅 = 18.7 ∗ 𝑚𝑔𝑟𝑎𝑚
0.548) and for omnivore birds 

(𝐹𝑀𝑅 = 9.36 ∗ 𝑚𝑔𝑟𝑎𝑚
0.628) as given by Nagy et al. (1999) for the reference bird. 

This results in a daily energy expenditure for these activities of approximately 5583 

kJ/d for flying, 300 kJ/d for resting, 153 kJ/d for preening and 270 kJ/d for foraging, 

summing up to a total energy expenditure of 6306 kJ/d on migratory days. Energy 

intake during migratory days is the product of foraging time and the maximum 

energy intake rate of 1330 kJ/h (Johst et al., 2001), resulting in 5350 kJ/d of energy 

uptake. The assumed time budget during stopover days differs since we assume 

only one hour of foraging flight based on the average movement of 44 km/d on 

stopover days found by Flack et al. (Flack et al., 2016) and an approximate gliding 

velocity of 0.75 km/min during foraging flights (Johst et al., 2001). The remaining 

time is spent on resting and preening as on migratory days, while the remaining 

time is used for foraging. However, not all individuals stopover during migration 

or spent a complete day at stopover sites (Kaatz, 2004; Rotics et al., 2016). There-

fore, in the model, the weekly energetic cost of migration is the summed energetic 

cost of six migratory days plus one day for which the costs equal the weighted 

average of 30 % energetic gains during stopover and 70 % energetic losses during 

flight days. Then, the weekly energetic cost 𝑐𝑝𝑎𝑠 of migrating in passive flight mode 

is 6 ∗ 956 + (0.3 ∗ (−12014) + 0.7 ∗ 956) kJ/wk, or 0.8 model units, respec-

tively. According to flight theory, active flight is energetically more expensive than 

passive flight, especially for larger birds (Duriez et al., 2014; Hedenström, 1993; 

Pennycuick, 1972). Therefore, we here assume the energetic costs 𝑐𝑎𝑐𝑡 of active 

flight to be five times the cost of passive flight, so that 𝑐𝑎𝑐𝑡 = 4. In reality, these 

costs might even be higher (Pennycuick 1972). Still, with a migratory period of 

three weeks and a maximum level of energy reserves of 10 units, performing the 

complete migration in active flight will be not feasible in the model. For health 

costs, we also assume a ratio of 5:1 for those costs arising from active flight versus 
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those from passive flight. Hereby, health costs of active flight for the white stork 

are assumed to be double as high as for the smaller falcon. Following Houston and 

McNamara (McNamara et al., 1998), energetic losses during migration are further 

scaled by a mass-dependent factor to account for the negative aerodynamic effect 

of heavier fuel burdens (Alerstam, 1991).  

6.2.1.2 FALCON FUNCTIONAL TYPE 

We consider a composite of the following falcon species: Lesser kestrel (Falco nau-

manni), Red-footed falcon (Falco vespertinus), Merlin (Falco columbarius), Eura-

sian kestrel (Falco tinnunculus) and Eurasian hobby (Falco Subbuteo). If not indi-

cated otherwise, all biological information is taken from the respective species de-

scriptions in Mebs and Schmidt (2014), including the average body mass of fe-

males that is used to compute many dependent parameters such as metabolic 

rates or the factor to convert caloric units to model units. 

General – To compute the range of reserves, we assumed that energetic reserves 

of an average female can decrease or increase by 25 %. This results in a mean 

range of 99 g of fat reserves for the composite of the considered falcon species. In 

the model, the range of reserves is 10 model units. Assuming a caloric value of 

37.4 kJ/gfat, one model unit is thus worth 371 kJ for the modelled falcon functional 

type. To determine the costs of basal metabolism 𝑐𝑏, we compute the mean basal 

metabolic rate using the approaches by Aschoff and Pohl for nonpasserines 

(Aschoff and Pohl, 1970), for birds by Bezzel and Prinzinger (Bezzel and Prinzinger, 

1990) and for homeotherms by (Peters, 1983), again. Then, we convert the result-

ing value of 112 kJ/d to model units, which apply per week. This results in approx-

imate costs of 𝑐𝑏 = 2 model units for basal metabolism in the falcon functional 

type. Maximum activity increases metabolic costs by 6 model units, which is again 

in the known range for birds and corresponds to 3 x BMR. Taking the same value 

as for the stork type eases model comparison and might make sense since falcons 

are less inert from their morphology than white storks. Similarly, we keep the re-

lationship between health costs and metabolic expenditure that was outlined 

above. 

Mortality – Except for the much longer-lived Eurasian kestrel, which has a maxi-

mum age of 21 years, the maximum lifespan of ringed individuals of the consid-

ered species lies between 9 and 15 years. Accordingly, we here set the background 

mortality 𝑀𝑏𝑔 due to disease such that on average, an individual in top shape 

throughout its life will die after 12 years. The background predation 𝑀𝑏𝑔𝑝𝑟𝑒𝑑 is set 
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somewhat intuitively. Small falcons not only experience similar threats as the 

white stork, e.g. illegal hunting, traffic incidents, electrocution and collisions with 

man-made structures (Bauer et al., 2012). But they also seem to be more vulner-

able to these and additionally have natural enemies, e.g. they are predated by 

larger raptors such as the Northern Goshawk and face stronger direct competition 

with other raptors (Bauer et al., 2012). Accordingly, we assume predation risk to 

be significantly higher for the falcon than the stork functional type and set 

𝑀𝑏𝑔𝑝𝑟𝑒𝑑 = 0.01. 

Reproduction – The considered falcon species mostly lay 3-5 eggs. Thus, the num-

ber of offspring per female is set to 𝑛𝑖𝑛𝑐𝑢𝑏 = 2. Incubation time in the falcon spe-

cies ranges from 26 to 31 days, so that we assume an incubation period 𝑎𝑖𝑛𝑐𝑢𝑏 of 

four weeks. The modelled energy requirement for starting a brood 𝑐𝑠𝑡𝑎𝑟𝑡 is based 

on the additional energetic expenditure of egg production of 29 % in hawks and 

owls, which are usually heavier and produce larger eggs than the modelled small 

falcons, and of 13-41 % for the smaller passerines (Carey, 1996). Under these as-

sumptions, the energetic cost of starting a brood would lie somewhere in the 

range [0.3, 0.9], and we here set it to 𝑐𝑠𝑡𝑎𝑟𝑡 = 0.5. The weekly energetic cost of 

incubation 𝑐𝑖𝑛𝑐𝑢𝑏 would equal around 0.7 model units for an averaged falcon if we 

again follow the general assumption that incubation increases energy expenditure 

by around 25 % (Monaghan & Nager 1997) and if we use the formula by Bezzel 

and Prinzinger (1990) to compute the existence metabolic rate of the model fal-

con. However, Masman et al. (Masman et al., 1988) measured a mean energy ex-

penditure of 13.6 Watt/kg-1 in incubating female Eurasian kestrels which corre-

sponds to 4.4 model units per week including basal metabolism or rather 2.4 

model units on top of the assumed basal metabolism rate for Eurasian kestrels. 

We take the average of these two values for incubation costs in the model, which 

then becomes 𝑐𝑖𝑛𝑐𝑢𝑏 = 1.5. The nestling phase of the falcon species typically takes 

around four weeks. However, depending on the species, either both parents or 

only the male can continue provisioning their offspring with food up to four more 

weeks, which can be only supplementary as for example in Eurasian hobby. Here, 

we assume that the offspring becomes independent from its mother at an age 

𝑎𝑖𝑛𝑑𝑒𝑝 of six weeks. As far as we know, the only direct estimation of brood care 

costs for falcons stems from measurements of field metabolic rates in male Eura-

sian kestrels that are provisioning for nestlings (Masman et al., 1989). These ex-

pended a total daily energy of 382 kJ/d, on average, which amounts to 6.2 model 
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units. The more general equations for computing field metabolic rates during pa-

rental care that were used for the white stork would result in a total daily energy 

expenditure of around eight model units for an averaged falcon. However, female 

falcons are usually less involved in food provisioning than males (Masman et al., 

1989; Mebs and Schmidt, 2014). In comparison to the white stork, we also would 

expect aerial hunters that rely more on flapping flight to have a higher energy ex-

penditure during food provisioning than soaring white storks, which feed walking 

and picking. Taking all together, we set 𝑐𝑐𝑎𝑟𝑒 to an approximate value of seven 

model units. The probability 𝑝𝑒𝑥𝑝 that experience grows by one unit is set to 0.02 

so that modelled birds reach full experience at an age of around two years, which 

corresponds to the time when the majority of considered falcon species breeds 

for the first time. Due to lack of data, health costs ℎ𝑠𝑡𝑎𝑟𝑡 of initiating a brood and 

the fitness 𝑓𝑖𝑛𝑑𝑒𝑝 of offspring at independence are again taken from McNamara et 

al. (McNamara et al., 1998). 

Migration –  From the little that is known about the migration of the considered 

falcon species, they differ substantially in their migration pattern. Known maxi-

mum migration distances are 2700 km for Merlins from Northern Norway to 

Southern Italy (ring findings), 2000 to 6440 km for Eurasian kestrels from Germany 

and Sweden overwintering in Western Africa (ring findings), around 8000 km for 

Eurasian hobbies from Germany migrating at an average speed of around 180 

km/d to their overwintering ranges in Southern Africa (Meyburg et al., 2011), over 

10,000 km for Red-footed falcons from Kazakhstan overwintering in Southern Af-

rica as determined by geolocator tracking (Katzner et al., 2016) and 2500 km for 

Lesser kestrels migrating from Portugal to the Savannah regions in Western Africa 

within 4-5 days found in a geolocator study by Catry et al. (2010). Thus, for sim-

plicity and in order to ease comparison of modelling results between the falcon 

and the stork functional type, the duration 𝑠𝑚𝑖𝑔𝑟 of migration was set to 3 weeks. 

This time frame approximately matches how long some of these falcon species 

would need in order to cover a similar migratory distance as we assumed for the 

modelled white storks. Unfortunately, migration costs could be only estimated 

very roughly for the modelled falcon functional type. We employed the software 

Flight 1.24 (Pennycuick, 2011) to compute mere flight costs for all considered fal-

con species, using a flight altitude of 754 m (Mateos-Rodríguez and Liechti, 2012) 

and body morphometrics as given by Agostini et al. (Agostini et al., 2015) and 

Mueller et al. (2002). The resulting chemical power requirement of each species 
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(3.7, 4.9, 9.1, 5.1, 7.2 W for Lesser kestrel, Red-footed falcon, Merlin, Eurasian kes-

trel and Eurasian hobby) was then converted to kJ/h before multiplying it with an 

assumed daily flight time of eight hours. Such, a species-specific daily energy re-

quirement (106.3, 140.3, 262.4, 147.7, 207.9 kJ/d) for flight was obtained, which 

was then translated into species-specific model units (2.5, 3.2, 4.9, 2.4, 3.3). Fi-

nally, we computed the mean of these costs, resulting in average energetic flight 

costs of 3.3 model units per week. These occur on top of the usual costs of exist-

ence, which here amount to approximately another three model units. Actual mi-

gration costs will be lower though since the considered falcon species are known 

to feed regularly during migration and stopover for multiple days. Thus, we as-

sume that the model falcon functional type is able to compensate for around 2/3 

of its migratory costs and set 𝑐𝑎𝑐𝑡 = 2. This is half of the migration costs the 

modelled stork functional type would experience in active flight. Assuming the 

same relationship for migratory health costs of falcon and stork type results in 

ℎ𝑎𝑐𝑡 = 1. This value also corresponds to the model settings in McNamara et al. 

(1998), which was parametrized for a small songbird that can be assumed to 

employ flapping flight.  

6.2.2 Mathematical details 

6.2.2.1 FOOD AVAILABILITY 

The location-dependent environmental food availability over the year in the base-

line scenario is described by:  

𝑔(𝑜, 𝑡) = (𝜀(𝑜) ∗ sin [
2𝜋(𝑡−13)

52
] + 𝐴𝑓𝑜𝑜𝑑(𝑜)) ∗ (𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛), 

where 𝐴𝑓𝑜𝑜𝑑(𝑜) represents the yearly average and 𝜀(𝑜) the seasonality of food 

supply at location 𝑜 and 𝑥𝑚𝑖𝑛, 𝑥𝑚𝑎𝑥  are the minimum and maximum level of en-

ergy reserves. Weekly food availability in the breeding habitat in scenarios F2-F4 

were acquired by cubic spline interpolation with Matlab R2017b between the peak 

values in winter and summer and the onset of spring and autumn when food sup-

ply would be equal to that in the overwintering habitat. Hereby, food peaks were 

increased by 10% in winter (F2-F4) and decreased by 10% in summer (F3-F4) de-

pending on the scenario. Additionally, food availability in the overwintering loca-

tion was reduced by 5 % over the year in scenario F4 of maximum change. 
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6.2.2.2 WIND CONDITIONS 

The exact weeks at which the probability of active flight start changing in the 

model were set based on a systematic series of test runs to ensure that the result-

ing behavioural timing of the model population is realistic, fitting that of real white 

stork populations in North-Eastern Germany. They were subsequently compared 

to the occurrence of thermals in that region, as retrieved for the period 1994-2004 

via the Env-DATA system (Dodge et al., 2013) on Movebank (www.movebank.org), 

and found to differ only moderately. Still, we also run the baseline model with an 

extended period of passive flight to check if the quality of results would be af-

fected. 

6.2.2.3 DYNAMIC PROGRAMMING EQUATIONS 

Let 𝑉𝑛(𝑥, 𝑎, 𝑒, 𝑎, 𝑜, 𝑠, 𝑡) denote the reproductive value of a bird in state 

(𝑥, 𝑎, 𝑒, 𝑎, 𝑜, 𝑠, 𝑡) at the beginning of week 𝑡, 𝑛 years before the target year, which 

forages with intensity 𝑢 and has a survival probability of 𝑆(𝑦, 𝑜, 𝑠, 𝑡, 𝑢) during that 

week. We further define the criterion function for comparing the value of different 

behavioral options for the bird to be the reproductive payoff 𝐻𝑎𝑐𝑡𝑖𝑜𝑛(𝑢). Then, the 

expected reproductive payoff of subsistence is 

𝐻𝑠𝑢𝑏𝑠𝑖𝑠𝑡(𝑢) = 𝑆(𝑦, 𝑜, 𝑠, 𝑡, 𝑢)[(1 − 𝑝𝑒𝑥𝑝)𝑉𝑛(𝑥𝑠𝑢𝑏𝑠𝑖𝑠𝑡, 𝑦𝑠𝑢𝑏𝑠𝑖𝑠𝑡, 𝑒, −1, 𝑜, 𝑠, 𝑡 + 1) +

𝑝𝑒𝑥𝑝𝑉𝑛(𝑥𝑠𝑢𝑏𝑠𝑖𝑠𝑡, 𝑦𝑠𝑢𝑏𝑠𝑖𝑠𝑡 , 𝑒′, −1, 𝑜, 𝑠, 𝑡 + 1], 

of initiating a brood is 

𝐻𝑠𝑡𝑎𝑟𝑡(𝑢) = 𝑆(𝑦, 𝑜, 𝑠, 𝑡, 𝑢)[(1 − 𝑝𝑒𝑥𝑝)𝑉𝑛(𝑥𝑠𝑡𝑎𝑟𝑡, 𝑦𝑠𝑡𝑎𝑟𝑡 , 𝑒, 0, 𝑜, 𝑠, 𝑡 + 1) +

𝑝𝑒𝑥𝑝𝑉𝑛(𝑥𝑠𝑡𝑎𝑟𝑡, 𝑦𝑠𝑡𝑎𝑟𝑡, 𝑒′, 0, 𝑜, 𝑠, 𝑡 + 1], 

of caring for dependent brood is 

𝐻𝑎𝑟𝑒(𝑢) = 𝑆(𝑦, 𝑜, 𝑠, 𝑡, 𝑢)[(1 − 𝑝𝑒𝑥𝑝)𝑉𝑛(𝑥𝑐𝑎𝑟𝑒, 𝑦𝑠𝑢𝑏𝑠𝑖𝑠𝑡, 𝑒, 𝑎 + 1, 𝑜, 𝑠, 𝑡 + 1)

+ 𝑝𝑒𝑥𝑝𝑉𝑛(𝑥𝑐𝑎𝑟𝑒 , 𝑦𝑠𝑢𝑏𝑠𝑖𝑠𝑡, 𝑒′, 𝑎 + 1, 𝑜, 𝑠, 𝑡 + 1] 

and migrating results in the expected reproductive payoff 

𝐻𝑚𝑖𝑔𝑟𝑎𝑡𝑒(𝑢) = 𝑆(𝑦, 𝑜, 𝑠, 𝑡, 𝑢)[(1 − 𝑝𝑒𝑥𝑝)𝑉𝑛(𝑥𝑚𝑖𝑔𝑟𝑎𝑡𝑒 , 𝑦𝑚𝑖𝑔𝑟𝑎𝑡𝑒 , 𝑒, −1, 𝑜, 𝑠 +

1, 𝑡 + 1) + 𝑝𝑒𝑥𝑝𝑉𝑛(𝑥𝑚𝑖𝑔𝑟𝑎𝑡𝑒 , 𝑦𝑚𝑖𝑔𝑟𝑎𝑡𝑒 , 𝑒′, −1, 𝑜, 𝑠 + 1, 𝑡 + 1]. 

Hereby, 𝑒′ = min (e + 1, 𝑒𝑚𝑎𝑥) represents the bird’s experience at the next 

week 𝑡 + 1 given it grows by one unit, which it does with probability 𝑝𝑒𝑥𝑝. 
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To identify the best behavioural action for that bird for each week of the year, and 

thus retain the optimal behavioural strategy, we first compute the optimal forag-

ing intensity 𝑢 for each feasible behavioural action, except for the fixed payoff of 

migration. It maximizes expected long-term number of descendants under that 

action: 

𝐻𝑎𝑐𝑡𝑖𝑜𝑛
∗ = max

0≤𝑢≤1
𝐻𝑎𝑐𝑡𝑖𝑜𝑛(𝑢), 

𝐻𝑚𝑖𝑔𝑟𝑎𝑡𝑒
∗ = 𝐻𝑚𝑖𝑔𝑟𝑎𝑡𝑒. 

The available behavioural actions are state-dependent as follows: 

if 𝒂 = −𝟏 and 𝒔 = −𝟏 (no brood, not migrat-

ing), 

{𝒔𝒖𝒃𝒔𝒊𝒔𝒕, 𝒔𝒕𝒂𝒓𝒕, 𝒎𝒊𝒈𝒓𝒂𝒕𝒆}; 

if −𝟏 < 𝒂 < 𝒂𝒎𝒂𝒙 and 𝒔 = −𝟏 (breeding, not 

migrating), 

{𝒔𝒖𝒃𝒔𝒊𝒔𝒕, 𝒄𝒂𝒓𝒆}; 

if 𝒂 = 𝒂𝒎𝒂𝒙 and 𝒔 = −𝟏 (brood of max. age, not 

migrating), 

{𝒔𝒖𝒃𝒔𝒊𝒔𝒕}; 

if 𝒂 = −𝟏 and −𝟏 < 𝒔 < 𝒔𝒎𝒂𝒙 (no brood, mi-

grating), 

{𝒎𝒊𝒈𝒓𝒂𝒕𝒆}; 

if 𝒂 = −𝟏 and 𝒔 = 𝒔𝒎𝒂𝒙 (no brood, reaching 

other location), 

{𝒔𝒖𝒃𝒔𝒊𝒔𝒕}. 

 

Then, the behavioural action with maximum reproductive payoff under the opti-

mal foraging intensity from the set of feasible actions including migration is se-

lected, i.e. the optimal behavioural decision resulting in the corresponding optimal 

reproductive value for the particular state-week combination. This results in the 

optimal payoff 

𝑉𝑛(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 𝑡) = max(𝐻𝑠𝑢𝑏𝑠𝑖𝑠𝑡
∗ , 𝐻𝑠𝑡𝑎𝑟𝑡

∗ , 𝐻𝑚𝑖𝑔𝑟𝑎𝑡𝑒
∗ ) 

for a bird that had neither been breeding nor migrating at the beginning of week 

𝑡 and 

𝑉𝑛(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 𝑡) = max(𝐻𝑠𝑢𝑏𝑠𝑖𝑠𝑡
∗ , 𝐻𝑐𝑎𝑟𝑒

∗ ) 

for a non-migrating but breeding bird. When the brood is turning independent and 

abandoned, the payoff for the parent includes the reproductive value of its young: 
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𝑉𝑛(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 𝑡) = 𝐻𝑠𝑢𝑏𝑠𝑖𝑠𝑡
∗ + 𝑛𝑜𝑓𝑓𝑠𝑝𝑟𝑖𝑛𝑔𝑉𝑛(𝑥𝑖𝑛𝑑𝑒𝑝, 𝑦𝑖𝑛𝑑𝑒𝑝, 0, −1, 𝑜, 0, 𝑡), 

where 𝑛𝑜𝑓𝑓𝑠𝑝𝑟𝑖𝑛𝑔 is the number of offspring per brood, and 𝑥𝑖𝑛𝑑𝑒𝑝 and 𝑦𝑖𝑛𝑑𝑒𝑝 are 

the energy reserves and health condition levels of the newly independent young. 

Migrating birds that are not finishing migration until next week receive the payoff 

𝑉𝑛(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 𝑡) = 𝐻𝑚𝑖𝑔𝑟𝑎𝑡𝑒
∗ , 

while those finishing migration and reaching the other location have an optimal 

payoff of 

𝑉𝑛(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 𝑡) = 𝐻𝑠𝑢𝑏𝑠𝑖𝑠𝑡
∗ . 

The payoff of birds which depleted their energy reserves, and thus die, is set to 

𝑉𝑛(0, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 𝑡) = 0. 

The computation of the optimal behavioural strategy, i.e. the optimal behav-

ioural actions for all states and all weeks of the year, is started from the terminal 

reward 

𝑉0(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 52) = 1 

by backward iteration. Hereby, we use the wrap-around condition (cf. Houston 

and McNamara 1999)  

𝑉𝑛(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 52) = 𝑉𝑛−1(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 0) 

to ensure temporal continuity from one yearly cycle to the next. 

At the end of each year 𝑛, the convergence factor 𝜆𝑛 is computed for all state 

combinations which had a reproductive value 𝑉𝑛−1(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 0) > 0 in the 

previous year using   

𝜆𝑛(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 𝑡) =
𝑉𝑛(𝑥,𝑦,𝑒,𝑎,𝑜,𝑠,0)

𝑉𝑛−1(𝑥,𝑦,𝑒,𝑎,𝑜,𝑠,0)
. 

When  

max
(𝑥,𝑦,𝑒,𝑎,𝑜,𝑠,𝑡)

|𝜆𝑛(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 0) − 𝜆𝑛−1(𝑥, 𝑦, 𝑒, 𝑎, 𝑜, 𝑠, 0)| < 10−6 

computations are stopped. 



Supporting information – Chapter 6 
 

 

123 

6.2.3 Influence of assumed wind conditions 

6.2.3.1 TIMING OF BEHAVIOUR 

 

Figure S 6.2-1: Timing of behaviour in various food environments (F1-F4) assuming longer thermal 
availability for a population of bird functional type T1 (stork) following either the old (P1) or 
new (P2) optimal behavioural strategy. 

6.3 Appendix to Chapter 4 

6.3.1 Parameter settings 

Table S 6.3-1: Selected values/formulas of model parameters used for the optimal annual routine 
model sOAR (Schaefer et al., 2018) in this study and relevant sources. Energetic values were com-
puted from published data as described in Section 6.2.1. 

Parameter Symbol Value / Formula Background information 

State and stage variables: 

Range of energy re-
serves 

𝑥 ∈ [0,10], ∈ ℕ McNamara et al. (1998) 

Range of health condi-
tion 

𝑦 ∈ [0,10], ∈ ℕ McNamara et al. (1998) 

Range of experience 𝑒 ∈ [0,2], ∈ ℕ McNamara et al. (1998) 

Age of any offspring 𝑎 ∈ [−1, 𝑎𝑖𝑛𝑐𝑢𝑏 + 𝑎𝑖𝑛𝑑𝑒𝑝],

∈ ℤ 

Schaefer et al. (2018) 

Location 𝑜 ∈ [1, 𝑛𝑙𝑜𝑐], ∈ ℕ McNamara et al. (1998) 

State of migration 𝑠 ∈ [−1, 𝑠𝑚𝑖𝑔𝑟 − 1], ∈ ℤ Schaefer et al. (2018) 

Week of year 𝑡 ∈ [0,51], ∈ ℕ McNamara et al. (1998) 

General biology: 

Background mortality 
by disease 

𝑀𝑏𝑔 0.00055 Reflecting a maximum 
lifespan of 35 years for white 
storks (Kaatz et al. 2017) 
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Basic metabolic cost 𝑐𝑏 1.7 Mean from Aschoff and Pohl 
(1970), Bezzel and Prinzinger 
(1990), Peters (1983), as-
suming 16 h of activity and 8 
h of rest. 

Foraging intensity 𝑢 ∈ [0,1] McNamara et al. (1998) 

Energetic cost of sub-
sistence  

𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡  𝑐𝑏(1 + 0.01(𝑥/10)²)
+ 6𝑢²(1 + 0.01(𝑥/10)²) 
 

Hammond and Diamond 
(1997) 

Health cost of subsist-
ence 

ℎ𝑠𝑢𝑏𝑠𝑖𝑠𝑡  1 −  0.2𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡  
−  0.01𝑐𝑠𝑢𝑏𝑠𝑖𝑠𝑡² 

Assumption: four months to 
recover from lowest to full 
reserves under minimum ac-
tivity, two months to deteri-
orate from highest to lowest 
reserves under maximum ac-
tivity. 

Environment: 

Number of locations 𝑛𝑙𝑜𝑐  2 Breeding and overwintering 
location 

Average food availabil-
ity at overwintering 
and breeding location 
(baseline) 

𝐴𝑓𝑜𝑜𝑑  [1.0, 1.0] Same yearly average in both 
locations 

Degree of seasonality 
of food at overwinter-
ing and breeding loca-
tion (baseline) 

𝜀 [0.3, 0.7] Higher seasonality in the 
breeding location with 
higher summer but lower 
winter peak 

Background predation 
for both locations 

𝑀𝑏𝑔𝑝𝑟𝑒𝑑 [0.004, 0.002] Twice as high in the overwin-
tering location; derived from 
Barbraud et al. (1999), Haas 
et al. (2003), Kaatz (2004), 
Ryslavy (2011), Schaub et al. 
(2004) 

Predation risk 𝑀𝑝𝑟𝑒𝑑  𝑀𝑏𝑔𝑝𝑟𝑒𝑑  (𝑜)𝑢2(1

+ 0.01(𝑥/10)2) 

Risk slightly increases with 
reserves (Gosler et al., 1995; 
Lima, 1986) 

Probability of active 
flight 

𝑝𝑎𝑐𝑡  𝑝𝑎𝑐𝑡(𝑜, 𝑡) Derived from real thermal 
availability along the migra-
tory route in 1994-2004 
(www.movebank.org, Dodge 
et al., 2013, Ákos et al., 2008) 
and several test runs to en-
sure realistic behaviour. 

Reproduction: 

Duration of incubation 
in weeks 

𝑎𝑖𝑛𝑐𝑢𝑏  4 Kaatz et al. (2017) 

Age of independence 
in weeks 

𝑎𝑖𝑛𝑑𝑒𝑝  9 Creutz (1985) 
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Energetic cost of start-
ing a brood 

𝑐𝑠𝑡𝑎𝑟𝑡  1.53 Carey (1996) 

Energetic cost of incu-
bation 

𝑐𝑖𝑛𝑐𝑢𝑏  0.63 Monaghan and Nager (1997); 
Profus (1986) 

Energetic cost of brood 
care 

𝑐𝑐𝑎𝑟𝑒  6.0 McNamara et al. (1998); 
Nagy et al. (1999) 

Health cost of starting 
a brood 

ℎ𝑠𝑡𝑎𝑟𝑡  1.0 Houston and McNamara 
(1999); McNamara et al. 
(1998) 

Number of offspring 𝑛𝑏𝑟𝑜𝑜𝑑  2 Average clutch size (Creutz, 
1985) allocated per parent 

Fitness of offspring at 
independence 

𝑓𝑖𝑛𝑑𝑒𝑝  0.5 Houston and McNamara 
(1999) 

Computed equilibrium 
value for foraging effi-
ciency of inexperi-
enced young 

𝜃 0.7381 Computational details in 
McNamara et al. (1998) 

Probability of experi-
ence growth 

𝑝𝑒𝑥𝑝  0.01 Full experience at the age of 
3.8 years, on average; corre-
sponds to the age of 3–5 
years at which white storks 
successfully start reproduc-
tion (Hancock et al., 1992) 

Migration: 

Duration of migration 
in weeks 

𝑠𝑚𝑖𝑔𝑟  3 Berthold et al. (2001); Kaatz 
(2004) 

Energetic cost of pas-
sive flight 

𝑐𝑝𝑎𝑠 0.8 Eder et al. (2015); Flack et al. 
(2016); Johst et al. (2001); 
Kaatz (2004); Nagy et al. 
(1999); Pennycuick (2011); 
Profus (1986); Rotics et al. 
(2016)  

Energetic cost of active 
flight 

𝑐𝑎𝑐𝑡  4.0 Assuming active flight is five 
times more costly than pas-
sive flight (Duriez et al., 2014; 
Hedenström, 1993; 
Pennycuick, 1972) 

Reserves change dur-
ing migration 

𝐷𝑥𝑚𝑖𝑔𝑟  (𝑝𝑎𝑐𝑡𝑐𝑎𝑐𝑡

+ (1 − 𝑝𝑎𝑐𝑡)𝑐𝑝𝑎𝑠)(1

+ 0.001𝑥²) 

Increasing with heavier fuel 
burdens (Alerstam, 1991) 

Health cost of active 
flight 

ℎ𝑎𝑐𝑡  2.0 Assuming double the cost as 
McNamara et al. (1998) took 
for a small passerine 

Health cost of passive 
flight 

ℎ𝑝𝑎𝑠 0.4 Assuming a ratio of 5:1 for 
costs arising from active vs. 
passive flight 

Health change during 
migration 

𝐷𝑦𝑚𝑖𝑔𝑟  𝑝𝑎𝑐𝑡ℎ𝑎𝑐𝑡 + (1 − 𝑝𝑎𝑐𝑡)ℎ𝑝𝑎𝑠 Schaefer et al. (2018) 
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Background predation 
during migration 

𝑀𝑏𝑔𝑚𝑖𝑔𝑟  0.004 Assumedly twice as high as in 
the breeding location based 
on Haas et al. (2003); 
Hancock et al. (1992); Kaatz 
(2004) 

Predation risk during 
migration 

𝑀𝑚𝑖𝑔𝑟  𝑀𝑏𝑔𝑚𝑖𝑔𝑟(1 + 0.01(𝑥

/10 )2) 

Increasing with reserves 
(Gosler et al., 1995; Lima, 
1986) 

 

6.3.2 Energetic conversion factor 

Modelled energetic costs were computed from published energy costs using a 

conversion factor of 3381 kJ for 1 model unit. The factor is based on the weight 

difference between free-fed white storks and their lean body mass (Mata et al., 

2001), the energetic value of fat and the range of 10 model units for reserve levels. 

6.3.3 Carry-over effects regarding migration timing and health condition 

 

Figure S 6.3-1: Carry-over effects from the overwintering to the beginning of following breeding 
period for various scenarios of food surplus (blue) and food shortenings (red) in the overwintering 
location. Effect on A) the mean timing of spring migration B) the level of mean health of parental 
birds when starting a brood. The absolute change in food supply relative to baseline food supply 
was the same in all scenarios, meaning its intensity was constant. However, the duration and rela-
tive strength of food surplus or shortening was varied between +/-80 % change in food supply over 
only one week to +/-10 % change in food supply over 8 weeks, i.e. the population experienced short 
but strong changes in food supply (darker in colour) versus long but small changes in food supply 
(lighter in colour). Dashed lines represent the effect of altered resource dynamics that did not affect 
the complete population equally since they fell into the migratory period. The migratory period is 
depicted by light blue bars. The breeding period began in week 11. 
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6.3.4 Carry-over effects under different intensities of changes in food supply 

 

Figure S 6.3-2: Effect of different intensities (pink: -40%, green: -80%) of food events on breeding 
parameters in early spring, i.e. on (A) the proportion of the population starting a brood (B) mean 
reserves levels of parental birds when initiating their brood (C) mean timing of breeding activities. 
The intensity of an event depends on its strength and duration. Shorter and intense events are 
darker in colour, while longer but milder events are light-coloured. Dashed lines represent the effect 
of events that did not affect the complete population equally since the events fell into the migratory 
period. The migratory period is depicted by light blue bars. 

6.3.5 Carry-over effects on mean reserves of early, medium and late breeders 

 

Figure S 6.3-3: Carry-over effects from the overwintering to the beginning of following breeding 
period on the level of mean reserves of parental birds starting a brood for various scenarios of food 
shortening in the overwintering location, differentiated by the week in which the brood is initiated. 
Particularly late breeders (week 18) had much lower reserves under food changes compared to the 
baseline scenario.  
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6.3.6 Distribution of reserves and health over time 

 

Figure S 6.3-4: Distribution of the levels of energy reserves (top) and health condition (bottom) over 
the analysed non-breeding season for the baseline scenario (large, left) and under various scenarios 
of altered food supply (small, right). The week of altered food supply is indicated by te, whereby the 
baseline food supply was reduced by 80 % for one week.  

6.4 sOAR User Manual, software, code and configuration files 

The open-source sOAR software including a User Manual (Version 1.0, 98 pages) 

and sample Matlab and R code to analyse the raw output of sOAR is publicly avail-

able in form of a source and binary distribution at < https://sourceforge.net/ 

projects/soar-animal-behaviour >. 

The sOAR User Manual, the sample Matlab and R code for analysing sOAR’s raw 

output as well as the sample configuration files used for Chapter 2 have further 

been published by Ecography (Schaefer et al., 2018, Supplementary material Ap-

pendix ECOG-03328, 1–5) and can also be downloaded at < www.ecography. 

org/appendix/ecog-03328 >.  

http://www.ecography.org/appendix/ecog‐03328
http://www.ecography.org/appendix/ecog‐03328
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