
 
 
Unicentre 

CH-1015 Lausanne 

http://serval.unil.ch 

 
 
 

RYear : 2023 

 

 
The non-breeding period of the Western barn owl (Tyto alba): 

Habitat selection, activity patterns and fitness 

 
Bühler Roman 

 
 
 
 
 
 
Bühler Roman, 2023, The non-breeding period of the Western barn owl (Tyto alba): 
Habitat selection, activity patterns and fitness 

 
Originally published at : Thesis, University of Lausanne 
 
Posted at the University of Lausanne Open Archive http://serval.unil.ch 
Document URN : urn:nbn:ch:serval-BIB_354C8834608C4 
 
 
Droits d’auteur 
L'Université de Lausanne attire expressément l'attention des utilisateurs sur le fait que tous les 
documents publiés dans l'Archive SERVAL sont protégés par le droit d'auteur, conformément à la 
loi fédérale sur le droit d'auteur et les droits voisins (LDA). A ce titre, il est indispensable d'obtenir 
le consentement préalable de l'auteur et/ou de l’éditeur avant toute utilisation d'une oeuvre ou 
d'une partie d'une oeuvre ne relevant pas d'une utilisation à des fins personnelles au sens de la 
LDA (art. 19, al. 1 lettre a). A défaut, tout contrevenant s'expose aux sanctions prévues par cette 
loi. Nous déclinons toute responsabilité en la matière. 
 
Copyright 
The University of Lausanne expressly draws the attention of users to the fact that all documents 
published in the SERVAL Archive are protected by copyright in accordance with federal law on 
copyright and similar rights (LDA). Accordingly it is indispensable to obtain prior consent from the 
author and/or publisher before any use of a work or part of a work for purposes other than 
personal use within the meaning of LDA (art. 19, para. 1 letter a). Failure to do so will expose 
offenders to the sanctions laid down by this law. We accept no liability in this respect. 



 
 

 

Department of Ecology and Evolution 

 

The non-breeding period of the Western barn owl  

(Tyto alba): Habitat selection, activity patterns and fitness 

 

Doctoral thesis in life sciences (PhD) 

presented to 

Faculty of Biology and Medicine  

of the University of Lausanne 

 

by 

Roman Bühler 

Master of science in Ecology, University of Bern 

 

Jury 

Prof. Dr. Olivier Michielin, President 

Prof. Dr. Alexandre Roulin, Thesis supervisor 

Dr. Bettina Almasi, Thesis co-supervisor 

Dr. Martin Grübler, Expert 

Dr. Kamran Safi, Expert 

 

 

Lausanne 2023 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Department of Ecology and Evolution 

 

The non-breeding period of the Western barn owl  

(Tyto alba): Habitat selection, activity patterns and fitness 

 

Doctoral thesis in life sciences (PhD) 

presented to 

Faculty of Biology and Medicine  

of the University of Lausanne 

 

by 

Roman Bühler 

Master of science in Ecology, University of Bern 

 

Jury 

Prof. Dr. Olivier Michielin, President 

Prof. Dr. Alexandre Roulin, Thesis supervisor 

Dr. Bettina Almasi, Thesis co-supervisor 

Dr. Martin Grübler, Expert 

Dr. Kamran Safi, Expert 

 

 

Lausanne 2023 



 
 

 

 

 

 



 
 

 

 

 

 

 

 



 
 

Content: 

 

Acknowledgements:        1-2 

Summary:          3 

Résumé:          4-5 

General introduction:        6-12 

Chapter 1:          13-42 

Prey availability and its influence on habitat selection during the non- breeding  

period in a sedentary bird of prey 

Chapter 2:          43-72 

Activity patterns covary with sex, plumage coloration and environmental  

conditions in a nocturnal bird of prey during the non-breeding season 

Chapter 3:          73-114 

Individual quality and environmental factors interact to shape reproduction  

and survival in a resident bird of prey 

General discussion:         115-121 

Publication list:         122 

References:          123-130 

 



1 
 

Acknowledgements 

Undoubtedly, my PhD journey had its fair share of ups and downs. However, there was 

one constant through my thesis: my supervisor's stoic calmness. It is not everyone's cup 

of tea to be abruptly interrupted during their evening peace at 10 p.m. with news that 

their PhD student has rendered two assays on blood plasma samples useless. Thus, I 

extend a heartfelt thank you to Dr. Bettina Almasi for her tireless support whenever and 

wherever it was needed. 

I would also like to express my deep gratitude to the “father” of the barn owl study 

population, Prof. Dr. Alexandre Roulin, who was always available to offer guidance, advice, 

and valuable input on the study design. Additionally, I extend my thanks to all the people 

from the University of Lausanne who contributed to the project, as their collective efforts 

were immensely important for its success.  

I am sincerely grateful to the committee members who chaired and reviewed my 

thesis. Many thanks to the committee chair, Prof. Dr. Olivier Michielin, as well as the 

external reviewers, Dr. Kamran Safi and Dr. Martin Grüebler, for dedicating their time to 

reading and discussing my manuscript. I also want to acknowledge the valuable 

contributions of the internal committee members from the Swiss Ornithological Institute: 

Dr. Susi Jenni-Eiermann, Prof. Dr. Lukas Jenni, and Dr. Martin Grübler, who played 

significant roles in the development of the project. 

I cannot express enough gratitude to all the field assistants who have been by my 

side through both good and challenging times. From stuck vehicles to nest boxes filled 

with decaying mice and owl droppings everywhere, they have endured numerous trials. 

Sitting in a pitch-dark barn for up to five hours, surrounded by blood-thirsty martens, is 

not a task that everyone can handle, and only the best of the best were able to work on 

this project. Their contributions were invaluable, as were those of the master students 

who assisted in data collection. 

Furthermore, I want to extend my appreciation to the farmers within the study 

region, whose support and cooperation made the project possible in various ways. 

I don't believe my parents ever envisioned raising a biologist, but here we are, 34 

years later! The enriched environment provided during my early developmental phase 

has undoubtedly played a significant role in reaching this point. While my mother 

primarily fostered the development of my soft skills, my father imparted a different set of 



2 
 

practical skills, such as carpentry and automotive mechanics. While these specific skills 

may not have directly applied to my career as a biologist, the general craftsmanship skills 

have proven to be invaluable during fieldwork on numerous occasions. It is fair to say that 

I owe my current position and achievements to the unwavering support of my parents. 

They have made it possible for me to pursue this path, and their unconditional support is 

not something to be taken for granted. It is truly a tremendous privilege. Thank you for 

believing in me and providing the foundation for my journey as a biologist.  

Finally, I would like to extend my sincere appreciation and gratitude to my fiancée, 

Chantal, for her unwavering support during this demanding period. Adapting to being 

unexpectedly awakened in the middle of the night by my French phone conversations was 

undoubtedly a challenge. Enduring the constant complaining and whining required 

considerable patience and resilience. Despite these difficulties, Chantal's love, 

encouragement, and steadfast presence by my side have been immeasurable. I am truly 

grateful for her unwavering support and understanding throughout this intense time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

Summary 

Although the non-breeding period accounts for more than half of an animal's annual cycle, 

it is relatively little studied. Recent technological advancements have facilitated the 

tracking of animals during periods when direct observation is not feasible. By obtaining 

information on an individual's location and movement, one is nowadays able to address a 

wide range of ecological questions related to animals' behaviour and ecology during the 

non-breeding periods. 

In the first chapter I quantified the habitat composition and the prey availability 

within the non-breeding home ranges of barn owls. Prey availability during the non-

breeding period shows a patchier distribution compared to the breeding period. These 

changes in prey distribution then result in a grassland-oriented habitat selection. 

Furthermore, my data also indicate that semi natural habitats, such as wildflower areas 

and hedges, as well as field margins serve as important refuge and source of small 

mammals within the agricultural landscape. 

In my second chapter I shed a first light on activity patterns of barn owls during 

the non-breeding period. My data suggests that barn owls exhibit a specific nightly 

movement pattern, suggesting an adaptation to the activity patterns of their prey. In 

addition, barn owls adapt different hunting strategies depending on the prey activity 

density in different habitat types. Furthermore, for individuals of each sex, the response 

to prey activity density is correlated with their individual pheomelanin-based 

colouration, possibly reflecting their prey species preference. 

In the third chapter I investigated how environmental and individual conditions 

among different timepoints within the life cycle affect survival and reproduction of barn 

owls. Differences in the reproductive roles of males and females can lead to divergent 

impacts of environmental conditions and individual quality on fitness at different time 

points. Early-breeding males occupying prey-rich areas, are related to greater 

reproductive success but seem to face higher reproductive costs. Favourable post-

breeding environmental conditions appear to be able to mitigate these effects in males. 

Conversely, female owls appear to benefit from early breeding and high food availability 

during the breeding period, leading to enhanced reproductive success while maintaining 

body condition. Unlike males, females do not seem to exhibit a clear trade-off between 

reproductive success and survival. 



4 
 

Résumé 

Malgré qu'elle occupe plus de la moitié du cycle annuel des animaux, la période en dehors 

de la saison de reproduction reste relativement peu étudiée. Les avancées technologiques 

récentes ont facilité le suivi des animaux pendant les périodes où l'observation directe 

n'est pas possible. En obtenant des informations sur la localisation et les déplacements 

d'un individu, on est désormais capable de traiter un large éventail de questions 

écologiques liées au comportement et à l'écologie des animaux pendant les périodes de 

non-reproduction. 

Dans le premier chapitre, j'ai quantifié la composition de l'habitat et la 

disponibilité des proies au sein des territoires des Effraies des clochers en dehors de la 

saison de reproduction. La disponibilité des proies pendant cette période présente une 

distribution plus morcelée par rapport à la période de reproduction. Ces changements 

dans la distribution des proies se traduisent ensuite par une sélection d'habitat orientée 

vers les prairies. De plus, je suggère que les habitats semi-naturels, tels que les zones de 

praire fleurie et les haies, ainsi que les bordures de champs, servent de refuge important 

et de source de petits mammifères au sein du paysage agricole. 

Dans le deuxième chapitre, j'ai mis en lumière les patterns d'activité des Effraies 

en dehors de la saison de reproduction. J'ai indiqué que les Effraies présentent un pattern 

de déplacement nocturne, probablement due à une activité accrue de leurs proies. Mes 

données suggèrent que les Effraies adaptent leurs stratégies de chasse en fonction de la 

densité d'activité des proies dans certains types d'habitats. De plus, pour les individus des 

deux sexes, la réaction à la densité d'activité des proies est corrélée à leur coloration basée 

sur la pheomélanine, reflétant peut-être leur préférence pour les espèces de proies. 

Dans le troisième chapitre, j'ai étudié comment les conditions environnementales 

et individuelles à différents moments du cycle de vie affectent la survie et la reproduction 

des Effraies. Les différences dans les rôles reproducteurs des mâles et des femelles 

peuvent conduire à des impacts divergents des conditions environnementales et de la 

qualité individuelle sur le fitness à différents moments. Des mâles qui se reproduisent tôt 

et occupent des zones riches en proies sont associés à un plus grand succès reproducteur 

mais semblent faire face à des coûts de reproduction plus élevés. Les conditions 

environnementales favorables après la reproduction peuvent atténuer ces effets chez les 

mâles. En revanche, les femelles Effraies semblent bénéficier d'une reproduction précoce 

et d'une forte disponibilité de nourriture pendant la période de reproduction, ce qui 



5 
 

conduit un succès reproductif accru tout en maintenant leur état corporel. Contrairement 

aux mâles, les femelles ne semblent pas présenter de compromis clair entre le succès 

reproducteur et la survie. 
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General Introduction 

The non-breeding period 

The breeding period is a pivotal stage in the life cycle of animals that significantly 

influence population dynamics and as a result has been extensively researched, with 

numerous studies focusing on various aspects of animal reproduction. However, there is 

a noticeable bias towards research conducted during the breeding period compared to 

the non-breeding period [1]. This disparity in research attention creates a substantial 

knowledge gap within the annual life cycle of a species especially since the breeding 

period often covers a relatively short period of time. With the non-breeding period 

receiving less scientific exploration, the understanding of a species' overall life cycle often 

remains incomplete [1]. 

Recent studies have demonstrated that although breeding and non-breeding 

periods are typically distinct in terms of timing and location, they can still influence each 

other [2]. The impact of the non-breeding period on the fitness of animals has been well 

established for various mammal and bird species [3–7]. Thus, to attain a comprehensive 

understanding of individual habitat selection, behaviour and fitness in animals, it is 

essential to investigate the non-breeding period alongside the breeding period, ensuring 

a holistic view of animal life cycles. 

One reason for the prevailing bias towards studies conducted during breeding 

periods is the increased accessibility of many study species during this period [1]. During 

breeding, animals tend to be tied to a particular location, making it easier to capture and 

monitor them. In contrast, during the non-breeding period, animals may have greater 

spatial freedom or even embark on long-distance migrations. Nonetheless, recent 

advancements in tracking technology have revolutionized the field, allowing for the 

monitoring of animals over extended periods and across vast distances [8]. These 

technological advancements have facilitated the collection of data on animal movements 

and behaviours during non-breeding periods, independent of human observation. As a 

result, valuable insights into the behaviour of migratory, nomadic, or resident species 

have been unveiled, contributing to a more comprehensive understanding of animal 

ecology. 
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Habitat selection 

In heterogeneous landscapes, diverse habitats with varying resource availability 

exist. Animals are expected to preferentially choose habitats that provide the essential 

resources, leading to enhanced fitness levels. Consequently, animals are ideally inclined 

to select specific habitats over others to maximize their fitness potential [9]. But which 

habitat type best suits the needs of an animal changes with period specific requirements 

and availability of certain resources within the habitats [10–15]. For example, during the 

breeding season, animals may prioritize habitats which provide specific resources such 

as nesting sites or high-energy food, whereas some of these resources may become less 

important or available in other periods of the life cycle and habitat selection changes 

accordingly.  

Habitat selection is therefore a complex process that can be examined at different 

spatial and temporal scales. Spatial scales of habitat selection analysis include selection of 

the geographical range by species (first order), home range within the species range 

(second order), habitat types within the home range (third order), or even specific 

resources within a habitat type (fourth order) [16]. The choice of the appropriate order 

for analysis depends on the specific research question being addressed but also on the 

resolution of the collected data.  

Resource selection functions (RSFs) can be used to identify patterns in habitat 

preference [9,16,17]. Resource selection functions are statistical models used to estimate 

the probability of an animal selecting a particular type of resource, in our case habitat 

types, within a landscape. These models can be used to compare the availability of 

different habitat types in a specific area with the frequency of their use by the animal of 

interest [16,17]. If habitat selection would be random, animals would use different habitat 

types in proportion to their availability in the environment. However, when animals 

exhibit disproportional use of certain habitat types, it indicates a preference or avoidance 

of specific habitats. RSFs provide a valuable tool for investigating habitat selection 

patterns and allow researchers to understand factors influencing habitat selection and 

which resources may drive the selection towards a certain habitat [16]. 

To gain a comprehensive understanding of an animal's habitat use and 

requirements, it is therefore crucial to investigate habitat selection across various periods 

within an animal's life cycle. By considering both spatial and temporal aspects of habitat 
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selection, researchers can unravel the complexity of resource use patterns and the factors 

driving resource selection decisions by animals. 

Activity pattern outside the breeding period 

Energy requirement can differ among different periods during the life cycle of an animal. 

During the breeding period, animals experience a high demand for energy as they need to 

meet their own metabolic needs and provide for their offspring. At the same time this 

period is characterized by increased food availability, which can help to offset the 

energetic requirements [18]. The non-breeding period however also presents unique 

challenges, especially in temperate regions. Harsh conditions prevail during this time, 

with dropping temperatures limiting resource availability and simultaneously increasing 

the energy expenditure for thermoregulation [19–22]. 

Therefore, the energy derived from resources must be allocated to different 

activities during the annual life cycle [18,23]. Throughout the reproductive period, energy 

allocation is allocated to both survival and reproduction. However, the two fitness 

components are in a trade-off relationship with each other. High energy investment in 

reproductive effort for a given breeding attempt is expected to trade off with survival [23–

25] or future reproductive success [26,27]. During the non-breeding period energy is 

mainly allocated to survival [28,29] or , if possible, stored in preparation for the upcoming 

breeding investment [4,30].  

 To navigate the energetic challenges of the different periods, animals should strive 

to maximize their energy intake while minimizing the energy expended during foraging 

activities [31]. However, the level of activity required for foraging is also influenced by the 

environmental conditions within the animal's home range. Favourable habitat conditions 

can enable animals to obtain food with less movement and time investment [32,33]. Both 

meteorological conditions and prey availability play significant roles in shaping foraging 

behaviour and can impact the energy expenditure associated with foraging activities. 

 Animal-borne loggers that measure the animal's acceleration in three orientations 

(heave, surge, sway) can be utilized to quantify individual movement. These 

measurements provide the basis for calculating the dynamic body acceleration (DBA), 

which has been found to be strongly correlated with energy expenditure [34,35]. 

Additionally, by analysing the patterns in accelerometer data, it is possible to identify 

different behaviours, contingent upon the resolution of the data and the kinematics of the 
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behaviours [36]. The probability of accurately assigning a specific behaviour to a given 

acceleration data pattern decreases as the sampling resolution becomes lower and the 

kinematics of behaviours become faster [36]. While lower sampling resolution enables 

longer sampling periods, it may not capture the full range of behaviours with sufficient 

detail. Thus, there is a trade-off between sampling duration and behaviour classification 

accuracy that needs to be carefully considered based on the specific goals of the study 

[36]. Longer sampling periods with lower resolution may be appropriate for capturing 

general activity patterns or long-term trends, whereas higher resolution sampling is 

required for finer-scale behaviour analysis and accurate discrimination between different 

behaviours. Ultimately, researchers must weigh the desired level of behavioural detail 

against the available sampling time to determine the optimal balance for their study. 

 Combining information on movement and the according expected energy 

expenditure with knowledge on environmental conditions could reveal how these 

conditions affect activity patterns in animals during the colder season. 

Annual survival and reproductive success 

The survival and reproductive success of animals depends on various internal 

(individual quality) and external (environmental conditions) factors. Environmental 

conditions, including food availability and weather, can impact an animal's survival and 

reproduction [22,29,37–39]. Assessing the impact of environmental conditions on an 

animal's fitness poses challenges due to the fluctuations that occur over time and across 

different spatial locations. To thoroughly investigate the influence of environmental 

factors on an animal's survival and reproductive success throughout its life cycle, it 

becomes essential to have high-resolution data that captures both temporal and spatial 

variations. Furthermore, individuals within a species may not all respond in the same way 

to the same environmental conditions [40–43]. Intrinsic differences among individuals, 

often correlated with individual quality, play a role in how they are affected when faced 

with challenges. However, quantifying such intrinsic quality differences is difficult, and 

researchers often rely on proxies that reflect or correlate with individual quality. In birds, 

traits like melanin-based coloration [44–46] or glucocorticoid responses to 

environmental pressures [47–50] are correlated with fitness and are therefore employed 

as indicators of the quality of an individual. 

Studying how various extrinsic and intrinsic factors impact animal survival and 

reproduction is not only challenging because of the difficulty to assess the different 
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factors, but also because of their different pathways of action [18,51]. Many factors are 

thought to affect survival of animals directly and indirectly at the same time. For instance, 

environmental conditions might reduce an animal's access to food and therefore directly 

affect its survival, but it may also increase reproductive costs which again act on survival, 

creating an indirect link between environmental conditions and survival. Furthermore, 

peak investment in reproduction can be dependent on the sex and the stage of 

reproduction, reproductive costs may therefore act differently on the sexes depending on 

their role within reproduction [40,52,53]. Therefore, it is important to consider the 

different pathways among which environmental and individual factors are able to affect 

animal fitness over time and if these fitness consequences are sex specific. Such analyses 

require careful design, rigorous data collection, and advanced statistical methods to 

disentangle the direct and indirect effects of various factors on animal survival and 

reproduction. 

Using hierarchical models incorporating live-dead encounter and fecundity data 

allows to estimate the direct and indirect effects of intrinsic and extrinsic covariates on 

survival and reproductive performance [54]. 

Study species 

The Western barn owl (Tyto alba) is a nocturnal bird of prey inhabiting agriculturally 

dominated landscapes. In central Europe, the breeding period extends from February till 

September [55] and is followed by a resident wintering period [56,57]. Harsh winters 

with prolonged snow cover affects the species demography by increasing adult as well as 

juvenile survival [29]. With a combination of increased energy demand due to low 

temperatures and decreased prey accessibility due to increased snow covers, harsh 

winter can act as a bottleneck for whole populations [29]. 

The main prey of barn owls in central Europe are small mammals, mainly Arvicola, 

Microtus and Apodemus species [58]. Small mammal populations across Europe underly a 

certain fluctuation among but also within years [59–62]. Within year fluctuations can be 

highly dependent of the habitat the small mammals are inhabiting. Agriculturally 

dominated areas underly strong seasonal structural changes with vegetation growth in 

spring and summer followed by a sudden change during harvest. Harvest can affect small 

mammal availability for predators either directly through decrease of small mammal 

population size, or movement of the potential prey towards less disturbed habitats [63–
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67]. The resulting seasonal change in spatial distribution and population size of prey is 

likely able to influence behaviour and fitness of their predators. 

The study population of barn owls is located in western Switzerland and is almost 

exclusively breeding in the more than 400 nest boxes which have been installed 

throughout the region since 1985. Within the frame of the long-term standard monitoring 

all breeding adults are captured and breeding success is monitored. 

Aim and outline of the thesis 

In this thesis, I investigated ecological questions of year-around habitat selection, 

movement related energy expenditure outside the breeding season, and animal fitness 

within the annual-cycle, contributing to a better understanding of the non-breeding 

period of barn owls and other birds of prey in general. To do this, I integrated data from 

long-term population monitoring, extended movement tracking, and year-round 

monitoring of prey availability. First, I developed new insights into patterns of habitat 

selection outside the breeding season, revealing seasonal differences in barn owl habitat 

choice. Next, I investigated the influence of weather conditions, habitat composition and 

prey availability on activity during the non-breeding period, providing new insights into 

activity patterns during an energetically demanding period. Finally, I investigated the 

direct and indirect impacts of environmental factors and individual traits on barn owl 

fitness, highlighting sex- and period-specific fitness consequences. 

While it has been shown that barn owls experience increased mortality in winter, 

less is known about actual habitat selection and underlying prey distribution in 

agricultural landscapes. In the first chapter of my research, I therefore explored the 

habitat preferences of barn owls in relation to agricultural land use and prey availability 

during the non-breeding season. In a first step, I quantified the size and spatial 

distribution of breeding and non-breeding home ranges of barn owls and determined the 

specific habitat types preferred by barn owls during the non-breeding period. In a second 

step, I assessed whether this preference is influenced by the availability of prey during 

the non-breeding period. In particular, I investigated whether the availability of prey 

differed between habitats during the breeding and non-breeding seasons to determine 

the role of changing prey availability in shaping barn owl habitat selection.  

Expanding on the findings of my first chapter, my aim in the second chapter was to 

investigate the energetic implications of meteorological conditions, prey availability on 
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barn owl activity. Given the demanding and energy-intensive nature of the non-breeding 

period, my main focus was to investigate the factors that contribute to barn owls' ability 

to navigate through this period by optimising energy efficiency. As a first step, I examined 

activity on a broader scale by looking at nocturnal and seasonal activity patterns. In my 

previous chapter, I indicted that barn owls shift their habitat selection towards prey rich 

habitat types with nearby biodiversity structures. In order to better understand the 

selective pressure behind these findings, I investigated whether owls inhabiting areas 

with high prey abundance and/or perching opportunities show differences in activity 

patterns. As activity is strongly correlated with energy expenditure, I am able to discuss 

the possible energetic consequences of meteorological conditions and prey availability on 

energetic investment during winter. I furthermore investigated whether owls responded 

differently to prey availability depending on sex and plumage coloration. 

In my third chapter I investigated how prey availability and intrinsic factors (such 

as individual quality and experience) are related to annual reproductive success and 

survival. A comprehensive understanding of the dynamics of barn owl fitness in relation 

to individual quality and food availability is critical to increase our understanding of their 

ecology. The study aims to explore the correlation between prey availability, intrinsic 

factors, and breeding success, as well as annual survival. Given the considerable variation 

in prey availability throughout the year, a crucial objective is to determine the specific 

timing during the annual cycle when prey availability significantly impacts breeding 

success and survival. Another important aspect of the investigation is to assess whether 

breeding success incurs reproductive costs on survival and if these costs are comparable 

between males and females. Given the different roles of sexes during reproduction, I paid 

particular attention to the sex-specific costs of reproduction on survival. To explore the 

above-mentioned aspects I integrated capture, mark re-capture and dead recovery data, 

individual measurements, brood surveys, and prey availability into a hierarchical path 

analysis. 
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Chapter 1: 

Prey availability and its influence on habitat selection during the non- 

breeding period in a sedentary bird of prey 
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Supplementary material Chapter 1: 

S1.1 Small mammal sampling regions: 

Each of the four regions contsist of 4 plots: red: plain of Orbe, yellow: plain of the Broye, 

blue: Haut-Fribourg and green: Gros de Vaud region. Nest box locations are indicated by 

points. 

  

N 
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S1.2 Small mammal sampling design visualization 

Each of the 4 habitat types was sampled with 9 transects/trackplates within each of the 4 

plots of one region (upper left and right). This results in 36 transects/trackplates per 

habitat type per region per 2-month session (upper right). Within the 9 km2 plots the 

transects and trackplates were laid that they covered the whole area over the duration of 

the year which consisted out of 6 sessions (lower left). Over the duration of one year each 

habitat within each region was sampled by 144 transects/trackplates (lower right).  
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S1.3 Information extraction from the federal layer TLM3D 

Below a table with the extracted categories and their treatment: 

TLM 3D category Buffer Further treatment 

buildings + 10 m (mean width) holes < 500m2 closed 

highway + 20 m (mean width)  

motorway + 12 m (mean width)  

railway + 5 m (mean width)  

10 m street + 12 m (mean width)  

8 m street + 9.2 m (mean width)  

6 m street + 7.2 m (mean width)  

4 m street + 5.2 m (mean width)  

2 m path + 2.3 m (mean width)  

1 m path + 1.5 m (mean width)  

hedges + 1 m  

forest - 3 m holes < 500m2 closed 

forest edge + 7 m around forest  

border structures 
+1 m around all 

streets/railway 
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S1.4 Information extraction from cantonal layers on agricultural fields 

For all locations in canton Vaud, agricultural land use was available as a GIS-layer from 

the cantonal authority. For canton Fribourg a layer with information about permanent 

cultures only was available and we therefore mapped the agricultural land use within an 

area of 1.5 km (which corresponds to the mean home range used by breeding barn owls 

[68] around breeding sites of equipped owls during winter. After the GPS modules were 

recovered, areas of the home ranges which laid outside the already mapped 1.5 km radius 

were mapped as soon as possible. The information from the cantonal layers was extracted 

and merged with the data from the habitat mapping. To be able to merge the cantonal 

layer with the mapped layer we had to bring them to the same resolution and defined the 

following categories: Intensive grassland, extensive grassland, artificial grassland, 

intensive pasture, extensive pasture, winter cereal, colza, catch crop, wildflower strips 

and rotational fallows. As cantonal layers hold information about the culture present 

during summer of the respective year, we needed to combine the information from two 

years, according to the sowing time of the culture.  

Finally, the different layers from the different sources have been clipped with each other 

to eliminate overlaying polygons. To fasten the workflow and to be able to efficiently 

extract the habitat information later in the analysis, the polygon layers have been 

rasterized on a resolution of 25x25m sized cells. This resolution was chosen according to 

the accuracy of our tags (mean accuracy: 20 m) and the lowest resolution of our base 

raster which was 2.5 m. 
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S1.5 Merged habitat types for habitat categories 

Categories were merged according to their similar appearance in the field during the non-

breeding period (agricultural fields) or because of strong correlations. Before merging we 

made sure that the habitat types showed similar selection directions in the raw data (ratio 

available vs. used) 

Habitat 
category 
merged 

Habitat type  Nb. of crop type (cantonal layers) 

intensive 
grassland 

intensive pasture 
intensive meadow 
artificial grassland 

601/602/613/621/632/698/702/703/704 
720/616 

extensive 
grassland 

extensive pasture 
extensive meadow 

611/612/634/697/851/852/857/858/622 
617/618/625/693/694/930 

biodiversity 
structures 

rotational fallows 
wildflower strips 

hedges 
single trees 

555/556/557/559/572/904/905/908/998 

crop-rotation 

winter cereals 
colza 

catch crop 
maize 
potato 

sugar beet 
other 

501/502/504/505/506/507/508/509/511 
512/513/514/515/516/519/526/527/521 
522/523/524/525/528/531/534/535/536 
537/538/539/541/542/543/544/545/546 
547/548/549/551/553/554/566/567/568 
569/573/590/591/574/592/594/595/597 
598/631/701/705/706/707/708/709/710 
711/712/713/714/715/717/718/719/721 
722/725/731/735/797/798/801/803/806 

807/808/847/848/897/898/909 

forest 
forest 

forest edge 
from TLM3D 

urban area 

buildings 
paths/streets/roads/ 
railways with buffer 

1m 

from TLM3D 
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S2.1 Model validations 

We separated the dataset into training and test data, by randomly choosing 3 males and 

3 females per season (12 individuals test dataset, 58 individuals training dataset). We 

then run an RSF using the training dataset, extracting the values for relative probability 

of selection. These values were separated into deciles of about equal size and the expected 

number of observations was calculated in each bin. To visually inspect the relationship, 

we plotted the observed number of used locations relative to the expected number in each 

bin and extracted the slope and intercept of the linear regression laid trough the locations. 

We repeated the process 10 times and calculated mean slope, intercept, and spearman 

correlation among the 10 trials as measure for model performance. 

Model 
Spearman 

rank corr. 
Intercept Slope R2 

Model dominant habitat 

category 

0.78 

(±0.11) 

0.03 

(±0.02) 

0.71 

(±0.22) 

0.62 

(±0.20) 

Model dominant habitat 

category interaction 

0.86 

(±0.10) 

0.03 

(±0.02) 

0.66 

(±0.18) 

0.70 

(±0.19) 

Model total prey activity 

density 

0.80 

(±0.11) 

0.02 

(±0.01) 

0.78 

(±0.15) 

0.72 

(±0.23) 

Model prey activity density 

per habitat category 

0.71 

(±0.15) 

0.02 

(±0.03) 

0.76 

(±0.29) 

0.41 

(±0.26) 
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S2.2 Small mammal activity density 

Numbers of small mammal traces for track-plates (small-mammal index) were analysed 

by fitting a generalized additive model. While the total number of traces, on the plates 

served as response variable, region, observation round, habitat category and temperature 

were included as explanatory variables. Fitted values for a given time for each habitat 

structure in each region (red: plain of the Broye, blue: Haut-Fribourg, green: Gros de Vaud, 

black: plain of Orbe) are estimated and used as an index representing small mammal 

activity density. 
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S2.3 Vole activity density 

Numbers of vole traces for transects (vole index) were analysed by fitting a generalized 

additive model. While the total number of traces per transect served as response variable, 

region, observation round, habitat category and temperature were included as 

explanatory variables. Fitted values for a given time for each habitat structure in each 

region (red: plain of the Broye, blue: Haut-Fribourg, green: Gros de Vaud, black: plain of 

Orbe) are estimated and used as an index representing vole activity density. 
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S2.4 Models home range  

Linear models with log-transformed home range size as response variable and season 

(breeding/non-breeding), sex and year as explanatory variables. Individual identity was 

included as random effect. We present the mean estimates of ß and associated 95% 

credible interval of the posterior distribution based on 51 individuals (27 males, 24 

females).  

Fixed effects 
Main effects 

ß mean (95%CrI) 

With interaction 

ß mean (95%CrI) 

Intercept [log] 2.22 (1.89–2.54) 2.20 (1.86–2.59) 

Sex m -0.49 (-0.87– -0.14) -0.47 (-0.94– -0.01) 

Season non-breeding 0.10 (-0.13–0.38) 0.11 (-0.24–0.52) 

Year -0.28 (-0.59–0.01) -0.28 (-0.59–0.05) 

Season non-breeding: sex m  0.01 (-0.54–0.52) 

Random effects Variance (±SD) Variance (±SD) 

Individual (Intercept) 0.20 (±0.44) 0.19(±0.44) 
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S2.5 Model distance centroid to nest box  

We measured: 1) the distance of the centroid of the breeding home range to the breeding 

nest box (N=46, 24 males, 22 females), 2) the distance of the centroid of the non-breeding 

home range to the previous breeding nest box (N=51, 27 males, 24 females), 3) the 

distance of the centroid of the non-breeding home range to the future breeding nest box 

(N=42, 23 males, 19 females). Linear model with log-transformed distance as response 

and the type of distance (1,2,3) as well as sex as explanatory variable. Individual and nest 

box id were included as random effects. We present the mean estimates of ß and 

associated 95% credible interval of the posterior distribution. 

Fixed effects ß mean (95%CrI) 

Intercept [log] 6.36 (5.99–6.81) 

Dist. non-breeding -previous nest box 1.04 (0.63–1.42) 

Dist. non-breeding -future nest box 1.07 (0.57-1.55) 

Sex m 0.00 (-0.53-0.60) 

Dist. non-breeding-previous nest box: sex m -0.62 (1.20- -0.07) 

Dist. non-breeding-future nest box: sex m -0.63 (-1.27-0.00) 

Random effects Variance (±SD) 

Individual (Intercept) 0.12 (±0.34) 

Breeding site: Individual (Intercept) 0.34 (±0.58) 
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Abstract 

Animals in temperate regions face temperature fluctuations and changes in trophic 

productivity. Adapting their behaviour becomes crucial to overcome the energy demands 

of thermoregulation and the limited resources during colder seasons. By using 

accelerometer data combined with GPS locations, we investigated the activity patterns of 

barn owls during the non-breeding period and related them to weather conditions, 

habitat composition, and prey availability. Our research has shown that the overall 

activity of barn owls is highest at dusk and dawn, suggesting an adaptation to the main 

activity period of their prey. Adverse weather conditions (colder temperatures, strong 

winds, and rain) were associated with a decrease in activity. Activity patterns in barn owls 

were correlated with prey availability in a habitat specific manner and depended on 

plumage coloration, most probably due to plumage-coloration specific prey preferences. 

Our research suggests that owls adapt their foraging behaviour according to prey type 

(less or more active species) and its availability within the different habitats. These 

findings have implications for understanding fitness and population dynamics of barn 

owls, as energy allocation can impact individual fitness which might be especially 

important during the non-breeding period.  
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Introduction 

Animals living in temperate regions are exposed to environments where temperature and 

trophic productivity vary dramatically throughout the year. Colder temperatures in 

autumn and winter increase the amount of energy required for thermoregulation [1,2] 

while negatively affecting primary producers and consequently the availability of 

resources for their consumers [1,3]. The extent to which individuals can adapt their 

foraging strategy is therefore of vital importance in coping with the challenges of the 

colder season. Nonetheless relatively few studies investigated this period [4]. 

The optimal foraging theory states that individuals should decrease energy 

expenditure during foraging to a minimum, while at the same time maximising energy 

intake [5,6]. To optimize foraging may be of particular importance during the colder non-

breeding period. Sedentary birds in temperate regions have demonstrated their ability to 

adapt their foraging behaviour by either altering their diet [7,8] or shifting their foraging 

habitat [9]. Birds of prey have been shown to transition from the more energy-intensive 

flight hunting to the less demanding perch hunting behaviour during colder seasons [10–

12]. Similarly, cormorants (Phalacrocorax carbo) reduce the time they spend exposed to 

cold water to decrease the energy costs associated with thermoregulation [13].  

When foraging, individuals can maximise their fitness by either minimising the 

time they spend gathering a given amount of energy (time minimisers) or maximising the 

net energy intake for a given amount of time spent foraging (energy maximisers) [14]. In 

birds of prey the perch hunting (sit-and-wait) strategy is expected to be applied by energy 

maximisers whereas active hunting is expected to be used by time minimizers [8]. These 

two strategies rather reflect the extremes of foraging behaviour, which is more likely to 

be a continuum between the two extremes [8,15]. How long and how actively birds need 

to forage to meet their energetical needs also depends on environmental conditions and 

individual factors, meaning that one strategy or another may be more advantageous 

under certain conditions [8,15,16]. Indeed, meteorological factors, habitat composition 

and food availability can influence foraging behaviour and consequently also activity 

patterns [1,17].  

Challenging meteorological conditions, including low temperatures, high 

precipitation, and high wind speeds, have the potential to affect the behaviour of birds of 

prey in multiple ways. For instance, low temperatures, strong winds and wet plumage 

increase the amount of energy required for thermoregulation and movement [17–20] and 
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as a result birds may benefit from reducing activity and seeking sheltered roosts during 

such conditions [2,17,21]. In addition, rain and wind generate noise and movement in the 

vegetation cover, masking the movement of potential prey [22,23] and reducing hunting 

success [24,25]. As a result of increased energetic costs combined with reduced hunting 

success, birds of prey decrease their hunting activity during such challenging periods [24–

29]. 

Besides meteorological factors relative energetic costs of hunting may also depend 

on the interplay between habitat and prey availability. Hunting suitable prey in 

favourable habitat may decrease the time and movement intensity animals need to invest 

to hunt, decreasing energy allocated to foraging [5,6]. Individual differences in habitat 

and/or prey preference may result in different activity or movement patterns when 

exposed to the same environmental conditions [30,31]. Barn owls shows colour-morph 

specific differences in habitat use and prey species choice. Reddish-brown individuals 

tend to prey on voles and prefer open habitats, while whitish owls prefer murids and 

complex habitats including wooden structures [32–35], where murids are particularly 

abundant after harvest and during winter [36–38].  

In the present study we used GPS and accelerometer data from tagged western 

barn owls (Tyto alba), a species which inhabits agriculturally dominated areas and shows 

high breeding site fidelity, even during the non-breeding period [39,40]. The main aim is 

to understand the activity pattern of barn owls during a period, when mortality can be 

exceptionally high [41] and temperatures are below the thermoneutral zone of barn owls 

[42], resulting in increased energy requirements for thermoregulation. Since recent 

studies have shown that barn owl habitat selection changes between the breeding and 

non-breeding periods [39,43], as a function of prey availability [39], we are now 

investigating the activity patterns derived from accelerometer data and the associated 

energetic consequences [44,45] for foraging under different environmental conditions. To 

do so, we 1) explored the activity pattern of barn owls during the non-breeding period on 

a nightly and a seasonal basis. 2) analysed how barn owl activity patterns are related to 

weather conditions and how barn owl activity patterns are related to prey availability 

within different habitats.  

In our initial analysis of activity patterns during the non-breeding period, we 

predict 1 a) observing variations in activity levels throughout the night: We hypothesize 

that owls will allocate their energy towards hunting during a specific, potentially most 
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productive period at night. We also expect 1b) activity patterns to change as the beginning 

of the breeding season approaches. We further expect 1c) that this predicted change will 

be sex-specific, as the two sexes have different reproductive roles and investments. For 

analysis 2) we expect that 2a) barn owls will reduce their activity during nights with 

unfavourable weather conditions such as low temperatures, rain, or increased wind 

speeds [24,25,27–29]. The strongest effect is expected to occur during rain, as rain 

partially impedes movement [29], reduces plumage insulation [19] and affects the 

audibility of prey [28]. 2b) based on the described differences in habitat and prey 

preferences we expect owls to respond differently to prey availability within certain 

habitat types, according to their sex [46] and plumage coloration [32,33,35]. 

 

Material and Methods 

Study area and study population 

Our research focused on a population of barn owls located in western Switzerland 

(46°49'N, 06°56'E). This population inhabits an area of approximately 1,000 km2 

dominated by intensive agriculture, interspersed with villages and forests. The area can 

be divided into four distinct geographical regions which slightly differ in topography and 

land use: the plain of Orbe, the plain of the Broye, Haut-Fribourg, and Gros de Vaud. In our 

study area, barn owls almost exclusively breed in the more than 400 nest boxes that have 

been installed in rural buildings. In this central European region, the main prey for barn 

owls includes voles (Arvicola sp., Microtus sp.) and murids (Apodemus sp.) [47,48]. The 

breeding season for barn owls in this area is from February to September [49] and is 

followed by a resident wintering period.  

Individual owl data and tag deployment 

Adult owls were captured at their nest site when their offspring were 25 to 35 days old, 

by using a sliding door trap triggered by the adult bird entering the nest box. Owls 

received a multisensory tag containing a GPS, a tri-axial acceleration sensor (Axy Trek, 

TechnoSmart, Italy) combined with a VHF sender (µTag ,Swiss Ornithological Institute, 

Switzerland), attached as a wing loop harness using spectra-tubular filament (4.7 mm, 

polyethylene, Bally Ribbon Mills, US). The tag including harness weighed <13 g (which is 

<5% of body mass, mean body mass of birds before tagging: 297 g, range: 260-440 g, 

lower limit for equipment: 260g). GPS were programmed to fix one position per hour for 
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two half-nights each week (7-12 pm and 0-4 am UTC), resulting in an average of 6.6 

positions per week. Acceleration was sampled continuously at a frequency of 1 Hz 

throughout day and night. The VHF transmitters had been scheduled to transmit signals 

for a week during the upcoming spring, allowing to search for the equipped owls. Of the 

164 tags deployed (81 females, 83 males) between 2017 and 2020, 110 tags were 

recovered (67%), and 66 (35 females, 31 males) contained data collected during winter 

(November-February). Tags recorded between 6 and 120 days, with a mean of 91 days. 

Data on body mass, age, pheomelanin plumage coloration and sex were collected 

as part of a standardised population monitoring. Sex was identified by the presence 

(female) or absence (male) of a brood patch. Age of each animal was based on the hatching 

year or alternatively through estimating the age according to primary and secondary 

moult patterns; this allows to distinguish between a bird in its second year of life (when 

there is no moult) or an older bird (which shows moulted feathers) [40]. Pheomelanin-

based coloration was estimated in the field by attributing a value between 1 (dark, 

reddish) and 8 (light, white) to the breast, belly, one flank and the underside of a wing 

[33]. For each individual, these four values were averaged to obtain one numerical score 

for pheomelanic plumage coloration. Coloration scored by eye in the field is strongly 

correlated with spectrometry measures [50]. 

All manipulations have been performed under the legal authorizations of the 

department of the consumer and veterinary affairs (VD and FR 2844 and 3213) and the 

Federal Office of Environment (FOEN).  

Acceleration and GPS data 

GPS as well as acceleration data were cut to range from calendar week 44 (beginning of 

November) to the following calendar week 9 (end of February). This duration 

corresponds to the wintering period without breeding activity [49]. As barn owls are night 

active, only data recorded during the night was included. Night was defined as the time 

between sunset and sunrise (sun at 0 degrees on the horizon) at the current date, with a 

buffer of 1 hour before sunset and after sunrise. Mean length of the nights in our dataset 

with buffer was 17 hours (range: 14.5 – 17.5 hours). 

GPS data were visualized, filtered for duplicated locations and aberrant positions 

were removed. Depending on the duration of sampling 3 up to 168 locations were 

registered per animal. Acceleration data were divided in 5 second bins, and summary 
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statistics was calculated for each bin. Dynamic acceleration was calculated for all three 

axis per bin by subtracting the static acceleration (mean of each of the 3 axes per bin) 

from the raw acceleration values [51]. Then, using dynamic acceleration, we calculated 

VeDBA (vectorized dynamic body acceleration) for each bin. VeDBA represents the 

dynamic components of activity and is correlated with energy expenditure [44,45]. To put 

this technical term into an ecological context, we will hereafter refer to VeDBA as overall 

activity. Additionally, the standard deviation of each axis was calculated for each 5 second 

bin. Using the clara clustering algorithm (k-medoids PAM method) from the package 

“cluster” [52], the dataset was divided into 3 clusters: low, medium, and high activity. 

Clusters were identified using values of the VeDBA and the standard deviation of the surge 

and heave axis. The three clusters represent 3 behaviour groups, with the high activity 

cluster representing active flight, the low activity cluster representing resting, gliding 

flight, or perching and the cluster with medium activity represents behaviours with 

intermediate amount of movement like handling prey, preening or a mix of low and high 

activity behaviours (transition from flying to perching or vice versa). Accuracy of the 

clustering was assessed by visually inspecting 5% of the data. 

Snow cover, wind speed, rainfall, and temperature 

Hourly information on temperature, wind speed, rainfall and snow cover were obtained 

from the weather station of the Swiss meteorological institute (Swissmeteo) located in 

Payerne, situated in the middle of our study area. 

Perch availability 

To estimate the number of perches (fence posts, road signs and snow poles) along the 

different types of roads (minor road, major road, highway, and railway) and along 

pastures, approximate values were used, determined in the field by random sampling of 

roads and pastures. The following approximations were used to calculate the number of 

perches available: There were an average of 0.3 perches per m along highways, 0.06 per 

m along major roads, 0.03 per m along minor roads, and 0.02 per m along railways. For 

extensive pastures, which are permanently fenced the whole year round, we estimated 

0.018 fence posts per m2. Additionally, the number of single trees within the landscape 

was obtained from the TLM3D database of the Swiss federal office of topography (TLM3D, 

resolution: 0.2-3m, Bundesamt für Landestopografie Swisstopo). 

 



51 
 

Prey availability (small mammal survey) 

We assessed prey availability in the four geographical regions of our study area six times 

per year, at two-month intervals in four different habitat types: crop rotation (annual 

crops), grassland (intensive and extensive grassland), border structures (1 m margins 

along roads), and biodiversity structures (hedges and wildflower areas), using two 

indirect methods, as described in detail in Bühler et al. [39]. The first method involved 

counting fresh signs of voles (heaps, holes, and runways of Arvicola sp. and Microtus sp.) 

along 5 x 1 m transects [53]. The second method involved the placement of plastic plates 

coated with a thin layer of graphite along each transect for two consecutive nights to 

evaluate the aboveground activity of all small mammal species [54]. We then counted the 

number of characteristic small mammal tracks per plate. The number of vole signs and 

small mammal tracks then served as an index of small mammal presence and activity, 

hereafter referred to as activity density. In total, nine transects were walked, and nine 

plates were placed in each habitat type during each counting period. This resulted in a 

total of 576 transects and the same number of plates for each 2-month period. To obtain 

continuous estimates of prey availability, two separate generalized additive mixed 

models (GAMM) were fitted, one for the transect method and one for the track-plate 

method. Estimates from the first GAMM provide information on vole activity density, 

hereafter called vole activity density index, and estimates from the second GAMM provide 

information on total small mammal activity density, hereafter called total small mammal 

activity density index (for details on the GAMM see Bühler et al. [39]). 

Both methods have been shown to correlate well with estimates of relative 

abundance obtained through live trapping [54,55]. The monitoring conducted in this 

study reflects the activity density of potential prey and is representative of prey 

availability, as predators tend to prefer areas with higher prey activity and abundance 

[56]. Furthermore, previous research has demonstrated synchronous fluctuations in vole 

populations across large spatial scales in Central Europe [57].  

Habitat composition 

To be able to calculate prey activity density per habitat type we approximated which 

habitat was available to the owls at the time the acceleration data was sampled. To do so 

GPS localisations were grouped weekly and buffered with a 1000 m radius. By buffering 

the localisations, we accounted for the potential activity radius of the owls (mean distance 

between successive points: 800 m). Weekly covered areas reached from 3 up to 17 km2 
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with a mean area of 6.5 km2. The areas of different habitat types within these weekly 

activity areas were then extracted to represent the experienced habitat composition on a 

weekly basis. For the analysis the following habitat types were extracted: grasslands, crop 

rotation, border structures (1 m margin between roads, railways, and fields), wildflower 

areas and hedges. Land use information was collected from cantonal offices (Canton of 

Vaud: all agricultural land, Canton of Fribourg: permanent perennial crops only) and 

complemented with habitat mapping in the field. Information on coverage of hedges and 

border structures was obtained from the TLM3D database of the Swiss federal office of 

topography (TLM3D, resolution: 0.2-3m, Bundesamt für Landestopografie Swisstopo). 

When data on coverage of habitats were still missing, information from the previous year 

was used as a proxy to fill the information gaps (correlation between years: 0.8-1 

depending on habitat type).  

Statistical analysis 

To investigate our first hypothesis and predictions (1a, 1b, 1c), we first described how 

overall activity changed over the night and over winter. To standardize the length of the 

nights, we split every night into 100 intervals, with the value 1 corresponding to the 

beginning of the night minus a buffer of 1 hour (sunset-1h) and value 100 to the end of 

the night plus a buffer of one hour (sunrise+1h). This procedure allows to analyse the 

overall nightly activity independent of the length of the nights, which differs throughout 

the year. To describe the nightly pattern of overall activity, we computed the average 

VeDBA (Vertical Dynamic Body Acceleration) for each interval throughout all recorded 

nights per individual. This calculation resulted in 100 data points per individual, 

representing the progression of overall activity throughout the night. For the seasonal 

description of overall activity, the mean VeDBA per week for each individual was 

calculated. We fitted Bayesian generalized additive models including temporal 

autocorrelation using the function “brm” from the package “brms” [59]. We run one 

model, including data on both sexes, to describe the nightly activity pattern. Within the 

model the nightly intervals were specified as smooth term. To analyse the activity 

patterns over the season we run two separate models one for males and one for females, 

defining week of the year as smooth term. In all three models a temporal autocorrelation 

structure was included to account for temporal correlation of the datapoints within each 

individual. To describe activity changes over time we calculated the first derivative of the 

fitted model curve [60].  
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To address our hypothesis regarding weather and prey availability (2a, 2b) we 

calculated two proxies describing the activity pattern of barn owls. First, as within the 

previous analysis we used VeDBA as proxy for overall activity by using nightly mean as 

response variable. Second, the nightly proportion of active flight (number of bins with 

high activity/total number of bins per night) was calculated, better representing the 

amount of active displacement. Two separate models were run per sex and response 

variable (overall activity (VeDBA) and proportion of active flight) again using the function 

“brm” from the package “brms” [59]. To account for non-linear relationship, squared 

terms were included whenever appropriate. To address the non-independence among 

data points and to account for temporal autocorrelation, a random intercept as well as a 

temporal autocorrelation structure was included for each individual. All explanatory 

variables where centred and scaled before entering the models. To increase model fit we 

log-transformed overall activity (VeDBA) and square-root transformed the proportion of 

active flight. 

In our study, we also investigated the relationship between meteorological 

conditions (2a) and the density of prey activity within different habitat types (2b) in 

relation to overall activity levels and the proportion of active flight. To accomplish this, 

we multiplied the prey activity density index (prediction from GAMM) of each habitat type 

and the percentage of coverage within the weekly activity area of the corresponding 

habitat type (grassland, crop-rotation, biodiversity structures, border structures). We did 

this separately using the vole activity density index (resulting values hereafter referred 

to as vole activity density), and the small mammal activity density index (resulting values 

hereafter referred to small mammal activity density) within each habitat type.  

Meteorological data was included by taking the mean values measured during each 

night for temperature [°C], wind speed [km/h] and rainfall [mm]. We removed snow cover 

from our models due to the consistently mild winters observed throughout our study 

period, with no instances of prolonged and heavy snow cover [61–63]. To explore 

whether the number of perches affected overall activity and proportion of active flight we 

included the number of available perches (fence posts, road signs, single trees) per square 

kilometre in the model set. As animals with bigger weekly activity areas are expected to 

move more, we included the size of the weekly covered area in both model sets. To assess 

the hypothesis that nightly overall activity or the proportion of active flight was related 

to pheomelanin coloration, we incorporated interaction terms involving vole activity 

density and small mammal activity density. To decrease model complexity interaction 
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terms for which the 95% credible interval (CrI) overlapped with zero were removed from 

the final model.  

The function “brm” of the package “brms” [59] employs Bayesian inference to fit 

the models. In each model, we ran three chains, each consisting of 20,000 iterations, with 

a warm-up phase of 5,000 iterations. Default non-informative brms priors were applied 

to all parameters. We evaluated convergence by utilizing Rhat values (Gelman-Rubin 

diagnostic) and visually inspecting the Markov chains. We evaluated the model fit by 

comparing the distribution of the observed outcome variable to simulated datasets 

generated from the posterior predictive distribution. This assessment was conducted 

using the "pp_check" function from the "brms" package [59].  

All analyses and data treatments were run in R version 4.2.1 [58]. 

 

Results 

1. Nightly and seasonal patterns  

Throughout the night, overall activity showed a distinct pattern. Shortly after sunset, 

there was an initial increase in overall activity, followed by a slight decrease and finally a 

plateau. (Figure 1). As the night progressed, there was a gradual increase in overall 

activity towards the end of the night, followed by a decline towards sunrise. 

 

Figure 1: Generalized additive mixed model with 95% CrI (left side panels) and its first derivative (slope) 
estimation and 95% CrI (right side panels) for 66 individuals. Left panels: Estimated non-linear change of mean 
VeDBA over the night separated in intervals (1=beginning, 100=end of the night, mean length of night=16.8 
hours). Coloured sections indicate rate of change that either increased (red) or decreased (blue) in that specific 
time frame. Right panels: when the rate of change f’ in the y-axis differs from 0, the estimated rate of change is 
highlighted in blue (decrease) or red (increase). 
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There was a notable difference in the seasonal pattern between males and females 

(Figure 2). Males, but not females, showed an increase in overall activity as spring, and 

the breeding season approached. 

 

Figure 2: Generalized additive mixed models with 95% CrI (left side panels) and their first derivative (slope) 
estimations and 95% CrI (right side panels) for 31 males (upper panels) and 35 females (lower panels). Left panels: 
Estimated non-linear change of mean VeDBA over 18 weeks (calendar week 44 to 9, corresponding to November till 
February). Coloured sections indicate rate of change that either increased (red) or decreased (blue) in that specific time 
frame. Right panels: when the rate of change f’ in the y-axis differs from 0, the estimated rate of change is highlighted in 
blue (decrease) or red (increase). 

 

2. Meteorological factors and prey activity density  

While rising mean temperature was associated with increasing overall activity, there was 

no relationship between temperature and proportion of active flight (Table 1, Figure 3). 

Both mean rainfall and mean wind speed per night showed a non-linear relationship with 

overall activity and proportion of active flight in both sexes (Table 1, Figure 3). Rainfall 

was found to be strongly linked with both overall activity and the proportion of active 

flight. This association resulted in a significant decrease in both overall activity and the 

proportion of active flight with an increase in the amount of rainfall per night. While both 

response variables initially showed an increase, they subsequently decreased with higher 

wind speeds. The size of the weekly activity area was positively related to overall activity 

and proportion of active flight for both males and females (Table 1). 
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In females, a decrease in overall activity and proportion of active flight was 

associated with increasing vole activity density in biodiversity structures, while an 

increase in overall activity and proportion of active flight was associated with  increasing 

small mammal activity density in grassland and biodiversity structures (Table 1). Further, 

reddish-brown-coloured females showed an increase in overall activity and the 

proportion of active flight with increasing small mammal activity density in the crop 

rotation. In contrast, whitish-coloured females displayed the opposite pattern, with a 

decrease in overall activity and the proportion of active flight as small mammal activity 

density in the crop rotation increased (Table1, Figure 4). 

Figure 4: Effect of small mammal activity density 
in crop rotation in interaction with pheomelanic 
plumage on nightly mean VeDBA for females. For 
comprehensive interpretation coloration is 
presented by 2 values with mean plus standard 
deviation for whitish and mean minus standard 
deviation for reddish-brown coloration. We 
present mean estimates of ß and associated 95% 
credible interval of the posterior distribution of 
the model in table 4. The models were 
constructed based on a dataset consisting of 3741 
data points for females (35 individuals) and 2810 
data points for males (31 individuals). 

Figure 3: Effect of wind speed (left) and rain (middle) and temperature (right) on female (red) and male (green) 
overall activity (upper) and proportion of active flight (lower). We present mean estimates of ß and associated 95% 
credible interval of the posterior distribution of the model in table 1. The models were constructed based on a 
dataset consisting of 3741 data points for females (35 individuals) and 2810 data points for males (31 individuals). 
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In males, an increase in overall activity and the proportion of active flight was 

observed with increasing vole activity density in border structures. Additionally, overall 

activity and the proportion of active flight increased with increasing small mammal 

activity density in crop rotation and decreased as the number of available perches within 

the landscape increased (Table 1). 

Overall activity and the proportion of active flight of reddish-brown, but not whitish, 

males increased with increasing vole activity density in the crop rotation (Table1, Figure 

5).  

 

  

Figure 5: Effect of vole activity density in crop 
rotation in interaction with pheomelanic plumage 
coloration on nightly mean VeDBA for males. For 
comprehensive interpretation coloration is 
presented by 2 values with mean plus standard 
deviation for whitish and mean minus standard 
deviation for reddish-brown coloration. We 
present mean estimates of ß and associated 95% 
credible interval of the posterior distribution of 
the model in table 4. The models were 
constructed based on a dataset consisting of 3741 
data points for females (35 individuals) and 2810 
data points for males (31 individuals). 
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Table 1: Mean effect sizes with 95% Bayesian credible interval (CrI) for the linear-mixed effect models with nightly 
overall activity (left, log transformed) and proportion of active flight (right, square-root transformed) as a response 
variable. Coloration, prey activity density per habitat type and its interactions as well as meteorological factors, the total 
activity area and the amount of perches available were introduced as explanatory variables and individual as random 
intercept. The models were constructed based on a dataset consisting of 3741 data points for females (35 individuals) 
and 2810 data points for males (31 individuals). Effects which CrI exclude zero are shown in bold. Dashes in the fixed 
effects columns indicate interaction terms that were excluded from the final model because their 95% CrI included 0. 

 

 

Overall activity (mean VEDBA) [log] 
ß mean (95% CrI) 

Active flight [sqr] 
ß mean (95% CrI) 

female male female male 

Intercept 
-2.521  

(-2.568 to -2.475) 
-2.505  

(-2.572 to -2.438) 
0.257  

(0.247 to 0.266) 
0.261  

(0.248 to 0.275) 

Coloration 
0.021  

(-0.022 to 0.065) 
-0.015  

(-0.086 to 0.054) 
0.004  

(-0.005 to 0.012) 
-0.005  

(-0.019 to 0.009) 

Mean temperature [°C] 
0.014  

(0.001 to 0.028) 
0.019  

(0.003 to 0.034) 
-0.002  

(-0.005 to 0.001) 
0.000  

(-0.003 to 0.003) 

Mean wind speed [km/h] 
0.071  

(0.053 to 0.088) 
0.084  

(0.063 to 0.104) 
0.012  

(0.009 to 0.016) 
0.016  

(0.012 to 0.02) 

(Mean wind speed [km/h])^2 
-0.045  

(-0.053 to -0.037) 
-0.038  

(-0.046 to -0.029) 
-0.009  

(-0.011 to -0.008) 
-0.008  

(-0.010 to -0.007) 

Mean rainfall [mm] 
-0.100  

(-0.119 to -0.080) 
-0.119  

(-0.141 to -0.096) 
-0.019  

(-0.023 to -0.016) 
-0.021  

(-0.026 to -0.017) 

(Mean rainfall [mm])^2 
0.005  

(0.002 to 0.007) 
0.007  

(0.005 to 0.010) 
0.001  

(0.001 to 0.001) 
0.001  

(0.001 to 0.002) 

Vole activity density grassland 
0.011  

(-0.013 to 0.035) 
0.015  

(-0.019 to 0.048) 
0.004  

(-0.001 to 0.009) 
0.003  

(-0.004 to 0.009) 

Vole activity density crop rotation 
0.004  

(-0.023 to 0.030) 
0.040 

(-0.001 to 0.081) 
0.002  

(-0.004 to 0.007) 
0.012  

(0.003 to 0.020) 

Vole activity density border 
structures 

-0.027  
(-0.055 to 0.001) 

0.040  
(0.004 to 0.076) 

-0.004  
(-0.010 to 0.002) 

0.010  
(0.003 to 0.017) 

Vole activity density biodiv. 
structures 

-0.053  
(-0.078 to -0.027) 

0.025  
(-0.016 to 0.069) 

-0.009  
(-0.014 to -0.004) 

0.005  
(-0.003 to 0.014) 

Small mammal activity density 
grassland 

0.038  
(0.018 to 0.059) 

0.016  
(-0.010 to 0.042) 

0.008  
(0.004 to 0.012) 

0.003  
(-0.002 to 0.009) 

Small mammal activity density crop 
rotation 

-0.013  
(-0.033 to 0.006) 

0.068  
(0.045 to 0.091) 

-0.002  
(-0.006 to 0.002) 

0.013  
(0.009 to 0.018) 

Small mammal activity density 
border structures 

-0.005  
(-0.023 to 0.013) 

0.023  
(-0.008 to 0.053) 

0.001  
(-0.003 to 0.005) 

0.005  
(-0.001 to 0.011) 

Small mammal activity density 
biodiv. structures 

0.041  
(0.017 to 0.065) 

-0.019  
(-0.047 to 0.010) 

0.006  
(0.001 to 0.011) 

-0.005  
(-0.011 to 0.001) 

Weekly activity area [km2] 
0.056  

(0.039 to 0.072) 
0.059  

(0.038 to 0.080) 
0.013  

(0.009 to 0.016) 
0.014  

(0.009 to 0.018) 

Number of perches/km2 
-0.015  

(-0.048 to 0.018) 
-0.074  

(-0.125 to -0.022) 
-0.006  

(-0.013 to 0.001) 
-0.017  

(-0.027 to -0.006) 

Coloration: Small mammal activity 
density crop rotation 

-0.027  
(-0.046 to -0.008) 

--- 
-0.005  

(-0.009 to -0.001) 
--- 

Coloration: Vole activity density 
crop rotation 

--- 
-0.073  

(-0.11 to -0.037) 
--- 

-0.015  
(-0.022 to -0.007) 

Random effects Variance (95% CrI) 

Individual random effect 
0.130  

(0.098 to 0.173) 
0.177  

(0.126 to 0.248) 
0.026 

(0.020 to 0.035) 
0.036 

(0.025 to 0.050) 
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Discussion 

Our study is among the rare ones investigating activity patterns outside the breeding 

period and potentially the first to do so for nocturnal birds of prey. Overall activity, 

measured as VeDBA, which has been shown to correlate with energy expenditure [44,45], 

serves as an indicator of the amount of energy expended by an individual under specific 

environmental conditions. Here we have shown that barn owls have a distinct pattern of 

overall activity during the night, with two peaks of activity. Additionally, male activity 

changed as  the breeding period approaches. Overall activity and the proportion of active 

flight were directly related  to weather conditions and prey availability. Understanding 

these relationships is important because, due to the increased energy cost of 

thermoregulation during the non-breeding season [1,2], the energy expended on activity 

may have a direct impact on individual fitness. Furthermore, individual- and especially 

sex-specific reactions towards changes in food availability may directly act on species 

demography as selection may act stronger on a certain group of individuals.  

Nightly and seasonal activity pattern 

The nightly activity patterns of barn owls displayed two distinct peaks, one at the start of 

the night and another at the end, with a period of relatively stable activity during the 

middle of the night. These two peaks coincide with nocturnal peaks in prey activity [64–

66], suggesting that increased owl activity corresponds to increased hunting effort at 

times when hunting is likely to be most profitable. 

Predator activity is typically closely linked to prey behaviour [67–69]. In response, 

prey species adapt their activity patterns to avoid periods of increased predation risk 

[70,71]. The extent to which prey should modify their behaviour in response to predators 

depends on the level of predatory pressure and the associated trade-offs between the 

benefits and costs of predator avoidance [70,72]. For example, prey species may make 

trade-offs between predation risk and thermoregulatory advantages [73]. During winter, 

small mammals benefit energetically from shifting their activity patterns towards 

daytime to reduce thermoregulatory costs [64]. Common voles change from 

predominantly nocturnal to diurnal activity during winter [65]. Wood mice however 

display a shift from unimodal to bimodal activity patterns, with increased activity after 

dawn and before sunrise [66]. Given that more active prey offers a greater opportunity 

for successful hunting, barn owls are believed to adjust their hunting activity to coincide 

with the periods when prey activity is at its peak [56,74]. Owls may therefore follow a 
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"time minimizer" strategy, concentrating the majority of their activity towards short time 

periods around dusk and dawn when prey is most active and accessible [8,14]. Outside of 

these peak periods overall activity may remain low, indicating that owls do not completely 

cease activity but reduce the intensity. This strategy may enable them to conserve energy 

while still being able to take advantage of a hunting opportunity when it presents itself. 

The seasonal activity pattern shows a clear increase in activity for males towards 

the end of January, but not for females. This divergence between males and females is 

likely due to their different reproductive roles. Towards the end of winter males start 

exploring and occupying nest sites along with initiating courtship behaviour [40,75]. 

Searching for suitable breeding sites and defend it against competitors, may result in 

increased activity levels. Furthermore, male barn owls deposit prey in the nest box as a 

part of their courtship behaviour [40,75], which  requires increased hunting effort and 

thus activity. 

Meteorological conditions  

Weather conditions influenced the behaviour of barn owls, both in terms of overall 

activity and the proportion of active flight. Specifically, colder temperatures, strong 

winds, and rain were linked to decreased levels of overall activity and/or proportion of 

active flight in barn owls. 

Temperatures above and below the thermoneutral zone of animals result in 

increased energetic costs and animals react by reducing activity during thermally 

challenging periods [76–78]. During the study period, temperatures in our research area 

ranged from -6 - 16 °C throughout the non-breeding season. This range falls below the 

barn owl's thermoneutral zone, which is between 23-35°C [42]. Consequently, when 

temperatures fall below their thermoneutral zone during the non-breeding season, barn 

owls expend more energy even when at rest than during the warmer breeding season. 

Hence, it may become crucial for owls to minimize their activity during cold nights to 

conserve energy [77]. Our study showed that while overall nightly activity decreased with 

decreasing temperature, the proportion of active flight remained relatively constant. This 

suggests that the proportion of active flight, despite its higher energy demands, may have 

a minimum threshold beyond which it cannot be further reduced. Consequently, barn 

owls may have the ability to reduce different forms of movement but may need to keep 

the proportion of active flight relatively stable. Alternatively, it is possible that barn owls 

adjust their flight speed during colder nights to conserve energy. This is because overall 
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activity tends to increase with flight intensity and speed [79], which could also explain the 

observed pattern of maintaining a constant amount of active flight while showing lower 

overall activity during colder periods. 

During rainy nights, both active flight and mean overall activity decreased for both 

male and female owls. Rain has strong effects on hunting success and flight performance. 

Firstly, rain creates noise and movement in the vegetation, which impairs the ability of 

birds of prey to detect their prey acoustically and visually [28], even though potential 

prey, such as small mammals, may be more active [23]. Secondly, flying with wet feathers 

is more energy consuming [29], and reduces insulation efficiency [19]. To avoid 

disproportionately high energy expenditure in unfavourable weather conditions, owls 

minimize activity and prioritize roosting to conserve energy [2], as has been 

demonstrated in other bird of prey species [26–29]. 

The response of owls to wind is only partially consistent with our hypothesis, as 

we expected a constant decrease in activity with increasing wind speed. Instead, both 

sexes showed an initial increase in overall activity and active flight proportion up to wind 

speeds of 15 km/h, followed by a decrease at higher wind speeds. Light winds can 

positively affect the hunting efficiency of birds by increasing commuting flight speeds in 

tailwinds and flight control in headwinds [80,81]. However, when wind speeds exceed a 

certain threshold, energy expenditure for movement and thermoregulation increases 

dramatically [20,21,82]. Stronger winds can hamper the hunting success of birds of prey 

by causing noise and movement in the surrounding vegetation, making it more difficult 

for birds to locate their prey [24,25,83,84]. As a result, owls may undergo a behavioural 

shift and switch from hunting to roosting. 

Prey availability 

Landscape composition and habitat features, among other environmental factors, can 

influence animal behaviour such as hunting strategies and the resulting energy 

expenditure [76,85]. Habitat type plays a crucial role in shaping predator-prey 

interactions, as it can lead to variation in prey species, prey density, and prey accessibility 

across different habitat types [86]. In order to optimize their hunting efficiency and to 

conserve energy, predators often adapt their hunting behaviour based on factors such as 

the specific prey species, prey availability, and the characteristics of the prey's habitat [5, 

6, 87]. 
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Our findings indicate that barn owls adapt their hunting behaviour based on the 

availability of prey species within specific habitat types. In open habitats, such as 

grassland and crop rotation, with limited perching opportunities we observed an increase 

in overall activity and the proportion of active flight as prey activity increased. This 

suggests that owls intensify their hunting efforts when prey is abundant in these 

environments. Conversely, in areas with more perching opportunities, both overall 

activity and the proportion of active flight decreased. For male barn owls, we further 

observed a negative correlation between the of number of perches and both overall 

activity and proportion of active flight. 

Our results also indicate that females adapt their hunting strategy based on the 

behaviour of the most prevalent prey species. Biodiversity structures, such as hedgerows 

and wildflower patches, contain a high diversity and density of small mammal species 

[39,88–91]. When more stealthy prey, such as voles, are present in biodiversity 

structures, overall activity and the proportion of active flight decreases in females, 

indicating a switch to perch hunting. Common voles, one of the main prey species of barn 

owls [47], are primarily dwelling underground, occupying small territories [92] and cold 

temperatures and reduced vegetation cover reduce their activity [65,93], potentially 

making the pursuit of this prey time intensive. Adopting a sit-and-wait hunting technique 

in habitats where vole activity is high and perching opportunities are manyfold, could lead 

to significant energy advantages. Such a shift towards perch hunting has been observed 

in birds of prey during the colder, energy-demanding non-breeding period [10–12] and 

might be particularly important for females, as their higher body mass makes flying more 

energetically costly [94]. The rise in both, overall activity and active flight, in relation to 

an increase in small mammal activity density within biodiversity structures but also 

grasslands suggest a potential link between the agility and mobility of prey and the 

effectiveness of active flight hunting. Males displayed a similar pattern when small 

mammal activity density was high in crop-rotation. Plenty of active prey may increase the 

success of aerial hunting, making this more energy-intensive hunting strategy 

advantageous. Nevertheless, such a more energetically demanding hunting approach may 

only be beneficial when prey density exceeds a certain threshold [6]. Under scenarios 

where small mammal activity density is low and hunting success diminishes, owls might 

profit from transitioning to an energy-efficient sit-and-wait hunting strategy. 

Females differing in pheomelanic plumage coloration also showed different 

responses to higher small mammal activity density. While reddish-brown females showed 
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a slight increase in overall activity and proportion of active flight with increasing activity 

density of small mammals in crop rotation, whitish individuals displayed the opposite 

pattern. During the breeding period the preferred prey of whitish individuals within our 

study area are rather active and above ground moving murids [32]. If such active and 

above ground moving prey are available in crop rotation fields, which cover a big part of 

the agriculturally manged landscape and are usually low in vegetation cover during 

winter, they may also be of high accessibility for barn owls. Being specialised in hunting 

agile prey moving above ground, whitish females may be able to reduce their foraging 

time compared to their reddish-brown coloured counterparts. Moonlit nights may 

provide an interesting scenario, where whitish coloured females might exhibit enhanced 

hunting efficiency within an open habitat. The reflection of the moonlight on the white 

body parts of the owls can lead to a "freeze effect" in their prey, making it easier for them 

to catch rather active targets [95].  

Reddish-brown coloured males, which show a preference to hunt voles [32,33,35] 

showed an increase in overall activity and proportion of active flight with increasing vole 

activity density in crop rotation. If crop rotation field have a high vole population, voles 

may be accessible within the short-vegetated crop rotation fields, but these fields are 

rather large and do not provide many perching opportunities. As previously mentioned 

for females, when hunting more cryptic prey like voles, perch hunting may be the most 

energy-efficient strategy. Hunting voles in perch-deprived crop rotation fields may 

require an increased duration of active flight during hunting, leading to higher overall 

activity and a greater reliance on active flight. This strategy may be predominantly used 

by reddish-brown male barn owls and become more common when vole activity density 

is high in rather open habitats. Hence, it is plausible that owls may benefit from a specific 

type of prey in a particular habitat, but only when this combination enables them to 

employ the most efficient hunting strategy. 

Overall, these results indicate that barn owls may follow different hunting 

strategies depending on prey and habitat type. To switch from an energy saving hunting 

strategy to a more active behaviour might be beneficial and owls may actively decide to 

switch behaviour to maximise energy intake. Yet, if a habitat-adapted hunting strategy is 

not possible because prey density is too low, owls may be forced to use a more energy-

intensive hunting method. Such a shift could potentially jeopardize the equilibrium 

between their energy intake and expenditure. A higher resolution of accelerometer data 

would allow to calculate successful hunting attempts allowing to disentangle hunting 
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flights from successful hunting strikes. Such data would also allow a more detailed view 

on how owls exploit different habitat types and if hunting behaviour differs in relation to 

habitat types and perch availability depending on hunting success. 

Conclusions 

Barn owls appear to adjust their peak activity to coincide with the activity patterns of 

their prey, which are primarily active at the beginning and end of the night. Moreover, 

during the spring season, we observed a notable increase in male activity, likely attributed 

to behaviours associated with breeding. 

In our previous study [39], we established that barn owls prefer prey-rich habitat 

types during winter. Building upon that, our current research demonstrates that prey 

activity density within certain habitats is linked with overall activity and proportion of 

active flight. Our research indicates that depending on prey activity density barn owls 

seem to choose different hunting strategies. Furthermore, within each sex, the response 

to prey activity density appears to be also linked to individual prey species preference. 

Our study suggests that variations in activity patterns may stem from differences 

in sex and colour-specific habitat and prey preferences. However, to delve deeper into the 

intricate interplay between habitat, prey availability, plumage coloration, and sex, more 

detailed and fine-scaled data is required. Such future investigations would help to shed 

further light on the complex dynamics influencing activity patterns and the resulting 

energy expenditure in barn owls. 

Outlook 

For final publication of this chapter, we will further investigate the role of sex and 

plumage coloration on movement energetics. We aim to re-analyse our accelerometer 

data using an approach (e.g. proposed by [96]) which enables to annotate different 

behaviours to our accelerometer patterns. During our study period we furthermore 

recaptured 11 individuals which were equipped with tags programmed to register fine 

scaled data over shorter period (1 localisation/10sec and 25 Hz acceleration data). These 

fine scale data could help to further investigate differences in movement energetics in 

relation to sex and plumage coloration. Given the results of San-Jose et al. [95] showing 

that differently coloured barn owls profited differently from moon illuminated nights we 

also aim to include moonlight illumination in our analysis. Furthermore, we aim to make 

the link between activity related energy expenditure during the non-breeding period and 
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survival and reproduction. For example, by analysing if activity is related to onset of 

reproduction or reproductive success. 
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Abstract  

Investigating among-individual differences in reproductive success and survival is 

essential for understanding eco-evolutionary processes. We used five years of 

demographic data from 556 breeding barn owls (Tyto alba) to estimate associations 

between intrinsic and extrinsic covariates on survival and reproduction throughout the 

annual cycle. As males and females have distinct roles in reproduction, environmental 

conditions and individual quality may be differentially linked to their fitness at different 

timepoints. Males breeding early and inhabiting prey-rich areas experienced higher 

reproductive success but faced greater reproductive costs. Indeed, the number of 

offspring a male cared for was negatively associated with body condition and survival. 

However, our results indicate that these influences can be mitigated in males experiencing 

favourable post-breeding environmental conditions. For female owls, early breeding and 

high food availability during the breeding period was linked with increased reproductive 

success. Prey availability during incubation and higher reproductive output was 

associated with higher survival into the next breeding period in females. Unlike males, 

females did not exhibit obvious trade-offs between reproductive success and survival. Our 

research demonstrates trade-offs between fecundity and survival, and that females paired 

with males able to provide sufficient food experience higher survival and reproduction. 

 

 

 

 

  



76 
 

Introduction 

Investigating variation in reproductive success and survival is essential for understanding 

eco-evolutionary processes and population dynamics [1,2]. Rearing offspring is one of the 

most energetically costly activities for adult birds [2,3] and depending on their parental 

role the consequences of reproduction and the trade-off between reproductive effort and 

survival may differ for males and females [4]. 

Both intrinsic (individual specific, e.g., age, phenotype) and extrinsic (environment 

specific, e.g., resource availability, meteorological conditions) factors influence individual 

fitness (survival and reproduction). Food availability directly influences individual fitness 

and the timing of the annual life cycle. During the non-breeding period, food availability 

plays a critical role in determining the fitness of animals, as they need to meet their energy 

requirements for survival [5,6] and accumulate resources in preparation for the 

upcoming breeding investment [7,8]. Food availability before breeding can influence 

timing of breeding, by influencing arrival time at the breeding grounds [9,10] and the 

timing of brood initiation [7,11,12]. The availability of food can influence initial 

investment via clutch size [12–15] as well as reproductive success [16–18]. Energy 

derived from resources is limited and must be allocated to different activities during the 

annual life cycle [2,3]. Consequently, a high energy investment in reproductive effort for 

a given breeding attempt is expected to trade-off with survival [3,19,20] or with 

subsequent breeding attempts within [21–24] or among years [25,26]. Therefore, food 

availability can influence individual fitness either directly through survival perspectives 

or indirectly via reproductive costs.  

Intrinsic factors also drive variation in individual fitness, as well as individual 

responses to extrinsic factors [23,27–29]. Indeed, it is often observed that some 

individuals consistently outperform others, e.g., individuals with a higher breeding 

success also have a higher survival in any environmental context [30–32]. These 

differences in individual performance are generally rooted in intrinsic differences which 

are shaping their life-history strategies [2]. The most well-known intrinsic factors that can 

lead to different responses (i.e., life history trade-offs) to the same environmental 

stressors are sex and age [2], but there are other measurable intrinsic factors which are 

correlated with individual quality. For example, genetically determined melanin-based 

coloration is frequently reported to signal differences in quality which can result in 

alternative life history strategies [33,34]. In the barn owl (Tyto alba), females with large 
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melanic spots on their plumage (which has a genetic basis, [35]) breed at younger age, 

have higher survival rates [36], and increased lifetime reproductive success [37].  

Another measurable intrinsic factor that affects individual fitness is how 

individuals react under environmental pressure. Glucocorticoid hormones (GCs) are 

important mediators between an organism and its environment, enabling appropriate 

physiological and behavioural responses to environmental perturbations. Basal GC levels 

are responsible for the maintenance of energy homeostasis in response to energetic 

demands [38,39]. GCs are also part of the adrenocortical stress response, which controls 

the reallocation of resources to physiological functions important for self-preservation 

and survival when the environment becomes unpredictably challenging. It follows that 

GCs play an essential role in mediating trade-offs between different life history traits and 

can therefore be associated with fitness components [40–43]. 

Identifying the factors that influence individual fitness requires detailed data on 

both individual performance and environmental conditions. The development and 

miniaturisation of tracking devices makes it possible to equip small animals and to track 

them over long periods of time [44]. Such devices can be used to track animal movements, 

determine time of death, and locate breeding sites. Combined with traditional capture-

recapture and breeding success data, this allows a detailed assessment of factors that 

influence individual fitness in a species with biparental care. In the present study, we 

investigated how prey availability and intrinsic factors are related to breeding success 

and annual survival. Prey availability varies greatly throughout the year [45], and a key 

aim of the study is to investigate at what point in the annual cycle prey availability most 

strongly influences annual breeding success and survival, and whether these associations 

differ between sexes. A secondary aim is to investigate whether breeding success imposes 

reproductive costs on survival, and whether these costs are similar for males and females.  

We use a five-year (2017-2021) capture-reencounter dataset of 556 individuals of 

the Western barn owl, combined with information on reproductive success, prey 

availability in its preferred hunting habitat [45,46] and individual quality measures such 

as sex, experience, GC levels, and plumage colouration. We used a hierarchical model 

incorporating live-dead encounter and fecundity data to estimate the direct and indirect 

links between intrinsic and extrinsic covariates and survival and reproductive 

performance [47]. The barn owl is a resident bird of prey that produces one to two broods 

per year, depending on environmental conditions [48]. As the barn owl is an income 
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breeder, we expect the onset of reproduction and the annual number of eggs to depend 

on prey availability during the early breeding period [49,50], while the annual number of 

fledglings is likely to depend mainly on environmental conditions during the brood-

rearing period. In barn owls, survival is known to be strongly dependent on winter 

severity, with cold temperatures increasing energy requirements and persistent snow 

cover reducing prey accessibility [6]. Less detrimental effects such as prey availability 

during the non-breeding period and reproductive costs are less well understood and will 

be investigated in this study.  

 

Material and Methods 

Study area and study population 

We studied barn owls in western Switzerland (46°49'N, 06°56'E) in an area of ∼1,000 km2 

characterized by intensive agriculture and interspersed with villages and forests. The 

area can be divided into four geographical regions (plain of Orbe, plain of the Broye, Haut-

Fribourg, Gros de Vaud) slightly differing in terms of topography and land use [45]. More 

than 400 nest boxes for barn owls have been installed throughout the study area since 

1985. Arvicola, Microtus, and Apodemus species represent the staple prey of our study 

population of barn owls, but other small mammals serve as suitable prey as well [51,52]. 

The breeding season extends from February to October [53] and is followed by a resident 

wintering period. 

Individual data 

Once a breeding attempt was detected in a nest box, standard monitoring involved four 

visits per brood: A first visit just before hatching to determine clutch size, second and 

third visits when the oldest nestling was 25 and 35 days old, and a final visit when the 

oldest nestling was close to fledging, around 55 days old. Breeding adults were captured 

at the nesting site and data on body mass, age, plumage traits and sex were collected for 

each captured adult. Sex was identified by the presence (female) or absence (male) of a 

brood patch. The age of each animal was determined from previous encounters or via 

primary and secondary moult patterns; this allowed us discrimination between a bird in 

its second year of life (when there is no moult) or an older bird (which shows moulted 

feathers; [54]). Eumelanin spottiness of plumage was assessed by measuring spot 

diameter (to the nearest 1/10 mm) of 10 spots on the belly and the breast. Body mass of 



79 
 

breeding adults was measured at different timepoints: shortly before hatching, 25 days 

after hatching and 35 days after hatching. Clutch size, number of nestlings and fledglings 

were recorded for each breeding attempt. Number of nestlings refers to the number of 

juvenile birds alive at the visit 25 days after hatching and number of fledglings was 

defined as number of nestlings reaching an age of 55 days. Whenever possible, two blood 

samples per adult were taken to determine GC concentration (baseline: within 3 min of 

capturing event; [55], stress-induced: after 25 min of handling). GC concentration was 

analysed following procedures described in [56]. Depending on the concentration of the 

internal control and the year of analysis, intra-assay variation ranged from 5 to 18 % 

(mean 11.4 ± 3.8 %) and inter-assay variation from 11 to 28 % (mean: 19.6 ± 5.7 %). 

The final dataset included 556 different breeding adults captured in our study area 

between 2017 and 2021. Out of 556 individuals (257 males and 299 females), 237 

individuals (130 males and 107 females) were equipped with a GPS transmitter 

(Technosmart, Italy), as well as a lightweight VHF transmitter (µTag, Swiss Ornithological 

Institute). Owls were either directly captured at their nest site during the day, or at night 

by using sliding door traps. The attached GPS/VHS tag combination weighted <13 g 

(which is <5% of body mass, mean body mass before tagging: 297 g, range: 260-440 g). 

Tags were attached with spectra-tubular filament (4.7 mm, polyethylene, Producer: Bally 

Ribbon Mills, US) using a wing loop harness. The VHF transmitters were programmed to 

send signals during a single, synchronized week the following spring. During this time, we 

intensively searched inside the study area to check status of marked individuals (alive, 

dead, or unknown/no signal detected). VHF equipped birds were expected to have higher 

dead-recovery as well as higher recapture probability, as detection was not dependent on 

physically capturing alive individuals or finding dead birds by chance. All manipulations 

were performed under authorization from the Department of Consumer and Veterinary 

Affairs (VD and FR 2844 and 3213) and the Federal Office of Environment. 

Prey availability 

Prey availability was monitored throughout the year using two indirect methods: Fresh 

signs of voles (heaps, holes, and runways of Arvicola sp. and Microtus sp.) were counted 

along 5x1m transects [57], and above ground activity of all small mammal species was 

assessed by placing a plastic plate covered with a thin layer of graphite during two 

consecutive nights along each transect (adapted from [58]). The number of characteristic 

tracks of small mammals walking across the plates were then counted [59]. Combining 
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both methods, we obtained an index for the activity density of voles and total small 

mammals. The two activity density indices were recorded in the four geographical regions 

of our study area, with four 9 km2 subplots selected in each region. Indices were counted 

six times per year at two-month intervals in four different habitat types: crop-rotation 

(annual crop), grasslands (intensive and extensive grassland), border structures (1m 

margin along roads), and biodiversity structures (hedges and wildflower areas). Nine 

transects were walked, and nine plates were laid in each habitat type during each 

counting period. This resulted in a total of 576 transects and an equal number of plates 

for each 2-month period (details in [45]). 

Both methods of assessing prey availability have been shown to correlate well with 

estimates of relative abundance from live trapping [58,60]. In addition, vole populations 

in Central Europe have been shown to fluctuate synchronously across large spatial scales 

[61]. To obtain estimates of the two activity indices on a continuous time scale for voles 

(transect method, hereafter vole activity density index) and small mammals (track-plate 

method, hereafter small mammal activity density index) separately, two generalized 

additive mixed models were fitted [45].  

Habitat composition 

To estimate prey availability in the preferred hunting habitats [45,62], habitat 

composition within a radius of 1.5 km (average home-range of adult barn owls in our 

study area; [45,56,62]) around each breeding site was recorded once in summer and once 

in winter, with the assumption of that adult birds stay close to breeding site in winter [45]. 

Land use information was collected from cantonal offices (canton of Vaud: all agricultural 

land, canton of Fribourg: permanent perennial crops only) and complemented with 

habitat mapping in the field. Information on coverage of urban area, hedges, single trees, 

roads (roads, highways, railways) and border structures (1m buffer around roads, 

highways and railways) were obtained from the TLM3D database of the Swiss federal 

office of topography (TLM3D, resolution: 0.2-3m, Bundesamt für Landestopografie 

Swisstopo). When data on coverage of habitats were still missing, information from the 

previous year was used as a proxy to fill the information gaps (correlation between years: 

0.8-1 depending on habitat type). 
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Statistical analysis 

Treatment of covariates  

Experience was defined as 0 if individuals were first time breeders or 1 if they had already 

attempted to reproduce at least once. Laying date was defined as day of the year when the 

first egg of the first brood was laid. Body condition index was estimated during incubation 

and during brood-rearing period by fitting a linear regression for each of the two 

timepoints using body mass as the response and wing length, time of the day of capture 

and sex as explanatory variables. The residuals of the linear regressions were then used 

as a proxy for body condition, thereby correcting for individual body size [63]. Total prey 

activity density for all small mammals, hereafter small mammal activity density, and 

voles, hereafter vole activity density of each of the four habitat types (crop-rotation, 

grassland, biodiversity structures, boundary structures) available within 1.5 km of the 

last breeding site was calculated by multiplying the activity density index of a habitat type 

at one of five different times (pre-laying, breeding, rearing, early and late winter) by the 

corresponding area. The number of eggs, nestlings and fledglings was summed up for each 

adult and each year (Supp. mat. S3). Depending on the year, the proportion of individuals 

performing a second brood varied between 6 to 21%. Of these individuals who performed 

a second brood, around 69% where females and 31% males. GC concentration and the 

diameter of plumage spots were included as measured numerical values. Missing 

covariates were estimated from a normal distribution with population-, individual- or 

sex-specific mean and standard deviation depending on the type of covariate. (For details 

see supp. mat. S1) 

Hierarchical model 

We estimated the effects of intrinsic (i.e., body condition, experience) and extrinsic (i.e., 

prey availability) covariates on the annual number of eggs laid, hatching success, fledging 

success, and survival using a path analysis [47]. In this way, we were able to estimate both 

the direct and indirect relationships between various environmental and individual 

covariates on survival and fecundity over the annual cycle (Figure 1).  
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Figure 1: A simplified directed acyclic graph demonstrating the modelled relationships between intrinsic (red) and 
extrinsic (green) covariates on various components of reproductive success (blue) and adult survival (yellow), as well 
as the relationships between reproductive investment and success (orange) on survival. 

 

First, we modelled the number of eggs laid during each breeding season by each individual 

as a function of adult experience, laying date and pre-laying small mammal activity 

density and vole activity density using Poisson regression. Second, we modelled the 

annual number of nestlings reared by each individual as the outcome of a Binomial trial 

given the number of eggs, and the modelled hatching success. Hatching success was 

modelled as a function of adult experience, the number of eggs laid, laying date, adult body 

condition measured during incubation, and small mammal activity density and vole 

activity density during incubation.  

We then modelled the annual number of fledglings produced by each individual as 

the outcome of a Binomial trial given the number of nestlings, and the estimated fledging 

success. Like hatching success, fledging success was modelled as a function of adult 

experience, number of nestlings, laying date, adult body condition measured during 

brood-rearing and small mammal activity density and vole activity density during brood-

rearing. 

To estimate recapture (p), recovery (r), and survival (φ) probability, a mark-

recapture-recovery model was used [64,65]. Survival probability was modelled as a 

function of sex and adult experience, adult body condition measured during brood-

rearing, number of nestlings, number of fledglings, baseline GC concentration, stress-
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induced GC concentration, spot diameter of plumage and small mammal activity density 

and vole activity density during both the incubation period and early winter. We modelled 

recapture probability and recovery probability separately for the ring-only and the GPS-

VHF groups, as we were more likely to encounter individuals marked with active GPS-

VHF transmitters (see supp. mat. S2, S4 for additional details). 

The model was fit in JAGS [66] using the jagsUI package [67] in R 4.2.1 [68]. Before 

incorporating variables into the model, they were checked for correlation (<0.7), scaled, 

and centred. We sampled 250,000 iterations with four chains with a burn in of 100,000 

iterations and retained every 25th iteration. We checked that �̂� values of posterior 

distributions were less than 1.01, and visually inspected trace plots to check for 

convergence [69]. In the results, we report the median of the posterior distribution 

together with the 95% credible intervals (CI), as well as the proportion of the posterior 

distribution on the same side of zero as the mean (f). 

 

Results 

Number of eggs 

Higher annual number of eggs were produced by females (Figure 2 and 4, Supp. mat. S6) 

with earlier first clutches (β= ‒0.24) and higher small mammal activity density prior to 

laying (β=0.09). High vole activity density prior to laying was linked to lower annual 

number of eggs produced (β= ‒0.04). Experience of the female was weakly but positively 

related to the annual number of eggs (β=0.06). 

Males showed a similar pattern with laying date and small mammal activity 

density being associated with the annual number of eggs to which the male contributed 

(Figure 2 and 5, Supp. mat. S6). Earlier first clutches (β= ‒0.10) and increased small 

mammal activity density (β=0.06), were related to a higher annual number of eggs. 

Contrary to the results found for females, vole activity density was not strongly associated 

with annual number of eggs (β= ‒0.02). In males, experience was linked with lower 

number of eggs per year (β= ‒0.06).  

Hatching success 

In females, hatching success (Figure 2 and 4, Supp. mat. S7) was positively related to high 

vole activity density during incubation of the first clutch (β=0.22), early laying of the first 
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clutch (β= ‒0.39), and high female body condition index after laying the first clutch 

(β=0.23). High number of annually produced eggs were associated with lower hatching 

success (β= ‒0.48) but positively associated with experience (β=0.15). However, small 

mammal activity density was not related to hatching success. 

In males, hatching success (Figure 2 and 5, Supp. mat. S7) was positively linked 

with high male body condition after laying (β=0.35) and high vole activity density during 

incubation (β=0.09). Experience was associated with higher overall hatching success 

(β=0.18) but was also linked with lower annual number of eggs (β= ‒0.32). Small mammal 

activity density and laying date did not seem to be related to hatching success.  

Fledging success 

In females, fledging success (Figure 2 and 4, Supp. mat. S8) was negatively related to the 

number of nestlings (β= ‒0.20) and positively associated with body condition during the 

brood-rearing period (β=0.10). No strong evidence was found for a relationship between 

fledging success and female experience, laying date or small mammal activity density, as 

well as vole activity density during the brood-rearing period. 

In males, body condition during the brood-rearing period was positively related to 

fledging success (Figure 2 and 5, Supp. mat. S8). Annual fledging success was negatively 

linked with body condition during the brood-rearing period of the first brood (β= ‒0.15). 

Fledging success was negatively linked to the number of nestlings the male contributed 

to annually (β= ‒0.20). Vole activity density and small mammal activity density during the 

brood-rearing period as well as laying date and experience of the male were not linked 

with fledging success. 
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Survival of adults 

Female survival (Figure 3 and 4, Supp. mat. S9) was positively related to annual number 

of fledglings produced (β=0.44). Furthermore, females with larger spot diameter on belly 

and breast were associated with higher survival compared to those with smaller spot 

diameters (β=0.25). There was a negative link of high baseline GC on female survival (β= 

‒0.20). Small mammal activity density during incubation was positively related with 

female survival (β=0.28), while vole activity density during incubation and small mammal 

activity density and vole activity density during winter were not linked with survival. We 

found no association between female survival and experience (Supp. mat. S5), body 

condition measured during the brood-rearing period, number of nestlings produced, or 

stress-induced GC level.  

 Experienced males were associated with higher survival (Figure 3 and 5, Supp. 

mat. S9) than non-experienced males (β=0.71) (Supp. mat. S5). Like females, the diameter 

of plumage spots was positively linked with male survival (β=0.31). For reproductive 

parameters, the strongest link with male survival was observed for the number of 

nestlings produced during the reproductive period (β= ‒0.32). While vole activity density 

during the incubation period was negatively associated with male survival (β= ‒0.43), 

vole activity density during early winter was positively linked with survival (β=0.50). 

There was no support for a strong association between male survival and body condition 

during the brood-rearing period, number of fledglings, baseline and stress-induced GC, as 

well as small mammal activity density during incubation and early winter. 
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Figure 4: A directed acyclic graph demonstrating the relationships of intrinsic (red) and extrinsic (green) covariates on 
female reproductive success (blue) and survival (yellow). Estimates and f-values (in brackets) are derived from the 
models shown in supplementary material S9 and are based on 556 individuals over 5 years. Bold arrows indicating f 
values >0.975, solid lines f values between 0.9 and 0.974 and dashed lines values <0.9.  
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Figure 5: A directed acyclic graph demonstrating the relationships of intrinsic (red) and extrinsic (green) covariates on 
male reproductive success (blue) and survival (yellow). Estimates and f-values (in brackets) are derived from the 
models shown in supplementary material S9 and are based on 556 individuals over 5 years. Bold arrows indicating f 
values >0.974, solid lines f values between 0.9 and 0.974 and dashed lines values <0.9. 

 

 

 

 

 

 

 

 

 



90 
 

Discussion 

Males and females often have distinct roles in reproduction, which means that workloads 

may be greatest at different times during reproduction. Depending on sex and timing, 

environmental factors have different effects on fitness. Our study reveals that both 

environmental conditions and factors indicting individual quality can directly and 

indirectly affect adult survival. Depending on reproductive stage and sex, prey availability 

and individual quality factors were also differently associated with reproduction. Overall, 

males faced a trade-off between reproduction and survival, while female survival and 

reproduction were primarily influenced by female quality and environmental conditions. 

Below, we delve into how the examined intrinsic and extrinsic factors were related to 

reproductive performance and survival.  

Extrinsic factors and reproduction and survival 

In this study, we examined the impact of pre-breeding and breeding season food 

availability, as well as brood timing, on annual reproductive success and survival. High 

prey availability early in the breeding season resulted in greater reproductive success for 

early breeding males. However, the more offspring they reared and the more food they 

had, the lower their subsequent survival, suggesting reproductive costs. In contrast, 

females benefited from abundant prey early in the breeding season as they could lay more 

eggs throughout the reproductive period and achieve higher hatching success and 

subsequent survival. These different relationships between food availability and 

reproductive success and survival are likely due to the different roles of males and 

females in the reproductive system. 

Egg production and incubation require significant energy expenditure from female 

birds [70–73] including barn owls, where females exclusively incubate [49,74]. Increased 

small mammal activity density during incubation may therefore meet the females’ 

energetic needs, supporting egg production, body condition maintenance and recovery 

from the investment, leading to enhanced female survival. Male barn owls are the only 

food provider for females and nestlings during incubation and early brood rearing stages 

[74], as females do not contribute to food provisioning until late brood-rearing [75]. Male 

provisioning of food therefore increases the female's nest attentiveness during incubation 

[76,77], positively influencing hatching success [70,78,79] and reducing the risk of early 

brood reduction [74]. High vole activity density during incubation may therefore enable 
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males to provide sufficient prey during this period, leading to improved hatching success 

and sustained female body condition. 

The peak investment for males, however, is expected to happen during the brood-

rearing phase when males are the main provider of food to the nestlings [75]. Because of 

these differences in peak investment in reproduction, it is likely that different 

environmental cues are used by females and males at different times to guide their 

investment in reproduction [80]. For female barn owls, food availability before egg laying 

and during incubation was related to reproductive success and survival. In contrast, male 

reproductive success is mainly linked with food availability during brood-rearing. 

However, high investment during brood-rearing was negatively associated with male 

survival, particularly when prey was abundant early in the breeding season. Prey 

availability during incubation seemed to influence male survival through two distinct 

pathways. Firstly, high vole activity density during incubation of the first brood was 

positively associated with overall hatching success, leading to a subsequent increase in 

the number of nestlings, which is again negatively linked with male survival. Thus, we 

observed an indirect negative link of prey availability during incubation on male survival 

mediated by reproductive effort. Additionally, vole activity density during incubation was 

directly negatively associated with survival. This suggests that males incur certain costs 

associated with high vole activity density during incubation not reflected in the number 

of nestlings. Higher prey availability earlier in the season may lead to increased and/or 

early investment by males, such as energy demanding courtship behaviour [81]. This 

investment may not be fully mirrored by the number of nestlings but would manifest as a 

direct negative link of vole activity density during incubation on male survival. The extent 

to which the discussed costs influenced males seemed to depend on the environmental 

conditions experienced after the breeding season. High prey availability in early winter 

(represented by high vole activity density) may help males recover from the energy-

demanding breeding period, therefore positively acting on survival.  

Timing of the first clutch was linked with annual number of eggs the sexes 

contributed to as well as with hatching success for females. Birds breeding early and 

under good conditions might either lay larger first clutches and/or have a higher 

probability to produce a second clutch. Birds in seasonal environments face time 

constraints and only birds reproducing early can start a successful second breeding 

attempt [48,53,82,83]. Early food availability may allow earlier and more successful first 

breeding, while also providing the necessary energy and time to initiate a second brood 
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[84]. In barn owls, late and second clutches are usually larger than early and first clutches 

[52,62,85] suggesting that the observed link emerged from double brooding rather than 

from increased clutch size during first reproduction. Females exhibited a stronger 

association between laying date, the number of eggs, and hatching success compared to 

males, potentially attributed to the nearly two times higher rate of second brood initiation 

in females (Supp. mat. S3).  

Early food availability may promote early laying, but whether birds engage in 

double brooding depends on food availability later in the season as well. Early prey 

availability may serve as an indicator of favourable conditions later in the season. High 

small mammal activity density is likely to reflect increased availability of mobile 

Apodemus sp. [59]. These prey species tend to move from forests and hedges into arable 

fields as the seasons progress [86], which are the preferred hunting areas for barn owls 

[46]. Consequently, early high small mammal activity density can positively influence the 

first breeding attempt and increase the likelihood of a second breeding event, resulting in 

a higher number of eggs per breeding season. In fact, studies on female barn owls have 

demonstrated a correlation between the availability of Apodemus sp. in early-season food 

stores and the initiation of a second brood [48]. The connection between a decreasing 

annual number of eggs and high vole activity density prior to egg-laying may have a 

similar underlying cause. Early high vole activity density could indicate an initial peak in 

vole populations, which may initially seem advantageous. However, vole populations with 

high densities early in the year are susceptible to population crashes later in the season 

[87]. These crashes can have negative implications for the initiation of second broods, as 

resource availability later in the season becomes crucial for successful breeding attempts 

[84,88]. 

Intrinsic factors and reproduction and survival 

We measured the effects of experience of an individual (first year breeders versus older 

individuals), their melanin-based colouration, body condition and the stress hormone GC 

on different demographic components. All these four intrinsic quality measurements 

were positively linked with aspects of reproductive success and survival in both sexes. In 

males, a reproductive conflict arises between maximizing offspring numbers, which has a 

negative impact on body condition [89], and ensuring good survival, which is positively 

associated with body condition. Increasing current reproductive output at the cost of 

future fitness (survival and future reproduction) is an observed strategy in avian species 
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[90–92]. Male body condition showed a positive association with hatching success, but 

there was a trade-off observed between self-maintenance and reproductive success 

[3,93]. Males in better body condition produced a greater number of nestlings, but this 

came at the cost of lower survival and decreasing body condition. It appears that barn owl 

males make sacrifices in their body condition to enhance their reproductive success, 

although they may have a limit on how much they are willing to jeopardize future 

reproduction [62].  

Experience in reproductive tasks, breeding habitat selection, and familiarity with 

the surroundings can positively influence the reproductive performance of birds. 

Experienced, high-quality, individuals are more likely to acquire and efficiently utilize 

good habitat [94–96] mate with a better compatible partner [19,97], start breeding early 

in the season [19,52,98] and have higher reproductive output [19,98], implying a high 

probability to produce a second annual brood [53]. In our study experienced females had 

more eggs and a higher hatching success than inexperienced females, while experienced 

males cared for fewer eggs than inexperienced males. Experienced individuals start 

breeding earlier in the season when clutches are typically smaller [52,62,85] and the 

probability of producing a second clutch also increases with age in barn owls [48,99]. For 

females, the sex with the higher probability of producing a second annual clutch, breeding 

early allows them to produce a second annual clutch. Experienced males, on the other 

hand, seem to compensate for the fewer eggs by having clutches with higher hatching 

success. Eggs from females which are in good condition during incubation and brood-

rearing not only have high hatching success but also high fledgling success. This suggests 

that females, unlike males, do not compromise their body condition to achieve high 

reproductive success.  

Female reproductive performance appears to depend on her intrinsic quality and 

the performance of her mate [100,101]. High-quality males may enable females to breed 

earlier, achieve higher hatching success, maintain better body condition, and produce 

more fledglings. When males provide sufficient food during incubation, females do not 

need to hunt and can consistently incubate, leading to higher hatching success [74] 

without compromising their own body condition [76,77,102]. Additionally, increased 

brood care from the male could enable the female to initiate a second breeding attempt 

earlier [53,103]. Reproducing with high quality males would therefore result in high 

number of offspring under proportionally lower female workload, probably explaining 

the increased survival of females with increasing number of produced fledglings. 
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In our study, experienced males show higher survival than inexperienced males. 

The higher survival of experienced males can be attributed to the selective pressure 

exerted during their first winter and first reproduction. High-quality males are more 

likely to survive these critical phases of selection, leading to increased survival in 

experienced birds in subsequent years [104]. The lack of a relationship between 

experience and female survival might be due to the lower selective pressure of breeding 

on females. Males and females with larger eumelanin-based spot diameters showed 

higher probability of survival than individuals with smaller eumelanin-based spots. That 

eumelanin coloration correlates with survival and thus represents an individual quality 

factor has been shown for several bird species [33,34,36,105]. In barn owls, the size of 

eumelanin-based spots has been consistently linked to coping abilities in stressful 

situations. Individuals with larger spots demonstrate better resilience in the face of food 

deprivation [28], increased resistance to oxidative stress [106], and a lower GC stress 

response during acute stress [107]. In addition, males with larger spots have been shown 

to be better providers when exposed to elevated GC levels [27] and females with larger 

spots reproduce earlier [36]. It has been suggested that elevated GC concentration in 

larger-spotted females leads to a behaviour shift towards self-maintenance [56], which 

could lead to increased survival of larger spotted individuals under challenging 

conditions. In line with this, our data indicate that females with lower baseline GC levels 

and larger spots demonstrate higher survival rates. Therefore, larger spots in barn owls 

appear to serve as an indicator of individual quality. 

Conclusion 

Our study highlights the complex relationships between individual and environmental 

factors, reproductive investment, and survival in barn owls. The results suggest that 

environmental and individual conditions can influence adult fitness through direct and 

indirect pathways. The strength of the associations between environmental and 

individual factors on survival and reproduction varies with sex and season. Prey 

availability determines the reproductive success of males and females, but high prey 

availability in early winter is especially critical for male survival. Providing habitat with 

sufficient prey during the non-breeding period may therefore be of uttermost importance 

for male survival. In addition, males experience a distinct conflict between reproduction 

and survival, while female survival and reproduction depend mainly on the quality of the 

female and environmental conditions. The study therefore emphasizes the importance of 
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considering multiple factors and including the different pathways in which they can be 

associated with fitness when examining reproductive success and its link to survival. 
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Supplementary material chapter 3: 

S1: Covariates 

Experience 

Individuals were assigned to two different groups: first-time breeders and experienced 

adults (i.e., individuals with at least one previous breeding attempt), with value 1 for 

experienced and 0 for inexperienced birds. This information was based on the actual age, 

or the moult-dependent age determination of the individual described in the methods 

part of the manuscript and was therefore available for all individuals. 

Laying date of first brood 

Laying date was included as the day of the year when the first egg of the first brood was 

laid. Small numbers therefore indicate early laying, and higher numbers late laying. 

Missing laying dates were estimated using a normal distribution given the annual 

population mean and standard deviation. 

Body condition index 

Body condition index (BCI) was estimated for two different timepoints, during incubation 

and during brood-rearing period. We fitted a linear regression for each of the two 

timepoints using weight as the response and wing length, time of the day of capture and 

sex as explanatory variables. The residuals of the linear regressions were then used as a 

proxy for body condition, allowing us to correct for individual body size [69]. If multiple 

measurements were taken per individual and period, the mean of the calculated BCI was 

used. Missing BCI values were estimated using a normal distribution with sex- and year-

specific population means and standard deviations.  

Prey activity density 

Prey activity density was calculated for five timepoints: pre-laying, during incubation, 

during brood-rearing and early as well as late winter. The laying date of the first egg (start 

of incubation) was used as basis to calculate the other timepoints. Pre-laying was defined 

as the timepoint 30 days before laying and nestling timepoint when the oldest nestling 

had a theoretical age of 30 days (mean age between hatching and fledging). Winter was 

divided into early winter (November-December) and late winter (January-February). For 

each 1.5 km buffer around the breeding nest box, the area covered by each of the 4 habitat 

types was extracted: Crop-rotation, grassland, biodiversity structures and border 
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structures. The surface of each habitat category was multiplied with the corresponding 

activity density for small mammals and voles separately and then summed up to obtain 

the total activity density per nest box buffer area. Missing activity densities were 

estimated using a normal distribution with year-specific means and standard deviation. 

Baseline and stress-induced corticosterone 

Since corticosterone concentration per individual and reproductive period was 

sometimes measured repeatedly, a mean value for baseline and stress-induced 

concentration was used for the yearly value. Because an individual’s stress profile is 

expected to be more closely related to previous measurements than to the population 

mean, missing values were estimated auto-regressively using a normal distribution with 

individual-specific means and a year-specific standard deviation. If no measurements 

were available for an individual, the sex-specific mean was used. 

Eumelanin plumage spot diameter 

If more than one measurement per individual and year was available, the mean of the 

measurements was taken. Missing values were estimated using a normal distribution 

with individual specific mean (value from previous year) and a sex specific standard 

deviation. If no measurements were available for an individual, sex specific mean was 

used.  

Number of eggs, nestlings, and fledglings 

The number of eggs, nestlings and fledglings was summed up for each adult and each year 

(Supp. mat. S 3). Depending on the year, the proportion of individuals performing a second 

brood varied between 6 up to 21%. Of these individuals who performed a second brood 

around 69% where females and 31% males. When measures of reproductive investment 

and success were not directly observed, they were estimated as a function of the 

previously described extrinsic and intrinsic covariates. 
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S2: Mathematical equations of the hierarchical model 

𝑛𝐸: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑔𝑔𝑠 

𝑛𝑁: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑠𝑡𝑙𝑖𝑛𝑔𝑠 

𝑛𝐹: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑙𝑒𝑑𝑔𝑙𝑖𝑛𝑔𝑠 

𝑝𝐸: ℎ𝑎𝑡𝑐ℎ𝑖𝑛𝑔 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 

𝑝𝐹: 𝑓𝑙𝑒𝑑𝑔𝑖𝑛𝑔 𝑠𝑢𝑐𝑐𝑒𝑠𝑠 

𝑧: 𝑙𝑎𝑡𝑒𝑛𝑡 𝑠𝑡𝑎𝑡𝑒 

𝜑: 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

𝑝: 𝑟𝑒𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

𝑟: 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

 

𝑛𝐸
(𝑖,𝑡)~𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜓(𝑖,𝑡)) 

log (𝜓(𝑖,𝑡)) = 𝛼(𝑠𝑒𝑥) + 𝛽1 (𝑠𝑒𝑥) ∗ 𝑎𝑑𝑢𝑙𝑡 𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒1(𝑖,𝑡)                                                     

+ 𝛽2 (𝑠𝑒𝑥) ∗ 𝑙𝑎𝑦𝑖𝑛𝑔 𝑑𝑎𝑡𝑒(𝑖,𝑡)                                                                             

+ 𝛽3 (𝑠𝑒𝑥) ∗ 𝑣𝑜𝑙𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑟𝑒 − 𝑙𝑎𝑦𝑖𝑛𝑔(𝑖,𝑡)                              

+ 𝛽4 (𝑠𝑒𝑥) ∗ 𝑠𝑚𝑎𝑙𝑙 𝑚𝑎𝑚𝑚𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑟𝑒 − 𝑙𝑎𝑦𝑖𝑛𝑔(𝑖,𝑡) 

 

𝑛𝑁
(𝑖,𝑡)~𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑛𝐸

(𝑖,𝑡), 𝜌𝐸
(𝑖,𝑡)

) 

𝑙𝑜𝑔𝑖𝑡(𝜌𝐸
(𝑖,𝑡)

) = 𝛼(𝑠𝑒𝑥) + 𝛽1 (𝑠𝑒𝑥) ∗ 𝑎𝑑𝑢𝑙𝑡 𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒(𝑖,𝑡)                                                   

+ 𝛽2 (𝑠𝑒𝑥) ∗ 𝑐𝑙𝑢𝑡𝑐ℎ 𝑠𝑖𝑧𝑒(𝑖,𝑡)                                                                               

+ 𝛽3 (𝑠𝑒𝑥) ∗ 𝑙𝑎𝑦𝑖𝑛𝑔 𝑑𝑎𝑡𝑒(𝑖,𝑡)                                                                            

+ 𝛽4 (𝑠𝑒𝑥) ∗ 𝑎𝑑𝑢𝑙𝑡 𝑏𝑜𝑑𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛(𝑖,𝑡)                                   

+ 𝛽5 (𝑠𝑒𝑥) ∗ 𝑣𝑜𝑙𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 (𝑖,𝑡)                                  

+ 𝛽6 (𝑠𝑒𝑥) ∗ 𝑠𝑚𝑎𝑙𝑙 𝑚𝑎𝑚𝑚𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 (𝑖,𝑡) 
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𝑛𝐹
(𝑖,𝑡)~𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝑛𝑁

(𝑖,𝑡), 𝜌𝑁
(𝑖,𝑡)

) 

𝑙𝑜𝑔𝑖𝑡 (𝜌𝑁
(𝑖,𝑡)) = 𝛼(𝑠𝑒𝑥) + 𝛽1 (𝑠𝑒𝑥) ∗ 𝑎𝑑𝑢𝑙𝑡 𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒(𝑖,𝑡)                                                 

+ 𝛽2 (𝑠𝑒𝑥) ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑠𝑡𝑙𝑖𝑛𝑔𝑠(𝑖,𝑡)                                                          

+ 𝛽3 (𝑠𝑒𝑥) ∗ 𝑙𝑎𝑦𝑖𝑛𝑔 𝑑𝑎𝑡𝑒(𝑖,𝑡)                                                                             

+ 𝛽4 (𝑠𝑒𝑥) ∗ 𝑎𝑑𝑢𝑙𝑡 𝑏𝑜𝑑𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑏𝑟𝑜𝑜𝑑 𝑟𝑒𝑎𝑟𝑖𝑛𝑔(𝑖,𝑡)                            

+ 𝛽5 (𝑠𝑒𝑥) ∗ 𝑣𝑜𝑙𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑏𝑟𝑜𝑜𝑑 𝑟𝑒𝑎𝑟𝑖𝑛𝑔 (𝑖,𝑡)                            

+ 𝛽6 (𝑠𝑒𝑥) ∗ 𝑠𝑚𝑎𝑙𝑙 𝑚𝑎𝑚𝑚𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑏𝑟𝑜𝑜𝑑 𝑟𝑒𝑎𝑟𝑖𝑛𝑔 (𝑖,𝑡) 

 

𝑧(𝑖,𝑡)~𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖(𝑧(𝑖,𝑡−1) ∗ 𝜑(𝑖,𝑡−1)) 

𝑎𝑙𝑖𝑣𝑒(𝑖,𝑡)~𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖(𝑧(𝑖,𝑡) ∗  𝑝(𝑉𝐻𝐹(𝑖,𝑡−1),𝑠𝑒𝑥(𝑖))) 

𝑑𝑒𝑎𝑑(𝑖,𝑡)~𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖((𝑧(𝑖,𝑡−1) − 𝑧(𝑖,𝑡)) ∗ 𝑟(𝑉𝐻𝐹(𝑖,𝑡−1),𝑠𝑒𝑥(𝑖))) 

 

𝑙𝑜𝑔𝑖𝑡(𝜑(𝑖,𝑡−1) = 𝛼(𝑠𝑒𝑥) + 𝛽1 (𝑠𝑒𝑥) ∗ 𝑎𝑑𝑢𝑙𝑡 𝑒𝑥𝑝𝑒𝑟𝑖𝑒𝑛𝑐𝑒1(𝑖,𝑡−1)                                            

+ 𝛽2 (𝑠𝑒𝑥) ∗ 𝑎𝑑𝑢𝑙𝑡 𝑏𝑜𝑑𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑏𝑟𝑜𝑜𝑑 𝑟𝑒𝑎𝑟𝑖𝑛𝑔(𝑖,𝑡−1)                       

+ 𝛽3 (𝑠𝑒𝑥) ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑠𝑡𝑙𝑖𝑛𝑔𝑠(𝑖,𝑡−1)                                                     

+ 𝛽4 (𝑠𝑒𝑥) ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑙𝑒𝑑𝑔𝑙𝑖𝑛𝑔𝑠(𝑖,𝑡−1)                                                  

+ 𝛽5 (𝑠𝑒𝑥) ∗ 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑐𝑜𝑟𝑡𝑖𝑐𝑜𝑠𝑡𝑒𝑟𝑜𝑛𝑒(𝑖,𝑡−1)                                                

+ 𝛽6 (𝑠𝑒𝑥) ∗ 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑐𝑜𝑟𝑡𝑖𝑐𝑜𝑠𝑡𝑒𝑟𝑜𝑛𝑒(𝑖,𝑡−1)                                               

+ 𝛽7 (𝑠𝑒𝑥) ∗ 𝑝𝑙𝑢𝑚𝑎𝑔𝑒 𝑠𝑝𝑜𝑡 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟(𝑖,𝑡−1)                                                 

+ 𝛽8 (𝑠𝑒𝑥) ∗ 𝑣𝑜𝑙𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛(𝑖,𝑡−1)                                

+ 𝛽9 (𝑠𝑒𝑥) ∗ 𝑠𝑚𝑎𝑙𝑙 𝑚𝑎𝑚𝑚𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛(𝑖,𝑡−1)           

+ 𝛽10 (𝑠𝑒𝑥) ∗ 𝑣𝑜𝑙𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑤𝑖𝑛𝑡𝑒𝑟(𝑖,𝑡−1)                                   

+ 𝛽11 (𝑠𝑒𝑥) ∗ 𝑠𝑚𝑎𝑙𝑙 𝑚𝑎𝑚𝑚𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑤𝑖𝑛𝑡𝑒𝑟(𝑖,𝑡−1) 

 

 

 

 



108 
 

S3: Table reproduction 
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S4: Dead recovery (r) and recapture probability (p) 
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S5: Survival probability (𝝋) 

Figure S5: Mean (white point) and posterior distribution of estimates of survival probability for the two sexes (females: 
green, males: blue) and experience (inexperienced: light green/blue, experienced: dark green/blue. 
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S6: Table number of eggs 

Table S6: Mean, lower and upper 95% credible interval (CrI) and f (the proportion of the posterior with the same sign 
as the mean), for the estimates of the regression parameters (ß) on annual number of eggs produced. Models are based 
on 556 individuals and 5 years.  

Number of eggs ß mean (95% CrI) f 

Female   

   Intercept: Unexperienced (0) 2.00 (1.94, 2.06) 1.000 

   Experienced (1) 0.06 (‒0.02, 0.13) 0.930 

   Laying date first clutch ‒0.24 (‒0.29, ‒0.18) 1.000 

   small mammal activity density, pre-laying 0.09 (0.04, 0.14) 1.000 

   vole activity density, pre-laying ‒0.04 (‒0.09, 0.00) 0.978 

Male   

   Intercept: Unexperienced (0) 2.01 (1.94, 2.07) 1.000 

   Experienced (1) ‒0.06 (‒0.14, 0.02) 0.939 

   Laying date ‒0.10 (‒0.16, ‒0.05) 1.000 

   Small mammal activity density, pre-laying 0.06 (0.00, 0.12) 0.981 

   Vole activity density, pre-laying ‒0.02 (‒0.07, 0.03) 0.805 
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S7: Table hatching success 

Table S7: Mean, lower and upper 95% credible interval (CrI) and f (the proportion of the posterior distribution on the 
same side of 0 as the mean), for the estimates of the regression parameters (ß) on hatching success. Models are based 
on 556 individuals and 5 years. 

Hatching success ß mean (95% CrI) f 

Female   

   Intercept: Unexperienced (0) 0.95 (0.81, 1.08) 1.000 

   Experienced (1) 0.15 (‒0.02, 0.32) 0.959 

   Number of eggs ‒0.48 (‒0.55, ‒0.41) 1.000 

   Laying date ‒0.39 (‒0.53, ‒0.26) 1.000 

   Body condition index, incubation 0.23 (0.13, 0.32) 1.000 

   Small mammal activity density, incubation 0.04 (‒0.09, 0.17) 0.721 

   Vole activity density, incubation 0.22 (0.12, 0.32) 1.000 

Male   

   Intercept: Unexperienced (0) 1.13 (0.98, 1.29) 1.000 

   Experienced (1) 0.18 (‒0.02, 0.38) 0.962 

   Number of eggs ‒0.32 (‒0.41, ‒0.23) 1.000 

   Laying date ‒0.01 (‒0.16, 0.13) 0.574 

   Body condition index, incubation 0.35 (0.12, 0.53) 0.997 

   Small mammal activity density, incubation 0.04 (‒0.09, 0.18) 0.729 

   Vole activity density, incubation 0.09 (‒0.05, 0.17) 0.930 
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S8: Table fledging success 

Table S8: Mean, lower and upper 95% credible interval (CrI) and f (the proportion of the posterior distribution on the 
same side of 0 as the mean), for the estimates of the regression parameters (ß) on fledging success. Models are based 
on 556 individuals and 5 years. 

Fledging success ß mean (95% CrI) f 

Female   

   Intercept: Unexperienced (0) 0.57 (0.42, 0.72) 1.000 

   Experienced (1) 0.05 (‒0.14, 0.24) 0.699 

   Number of nestlings ‒0.20 (‒0.30, ‒0.11) 1.000 

   Laying date 0.01 (‒0.10, 0.12) 0.553 

   Body condition index, brood-rearing 0.10 (‒0.01, 0.20) 0.964 

   Small mammal activity density, brood-rearing 0.02 (‒0.09, 0.14) 0.639 

   Vole activity density, brood-rearing ‒0.02 (‒0.12, 0.09) 0.640 

Male   

   Intercept: Unexperienced (0) 0.71 (0.55, 0.88) 1.000 

   Experienced (1) ‒0.03 (‒0.23, 0.18) 0.599 

   Number of nestlings ‒0.20 (‒0.31, ‒0.10) 1.000 

   Laying date ‒0.05 (‒0.15, 0.05) 0.833 

   Body condition index, brood-rearing ‒0.15 (‒0.35, 0.06) 0.920 

   Small mammal activity density, brood-rearing ‒0.02 (‒0.13, 0.09) 0.646 

   Vole activity density, brood-rearing  0.06 (‒0.05, 0.17) 0.860 
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S9: Table survival-, recovery-, recapture probability 

Table S9: Mean, lower and upper 95% credible interval (CrI) and f (the proportion of the posterior distribution on the 
same side of 0 as the mean), for the estimates of the regression parameters (ß) on adult survival. Mean, lower and upper 
95% credible interval (CrI) for estimated dead recovery and recapture probability. Models are based on 556 individuals 
and 5 years. 

Survival probability ß mean (95% CrI) f 

Female   

   Intercept: Unexperienced (0) ‒0.34 (‒0.76, 0.11) 0.935 

   Experienced (1) 0.09 (‒0.44, 0.61) 0.640 

   Body condition index, brood-rearing ‒0.05 (‒0.28, 0.18) 0.655 

   Number of nestlings ‒0.17 (‒0.49, 0.15) 0.850 

   Number of fledglings 0.44 (0.11, 0.79) 0.996 

   Baseline GC ‒0.20 (‒0.46, 0.04) 0.943 

   Stress-induced GC 0.14 (‒0.11, 0.40) 0.865 

   Average diameter plumage spots 0.25 (0.01, 0.50) 0.979 

   Small mammal activity density, incubation 0.28 (‒0.02, 0.60) 0.968 

   Vole activity density, incubation ‒0.00 (‒0.31, 0.30) 0.514 

   Small mammal activity density, early winter 0.01 (‒0.27, 0.30) 0.538 

   Vole activity density, early winter ‒0.10 (‒0.41, 0.19) 0.759 

Male   

   Intercept: Unexperienced (0) ‒0.47 (‒0.94, 0.00) 0.975 

   Experienced (1) 0.71 (0.15, 1.26) 0.993 

   Body condition index, brood-rearing 0.04 (‒0.42, 0.50) 0.564 

   Number of nestlings ‒0.32 (‒0.73, 0.08) 0.941 

   Number of fledglings 0.21 (‒0.17, 0.60) 0.863 

   Baseline GC 0.13 (‒0.14, 0.41) 0.832 

   Stress-induced GC ‒0.15 (‒0.41, 0.10) 0.879 

   Average diameter plumage spots 0.31 (0.04, 0.60) 0.987 

   Small mammal activity density, incubation ‒0.15 (‒0.44, 0.12) 0.866 

   Vole activity density, incubation ‒0.43 (‒0.76, ‒0.09) 0.993 

   Small mammal activity density, early winter ‒0.12 (‒0.41, 0.17) 0.789 

   Vole activity density, early winter 0.50 (0.17, 0.87) 0.999 

Dead recovery probability   

    Male ring-only 0.06 (0.03, 0.12)  

    Male ring-VHF 0.49 (0.38, 0.60)  

    Female ring-only 0.05 (0.02, 0.09)  

    Female ring-VHF 0.36 (0.24, 0.48)  

Recapture probability   

    Male ring-only 0.65 (0.51, 0.78)  

    Male ring-VHF 0.96 (0.87, 1.00)  

    Female ring-only 0.70 (0.57, 0.82)  

    Female ring-VHF 0.93 (0.80, 1.00)  
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General Discussion  

In environments with distinct seasons, the availability of resources undergoes significant 

fluctuations. These fluctuations result in varying food supplies, particularly during the 

colder non-breeding season. Consequently, there may be changes in the distribution and 

abundance of prey between the breeding and non-breeding seasons, leading to different 

habitat preferences. Habitat selection, a fundamental concept in ecology [9,16], deserves 

therefore equal attention during and outside of the breeding season, particularly for 

species facing elevated mortality risks during non-breeding periods [29]. Natural 

selection favours individuals capable of exploiting abundant and high-quality resources, 

leading to positive effects on their energy expenditure, breeding success, and survival 

chances. I was therefore especially interested in how changes in prey availability affect 

animal behaviour and fitness during a demanding period within the annual life cycle. By 

using the barn owl as study species and an exceptional dataset, my research has unveiled 

novel insights into the non-breeding period of resident animals. Due to year-round 

information on prey availability, I was able to discuss how changes in food availability 

over large temporal and spatial scales can affect an animal's habitat choice, activity 

patterns as well as survival and reproduction. By investigating the rather under-

investigated non-breeding period, I contributed to bridge the knowledge gap between the 

breeding and the non-breeding period, to work towards an understanding of the full 

annual cycle of the study species [1]. 

Habitat selection in dynamic, human-influenced landscapes  

Synanthropic species, that have co-evolved with human-altered habitats, need to 

adapt to habitat changes occurring within this anthropogenically influenced system [68]. 

While certain bird species demonstrate significant potential for adapting to human-made 

habitats [69,70], the current rapid pace of changes often restricts the time available for 

birds to adapt towards the changes [71]. Comprehending the degree of an animals' 

reliance on resources in human-dominated landscapes and their adaptability to adapt 

towards anthropogenic changes in resource availability is most important in 

understanding the ecology of synanthropic species [72]. The acquired knowledge may 

help us us to proactively anticipate and tackle potential threats that may arise or have 

already emerged due to human activities. By collecting year-round data on small mammal 

availability, we gained insights into how agricultural dynamics influenced the distribution 

of food resources of the barn owl. This allowed us to understand how these changes in 
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resource distribution influenced habitat preferences of the study species between the 

breeding and the non-breeding period.  

  While studies conducted during the breeding period have shown the ability of 

barn owls to utilize various habitat types for hunting within agricultural landscapes [73], 

my study showed that, in addition to semi-natural habitats, grasslands serve as less 

disturbed habitats for small mammals, especially after harvest [63–67]. These shifts in 

prey availability from large parts of the cultivated area into grasslands and semi natural 

habitats then led to a grassland-oriented habitat selection during the non-breeding 

period. The seasonal disruptions caused by harvesting activities show the potential to 

alter predator-prey dynamics, creating pressures that can affect habitat use. While I 

provided insight into habitat selection during the non-breeding period, the impact of 

harvesting on habitat selection during the breeding period remains unclear at present. 

Take, for instance, early and late breeders: the harvesting process might occur during 

different stages of the brood, potentially impacting reproductive success in distinct ways 

for each stage. Furthermore habitat selection alterations aren't necessarily limited to long 

term seasonal shifts; they could also occur within shorter time periods. For instance, the 

changes in vegetation height within certain agricultural plantations (e.g. start of 

vegetation period, frequent mowing of grassland) could impact barn owls' hunting 

abilities within relatively short time intervals. Dense and tall growing, long-lasting 

plantations such as rape, maize or cereals might become less suitable hunting grounds for 

barn owls once they reached a certain growth stage. This could occur because areas 

covered with dense vegetation tend to limit prey accessibility for birds of prey [74,75]. 

Exploring the habitat use of barn owls on a finer temporal resolution during both, 

breeding and non-breeding period, especially in relation to shifting habitat features, 

would be particularly compelling. 

 Moreover, the gathered data presents an opportunity to explore individual-

specific habitat preferences, such as based on sex or plumage coloration. Initial analyses 

suggest potential differences in habitat selection between sexes: preliminary findings hint 

at stronger grassland preferences and crop rotation avoidance among males, while 

females appear to utilize crop rotation based on its availability. This suggests that sexes 

might respond differently to shifts in agricultural practices, which may be relevant for 

conservation measures. 
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Throughout my study, I not only demonstrated shifts in barn owl habitat selection 

but also revealed noteworthy variations in vole and small mammal activity density 

between the breeding and non-breeding period. I found that changes in vole and small 

mammal activity density is significantly influenced by the type of habitat they inhabit. The 

findings from this research therefore have broader implications beyond just barn owls, as 

they may offer new insights into the ecology of small mammals themselves or other small 

mammal-hunting birds of prey. The data we've gathered during the study period offers 

an opportunity to explore the ecology of small mammals within the agricultural 

landscape, apart from focusing on the barn owl. In conclusion, the discoveries made 

during this study hold relevance for a wider ecological context, making them pertinent 

and intriguing for researchers interested in the interactions between birds of prey, small 

mammals, and their habitats.  

The effects of environmental conditions on activity patterns 

The ability to exploit profitable resources in a fast-changing environment can lead 

to fitness advantages in terms of survival and reproduction [9]. For example, using a 

certain habitat type with a high availability of resources may result in energetic 

advantages, that are particularly important in times when animals are under high 

selective pressure. In temperate regions, the non-breeding period is characterized by 

dropping temperatures which restrict the availability of resources but also increase the 

energy expenditure for thermoregulation [19–22,76]. These selective pressures can 

considerably affect population dynamics [76,77], making it especially important to unveil 

the energetic consequences of environmental conditions on individuals and populations. 

In my research, I found that the overall activity patterns during the breeding 

period, as measured by VeDBA (Vectorial Dynamic Body Acceleration), show 

considerable variations based on environmental conditions. Specifically, during adverse 

weather conditions, the owls exhibit reduced overall activity, indicating a tendency to 

minimize energy expenditure during periods with suboptimal conditions. When faced 

with challenges like wind and rain causing movement and noise, birds of prey can have 

difficulty spotting their prey using visual or acoustic cues [78–82]. These very conditions 

might be advantageous for their prey's activities and indeed rain and wind has been 

shown to correlate with in small mammal activity [78,83], as these conditions provide a 

certain level of protection from predation. Small mammals also exhibit the ability to adjust 

their activity patterns based on temperature variations, particularly in winter [84–86]. 
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This adaptive behaviour may result in changes in their accessibility to predators, as their 

activity shifts in relation to the predator's own activity periods. Weather conditions are 

therefore able to disrupt or enhance predator prey interactions. Identifying how 

environmental conditions affect predator and prey is therefore key to understand how 

modified predator prey relationships affect predator populations. 

I presented findings suggesting that barn owls adjust their nocturnal activity to 

coincide with peak prey activity. If this holds true and considering that small mammals 

alter their activity patterns between summer and winter [84–86], the nightly activity 

pattern could be considerably different during the breeding season. Such differences 

could emerge trough a change in prey activity as well as the need for increased number of 

prey items to feed the chicks. Comparing data collected during the breeding period with 

those collected during the non-breeding period could help to unveil how strongly barn 

owl activity is related to the activity of their prey. 

While the shown effects of meteorological conditions on activity pattern may not 

be entirely unexpected, they may provide greater significance in the context of climate 

change. Anthropogenic climate change led to fast changes in climatic conditions and many 

biological responses have shown to be driven by changes in conditions during both, the 

breeding and the non-breeding period [76]. As climate change progresses, the 

implications of these observed behavioural adaptations may become more noteworthy. 

For short eared owls for example, extreme meteorological conditions like high windspeed 

or increased sunshine have shown to affect the reproductive success, most probably due 

to increased cost for thermoregulation and lower hunting success [79]. As extreme 

weather events, such as heat waves, heavy precipitation and extreme winds are predicted 

to become more frequent under climate change [87,88], it may be important to investigate 

how the fitness of animals is affected by such events and whether or how animals adapt 

to cope with such changing conditions. While barn owls may profit from certain climatic 

changes in winter, such as higher temperatures, other predicted aspects of climate change 

during winter, such as increased winter precipitation or extreme winds [87] may 

negatively affect winter survival and upcoming reproduction. Personal observations 

during the study period suggest that breeding seasons could be impacted by cold, 

precipitation-heavy springs, and dry, hot summers. However, further testing is needed to 

confirm these potential effects on reproduction. I strongly believe that studying how barn 

owls but also their prey respond to climatic changes within the whole annual cycle could 
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aid in anticipating potential shifts in the selective pressure of weather conditions on barn 

owl population dynamics. 

In my thesis I also showed that individual plumage coloration is linked with 

activity patterns when exposed to certain environmental conditions. These findings imply 

the presence of individual-specific habitat and prey preferences [89,90] during the non-

breeding period. Such individual-specific differences would result in distinct responses to 

changes of prey availability within different habitat types, ultimately impact survival but 

also upcoming reproduction [91]. Barn owls for example show a distinct preference for 

certain prey which is associated with pheomelanic plumage coloration [90,92]. When 

structures which support a particular prey species, decrease, or disappear, this may lead 

to a disproportionate selection of individuals with a specific plumage coloration. As 

plumage coloration is to a certain degree associated with sex [92] the effects may change 

sex-specific survival probabilities, leading to a shift in the sex ratio with the following 

consequences for population viability [93]. Using high resolution movement data 

collected within a test study during the non-breeding period, I will be able to further 

investigate how individuals may adapt their behaviour to environmental conditions, such 

as food availability or habitat type. Furthermore the collection of high-resolution data 

during the breeding period [94] allows to investigate if individual specific activity 

patterns differ between seasons.  

Selective pressure of individual and environmental conditions on animals’ fitness 

To better understand how individual and environmental factors affect survival and 

reproduction I dedicated my third chapter to this topic. Life history theory suggests that 

animals have to trade-off survival and reproduction to optimise their lifetime 

reproductive success and are therefore expected to trade off current reproduction with 

survival and success of future reproduction [23,95]. The decision on how much to invest 

in current reproduction is shaped by individual quality and environmental conditions 

[52,96–99]. In many studies exploring the impact of individual- and environmental 

factors on an organism's fitness, the focus is often narrowed down to either survival or 

reproduction and their respective relationships with environmental or individual 

conditions. However, this restricted approach may not fully unveil the wide range of 

potential effects. It is essential to recognize that environmental and individual conditions 

during various periods of an organism's life cycle can directly influence both reproduction 

and survival. Additionally, the effects of experienced conditions on reproductive traits 
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can, in turn, affect survival through reproductive costs. To gain a comprehensive and 

interconnected understanding of annual survival, a wealth of data on environmental and 

individual factors spanning several years is necessary. Unfortunately, acquiring such an 

extensive dataset for wild species is often challenging and resource intensive. 

In my study species, the barn owl, breeding early in the season and experiencing 

high food availability during reproduction were related to increased reproductive 

success. However, males and females reacted differently to increased reproductive 

investment. While female survival was positively associated with reproductive output, 

males experienced reproductive costs, leading to a decrease in annual survival after high 

reproductive investment. Male survival was linked to prey availability during winter 

following reproduction, indicating a possible compensatory mechanism effect, suggesting 

that males may react more sensitive to harsh winter conditions than females. Leading to 

the question whether prey availability during winter affects the oncoming reproduction, 

more specifically time of brood initiation and reproductive success. Given the presented 

results one may expect that male reproductive success may be more strongly dependent 

on wintering conditions than females. Indeed research on a migratory bird species 

showed that reproductive success for males, but not females, is influenced by the 

environmental conditions encountered during the non-breeding period [100]. I would 

therefore assume that males experiencing favourable conditions during winter may be 

capable of breeding earlier and show higher reproductive success than males inhabiting 

poor non-breeding habitat.  

Conclusion  

Investigating the non-breeding period provides information on how animals cope with 

the challenges of this understudied period and helps to understand the evolution of 

behaviour, life history trade-offs and the selective pressures which are currently acting 

on survival and reproduction. In my thesis I demonstrated that seasonal changes in 

anthropogenic landscape use led to fluctuations in food availability between the breeding 

and the non-breeding seasons, with the resulting consequences for habitat selection. Prey 

activity patterns, weather conditions as well as prey availability within different habitat 

types were related to barn owl activity patterns. I furthermore presented that female 

survival was positively related to reproductive output, while males experienced distinct 

reproductive costs. However, these costs might be mitigated in males which experience 

higher food availability during the non-breeding period. From the presented small 
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mammal monitoring data, it can be inferred that the food supply during the non-breeding 

period is generally reduced and primarily concentrates on a few structures within the 

agricultural landscape. This implies that changes in agricultural practices can quickly lead 

to significant alterations in food availability for barn owls. While my research has 

provided initial insights into how agricultural practices can alter the availability and 

distribution of prey between breeding and non-breeding periods, the ramifications of 

abrupt changes during harvesting periods and their potential to disrupt predator-prey 

dynamics ask for further investigation. Furthermore, I presented sex-specific costs of 

reproduction and a link between male survival and food availability after reproduction. It 

would be interesting to explore in more detail how food availability during the non-

breeding period affects the reproductive costs experienced by male barn owls in 

upcoming reproduction. While we were limited by the resolution of our data, fine-scaled 

movement data could reveal whether owls adapt their behaviour towards habitat or prey 

type and how adaptations in hunting behaviour might contribute to their survival and 

reproductive success. 

My thesis has contributed to enhancing our understanding of the non-breeding 

ecology of barn owls, offering fresh perspectives and new ideas for further research on 

various dimensions of ecological research. By doing so I underlined the importance to 

investigate the non-breeding period to accomplish a year-round picture of barn owl 

ecology and other resident predators dealing with anthropogenically induced habitat 

variability. As we continue to navigate a rapidly evolving world, these findings underscore 

the importance of a holistic understanding of animal ecology to ensure the long-term 

survival of these species inhabiting dynamic landscapes. 
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“ Of course I remember you, silly barn owl dude  

who can pop bottle tops off beers with absolutely *anything* ! “ 

 

Prof. Dr. John Fieberg, October 2021 

 


