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Abstract  

We are witnessing major shifts in ecosystems due to intense anthropogenic pressures on 
the environment in recent decades, including rapid climate change, which is one of the 
strongest drivers of a global biological response. Raptors, which are at the top of the trophic 
web, are important indicators of ecosystem health. Tawny Owl (Strix aluco) is one of the 
most monitored raptor species in Europe, whose population traits may indicate various 
ecological processes and shifts at the ecosystem level. The goals of this dissertation were to 
investigate the population ecology traits of the Tawny Owl on a pan-European scale and 
to explore the species interactions on both inter- and intratrophic level. Our aim was to 
analyse the response of the Tawny Owl to fluctuations in small mammal populations, to 
compare it with other owls in the forest guild, and to investigate the long-term dynamics 
of the Tawny Owlɴs competition with the Ural Owl. Our literature review on the Tawny 
Owl population ecology traits revealed that diet is the most extensively studied trait across 
Europe. Some spatial gaps in the knowledge of the ecology and biology of the species in 
Europe were identified, as well as gaps in certain population parameters. Based on our 
results, we proposed a minimal recommended scheme for monitoring population contextual 
data as one of the first steps towards a pan-European monitoring scheme. Our long-term 
monitoring data on Tawny Owl population (and other owl and prey species) from montane 
Dinaric forests in Central Europe enabled us to analyze its role in this ecosystem. To 
explore Tawny Owlɴs intertrophic relationships, we used supervised machine learning 
approaches and addressed several modelling tasks of multi-target regression. Tawny Owl 
was able to successfully shift to alternative prey and sustain breeding activity even in low 
years of their main prey populations - the Yellow-necked Mouse (Apodemus flavicollis), 
which was found to have had a key role in determining predator populations. Tawny Owl, 
as a generalist predator and a temperate zone species, seemed to be less affected by small 
mammal fluctuations than its competitors, boreal zone owl species, Boreal (Aegolius 
funereus) and Ural Owl (Strix aluco). When further exploring Tawny Owlɴs intratrophic 
relationship with the Ural owl, we found that due to concurrent population growth and 
range expansion, their competition for space and nest sites was gradually intensifying, 
including direct nest displacements of the smaller Tawny Owl by the larger Ural Owl. 
Breeding Ural Owl females were significantly larger in shared territories with Tawny Owls 
compared to those in unshared territories. To our knowledge, we have described the first 
micro-evolutionary example in top predators driven by intensified intraguild interactions 
enhanced by climate change. The effects of global change are complex and understanding 
or predicting the consequences demands excellent knowledge of the indicator species role 
in the ecosystem and the dynamics of its interactions in the community. We have shown 
that recent climate changes are also inducing rapid changes in top predator assemblages, 
which is just the tip of the iceberg in terms of our understanding of establishment of new 
ecosystem dynamics. Besides predictive models, a comprehensive and long-term 
population-monitoring scheme was demonstrated as an invaluable technology for following 
trends in ecological traits, interactions of the indicator species and for detecting ecosystem 
response to stress.
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Povzetek  

V zadnjih desetletjih smo priča velikim spremembam ekosistemov zaradi intenzivnih 
antropogenih pritiskov na okolje, vključno s hitrimi podnebnimi spremembami, ki so eden 
najmočnejşih dejavnikov globalnega bioloşkega odziva. Roparske ptice, ki zavzemajo 
najvişji trofični nivo, so pomembni pokazatelji stanja ekosistema. Lesna sova (Strix aluco) 
je ena najbolj opazovanih vrst roparskih ptic v Evropi, njene populacijske značilnosti pa 
lahko kaźejo na različne ekoloşke procese in spremembe na ravni ekosistema. Cilji pričujoče 
disertacije so bili raziskati ekoloşke populacijske značilnosti lesne sove v vseevropskem 
merilu in raziskati njene medvrstne interakcije na med- in znotrajtrofičnem nivoju. Naş cilj 
je bil analizirati odziv lesne sove na nihanja populacije malih sesalcev, ga primerjati z 
drugimi sovami v cehu gozdnih sov in raziskati dolgoročno dinamiko kompeticije lesne sove 
s kozačo (Strix uralensis). Pregled literature o ekoloşkih značilnostih populacij lesne sove 
je pokazal, da je prehrana njena najbolj raziskana značilnost v Evropi. Ugotovljene so bile 
nekatere prostorske vrzeli v poznavanju ekologije in biologije vrste v Evropi ter vrzeli v 
nekaterih populacijskih parametrih. Na podlagi rezultatov smo predlagali minimalno 
priporočeno shemo monitoringa populacijskih kontekstualnih podatkov, kar je eden prvih 
korakov k vseevropski shemi monitoringa lesne sove. Naşi dolgoročni podatki spremljanja 
populacije lesne sove (in drugih vrst sov ter plena) iz montanskih dinarskih gozdov v srednji 
Evropi so nam omogočili analizo njene vloge v tem ekosistemu. Da bi raziskali medtrofične 
odnose lesne sove, smo uporabili pristope nadzorovanega strojnega učenja in obravnavali 
več nalog modeliranja z večciljno regresijo. Lesna sova je lahko uspeşno izkorişčala 
alternativni plen in se razmnoźevala tudi v letih s şibkimi populacijami njenega glavnega 
plena - rumenogrle mişi (Apodemus flavicollis), za katero smo ugotovili, da ključno vpliva 
na populacije plenilcev. Izkazalo se je, da je lesna sova kot plenilec generalist in izvorno 
vrsta zmernega pasu manj občutljiva na nihanja populacij malih sesalcev kot njena 
kompetitorja, ki sta izvorno vrsti borealnega pasu; koconogi čuk (Aegolius funereus) in 
kozača. Pri nadaljnjem raziskovanju znotrajtrofične interakcije lesne sove s kozačo smo 
ugotovili, da se je zaradi sočasnega povečanja populacije in şirjenja območja njuna 
kompeticija za prostor in gnezdişča postopoma stopnjevala, kar je vključevalo tudi 
neposredni pregon z gnezda; manjşo vrsto, lesno sovo, je pregnala večja vrsta, kozača. 
Samice gnezdečih kozač so bile značilno večje na teritorijih, ki so si jih delile z lesno sovo, 
v primerjavi s samicami na teritorijih, ki si jih vrsti nista delili. S tem smo opisali prvi 
primer mikroevolucije pri končnih plenilcih, ki jo poganjajo vedno bolj intenzivne 
znotrajcehovske interakcije, spodbujene s podnebnimi spremembami. Učinki globalnih 
sprememb so kompleksni in razumevanje ali napovedovanje posledic zahteva odlično 
poznavanje vloge indikatorske vrste v ekosistemu in dinamike njenih interakcij v zdruźbah. 
Pokazali smo, da nedavne podnebne spremembe povzročajo tudi hitre spremembe v 
zdruźbah končnih plenilcev, kar je le vrh ledene gore v smislu naşega razumevanja 
vzpostavljanja nove ekosistemske dinamike. Poleg napovednih modelov smo pokazali 
pomen celovite in dolgoročne sheme monitoringa populacij kot neprecenljivo orodje za 
sledenje trendom ekoloşkih značilnosti in interakcij indikatorskih vrst ter za odkrivanje 
odziva ekosistema na stres. 





 ix 

Content s 

List of Figures xi 

List of Tables xiii 

1 Introduction 1 
1.1 Background and problem description ...............................................................1 

1.1.1 Global change and indicator species ......................................................1 
1.1.2 Intertrophic interactions .......................................................................2 
1.1.3 Intratrophic interactions.......................................................................4 
1.1.4 The model study species: the Tawny Owl..............................................5 

1.2 Objectives and hypotheses ...............................................................................6 
1.3 Original publications .......................................................................................8 
1.4 Organization of the Thesis...............................................................................9 

2 Tawny Owlɴs ecological traits and its indicative potential 11 
2.1 The importance of population contextual data for large-scale biomonitoring 

using an apex predator: The Tawny Owl (Strix aluco) .................................... 12 

3 Intertrophic interactions: responses to prey population fluctuations 31 
3.1 Differential responses of coexisting owls to annual small mammal population 

fluctuations in temperate mixed forest ........................................................... 33 

4 Intratrophic interactions: competition with the Ural Owl 51 
4.1 Climate change is intensifying intraguild interactions between top predators and 

creating new potential evolutionary pathways ................................................ 52 
4.1.1 Introduction ...................................................................................... 53 
4.1.2 Methods ............................................................................................ 55 

4.1.2.1 Study area and regional velocity of climate change ................ 55 
4.1.2.2 Study species ....................................................................... 56 
4.1.2.3 Field work ........................................................................... 57 
4.1.2.4 Data analysis ....................................................................... 58 

4.1.3 Results .............................................................................................. 59 
4.1.3.1 Territory dynamics .............................................................. 59 
4.1.3.2 Breeding dynamics ............................................................... 61 

4.1.4 Discussion.......................................................................................... 64 
4.1.4.1 Concurrent population increase of large Strix owls ................. 64 
4.1.4.2 Intensification of interspecific interactions ............................. 65 
4.1.4.3 Conclusions ......................................................................... 67 

4.1.5 References ......................................................................................... 68 

5 Conclusions 77 
5.1 Contributions to science ................................................................................ 77 



x  Contents 

5.2 Further work ................................................................................................ 78 
References used in the literature review ............................................................... 105 

References 139 

Bibliography 151 

Biography 153 
 
 



 xi  

List of Figures  

Figure 1: Total number of frost days in the period from 1998 to 2021 on Mt. Krim ....... 56 
Figure 2: Intra- and interspecific body differences between sexes in coexisting Tawny and 
Ural Owls in Slovenia, captured and ringed during the breeding season.. ...................... 57 
Figure 3: Territory occupancy of the Tawny Owl and Ural Owl in the period 1998-2021 at 
high and low elevations on Mt. Krim. ......................................................................... 60 
Figure 4: Model-based indices illustrating Tawny and Ural Owl territory occupancy, both 
overall and within two different elevational belts.. ....................................................... 60 
Figure 5: The effect size illustrating the differences in the time-lag of nest-box occupancy 
from its set up before and after 2010 by Tawny and Ural Owls .................................... 61 
Figure 6: Proportions of nest boxes occupied by either the Tawny or Ural Owl, or by both, 
during periods before and after 2010 and at low and high elevations............................. 62 
Figure 7: Ural and Tawny Owl young raised in the same Ural Owl nest. ...................... 62 
Figure 8: Differences in incubating female head length in Tawny and Ural Owls at different 
elevations and in the absence/presence of the territorial interspecific competitor owl..... 63 
 
Figure A.1: Interpolated numeric and biomass percentages of prey groups in Tawny Owl 
diet across the research area ..................................................................................... 104 
 
Figure S.1: Correlation of small mammal population densities (dormice, Gliridae; mice, 
Muridae, voles, Cricetidae; shrews, Soricidae) at low and high altitudes ..................... 132 
 
Figure S1: Differences in incubating female body mass in Tawny and Ural Owl .......... 136 
Figure S2: Differences in incubating female wing length in Tawny and Ural Owl ........ 137 
Figure S3: Clutch and brood size in Tawny and Ural Owl in the absence or presence of 
territorial interspecific competitor owl (i.e. the other Strix species) ............................. 138 





 xiii  

List of Tables  

Table 1: Ratio of wing length between allopatric and sympatric populations of Tawny Owl 
(Strix aluco) and Ural Owl (Strix uralensis)................................................................ 67 
 

 
Table A.1: Categorisation by trophic level of the mammal species found in the diet ...... 81 
Table A.2: A list of fitted models and the abbreviations/names used for each ............... 84 
Table A.3: Parameters of the models compared to analyse the effects of longitude and 
latitude on the numeric percentage of mammals in Tawny Owl diet ............................. 84 
Table A.4: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the numeric percentage of mammals in Tawny Owl diet ...................... 85 
Table A.5: Parameters of the models compared to analyse the effects of longitude and 
latitude on the biomass percentage of mammals in Tawny Owl diet ............................. 86 
Table A.6: Parameters of the models compared to analyse the effects of longitude and 
latitude on the numeric percentage of birds in Tawny Owl diet.................................... 86 
Table A.7: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the numeric percentage of birds in Tawny Owl diet ............................. 87 
Table A.8: Parameters of the models compared to analyse the effects of longitude and 
latitude on the biomass percentage of birds in Tawny Owl diet .................................... 87 
Table A.9: Parameters of the models compared to analyse the effects of longitude and 
latitude on the numeric percentage of invertebrates in Tawny Owl diet. ....................... 88 
Table A.10: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the numeric percentage of invertebrates in Tawny Owl diet ................. 88 
Table A. 11: Parameters of the models compared to analyse the effects of longitude and 
latitude on the biomass percentage of invertebrates in Tawny Owl diet ........................ 89 
Table A.12: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the biomass percentage of invertebrates in Tawny Owl diet ................. 89 
Table A.13: Parameters of the models compared to analyse the effects of longitude and 
latitude on the numeric percentage of amphibians in Tawny Owl diet .......................... 90 
Table A.14: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the numeric percentage of amphibians in Tawny Owl diet.................... 90 
Table A.15: Parameters of the models compared to analyse the effects of longitude and 
latitude on the biomass percentage of amphibians in Tawny Owl diet .......................... 91 
Table A.16: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the biomass percentage of amphibians in Tawny Owl diet.................... 91 
Table A.17: Parameters of the models compared to analyse the effects of longitude and 
latitude on the numeric percentage of reptiles in Tawny Owl diet ................................ 92 
Table A.18: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the biomass percentage of amphibians in Tawny Owl diet.................... 92 
Table A.19: Parameters of the models compared to analyse the effects of longitude and 
latitude on the biomass percentage of reptiles in Tawny Owl diet ................................ 93 



xiv   

Table A.20: Parameters of the models compared to analyse the effects of longitude and 
latitude on the numeric percentage of herbivorous mammals in Tawny Owl diet .......... 93 
Table A. 21: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the numeric percentage of herbivorous mammals in Tawny Owl diet .... 94 
Table A.22: Parameters of the models compared to analyse the effects of longitude and 
latitude on the biomass percentage of herbivorous mammals in Tawny Owl diet........... 94 
Table A.23: Parameters of the models compared to analyse the effects of longitude and 
latitude on the numeric percentage of omnivorous mammals in Tawny Owl diet........... 95 
Table A. 24: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the numeric percentage of omnivorous mammals in Tawny Owl diet .... 95 
Table A. 25: Parameters of the models compared to analyse the effects of longitude and 
latitude on the biomass percentage of omnivorous mammals in Tawny Owl diet ........... 96 
Table A.26: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the biomass percentage of omnivorous mammals in Tawny Owl diet .... 96 
Table A.27: Parameters of the models compared to analyse the effects of longitude and 
latitude on the numeric percentage of insectivorous mammals in Tawny Owl diet......... 97 
Table A.28: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the numeric percentage of insectivorous mammals in Tawny Owl diet .. 97 
Table A. 29: Parameters of the models compared to analyse the effects of longitude and 
latitude on the biomass percentage of insectivorous mammals in Tawny Owl diet......... 98 
Table A. 30: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the biomass percentage of insectivorous mammals in Tawny Owl diet .. 98 
Table A. 31: Parameters of the models compared to analyse the effects of longitude and 
latitude on the numeric percentage of carnivorous mammals in Tawny Owl diet........... 99 
Table A.32: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the numeric percentage of carnivorous mammals in Tawny Owl diet .... 99 
Table A.33: Parameters of the models compared to analyse the effects of longitude and 
latitude on the biomass percentage of carnivorous mammals in Tawny Owl diet ......... 100 
Table A.34: Results of the best models selected for the analysis of the effect of longitude 
and latitude on the biomass percentage of carnivorous mammals in Tawny Owl diet .. 101 
Table A.35: Parameters of the models compared to analyse the effects of longitude and 
latitude on Tawny Owlɴs dispersal distances ............................................................. 101 
Table A.36: Results of the best model selected for the analysis of the effect of longitude 
and latitude on Tawny Owlɴs dispersal distances ....................................................... 102 
Table A.37: Parameters of the models compared to analyse the effects of longitude and 
latitude on Tawny Owlɴs mean clutch size ................................................................ 102 
Table A.38: Results of the best models selected for the analysis of the effect of longitude 
and latitude on Tawny Owlɴs mean clutch size.......................................................... 102 
Table A.39: Percentage of birds found further than 50 or 100 km away from the initial 
ringing location. Only countries with more than 600 records were included................. 103 
 
 
Table S1: Summary statistics (of population dynamics measures for the small mammal 
groups and Boreal, Tawny and Ural Owl .................................................................. 133 
Table S2: Attribute/feature rankings in terms of their importance for owl territory 
occupancy in the Boreal, Tawny and Ural Owl ......................................................... 134 
Table S3: Attribute rankings in terms of their importance for breeding attempts rates in 
the Tawny and Ural Owl. ........................................................................................ 134 
Table S4: Attribute rankings in terms of their importance for clutch sizes in the Tawny 
and Ural Owlɼɼɼ.......... .......................................................................................... 135 
 



1 

Chapter 1 

1 Introduction  

1.1 Background and Problem D escription  

1.1.1  Global change  and indicator species   

Due to intense anthropogenic pressures on the environment, such as land use change, 
overexploitation of natural resources and pollution, major shifts in ecosystems took place 
in the past decades (Foley et al., 2005; IPCC, 2019; Sala et al., 2000; Tylianakis et al., 
2008). Additionally, rapid climate change is one of the strongest drivers of a global 
biological response and shifts on all ecosystem levels are expected (Bellard et al., 2012; 
Lurgi et al., 2012; Parmesan, 2006; Quratulann et al., 2021; Tylianakis et al., 2008; Walther 
et al., 2002). Resulting biotic invasions and local biodiversity loss are potentially even more 
serious threats to ecosystem functioning than direct effects of abovementioned global 
change stressors (Hooper et al., 2012; Kuczynski et al., 2018; Pyşek et al., 2020; Thomas 
et al., 2004). Many studies have shown that the species distributions are shifting toward 
higher latitudinal and altitudinal ranges in response to global warming (Parmesan, 2006; 
Pizzolotto et al., 2014; Walther et al., 2002; Wilson et al., 2007). Future forecasts, 
particularly those based on species distribution models that include climate change effects, 
predict positive trends of generalist and declining trends of specialist species (Brambilla et 
al., 2020; Parmesan, 2006). The rise of generalist species has already been documented on 
different trophic levels (Britton et al., 2009; Clavel et al., 2011; Davey et al., 2012; de 
Gabriel Hernando et al., 2022; Warren et al., 2001). On the other hand, specialist species 
are getting more and more vulnerable and in many, the risk of local extinction is increasing 
(Clavel et al., 2011; Homburg et al., 2014; Jiménez-Alfaro et al., 2016; Warren et al., 2001). 
However, it seems the main cause of local extinctions is not limited species physiological 
tolerance to higher temperatures, but rather changed species interactions (Cahill et al., 
2013).  
Biological indicators have long been used to monitor ecological integrity and the concept 

has frequently been incorporated into policies and regulations (Carignan & Villard, 2002; 
Rapport, 1992). Indicator species are measurable characteristics of the structure, 
composition, or function of ecological systems (Niemi & McDonald, 2004). In the light of 
the complexity of ecological processes, their use is very cost-effective since the status of a 
single species (or a group of species) is relatively simple to measure. Additionally, the 
results can be easily interpreted and presented to policy makers and to the public (Siddig 
et al., 2016). However, the selection of specific indicator(s) and correct identification of 
their indicative traits is a challenging task as there are many preliminary conditions for a 
species to be a good potential indicator (Rapport, 1992; Sergio et al., 2008; Siddig et al., 
2016). The most important condition is that the indicator and its trait(s) enable 
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distinguishing anthropogenic change against natural variability (Niemi & McDonald, 
2004). To ensure this excellent knowledge about the indicator species is essential. Assessing 
and predicting the consequences of global change demands that we understand the role of 
the species in the ecosystem and the dynamics of its interactions in the community. For 
following trends in ecological traits, interactions of the indicator species and for detecting 
ecosystem response to stress, a comprehensive and long-term population-monitoring scheme 
is an invaluable tool. 
Raptors are important indicators of ecosystem health because of their trophic position 

at the top of the food chain (Hardey et al., 2013; Peniche Peyron, 2021; Sergio et al., 2008). 
Additionally, some of their life-history traits, such as low density, low fecundity, long period 
of juvenile dependence and longevity, increase their vulnerability to anthropogenic changes 
of their habitats, making them suitable as sentinel species (Espín et al., 2016; Movalli et 
al., 2019; Sergio et al., 2008). In comparison to other birds, raptors are far more threatened; 
about half of raptor species in the world have declining global populations, mostly due to 
habitat destruction and degradation (McClure et al., 2018). Pollution is another important 
factor in declining raptor populations, since raptors can bioaccumulate high concentrations 
of persistent pollutants (Newton, 2017). The decline of the Peregrine Falcon (Falco 
peregrinus) populations in the mid-20th century due to contamination by DDT (González-
Rubio et al., 2021; Movalli et al., 2018; Ratcliffe, 1993) is a classic example of using 
indicators for both environment condition assessment and diagnosis of the cause of change 
(Niemi & McDonald, 2004). 

 

1.1.2  Intertrophic  interactions  

As the speed and the extent of global change are creating more and more unpredictable 
conditions, ecosystem functioning (productivity, nutrient dynamics, decomposition) and 
community stability are of increasing research importance. Community stability consists 
of several key elements; resilience/constancy, resistance or robustness/recovery (Begon et 
al., 2006; de Bello et al., 2021). Overall, community stability can be defined as a tendency 
to return to (or close to) its original state (Begon et al., 2006). There has been much debate 
over what are the mechanisms behind stability. In general, biodiversity has been 
determined as the main factor (Chen et al., 2021; Pennekamp et al., 2018; Singh, 2002; 
Wang & Loreau, 2016). Community stability thus depends mainly on community 
complexity; i.e. species richness and complexity of interspecific interactions, such as 
competition, predation, parasitism, mutualism and detritivory (Begon et al., 2006; Dhondt, 
2012). In this subchapter, we will focus on predation in particular. 
Predation can be defined as the interaction in which one organism kills (and consumes) 

another (Abrams, 2000; Begon et al., 2006). It occurs at different levels; it can be inter- or 
intratrophic and inter- or intraspecific (Abrams, 2000; Holt, 1977; Polis, 1981; Sergio & 
Hiraldo, 2008). Predators affect prey populations directly (declined prey populations 
because of the predator killing prey) or indirectly (decreased prey individual fitness because 
of the fear of predation) (Cresswell, 2010). On the other hand, as predators depend on the 
availability of prey, co-dynamics of predator-prey populations are common, especially in 
cases of specialized predators and fluctuating prey populations (Sundell et al., 2004). For 
example, predator populations such as foxes, mustelids and raptors strongly respond to 
cyclic population fluctuations of hares and small mammals in North America or lemming 
and vole population cycles in Europe (Cheveau et al., 2004; Dhondt, 1987; Doyle & Smith, 
1994; Fuglei & Ims, 2008; Greenhorn et al., 2021; Lehikoinen et al., 2011; Sundell et al., 
2013). Many raptors respond either numerically (e.g. supress breeding) or functionally (e.g. 
switch to alternative prey) to fluctuations in abundance of small mammals, especially if 
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they are their main prey (Karell et al., 2009; Korpimäki & Norrdahl, 1991; Newton, 1979; 
Poulin et al., 2001; Sonerud, 1986; Zárybnická et al., 2015). The evolution of prey-predator 
interaction leads towards prey evolving to avoid predation and the predator to maintain 
the relationship (Pianka, 2011). Coupled oscillations in predatorɰprey interactions are thus 
a result of a series of time-delayed ɳnumerical responsesɴ, when abundance of one species 
changes in response to the abundance of the other species (Begon et al., 2006). 
In northern latitudes in Europe, voles (Cricetidae) usually represent the largest 

proportion in the diet of raptors specialized to small mammals, such as kestrels, buzzards 
and owls (Korpimäki & Norrdahl, 1991; Reif et al., 2004; Riegert et al., 2020). Vole 
populations are known to fluctuate on a large scale at regular periods of 3 ɰ 5 years and 
with highly variable amplitudes (Hörnfeldt, 1994; Brommer et al., 2002). The periodicity 
of their mass occurrence is the most prominent in northern latitudes and is gradually 
disappearing southwards (Korpimäki & Krebs, 1996). Mice (Muridae) too exhibit 
population fluctuations, but less regular with occassional population bursts (Zárybnická et 
al., 2013; Zub et al., 2012). In Central and Southern Europe, mice tend to be an equal or 
even more important food source for raptors (Gryz & Krauze-Gryz, 2019; Luka & Riegert, 
2018; Vrezec et al., 2018; Zárybnická et al., 2013). In general, small mammal communities 
tend to be richer in Southern Europe (Kryştufek & Griffiths, 1999; Torre et al., 2018) and 
the number of prey species and food niche breadth of raptors tend to increase southwards 
as well (Korpimäki & Marti, 1995). However, size of mammalian prey increases northwards 
(Korpimäki & Marti, 1995), which can be an advantage for mammal-eating predators 
during prey peak years and allow for larger clutches (Newton, 1979). In general, breeding 
productivity of birds tends to increase with latitude (Hendricks, 1997; Mougeot et al., 2011; 
Newton, 1979; Overskaug & Bolstad, 1998), most likely due to longer days at northern 
latitudes in the summer and a dramatic increase in productivity (Carrillo & González-
Dávila, 2009; Hendricks, 1997). Lower nest-predation risk at high latitudes could also be 
an important factor (McKinnon et al., 2010). On the other hand, lack of food in low small 
mammal years in northern latitudes promotes longer dispersal of raptors in comparison to 
southern raptor populations (Andersson, 1980; Korpimäki, 1993; Korpimäki et al., 1987; 
Vasko et al., 2011). 
Between-year and between-season fluctuations in small mammal populations are 

thought to be an outcome of food availability, weather variables, predation, diseases and 
intraspecific regulation mechanisms (Ecke et al., 2017; Hörnfeldt, 1994; Pedersen & 
Greives, 2008; Pucek et al., 1993; Sundell, 2003). Small mammal abundances are usually 
highest in the autumn of the year after peak mast year (Pucek et al., 1993), which are 
occasional years when there is a large-scale synchronous production of seeds (Begon et al., 
2006). Beech seeds are the preferred seeds for small mammals in temperate mixed forests 
(compared to spruce and fir seeds; Nopp-Mayr et al., 2012) and small mammal populations 
are able to respond to increased resource availability very rapidly (Jensen, 1982; Pucek et 
al., 1993). Evidence from several studies suggests that in recent decades mast frequency in 
European beech, a major forest-forming tree in temperate Europe, has increased (Hacket-
Pain & Bogdziewicz, 2021). Masting cycles are regulating seed predator abundances by 
satiation and starvation, and changes in mast seeding patterns may disrupt this regulation 
(Bogdziewicz et al., 2020). More frequent masting years may induce increasing densities of 
small mammal population in the future and, consequently, raptor breeding frequency and 
productivity (Brommer et al., 2002; Lehikoinen et al., 2011; Luka & Riegert, 2018). 
Increased breeding frequency could lead to positive long-term trends in raptor population 
density because it is one of the main variable components in lifetime reproduction (Saurola, 
1989; Saurola & Francis, 2018). Additionally, better prey availability can result in smaller 
territories (Schoener, 1968; Zabel et al., 1995), which allows for increased territory densities 
and lower near-neighbour distances. 
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1.1.3  Intra trophic  interactions  

Intratrophic interactions are species interactions within the same trophic level, e.g. 
facilitation or competition (Begon et al., 2006). In this sub-chapter, we will focus on an 
interspecific competition that is usually defined as an interaction in which resource use by 
one species affects resource availability for the other species (Dhondt, 2012). It is one of 
the key interactions between ecologically similar species in an assemblage and one of the 
main forces that shape ecological and evolutionary processes (Pianka, 2011). Resource 
exploitation (exploitation competition) or direct aggressiveness (interference competition) 
can decrease fecundity, growth or survival of individuals (Begon et al., 2006). For example, 
in some raptors exploitation competition is evident in competition for nesting sites, and 
decreased fledgling survival in vicinity of the dominant predator as a result of intensive 
interference competition (Hakkarainen et al., 2004). Subordinate competitor is usually 
forced to adjust its niche and is spatially, temporally (i.e. alter their spatial and temporal 
activity patterns) or trophically segregated (i.e. shifting their diet to alternative prey) from 
the dominant predator (Schoener, 1974). For example, Eurasian Sparrowhawks (Accipiter 
nisus) delay their breeding time when dominant predators, the Goshawks (Accipiter 
gentilis), are nesting close to their territory (Rebollo et al., 2017). Competing predators 
can thus co-exist if they differentiate their realized niches, but they can also be eliminated 
or excluded from a habitat by dominant competitor (Begon et al., 2006). For example, 
nesting failures in the Common Buzzard (Buteo buteo) are significantly more common in 
the vicinity of breeding Goshawks (Hakkarainen et al., 2004; Kostrzewa, 1991). In the Alps, 
Eagle Owl (Bubo bubo) can depress the population of Tawny Owls (Strix aluco) 
significantly (Sergio et al., 2007) and exclusion of Tawny Owl by the dominant Ural Owl 
(Strix uralensis) has been reported from different parts in Europe (Kajtoch et al., 2015; 
Korpimäki, 1986; Vrezec & Tome, 2004a). In resident hole-nesting owls, besides food and 
habitat, availability of nest-sites may be a particularly important factor in competitive 
interactions (Korpimäki, 1986) and can even result in displacements from nests and mixed 
broods (Saurola, 2023). 
Interspecific competition is thus most likely to occur in predators of the same guild 

(Polis & Holt, 1992), which is a group of sympatric species (regardless of their taxonomic 
relationships) that exploit environmental resources in a similar fashion (Root, 1967). 
Raptor guilds can be defined based on their hunting tactics, diet, activity time, or habitat 
use (e.g. type of nesting sites; Brambilla et al., 2020; Krüger et al., 2002; Poole & Bromley, 
1988; Robinson, 1994; Vrezec & Tome, 2004b). When the dominant raptor species acts as 
both competitor and predator, intraguild predation occurs (Polis, 1981). Intraguild 
predation is more common when food resources are scarce (Morosinotto et al., 2017). By 
killing the subordinate predator and reducing resource competition, the dominant predator 
not only obtains energetic benefits if consuming the intraguild prey, but also increases 
chances for successful breeding (Sergio & Hiraldo, 2008). The subordinate predator, on the 
other hand, may suffer the costs of both interspecific competition and risk of intraguild 
predation, which can lead to reduced breeding productivity (Morosinotto et al., 2017; 
Sergio & Hiraldo, 2008). On a community level, intraguild predation can thus limit the 
populations of top predators, which may increase diversity of the predator community 
(Sergio et al., 2007).  
Intraguild predation in raptor communities that include owls is a common phenomenon, 

and reported for at least 11 intraguild killer species (Sergio et al., 2007; Sergio & Hiraldo, 
2008; van Lanen et al., 2011; Zuberogoitia et al., 2005). The largest European owl, the 
Eagle Owl, is a super-predator, capable of killing any predator of smaller or similar body 
weight (Lourenço & Rabaça, 2006). In fact, the killer species being larger than its victim 
seems to be a general rule (Sergio & Hiraldo, 2008). Even slight body size difference is 
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sufficient for interactions aggressive enough to exclude the smaller and weaker predator, 
as in the case in invading Barred Owls (Strix varia) to the Northern Spotted Owl (Strix 
occidentalis) range in North America (Kelly & Forsman, 2004; Long & Wolfe, 2019).  
In the light of global change, the risk of competitive exclusion is a particularly 

important research topic. Climate change can induce species distribution and phenological 
shifts can change interactions in communities (and vice versa; changed interactions result 
in species range/phenological shifts) (Antão et al., 2022; Blois et al., 2013; Brambilla et 
al., 2020; Carter et al., 2018; Pinsky et al., 2020; Schleuning et al., 2020; Tylianakis et al., 
2008; Van der Putten et al., 2010). Furthermore, invasive species can cause local 
extinctions, trigger ecological cascades and decrease ecosystem stability (David et al., 2017; 
Doody et al., 2017; Dueñas et al., 2021; Frelich et al., 2012; Kimbro et al., 2009; Vagnon 
et al., 2022). Communities dominated by predation rather than interspecific competition 
are generally more stable, since more niche overlap and higher species richness are possible 
(Begon et al., 2006). Consequently, many trophic connections ensure community robustness 
to species losses (Dunne et al., 2002). 

 

1.1.4  The model study species: the Tawny Owl (Strix aluco)   

Tawny Owl is the most widespread and common owl species in Europe (König & Weick, 
2008). It is considered as primarily a forest species, even though it is a very adaptable 
species regarding habitat selection and has successfully occupied different rural and urban 
environments (Gryz & Krauze-Gryz, 2018; Pagaldai et al., 2021; Petty, 1989; Ranazzi et 
al., 2002; Solonen, 2014). The Tawny Owl is regarded as a mesopredator species, regularly 
preying upon smaller competitors. For example, Little Owl (Athene noctua) (Michel et al., 
2016) and Boreal Owl (Vrezec & Tome, 2004b) were found to avoid Tawny Owl due to 
high predation risk. Tawny Owlɴs high plasticity in habitat, prey and nest-site selection 
enables it to co-exist with top predators, such as the Ural Owl (Kajtoch et al., 2015). 
However, in some habitats and regions it can also act as a top predator or largest raptor, 
especially in southern Mediterranean forests (Capizzi et al., 1998; Ranazzi et al., 2000).  
Tawny Owl territory size depends on habitat quality and is, in general, smaller in dense 

woodland (Galeotti, 2001). Fragmentation of forest was found to positively correlate to 
home-range size (Redpath, 1995). On the other hand, open areas or sparse forest patches 
are an important owl hunting ground (Lundberg, 1980; Southern & Lowe, 1968). It is a 
nocturnal species, with a sit-and-wait hunting strategy, but can adjust the hunting method 
to the available prey type (Cramp, 1985). Tawny Owl diet has been extensively studied. 
It is a food generalist that preys upon small mammal species available in the highest 
abundances but may shift its main prey to other non-mammalian species if they are locally 
abundant (LesiŃski et al., 2016; Obuch, 2011; Yatsiuk & Filatova, 2017). When small 
mammal populations decrease, the Tawny Owl can efficiently compensate for mammalian 
prey shortage with birds (Luka & Riegert, 2018; Yatsiuk & Filatova, 2017). 
The selection of Tawny Owl out of the local predator community as a model study 

species is based on a combination of criteria referring to species traits (Sergio et al., 2008) 
and properties of our research area (see next paragraph). Tawny Owl is a well studied 
species, with well known ecology and biology (Cramp, 1985; Galeotti, 2001), it is a 
charismatic species (Sergio et al., 2005), easy to monitor (Hardey et al., 2013; Vrezec & 
Bertoncelj, 2018), its main prey has many interactions with other species in the community 
(Cornulier et al., 2013), and it may be an important trigger of trophic cascades. 
Additionally, its population traits reflect certain ecological processes and shifts at the 
ecosystem level, such as weather conditions, anthropogenic habitat alterations, and prey 
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population fluctuations (Fanfani et al., 2015; LesiŃski et al., 2009; Santos et al., 2013; 
Solonen et al., 2015).  
Our research area is the area of Mt Krim, central Slovenia, which is a part of the 

Northern Dinaric Alps. Dinaric Mountains are covered by large adjacent areas of mature 
uneven-aged temperate forests, which were much less intensively managed than the rest of 
temperate mixed forests in Europe in the past centuries (Nagel et al., 2017). Such forests 
are more resilient and stable in an increasingly changing environment (Diaci et al., 2017). 
Since forest management is one of the key anthropogenic disturbances, Dinaric forests are 
suitable for studies of historical natural processes (Nagel et al., 2017) and as a part of the 
ɶwarming bandɷ area (Schönwiese & Janoschitz, 2008), they also provide a suitable area 
for studying the effects of another increasingly important anthropogenic influence - climate 
change. Alps and Dinaric Mountains are among the areas in Europe for which a projection 
of water balance (a measure integrating both changes in precipitation and temperature) 
under the influence of climate change in Europe predicts the most striking differences in 
the next few decades (Dezsi et al., 2018). Brambilla et al. (2020) predict that climate 
change in the Alps and the broader area will cause a disruption in networks of species 
interactions of an avian forest guild, which includes Tawny Owl and a few closely related 
owl species. Thus, Mt Krim, as a Dinaric forest covered area, is ideal for studying Tawny 
Owlɴs potential for being an indicator species for at least some of the factors listed in the 
previous paragraph. Tawny Owl population is strong here, the small mammal assemblage 
in the area is rich, and the competition with a close relative, the Ural Owl, strong (Vrezec, 
2003; Vrezec & Tome, 2004a, 2004b; Vrh & Vrezec, 2006). As a mesopredator, Tawny Owl 
threfore enables studies of both inter- and intratrophic interactions in these high diversity 
temperate montane forests. 

 

1.2 Objectives and Hypotheses  

Tawny Owl is one of the most monitored raptor species in Europe, but long-term 
monitoring schemes that would track both population density and breeding productivity 
are scarce (Derlink et al., 2018). The objective of this dissertation is to analyze Tawny 
Owlɴs role in the community using population monitoring data (1998 ɰ 2021) from 
temperate mixed forests of Dinaric Mountains for Tawny Owl and other owl species in the 
guild (Boreal and Ural Owl) and their main prey groups (voles, mice, dormice and shrews). 
We investigate Tawny Owlɴs inter- (prey-predator dynamics) and intraguild interactions 
(competition with other guild predators), and assess the value of long-term monitoring 
schemes for Tawny Owl as a supporting tool for ecotoxicological research on the one hand 
and as a powerful tool for detection of ecosystem response to climate change on the other. 
Additionally, based on identification of important gaps in the knowledge about Tawny Owl 
spatial patterns of ecological traits on a panEuropean level, we aimed to propose the first 
harmonized large-scale population monitoring scheme. 

 
Based on the background presented in the previous sub-chapters, we constructed and 

investigated the following hypotheses (a short explanation is given after each hypothesis): 
 

H1 Diet is the most studied Tawny Owlɴs ecological trait across Europe 
and is highly variable at large scale.  
 

 Out of ecological traits listed in Table 1 of the paper in Chapter 2, we hypothesise 
that the diet would be the most studied, since collecting pellets or nest material 
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is one of the simplest methods for acquiring any ecological information on the 
species. In general, the diet of raptors can vary considerably on a continental 
scale (Lourenço et al., 2011a; Roulin, 2015; Vrezec et al., 2018). Since Tawny 
Owl is a food generalist, able to adapt to local prey availability (LesiŃski et al., 
2016; Obuch, 2011; Yatsiuk & Filatova, 2017), we can expect high diet variability 
at large scale.  
  

H2 Tawny Owl dispersal distance and clutch size at a panEuropean level 
are increasing towards north. 
 

 Increasing breeding productivity with latitude has been found in many bird 
species (Hendricks, 1997; Mougeot et al., 2011; Newton, 1979; Overskaug & 
Bolstad, 1998) and longer dispersal distances in northern latitudes (in comparison 
to southern populations) are known in several raptor species (Andersson, 1980; 
Korpimäki, 1993; Korpimäki et al., 1987; Vasko et al., 2011). This might be 
evident even in sedentary species with known low dispersal power, i.e. in Tawny 
Owl.  
 

H3 There is a key small mammal species in the Dinaric forest assemblage 
that triggers owl breeding responses. 
 

 Many raptor populations respond to fluctuations in abundance of small 
mammals, especially if they are their main prey (Karell et al., 2009; Korpimäki 
& Norrdahl, 1991; Newton, 1979; Poulin et al., 2001; Sonerud, 1986; Zárybnická 
et al., 2015). Voles usually represent the largest proportion in the diet of raptors 
specialized to small mammals in Northern Europe (Korpimäki & Norrdahl, 1991; 
Reif et al., 2004; Riegert et al., 2020), and mice tend to be an equal or even more 
important food source for raptors in Central and Southern Europe (Gryz & 
Krauze-Gryz, 2019; Luka & Riegert, 2018; Vrezec et al., 2018; Zárybnická et al., 
2013). Both voles and mice are present in the Dinaric forests, but we expect that 
only one dominant species plays a key role in owl breeding responses. 
 

H4 Prey decline always leads to a numerical response in forest owl species, 
but at different breeding stages in different owl species, i.e. territory 
vs. nest occupancy vs. productivity, and magnitudes. 
 

 Studies in Northern and Central Europe have shown that Boreal Owls respond 
to lack of prey with nomadism, while Ural and Tawny Owl respond with breeding 
supression (either at the level of breeding attempts or clutch size) (Newton, 
2002). Due to different diet preferences and levels of specialization between the 
owl species of Dinaric forests, we expect different responses with different 
magnitudes. 
 

H5 In temperate mixed forests of Dinaric Mountains, boreal zone owl 
species exhibit higher sensitivity to prey fluctuations than temperate 
zone owl species. 
 

 In contrast to similar studies from northern latitudes, in Dinaric Mountains the 
Boreal and Ural Owl (boreal zone species) are at the southern edge of their 
distribution, whereas Tawny Owl is at relative centre of its distribution, which 
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is mainly in the temperate zone (Huntley et al., 2007; Galeotti, 2001). Given the 
contrasting traits between these coexisting owl species, the overall response of 
predators in the guild is expected to be different in southern European temperate 
forests compared to boreal forests, and temperate zone species is expected to be 
the most adapted to conditions in the region. 
 

H6 Tawny Owl population in Dinaric forests is increasing due to 
expanding its range towards higher elevations. 

 
 Tawny Owl is expanding its distribution northwards (at higher latitudes) and 

towards higher elevations due to climate change effects (warmer winters and 
reduced snow cover) (Brambilla et al., 2020; Francis & Saurola, 2004). Milder 
winters are thus expected to enable Tawny Owl to expand towards higher 
elevations also in Dinaric Mountains. 
 

H7 Tawny Owl intrusion into Ural Owl dominated areas in Dinaric forests 
increases intraguild interactions, notable in competition for nest-sites. 
 

 Since both species are resident hole-nesting owls, an intense competition for 
available nest-sites may be expected (Korpimäki, 1986; Saurola, 2023). Plausible 
results of nest-site competition can even be displacements from nests and mixed 
broods (Saurola, 2023). 
 

H8 Intensified intraguild interactions adversely affect breeding 
productivity of both species in Dinaric forests. 
 

 Competition is an interaction that can decrease fecundity, growth or survival of 
individuals in both competing species (Begon et al., 2006). The subordinate 
predator in intraguild competition may suffer not only from the costs of 
interspecific competition but also from the risk of intraguild predation, which can 
both lead to reduced breeding productivity (Morosinotto et al., 2017; Sergio & 
Hiraldo, 2008). 

 

1.3 Original Publications  

The dissertation is based on two published peer-reviewed papers and one manucript: 
 

1. Ratajc, U., Lourenço, R., Espín, S., Virosta, P. S., Birrer, S., Studler, D., Wernham, 
C., & Vrezec, A. (2023). The importance of population contextual data for large-
scale biomonitoring using an apex predator: The Tawny Owl (Strix aluco). Science 
of the Total Environment, 860, 160530. 
https://doi.org/10.1016/j.scitotenv.2022.160530 

 
2. Ratajc, U., Breskvar, M., Dźeroski, S., & Vrezec, A. (2022). Differential responses 

of coexisting owls to annual small mammal population fluctuations in temperate 
mixed forest. Ibis, 164(2), 535ɰ551.  
https://doi.org/10.1111/ibi.13029 
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3. Vrezec, A., Ratajc, U. (2023). Climate change is intensifying intraguild interactions 
between top predators and creating new potential evolutionary pathways. 
(Manuscript). 
 

The first paper (Chapter 2) covers the first two hypotheses, defined in Chapter 1.2. Next 
three hypotheses (H3-H5) are investigated in the second paper (Chapter 3), and the last 
three (H6-H8) in the manuscript (Chapter 4). At the beginning of these chapters, 
contributions of each research article to the relevant field of science are given and my 
contribution to the paper is described. 
A full list of relevant publications (e.g. conference presentations) is given in the 

Bibliography section. 
 

1.4 Organization of the Thesis  

This dissertation is organized in five chapters. The current chapter is an introduction of 
the dissertation topic. After the overview of the problem background, it provides aims and 
hypotheses of the thesis. 
The following three chapters are in the form of two published peer-reviewed articles 

and one manuscript, and are a presentation of methodology, results and discussion of my 
dissertation. Finally, the main findings and scientific contributions are summed up in the 
Conclusions chapter, where I also propose some follow-ups for further research. 
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Chapter 2 

2 Tawny Owlɴs Ecological Traits and its 

Indicative Potential  

In this chapter, we review several population ecological traits of the Tawny Owl on a 
panEuropean level and propose a harmonised monitoring scheme feasible across Europe. 
Tawny Owl carcasses are the most frequently collected raptor carcasses by European 
natural history museums (Ramello et al., 2022), which makes it an excellent candidate for 
both active and passive sampling for exotoxicological, disease and ecological studies. Our 
recommended minimal monitoring scheme is the first attempt to harmonize the monitoring 
schemes across Europe in order to provide the most essential information about the 
population on a large scale. This will be useful not only in ecotoxicology but also for overall 
ecosystem assessments, since data on ecological traits and their trends also indicate the 
population status. 
The work on this topic was published in journal Science of the Total Environment 

(Ratajc et al. 2023; Supplementary data is given in Appendix A) and is the main part in 
this chapter. It addresses the first two hypotheses listed in Chapter 1.2: 

 
H1 The diet is the most studied Tawny Owlɴs ecological trait across Europe and is 

highly variable at large scale. 
 

H2 Dispersal distance and clutch size at a panEuropean level are increasing towards 
north. 

 
Both hypotheses were partly confirmed. Diet is by far the most studied ecological trait 

in Tawny Owl and we found a distinct large-scale gradient of prey species of different 
trophic levels, where lower trophic level prey, i.e. herbivorous voles, are taken more 
frequently in the north, whereas higher trophic level prey, i.e. omnivorous mice, are taken 
more frequently in the south. Nevertheless, the variability on a local level seems to be even 
more distinct, since Tawny Owl is a food generalist and an opportunistic predator and 
easily adapts to local prey assemblage and shift in prey availability (Gryz & Krauze-Gryz, 
2016; Luka & Riegert, 2018; Obuch, 2011). We confirmed that clutch size changed 
significantly with longitude. Dispersal distance, however, was found to increase towards 
the northeast. Nevertheless, Tawny Owl can still be considered as a low-dispersal non-
migratory species.  
My contributions to this publication are conceptualization of the research (together 

with her co-authors) and carrying out the majority of the literature review and data 
collection. I did the analysis, prepared figures and tables, drafted the manuscript and 
revised it following the feedback from co-authors and the reviewers. 
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