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4) to suggest recommendations for:
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The distribution of the boreal owl and other owls in the Czech Republic will be evaluated based on the data
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owls and other animals. In both areas, the food supply of small mammals will be determined by spring snap
trapping, and the abundance of boreal owl populations will be estimated based on acoustic monitoring
conducted during the breeding season using passive acoustics units.
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Abstract

Habitat loss, climate change, and the impact of other environmental factors may pose
a potential risk to many species. To understand this risk, we need to monitor population
distribution, abundance, and their changes. In this thesis, the combination of atlas data
(Study I), nest-box monitoring (Study II), and bioacoustic monitoring (Study IIT) were
used to better understand the factors driving the distribution and abundance of the
boreal owl population in the Czech Republic. The most important findings are as
follows; first, the Czech boreal owl population, compared to other owl species, prefers
to inhabit the highest elevations characterized by cold conditions. Second, the
abundance of two boreal owl populations that were monitored based on nest-box
occupancy differed in the two habitat types, but it did not differ based on bioacoustic
monitoring. Owls readily (8—15%) occupied nest boxes only on mountain plateaus
characterized by young blue spruce (Picea pungens) and Norway spruce (Picea abies)
stands, while they use nest boxes only rarely (0—1%) in mature Scots pine (Pinus
sylvestris) forests in the lowland. Third, the frequency of sampling points in which
boreal owls were recorded was higher in the year of increased prey abundance and at
the beginning of the breeding season. The duration (the number of minutes per hour)
of territorial vocalization of boreal owls increased in the year with a higher food supply
later in the breeding season and showed two peaks during the night. The results of the
presented work suggest: (1) boreal owls, compared to other species, may be most
susceptible to climate changes and forest loss, (2) deployment of nest boxes and
associated monitoring should be precisely considered for specific locations, (3)
bioacoustic monitoring of boreal owl vocalization shows circadian and seasonal
variability and changes greatly under varying food conditions, while simultaneously
providing an excellent opportunity for future study. Based on the findings, experiences
of my supervisor and collaborators, and a literature review, I also provide individual
methodological recommendations for the placement of nest boxes for boreal owls and

the monitoring of populations of this species in the Czech Republic.

Keywords: atlas data, bioacoustic monitoring, nest boxes, breeding, cavity-nesters,

habitat loss, birds of prey



Abstrakt

Ztrata habitatu, zména klimatu a vliv dalSich environmentalnich faktord muze do
budoucna predstavovat potencialni riziko pro mnoho druhii. Abychom tomuto riziku
porozumé¢li, musime monitorovat distribuci, pocetnost a zmeény v populacich
sledovanych druhii. V této praci je pouzita kombinace atlasovych dat (studie I),
monitoringu pomoci hnizdnich budek (studie IT) a bioakustického monitoringu (studie
III), aby se lépe porozumélo faktorim ovliviyjicim distribuci a pocetnost populaci
syce rousného v Ceské republice. Byly zjistény nasledujici nejdtlezit&jsi poznatky. Za
prvé, Ceska populace syce rousného v porovnani s jinymi druhy sov preferuje vyssi
nadmoftské vySky a nizké teploty. Za druhé, pocetnost dvou populaci syce rousného
monitorovanych na zakladé obsazenosti hnizdnich budek se liSila mezi dvéma
habitaty, ale neliSila se na zakladé bioakustického monitoringu. Sovy ochotné
obsazovaly vyvésené budky pouze v horskych oblastech s mladymi porosty smrku
pichlavého (Picea pungens) a smrku ztepilého (Picea abies; 8—15 %), zatimco ve
vzrostlych nizinnych lesich borovice lesni (Pinus sylvestris) vyuzivaly budky
vyjimecne (0-1 %). Za treti, Cetnost nahravacich lokalit, na kterych byl syc rousny
zaznamenan, byla vyssi v roce zvySené pocCetnosti kofisti a na zacatku hnizdni sezony.
Délka teritorialniho houkani syce rousného (pocet minut za hodinu) se zvySovala
v roce s vyS$§i potravni nabidkou, pozdéji v hnizdni sezoné a béhem noci vykazovala
dva vrcholy. Vysledky prezentované prace naznacuji, ze: (1) syc rousny muze byt
v porovnani s jinymi druhy vice nachylny ke zméné klimatu a ztraté lesnich porostd,
(2) rozmisténi hnizdnich budek a souvisejici monitoring je potieba zvazit podle
specifickych podminek lokalit, (3) bioakusticky monitoring vokalni aktivity syce
rousného poukazuje na cirkadianni a sezénni variabilitu a na vyznamné zmeény
vokalizace béhem odlisnych potravnich podminek, a soucasné poskytuje vynikajici
ptilezitost pro navazujici vyzkumy. Na zakladé dosazenych vysledku, zkuSenosti mé
vedouci prace a spolupracovnikd, a literarni reSerSe poskytuji také specificka
metodicka doporuceni na vyvésovani hnizdnich budek pro syce rousného a monitoring

populaci tohoto druhu v Ceské republice.

Kli¢ova slova: atlasova data, bioakusticky monitoring, budky, hnizdéni, doupné druhy,

ztrata habitatu, dravci
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1. Introduction

Climate change, habitat loss, and modification caused by anthropogenic activities have
resulted in significant species declines worldwide (Rosenberg et al. 2019, Sanchez-
Bayo and Wyckhuys 2019). Studying and monitoring the effects of selected abiotic
and biotic factors on the distribution and abundance of populations provides crucial
information for the management and conservation of study species (Williams et al.
2002). A key problem of conservation biology is the difficulty in identifying which
species are likely to be at risk in the near future. Conservation measures to prevent
declining population abundance, as a rule, focus on critically endangered species,
which are characterized by small population size and geographic range, while
populations of common species, which can begin to decline rapidly even with
relatively small changes in environmental conditions and, thus, disrupt ecosystem
structure and function, are often neglected (Gaston and Fuller 2008). By using birds as
bioindicators, the results of ornithological surveys can be used to assess the impacts of
adverse environmental changes on species occurring in different habitat types and to

study their responses to these changes (O’Connell et al. 2000, Egwumah et al. 2017).

The boreal owl (Aegolius funereus) is the species studied in this dissertation through
the use of different monitoring types. It is a smaller species of montane forest-dwelling
owl, which in the Czech Republic inhabits mainly coniferous forests in higher
elevations, while it can also nest in mixed or deciduous forest stands of lower
elevations (Stastny et al. 2021). Using four mapping surveys of breeding birds in the
Czech Republic, increasing abundance and distribution of this owl between map
quadrants have been identified. When comparing two breeding atlases from 1973—
1977 and 2014-2017, up to 43.7% increase in the occupancy of map quadrants by the
boreal owl was recorded (Stastny et al. 2021). On the other hand, rapid declines in
boreal owl populations in response to the influence and change of environmental
conditions such as global warming and habitat loss or modification have been reported
by many studies in Southern and Northern Europe (e.g., Solonen 2004, Hipkiss et al.
2013, Kouba et al. 2020, Shurulinkov et al. 2021). Therefore, it is necessary to find

out what effect environmental conditions have on the distribution and abundance of



breeding populations of the boreal owl in the Czech Republic so that we can effectively
prevent any possible reduction in the abundance of this owl in our region. Most
important, the degradation of old-growth forests is causing a reduction in breeding
opportunities for the boreal owl, which uses the cavities left by the black woodpecker
(Dryocopus martius) in these forests (Korpiméaki and Hakkarainen 2012). Nest boxes
are installed to support populations of this species (Korpiméki and Hakkarainen 2012,
Zarybnicka et al. 2015d). However, studies on the effect of environmental conditions
on the use of nest boxes in different habitat types have not yet been conducted for this
species. Finally, in order to estimate the abundance of nocturnally vocally active
species, such as the boreal owl, it is necessary to determine what environmental factors
influence their spontaneous vocalizations (Conway et al. 2008, Zuberogoitia et al.

2018). This information is essential for acoustic monitoring.
Aims of the dissertation

The main aim of the Ph.D. thesis is to extend our understanding of the distribution and
protection of owl species in the Czech Republic, focusing on the boreal owl: the
species protected by the European (No. 2009/147/EC, Annex I) and Czech (No.
114/1992 Coll.) directives. The specific aims of the thesis are:

1) to examine the effects of elevation and temperature on the distribution of the
boreal owl and other owl species in the Czech Republic using atlas data;

2) to compare the use of nest boxes by the boreal owl in two study areas differed
in forest structure (the Ore Mts. and Trebon Basin), considering food supply
and other environmental conditions of the specific areas;

3) to examine the effects of food abundance and timing throughout the breeding
season and during the day on the spontaneous vocal activity of the boreal owl;

4) to suggest recommendations for:

(a) providing nest boxes as alternative nesting opportunities for the boreal owl,
and

(b) bioacoustic monitoring of boreal owl populations.



2. Literature review

2.1 Population monitoring

The current biodiversity crisis, manifested by global species loss, affects many
taxonomic groups across different regions around the world (e.g., Sala and Knowlton
2006, Rosenberg et al. 2019, Sanchez-Bayo and Wyckhuys 2019). Over the past
century, increased rates of species extinction have been recorded, primarily due to
anthropogenic impacts resulting in habitat modification and loss, climate change, and
the spread of invasive species (Butchart et al. 2010, Ceballos et al. 2015). Changes in
the distribution and abundance of individual species and their populations can differ,
especially at local scales (Sax and Gaines 2003). Severe declines in local biomass and
changes in species distribution have been observed, for example, in birds (e.g.,
Chamberlain and Fuller 2000, Inger et al. 2014, Rosenberg et al. 2019). On the other
hand, some studies show an increase in their local biodiversity (e.g., Inger et al. 2014,
Rosenberg et al. 2019). However, as a result, there is an overall decline in bird
populations and their biodiversity, which has been observed in many regions
worldwide (e.g., Inger et al. 2014, Stanton et al. 2018, Rosenberg et al. 2019, Li et al.
2020). A major problem in conservation is the high degree of difficulty in identifying
which species are currently at risk of extinction or whether a species that, in many
cases, is common but could be threatened in the near future (Gaston and Fuller 2008).
Many species are typically identified as “at risk” only once they become rare. From
the 1960s to the 1990s, Europe saw a dramatic decline in bird populations inhabiting
agricultural landscapes as a result of agricultural intensification (Fuller et al. 1995,
Gregory et al. 2005, Burns et al. 2021). For example, the grey partridge (Perdix perdix)
used to be a common bird of agricultural areas throughout Europe but is now rare.
Within a decade, its population has declined by up to 80% in some European countries
(Kuijper et al. 2009). Another example of a formerly common species that have
experienced dramatic declines of up to 94% and local extinctions over the last two
decades is the little owl (Athene noctua) in the Czech Republic (Chrenkova et al.
2017). Therefore, monitoring the changing status of selected species populations is
one of the key approaches to assessing and understanding the anthropogenic influences

at work and associated environmental factors (Balmford et al. 2003).



Monitoring distribution, abundance, density, presence, absence, or breeding success
are some of the most crucial indicators describing how terrestrial animal populations
respond to environmental change (Williams et al. 2002, Egwumah et al. 2017).
Systematic long-term monitoring of changes and trends in population can contribute
to the actual conservation of declining or threatened species, document and refine the
effectiveness of conservation measures, and detect incipient negative impacts
associated with anthropogenic activity (Goldsmith 2012). Therefore, a significantly
negative population trend tells us that negative environmental factors are acting on the
monitored population, which could even drive the species to regional extinction if the
factor’s influence remains unchanged (Owens and Bennett 2000). Conservation
measures of ecosystems and populations themselves are assessed primarily through
the so-called bioindicator species that respond quickly to environmental changes. The
bioindicator species are mostly well studied, cover different levels of the ecological

pyramid in every environment, and are easily detectable (Padoa-Schioppa et al. 2006).

Birds are significant ecological bioindicators (Egwumah et al. 2017). A characteristic
of many bird species is their quick response to environmental changes, therefore,
allowing for the detection of such changes in a short time frame (Bibby et al. 2000,
Stephens et al. 2016). Birds of prey, including owls play a crucial role in ecosystems
as apex predators (integrating a range of specialist and generalist food chains) that are
highly sensitive to environmental change at both macrogeographic (e.g., effect of
climate change on the population of migratory birds of prey; Bildstein 2001, Sullivan
et al. 2016), and microgeographic scales (e.g., effect of habitat loss and fragmentation
on reproductive success of owl; Hinam and St. Clair 2008). It is relatively easy to
monitor numerical and demographic changes of raptors and owls because of their top
position in the food chain, in response to changing environmental conditions and the
influence of environmental factors caused by anthropogenic activity (Kovacs et al.
2008). For example, in owls, it has been found that the mere occurrence of the boreal
owl and the Eurasian pygmy owl (Glaucidium passerinum) can be a reliable indicator
of high biodiversity in forest ecosystems because they prefer to breed in structurally
complex mature forest habitat, which supports high levels of biodiversity (Sergio et al.
2006, Askeyev et al. 2020). Monitoring populations is often carried out through long-
term projects using professional and amateur ornithologists (called Citizen Science),

which produce large and complex datasets that contain valuable information about the



occurrence, abundance, and distribution of species on Earth (Gibbons et al. 2007).
These datasets can be employed to understand the influence of environmental factors,
whether man-made or natural, that affect populations over large areas. However, it
does not have to be only qualitative changes, as environmental quality can also be
assessed by quantitative characteristics. For example, Lodenius and Solonen (2013)
found that raptor feathers can be a reliable indicator of the degree of heavy metal

pollution in the environment.

2.2 Citizen Science

Citizen Science is a term frequently used today; however, people only rarely realize
that scientists and the public has been cooperating for decades, especially in
ornithology (Zarybnicka in verb). In Citizen Science, people from the non-scientific
community, i.e., the general public, are involved in generating new scientific
information (Bonney and Dickinson 2012). For example, public involvement in the
scientific community plays a key role in monitoring populations of common and
endangered species worldwide. For these volunteers, the primary motivation is to
contribute to scientific understanding and conservation. For scientists, Citizen Science
provides an opportunity to collect complex and large-scale data that would be
impossible to obtain given limited resources and time (Dickinson et al. 2010).
Although the quality of data collected through Citizen Science is limited (Fraisl et al.
2022), technology and software in the form of online applications make it possible to
engage large numbers of the public in scientific projects while providing quality data.
For example, the large number of participants ensures peer review of collected data,
and species identification applications help refine species identification (Dickinson et
al. 2010, Wood et al. 2022). Scientific projects involving public participation are most
often in Environmental Science, Ecology, and Biodiversity Conservation, where the
public is predominantly involved in data collection but also in the actual evaluation
and interpretation of results (Kullenberg and Kasperowski 2016). These data often
provide information of comparable quality to that collected only by professionals
(Szabo et al. 2012). The longest tradition and history of Citizen Science can be found
in ornithology, with thousands of amateur and professional ornithologists globally
interested in the field (Greenwood 2007). Additionally, Citizen Science often

represents the only practical way to achieve the geographic scale needed to document



ecological patterns and to address ecological questions at scales relevant to the
distribution and movements of all bird species (e.g., Lee and Hammer 2022), including
their migratory patterns (e.g., Martin et al. 2020), disease spread (e.g., Kain and Bolker
2019), population trends at broad scales (e.g., Fink et al. 2019, Lee and Hammer 2022),
and to determine the impacts of environmental processes such as climate change (e.g.,

Newson et al. 2016, Sullivan et al. 2016).

One of the most important outputs of ornithological projects are atlases of the breeding
distribution of birds (e.g., Birds of the Vratza Mountains. II. Breeding Bird Atlas,
Czech Breeding Atlas 2014 - 2017, European Breeding Bird Atlas 2; Georgiev and
Milchev 2000, Keller et al. 2020, Stastny et al. 2021). In the Czech Republic, the
creation of breeding birds’ atlases is the longest-running Citizen Science project. So
far, four atlases have been published through the coordinating department of the
Faculty of Environmental Sciences of the Czech University of Life Sciences Prague,
mapping the distribution of breeding birds in the Czech Republic in 1973-1977, 1985—
1989, 2001-2003, and 2014-2017 (Stastny et al. 2021). The breeding atlases mainly
document and depict the distribution of individual species along a geographical
gradient such as latitude and longitude. Because atlases have relatively standardized
monitoring methods and are repeated over time, the data allow for assessing change in
distribution, i.e., within latitude and longitude, or examining changes in abundance of
monitored species over long periods of time (e.g., Chamberlain and Fuller 2001,
Lemoine et al. 2007, Zuckerberg et al. 2009). For example, Brommer (2004) found a
northward range boundary shift for 116 bird species occurring mainly in the southern
part of Finland by comparing two Finnish atlases. However, the potential of these atlas
data is still underestimated (Donald and Fuller 1998, Dunn and Weston 2008). These
comprehensive datasets can be used, for example, to understand the effect of
environmental factors such as elevation, climate, and land cover on species distribution
within a single macrogeographic unit and to reveal potential threats to now common
species within a single region due to rapid habitat degradation or change due to
anthropogenic activity and climate in many areas. However, such information is often
hidden in maps and breeding atlas databases, and further analyses addressing these

factors within a single region are sparse (Donald and Fuller 1998, Milanesi et al. 2017).



2.3 Distribution of species — the effect of abiotic factors

Understanding the abundance and distribution patterns of species at large spatial scales
is one of the primary goals of biogeography and macroecology (Gaston and Blackburn
2000). While latitude and longitude are among the leading macroecological factors
that fundamentally influence the distribution of species and ecosystems on Earth at
large spatial scales as well (Merriam 1892, Andrewartha and Birch 1954, Gaston and
Blackburn 2000), elevation can influence these parameters at local scales (Gaston and
Blackburn 2000, Storch et al. 2003). Across the elevational gradient, environmental
conditions change substantially. In particular, high elevated sites are characterized by
coldness, short breeding season, and low food availability (Sasvari and Hegyi 2011,
Boyleetal. 2016, Zarybnicka et al. 2017b). As a result, the species richness and density
usually decrease along an elevation gradient. These patterns appear to differ within
and among taxonomic groups and climates (Boyle et al. 2016). For example, Thiollay
(1996) found that the total species richness of South American diurnal raptors richness
fell sharply with elevation. Similarly, Hawkins (1999) found that forest birds’ richness
strongly decreases above approximately 1300 m in eastern Madagascar. Below this
elevation, species richness is about constant or declines slightly. On the other hand,
the richness of salamanders and lichens increases with elevation (Wake et al. 1992,
Grytnes et al. 2006). Elevation can also play a significant role in the distribution and
density of owl populations because temperature, habitat structure, reproductive
success, predation risk, and food availability change with increasing elevation
(Hawkins 1999, Sergio et al. 2004, Marchesi et al. 2006, Sergio et al. 2009, Sasvari
and Hegyi 2011, Boyle et al. 2016). For example, Dalbeck and Heg (2006) found a
negative effect of increasing elevation on the reproductive success of the eagle-owl
(Bubo bubo) associated with low temperature, egg incubation, and food availability.
A limiting factor for the distribution of the barn owl (Tyfo alba) is that higher
elevations are associated with extreme climatic conditions, therefore, mortality
increases with increasing elevation (Taylor 1994). Some studies have looked at the
effect of elevation on the distribution of owls, which have mainly focused on one
species and a particular range (e.g., Alegre et al. 1989, Sergio et al. 2004, Dalbeck and
Heg 2006, Marchesi et al. 2006, Pacenovsky and Shurulinkov 2008, Gottschalk et al.
2011, Sasvari and Hegyi 2011, Zarybnicka et al. 2017b). The studies assessing the

elevational segregation of particular owl species within the whole community



occupying a large geographical area (area of the whole country) are ultimately lacking,
although they are essential due to the rapidly changing state of the environment caused

by the influence of anthropogenic activity.

Species’ presence can also often be influenced by microclimatic and microhabitat
conditions like temperature, humidity, light intensity, vegetation composition, or
vegetation structure (Rajpar and Zakaria 2011, Ray et al. 2016). High habitat
heterogeneity, which in large part provides considerable variation in the availability of
food resources and nesting sites, affects demographic parameters (Both 1998,
Penteriani et al. 2002, Pakkala et al. 2006), as well as the dynamics of entire
populations (Ferrer and Donézar 1996, Pakkala et al. 2006). The distribution of birds,
including owls, also varies significantly with changes in habitat structure and
heterogeneity, although particular species show different responses (Hanzelka and
Reif 2016, Morelli et al. 2019b). For example, populations of forest-dwelling animal
species can be affected by forest characteristics such as tree diameter and a height
above the ground, age of forest stands, forest canopy coverage, or amount of
deadwood, and respond very quickly to their loss caused by forest degradation or
fragmentation or intensive forest management (Petty and Avery 1990, Fuller 1995,
Schmiegelow and Monkkonen 2002, Vaillancourt et al. 2008, Nikolov et al. 2022).
Also, boreal and many mountain forests face a considerable decrease in their structural
and compositional heterogeneity as a result of historic and recent forest management
activities (Arnett et al. 2010, Bouget et al. 2014). The occurrence of cavity-nesting owl
species is often significantly limited by the availability of suitable habitats in old-
growth forest stands (Newton 1994, Barbaro et al. 2016), and also the food availability
itself, the main driver of reproductive patterns, can be considerably influenced by
forest stand structure (Zarybnicka et al. 2017a). For example, the population size and
viability of boreal and pygmy owls are driven by the presence of old-growth coniferous
forests with suitable tree cavities (Hakkarainen et al. 2008, Barbaro et al. 2016). It was
found that boreal owl prefers to breed in dense and high coniferous forests (high forest
canopy coverage and tree diameter) rather than mixed or deciduous forests to avoid
the risk of being mobbed by small birds or killed by diurnal birds of prey (Bye et al.
1992, Korpimidki and Hakkarainen 2012, Nikolov et al. 2022). Additionally, the
reproductive success of the boreal owl and the survival of individuals during winter

increases with increasing proportions of dense coniferous forest stands (Laaksonen et



al. 2004, Hakkarainen et al. 2008, Korpiméki and Hakkarainen 2012). Furthermore,
nest predation risk was found to be lower in coniferous forest stands than in deciduous
forest stands (especially early in the season before tree leafing, Zarybnicka et al.
2017c). However, in Europe, the proportion of coniferous forests usually increases
with increasing latitude and elevation (e.g., Kolar et al. 2017). Therefore, it is unclear
if the effect of elevation separated from habitats still affects the distribution of boreal

owls.

2.4 Distribution of species — the effect of biotic factors

In many cases, interspecific competition has a significant effect on the distribution of
many animals, including owls (Hakkarainen et al. 1997, Peterson and Robins 2003).
Intraguild interactions not only affect the distribution of species but can also have a
significant effect on their population dynamics (Newton 1998, Heikkinen et al. 2007).
One of the factors that allow two competing species to coexist in the same area may
be elevation (Vrezec and Tome 2004a). Segregation of species by elevation may aid
in the coexistence of competitively weaker owl species in one area with competitively
stronger species (Vrezec 2003, Vrezec and Tome 2004a). The effect of interspecific
competition is often linked to the availability of suitable habitat (Glutz von Blotzheim
and Bauer 1980, Storch et al. 2003, Francis and Saurola 2004, Chamberlain et al.
2016). High habitat heterogeneity often allows for the coexistence of a competitively
weaker and stronger species without large negative effects (Lundberg 1980b, Vrezec
and Tome 2004b, Bolboaca et al. 2013). For example, the boreal owl strictly avoids
the territory of the tawny owl (Strix aluco), but due to the heterogeneity of the
environment, it can inhabit a relatively small area without serious adverse effects
(Vrezec and Tome 2004b). Due to habitat degradation and modification, and the
effects of climate change, competition between species that currently coexist in a
relatively small area due to habitat heterogeneity and the elevational gradient being
disrupted. For example, in North America, a population decline of spotted owls (Strix
occidentalis) was recorded due to the expansion of their competitor barred owls (Strix
varia), which was facilitated by habitat modification (Livezey 2009, Yackulic et al.
2019). In Europe, an interchange in the occupancy of the territories of the boreal owl
by the tawny owl has been observed (Brambilla et al. 2020, Pacenovsky and Kiirthy

2022). In fact, changing climatic conditions and habitat modification may impact the



distribution of boreal owl populations depending on interspecific competition with the

tawny owl.

2.5 Nest boxes

The availability of suitable tree cavities is crucial for survival of the secondary cavity-
nesting species (Newton 1994, Mikusinski et al. 2018). However, secondary cavity-
nester populations are negatively affected, and declining because of the loss of
availability of nest sites due to intensive forest management or the decline of primary
cavity-excavator populations (e.g., Newton 1994, Remm and Lohmus 2011,
Mikusinski et al. 2018, van der Hoek et al. 2020). Small birds use tree cavities
excavated by both small and large Picidae woodpeckers (van Balen 1984, Lambrechts
et al. 2010) or cavities formed by the decay in old-growth forests by natural
environmental processes (Bunnell 2013, van der Hoek et al. 2017). However, large-
sized birds such as owls find the conditions more difficult due to the limited
availability of cavities with suitable large-sized entrances excavated by large primary-
cavity nesters (Lambrechts et al. 2012). For example, the European great tit (Parus
major) prefers nesting holes with an entrance diameter between 3.5-5.9 cm
(Lambrechts et al. 2010), but it also commonly breeds in smaller or larger cavities (van
Balen et al. 1982, Maziarz et al. 2015, Charter et al. 2016). Contrarily, boreal owls
depend on the availability of nest holes at least 7.0-8.0 cm (Lopez et al. 2010,
Korpiméki and Hakkarainen 2012). In European forests, such large-sized natural
cavities are excavated predominantly by the black woodpecker (Glutz von Blotzheim
and Bauer 1980, Korpiméki and Hakkarainen 2012, Brambilla et al. 2020). When the
black woodpecker population declines, the populations of the secondary-cavity nesters

decrease, too (Korpimaki and Hakkarainen 2012, Mikusinski et al. 2018).

The abundance of secondary-cavity nesting species can also decrease depending on
the reduction of the heterogeneity of old-growth forest stands, which, compared to
intensively managed forests, contain the highest density of primary and secondary
cavities (mainly in deciduous and pine forest, Newton 1998, Moning and Miiller 2008,
Wesolowski 2011, Walankiewicz et al. 2014). For example, over the past 35 years, a
high degradation of old-growth forests has occurred in North America, including a
reduction in older age classes and a simplification of forest structure and composition,

resulting in a reduced availability of breeding habitat for 66% of the 54 most common
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forest species. The habitat loss was associated with population declines (Betts et al.
2022). In Europe, these old-growth forests have been destroyed and converted to
managed forests by intensive forest management over the last century (Bengtsson et
al. 2000). Due to the decrease in availability of nest sites for secondary cavity-nesters,
nest boxes are used as one of the conservation tools, that increases breeding density of

their population (Newton 1994).

Nest boxes of all shapes and sizes are used by many secondary cavity-nesting animals
for nesting or roosting, especially, birds including owls (Lambrechts et al. 2012).
Mainly in the last century, wooden nest boxes have frequently been used as an efficient
tool to support the availability of nest opportunities for secondary cavity-nesting
species (Newton 1994, Lambrechts et al. 2010, Lambrechts et al. 2012). If nest boxes
are regularly maintained, they provide nesting opportunities of better quality than
natural cavities, which often suffer from environmental processes like water leaking
(Llambias and Fernandez 2009, Hruska 2020). Apart from the increase of nesting
opportunities, nest boxes also allow us to monitor the breeding population to better
understand breeding, trophic ecology, life-history strategies, and interspecific
interactions among species that would be impossible to observe in natural-cavity
populations (Korpimaki and Hakkarainen 2012, Lambrechts et al. 2012, Barker and
Wolfson 2013, Zarybnicka et al. 2013, Zarybnicka et al. 2015¢e). Several studies show
that the use of nest boxes is, in many cases, a common management practice and brings
many positives during the non-breeding or breeding season (e.g., Moller 1989,
Mainwaring 2011, Libois et al. 2012, Fay et al. 2019). Some studies have shown that
the application of nest boxes results in population density increase (e.g., Fargallo et al.
2001, Libois et al. 2012, Fay et al. 2019) or in increased reproductive success and
decreased predation rates mainly due to management and design of nest boxes (e.g.,
Moller 1989, Fargallo et al. 2001, Griffith et al. 2008). For example, the distribution
of nest boxes may be essential for the survival of the boreal owl population in the
damaged parts of the Ore Mts. in the Czech Republic (Zarybnicka et al. 2015d). Last
but not least, nest boxes provide suitable structures to mount camera devices for nest
monitoring, making available information for research and educational material for
schools and the public (e.g., Zarybnicka et al. 2016, Kubiznak et al. 2019, Zarybnicka

2020). However, some studies also describe the negatives associated with the use of
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these artificial nest sites (Schlaepfer et al. 2002, Méand et al. 2005, Klein et al. 2007,
Mainwaring 2011).

Under specific conditions, nest boxes can work as an ecological trap. In such a case,
nest boxes are attractive for birds but ultimately, they are detrimental and can cause
their population to decline (Schlaepfer et al. 2002, Ménd et al. 2005). For example, for
wood ducks (Aix sponsa), placing nest boxes in suboptimal habitats negatively affected
the reproduction of breeding pairs due to an increase in the level of intraspecific brood
parasitism (Semel and Sherman 2001). Contrarily, Ménd et al. (2005) found that
placing nest boxes in an optimal habitat of great tits causes a supra-optimal breeding
density leading to reduced reproductive success due to increased competition for
resources. Some studies also indicate that breeding pairs switch from natural cavities
to artificial boxes (e.g., Newton 1994, Lohmus and Remm 2005). However, the
willingness to occupy nest boxes varies among species (boreal owl vs. pygmy owl;
Glutz von Blotzheim and Bauer 1980) and can differ substantially in various
environments (Lambrechts et al. 2010, 2012). For example, an occupancy rate of nest
boxes for the tawny owl in two study areas in Great Britain reached 32.6% (n = 193
nests/nest box-years) and 17.4% (n = 46 nests/nest box-years) during 1979-1985 and
varies from 0.0% to 45.6% during seasons (Petty 1987). The author explains the
differences in occupancy of the boxes to the changing availability of food and the
supply of cavities. Differences in the use of nest boxes across different regions around
the world have also been noted in the boreal owl (see subsection 2.7.4), and it is,
therefore, necessary to determine how effective the boxes are for secondary cavity-
nesting owls and what environmental factors influence their use in different types of

environments.

2.6 Bioacoustic monitoring

For animals, communication is one of the key mechanisms that maintain bonds
between individuals of the same or different species (Smith 1977, Bradbury and
Vehrencamp 2011). Birds communicate using visual and acoustic signals, with many
species using predominantly vocalizations, in which they use a wide range of sounds
from calls to songs to defend and mark territories, attract mates, discourage and warn
predators, forage for food, and make contact with members of their social group

(Marler and Slabbekoorn 2004, Catchpole and Slater 2008, Bradbury and Vehrencamp
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2011, Sabol et al. 2022). Human acoustic observations are a well-established research
method for monitoring many bird species used to detect vocally active individuals
(e.g., Gregory and Strien 2010, Egwumah et al. 2017). There are two long-standing
methods most commonly used to detect biodiversity and abundance in bird
populations. These include line transect and point transect. Both methods are based on
visual and acoustic recordings of all species along a predefined route or spaced points
in a selected map quadrant. In the case of line transects, the recording of individuals is
continuous, whereas point transect is based on manual counts of birds at precisely
defined points for a selected unit of time (Gregory et al. 2004, Volpato et al. 2009).
These methods have been used in many different regions and habitats around the
world, and the monitoring is primarily carried out by human observers (e.g., Reif et al.
2006, Alexander et al. 2017). However, in many cases, they can be limited by various
factors. These include mainly errors in correct species identification, lack of expert
observers, and the correct choice of a given method depending on the type of habitat
and the species being monitored. Another potential shortcoming of both methods may
lie in the tendency of observers to place transects along paths that may affect the
species being monitored (Gregory et al. 2004). Additionally, playback provocation,
which can be used during line and point monitoring of birds, is used to census elusive
species, thus, improving their detection probability (Hardy and Morrison 2000,
Navarro et al. 2005). This technique consists of broadcasting conspecific calls to elicit
the reply of respective species (Johnson et al. 1981, Worthington-Hill and Conway
2017). This is particularly useful for those species that exhibit territorial behavior
because they will be more inclined to respond by defending their territories (Pilla et
al. 2018). It is known that factors such as habitat, seasonality, time of day, and weather
can influence response rates during playback surveys (Hardy and Morrison 2000,
Currie et al. 2002, Johnson et al. 2009). However, these factors can be eliminated by
using long-term sound recordings, which can provide more extensive, comprehensive,
and accurate datasets on the presence and abundance of individual species in study

area (Celis-Murillo et al. 2009, Kulaga and Budka 2019).

Bioacoustics deals with the sounds of animal communication that are recorded, stored,
and later analyzed (Vallee 2017). Bioacoustic monitoring uses modern technologies,
including sound recording (Blumstein et al. 2011), which allows us to record and

detect vocal activity over large ultrasonic to infrasonic wavelengths (Whytock and
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Christie 2017) and over long-time intervals (Frommolt 2017, Whytock and Christie
2017). Acoustic methods effectively help us detect the presence or absence of a species
at a given location, its abundance (Fischer et al. 1997, Haselmayer and Quinn 2000,
MacSwiney et al. 2008), and distinct variations in vocal spectrum and style (Forstmeier
and Balsby 2002, Brunner and Pasinelli 2010, Halfwerk et al. 2011). Additionally, the
vocalization of different species carries considerable scientific information about
various features of their biology and ecology (Catchpole and Slater 2008, Blumstein
et al. 2011, Bradbury and Vehrencamp 2011). Bioacoustic monitoring improves the
detection of individuals, their age, and gender (Blumstein et al. 2011, Teixeira et al.
2019) and reduces disturbance to sensitive species (e.g., Abrahams 2019). The use of
autonomous recorders also reduces the need for trained observers and potentially per-
survey costs, which could allow for more frequent and spatially extensive surveys than
traditional observer-based approaches (Hill et al. 2017, Shonfield et al. 2018).
Permanent audio records are valuable data source for the detection of changes in
species distributions and biodiversity in areas with increasing anthropogenic
disturbance (Shonfield and Bayne 2017). Furthermore, the performance of
autonomous recorders compared to trained professional human observers in avian
studies about estimating of species richness, abundance, and the presence or absence
of target species has been evaluated in a wide range of habitats, and the final
conclusions of these studies are more in favor of bioacoustic monitoring or comparable
(Wimmer et al. 2013, Zwart et al. 2014, Shonfield and Bayne 2017). With the
advantages described above and the further development of automatic recognition,
passive acoustic surveys using an autonomous recording unit are becoming an

important tool for studying and monitoring owls (for details see, Shonfield et al. 2018).

In nocturnal bird species, including owls, vocalizations play a critical role in their
communication, behavior, and biology (Koénig and Weick 2008, Odom and Mennill
2010, Bradbury and Vehrencamp 2011). Most owl species are difficult for human
observers to detect visually due to their nocturnal habits, cryptic coloration, and
occurrence at low densities. Therefore, vocalization is an essential characteristic of
determination. Owls, mainly males, use territorial vocalizations to defend territories or
attract mates during the breeding season in early spring (e.g., Ganey 1990, Penteriani
2002, Odom and Mennill 2010). Females usually respond with a contact call, yet,

during the non-breeding season, they may produce territorial calls to a lesser extent
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(Zuberogoitia and Martinez 2000, Reid et al. 2022). Due to its nocturnal lifestyle,
territorial hooting is used to recognize the quality of the hooting individual. For
example, Redpath et al. (2000) and Hardouin et al. (2007) found a relationship
between the frequency of owl vocalizations and the weight or degree of parasitism of
a vocally active individual. Territorial hooting is typically highest during spring and is
used by ornithologists monitoring owl populations to determine abundance and
distribution or identify territories and individuals (e.g., Nagy and Rockwell 2012,
Vrezec and Bertoncelj 2018, Zuberogoitia et al. 2018).

It is important to identify environmental factors affecting spontaneous owl calling
because territorial vocalizations are used to estimate the owl population (Worthington-
Hill and Conway 2017, Zuberogoitia et al. 2018). The vocal activity of owls, including
the boreal owl (see subsection 2.7.6), varies due to the influence of local abiotic and
biotic factors. For example, one factor is the time of year with peak vocal activity
during the breeding season (Slagsvold 1977, Clark and Anderson 1997, Amrhein et al.
2002, Kloubec and Capek 2012). Another factor affecting vocal activity may be the
time of day, with higher activity during dusk and dawn (Kloubec and Pacenovsky
1996, Clark and Anderson 1997, Mougeot and Bretagnolle 2000, Kloubec 2007). The
vocal activity of nocturnal bird species can also be influenced by climatic conditions
(Slagsvold 1977, Lengagne and Slater 2002), the presence of suitable nesting sites,
unpaired individuals (Galeotti and Pavan 1993, Amrhein et al. 2002, Kloubec 2007),
or interspecific competition (Crozier et al. 2006, Zuberogoitia et al. 2008, Lourenco et
al. 2013). The vocal activity of nocturnal bird species can also be influenced by food
supply and availability, although such studies are rare (e.g., Lundberg 1980a, Swengel
and Swengel 1995). Therefore, it is crucial to determine what environmental factors
may influence the spontaneous vocal activity of the species under study in the face of

ever-changing environmental conditions.
2.7 Boreal owl

The boreal owl is a small, nocturnal avian predator that occupies, in seven subspecies,
the circumpolar Holarctic area, which corresponds well with the natural range of
Norway spruce (Picea abies). In Europe, the center of the boreal owl’s range is an area
of high latitudes and elevation where the species frequently inhabits mature and dense

Norway spruce coniferous forests (Korpimaki and Hakkarainen 2012). In Central and
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Southern Europe, this owl inhabits mainly coniferous forests, but it can also occur in
deciduous or mixed forest of spruce, European beech (Fagus sylvatica), or non-native
blue spruce (Picea pungens) forest stands (Stastny et al. 2006, Castro et al. 2008,
Korpiméki and Hakkarainen 2012, Zarybnicka et al. 2015d, Zarybnicka et al. 2017b,
Zarybnicka et al. 2017¢). In Europe, this threatened species, European directive
2009/147/EC, Annex I, exhibits foraging, habitat, and nest-site specialization (Morelli
et al. 2019a). Southern and Central Europe hold some of the European glacial relict
populations of boreal owls inhabiting higher elevations, which are at the southernmost
edge of their distribution range, especially in Southern Europe (e.g., Spain, Italy).
However, in Northern and Southern Europe, many studies have recorded changes in
the abundance and distribution of boreal owl populations in response to the influence
and change in environmental conditions such as global warming and habitat loss or
modification (e.g., Solonen 2004, Hipkiss et al. 2013, Kouba et al. 2020, Shurulinkov
et al. 2021).

2.7.1 Northern population of boreal owl

Boreal owls face a long-term decline in the boreal forests of northern Europe (e.g.,
Hornfeldt et al. 2005, Saurola 2009, Hipkiss et al. 2013, Elts et al. 2019, Kouba et al.
2020), which is mainly attributable to the loss of mature and old-growth forests
offering refuges against larger predators or reduced availability of primary and
alternative prey (Korpiméki 2021). For example, Hornfeldt et al. (2005) and Hipkiss
et al. (2013) show that the breeding population of the boreal owl has declined by 75%
compared to the peak densities from the mid-1980s to the early 2000s in Sweden.
Declines in boreal owl populations have also been recorded in Finland (e.g., Saurola
2009), and was associated with the decline of fledgling production (Kouba et al. 2020).
Even in Northern Europe, climate change and rising temperatures are thought to have
an indirect negative impact on the northern populations of this boreal species.
Increases in daily temperatures affect the duration and height of snow cover, which in
turn, affects the abundance and population cycles of the main prey of the boreal owl,
Microtus voles (Hipkiss et al. 2013, Mysterud 2016). Increasing temperatures can be
detrimental to the overwintering vole, as their survival rate decreases in years with
mild winters (Aars and Ims 2002, Solonen 2004). Deep snow cover provides effective

insulation for overwintering voles, which can also breed under snow (Norrdahl and

16



Korpimiaki 2002). On the other hand, during milder winters, when the snow cover
melts and refreezes, voles are unable to effectively use the space under the snow to
forage for food and defend themselves against predators (Aars and Ims 2002,
Hornfeldt 2004, Solonen 2004). Consequently, their mortality increases, leading to a
more pronounced decline in populations during winter periods and negatively
disrupting vole population cycles in Northern Europe (Aars and Ims 2002, Hornfeldt
2004). For this reason, that the combination of influences acting on populations of the

boreal owl in Northern Europe has led to a decline in the abundance of this species.

2.7.2 Southern population of boreal owl

In Southern Europe, a decline in the abundance of boreal owl populations has also
been recorded (e.g., Shurulinkov et al. 2021). Changes in the distribution and a
significant decline in abundance of this species in response to increasing temperature
are predicted by many studies in Southern Europe (Castro et al. 2008, Brambilla et al.
2015, Brambilla et al. 2017, Brambilla et al. 2020, Shurulinkov et al. 2021, Cerman et
al. 2022). It is an owl that has clear preferences for cooler and more humid climatic
conditions (Castro et al. 2008). Furthermore, Cerman et al. (2022) found that the
maximum temperature of the warmest month of the year was crucial for the boreal owl
in the Balkan Peninsula, as populations of this species did not occur in areas where
temperatures were above 31 °C. Rajkovi¢ et al. (2013), in turn, point out that up to
71% of the territories of the Serbian population were located mainly on the northern
and northwestern slope exposures. Such oriented slopes typically provide smaller tree
density, higher humidity, and cool native boreal climatic conditions (Hayward et al.
1993). Additionally, a Bulgarian study reported that boreal owl territories have
disappeared from slopes exposed to the south, southwest, and southeast directions
(Shurulinkov et al. 2021). Furthermore, in Italy, climate impacts are predicted to cause
the loss of up to 65% of the current optimal special protection habitat by 2050, which
may cause a significant decline in boreal owl abundance in southern European

countries.

2.7.3 Populations of the boreal owl in the Czech Republic

In the Czech Republic, the boreal owl, protected by Decree No. 395/1992 Coll. of the
Act No. 114/1992 Coll. on Nature and Landscape Protection, Annex III, inhabits
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dense, old-growth coniferous forests, especially spruce forests of higher elevations,
rather than deciduous and mixed forests of lower elevations, but this preference may
change over the process of tree leafing (Stastny et al. 2006, Zarybnicka et al. 2015d,
Zarybnicka et al. 2017¢). The focal point of the boreal owl’s distribution in the Czech
Republic is in border areas that have been affected by air pollution in the past,
especially the Ore Mts. and Jizerské hory Mountains (Fig. 1). These locations have the
advantage of large areas of open land and loose forest cover, which provide this owl
with a high prey supply of small mammals, mainly Microtus voles and Apodemus mice
(Zarybnicka et al. 2015d, Zarybnicka et al. 2017b). Based on four mapping surveys of
breeding populations of the boreal owl in the Czech Republic, it was found that
quadrate occupancy increased from 10% in 1973—-1977 to 23% in 1985-1989, 37% in
2001-2003, and to 54% in 2014-2017 (Fig. 1). The size of the boreal owl population
was estimated at 550-800 breeding pairs in 1985-1989. However, this number
increased to 1500-2000 pairs in 2001-2003 and to 1700-2500 pairs in 2014-2017
(Stastny et al. 2021). Additionally, Kopij (2011) attributes the previously recorded
increased abundance and occurrence of this species at lower elevations in the Czech
Republic to the increasing interest of amateur and professional ornithologists who have
become actively involved in monitoring breeding birds in this area since the early
1970s. Although the expansion of this boreal species to lower elevations has been
recorded in recent years, core sites of occurrence in the Czech Republic still represent

higher elevations along the frontiers (Zarybnicka et al. 2017b).
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Figure 1. Distribution map of the boreal owl in the Czech Republic in 20142017
(Stastny et al. 2021).
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2.7.4 Breeding opportunities of the boreal owl

The boreal owl is a forest specialist secondary cavity-nester and, therefore, uses
cavities excavated by black woodpeckers. If the population of this keystone species
declines, then many secondary cavity users, including the boreal owl, will decline
along with it (Korpiméki and Hakkarainen 2012). Additionally, cavities excavated by
black woodpeckers also occur more frequently in mature deciduous and mixed forests
while less abundant in intensively managed spruce forests (Miller 2010, Wesotowski
2011, Walankiewicz et al. 2014). However, the boreal owl often breeds in nest boxes,
which have started to be used in areas with decreased availability of natural nest site
due to the increase and conservation of their population (Korpiméki and Hakkarainen
2012, Zarybnicka et al. 2015d). Many studies based on research of nest-box-using
populations show the influence of many abiotic and biotic factors (e.g., habitat,
breeding period, or interspecific and intraspecific competition), which affect the

timing of breeding, clutch size, reproductive success, home range size, and parental
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care of boreal owls (Vrezec 2003, Vrezec and Tome 2004b, Zarybnicka et al. 2013,
Zarybnicka and Vojar 2013, Zarybnicka et al. 2015d, Kouba et al. 2017). However,
nest box occupancy varies in the boreal owl over the Holarctic region, reaching the
nest box occupancy of 0-66% (for details, see Table 1). For example, Hayward et al.
(1993) explain the reluctance to occupy nest boxes to the availability of sufficient
natural cavities. Sonerud (1985) points to a decrease in occupancy rates as a function
of increasing predation rates and the age of the boxes. On the other hand, it has been
reported that pairs nesting in nest boxes produce more fledglings than those using
natural cavities (Korpiméaki 1984). However, the effect on the utilization of nest boxes
by boreal owls and the breeding performance of this species under different habitat

quality and environmental conditions is poorly studied.
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Table 1. The utilization of nest boxes by the boreal owl in Europe, North America, and Asia; the state, locality, elevation, period, the number of

boxes, nests, box-years, and the nest box occupancy (expressed as the proportion of occupied nest boxes of checked boxes). The way how authors

described their results varied hugely. Therefore, we present the information on the number of boxes, nests, and nest box occupancy from long-term

maximum (max) values.

studies either as a sum counted for the entire study period (marked as ‘total’) or a yearly mean (marked as ‘mean’) with minimum (min) and

State Locality Elevation Period No. of No. of  No. of nests Nest box occupancy (%) Authors
boxes/ box-
year years
Total Min Max Total Mean Min Max
Canada Southern 1984-96 13-105 573 6 1 (Mossop 1997)
Yukon
Canada Alberta 