YLIOPISTO
UNIVERSITY
OF TURKU

TURUN YLIOPISTON JULKAISUJA - ANNALES UNIVERSITATIS TURKUENSIS
SARJA - SER. All OSA - TOM. 388 | BIOLOGICA - GEOGRAPHICA - GEOLOGICAlTURKU 2022

;, : 5 T






\V1//
ST
— ~J
N

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

CAVITY-USE AND
SPATIAL ECOLOGY OF
THE EURASIAN PYGMY
OWL IN THE MANAGED

BOREAL FORESTS

Daniele Baroni

TURUN YLIOPISTON JULKAISUJA — ANNALES UNIVERSITATIS TURKUENSIS

SARJA - SER. All OSA — TOM. 388 | BIOLOGICA — GEOGRAPHICA — GEOLOGICA | TURKU 2022




University of Turku

Faculty of Science
Department of Biology
Doctoral Programme in Biology, Geography and Geology

Supervised by

Professor Toni Laaksonen Professor emeritus Erkki Korpimaki
Department of Biology Department of Biology

University of Turku University of Turku

Finland Finland

Reviewed by

Docent Raimo Virkkala Docent Seppo Rytkdnen

Finnish Environment Institute Ecology and Genetics Research Unit
Biodiversity Centre University of Oulu

Helsinki, Finland Finland

Opponent

Professor Kathy Martin

Department of Forest and Conservation
Sciences

University of British Columbia
Vancouver, BC, Canada

The originality of this publication has been checked in accordance with the University
of Turku quality assurance system using the Turnitin OriginalityCheck service.

Cover Image: Sofia Koliopoulos

ISBN 978-951-29-8881-5 (PRINT)
ISBN 978-951-29-8882-2 (PDF)
ISSN 0082-6979 (Print)

ISSN 2343-3183 (Online)
Painosalama, Turku, Finland, 2022



To the pygmy owls,

with the hope that this contribution

will help so as his magic habitat

will not be destroyed anymore in the future
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ABSTRACT

The loss and degradation of boreal old-growth forest is threatening biodiversity and
a wide range of ecosystem services. Especially in Europe, the boreal forest has been
subject to intensification of forestry practices, leading to habitat alteration and loss
of nesting site for many taxa. This threat has strongly affected secondary cavity
nesters, and many of them are declining among forest birds in Europe. I investigated
cavity-use and spatial ecology of a forest-dwelling predator occurring at low
densities across its distribution range, the Eurasian Pygmy Owl Glaucidium
passerinum, which requires tree cavities for both nesting and food hoarding.

I first studied the abundance of suitable tree cavities at the landscape level, and
examined the preferences of the owls for different cavity characteristics in two
experiments and several years of nest-box monitoring data. | thereafter focused on
how cavity distribution in space and time may limit their use during and outside of
the breeding season. Using long-term data on the use of nest-boxes resembling tree
cavities by individually marked pygmy owls, I compared the habitat and the
distances among the nest- boxes used during two different seasons. Moreover, as
most of the previous information are from nest-box occupancy, estimating the
pygmy owl’s true abundance remains a significant challenge. I therefore used
passive acoustic monitoring with a large grid of detectors, and examined the habitat
of pygmy owl calling sites and estimated their abundance. Finally, I used GPS-
tracking as an essential conservation tool to fill the gaps of knowledge regarding
their spatial ecology. For the first time, we used a small archival global positioning
system (GPS) tag to identify and characterize breeding territories of the pygmy owl.
We obtained 14 individual home ranges for males during the breeding period 2021
in two different study areas at the latitudinal extremes of the species distribution in
Europe: 8 males in the boreal forest in Finland, where there is evidence that the
species is declining, and 6 males in the Alps in Italy, where it is expanding its range.

My results show that natural cavities were scarce in the landscape (ca. 6.5/km?).
However, natural cavity abundance per se does not seem to limit the breeding density
of this predator, as suggested by a low occupancy rate in natural cavities and nest-
boxes. Cavities whose characteristics prevent the nest from being reached by
predators were clearly preferred, as the owls selected cavities with more than 5 cm
width of the front wall and the nests had 15-30 cm of entrance-bottom distance
within the cavity. While the number of cavities per se may not limit the nesting of
the owls, they may be limited by suitable habitat with abundant food supply around



available cavities, or by lack of cavities in suitable habitats. Comparing the habitat
and the distances among the nest-boxes used during two different seasons, I found
that pygmy owls appear to be more demanding in their requirements for breeding
than for food-hoarding habitat, because of the importance of spruce forests as a
nesting habitat and nesting sites being farther from houses than food- hoarding sites.
Also, I highlight the need of many different cavities within the home range of each
individual, as individually marked pygmy owls mainly used different nest-boxes for
nesting and food-hoarding, and they also used different nest-boxes in different years.

The results of the passive acoustic survey also demonstrated that the pygmy owl
can be considered an old-growth forest specialist. Indeed, my results with habitat
data at three spatial scales, and for both calling and nesting sites, show that increasing
availability of old-growth forests was consistently the most important habitat
variable increasing occupancy probability of the pygmy owls in a landscape
dominated by managed forests. When I clustered the detections into territories, I
estimated a density of pairs or territorial males that was altogether three times the
number of pairs breeding in nest-boxes. Considering the number of natural cavities
and nest-boxes, we however estimate that nest-boxes were preferred over natural
cavities for breeding. From the GPS-tags study, I found that home ranges are bigger
than previously estimated with telemetry data, and there is difference between the
two study areas, with owls in the alpine forests having smaller home ranges (90%
AKDE 1.47 + 0.28 km?) than in the boreal forest (90% AKDE 3.08 = 1.48 km?). |
also show that pygmy owls are strictly diurnal, being active from sunrise to sunset
in southern Europe, and at almost any time of the day in the North, because nights
are not completely dark in the northern summer. Pygmy owls performed long
hunting trips, travelled more than expected (4.66 = 1.79 km per day in the boreal
forest and 5.93 £ 1.98 in the alpine forests) and spent most of the time inside
coniferous forest, strongly avoiding open habitats and forest edges.

All my findings are consistent with the hypothesis that pygmy owl can be
considered an old-growth forest species, and I provide for the first time insights on
habitat selection for the sites used for nesting and food hoarding sites, for advertising
and for hunting. It is crucial information for conservation management strategies, as
the pygmy owl’s home ranges are large, diverse, and all its essential properties must
be protected. Effective conservation strategies for this old-growth forest specialist
should also include the maintenance of high-quality habitat that contains suitable
cavities, supporting the need for protection of mature and old-growth forests as a
whole, and not just of cavity bearing trees alone.

KEYWORDS: Boreal forest, Conservation, Forest management, Tree cavity
occupancy, Population limitation, Secondary cavity nesting, Food depletion, Passive
acoustic survey, GPS tracking
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TIVISTELMA

Boreaalisen vanhan metsin hévidminen ja heikentyminen uhkaa biologista
monimuotoisuutta ja laajaa ekosysteemien kirjoa. Erityisesti Euroopassa boreaalinen
metsd on kdrsinyt metsien voimakkaasta kéytosti, mika on johtanut elinympérist6jen
muuttumiseen ja monien lajien pesimispaikkojen hadvidmiseen. Tdméd muutos on
metsdlintujen keskuudessa. Tutkin alhaisilla tiheyksilla esiintyvdn metséssa eldvin
saalistajan, varpuspollon (Glaucidium passerinum), pesédkolojen kéyttod ja
alueellista ekologiaa. Laji kdyttid koloja sekd pesimiseen ettd ravinnon varastointiin.

Tutkin ensin sopivien puunkolojen runsautta maisematasolla ja pdllojen
mieltymyksid erilaisiin kolojen ominaisuuksiin kahdessa kokeessa ja useiden
vuosien pesdpaikan seurantatiedoilla. Tamén jélkeen keskityin siihen, miten kolojen
jakautuminen tilassa ja ajassa voi rajoittaa niiden kéyttod lisdéntymiskauden aikana
ja sen ulkopuolella. Yksilollisesti merkittyjen varpuspollojen puunkoloja
muistuttavien pesdponttdjen kayttdd koskevan pitkdn aikavilin tiedon avulla vertasin
poOnttdjen ympéristdd ja etdisyyksid kahden eri vuodenajan aikana. Lisdksi, koska
suurin osa aiemmista tiedoista on perdisin ponttojen kaytostd, varpuspollon
todellisen runsaslukuisuuden arvioiminen on edelleen merkittivd haaste. Siksi
kdytin passiivista akustista seurantaa suurella havaintopaikkamdirilld, ja tutkin
varpuspOllojen soidinlaulupaikkojen elinympéristdd ja arvioin niiden runsauden.
Lopuksi kéytin GPS-seurantaa olennaisena suojelutydkaluna, jolla voitiin tiyttaa
aukot, jotka liittyvit pollojen alueellista ekologiaa koskevaan tietoon. Ensimmaéisti
kertaa kdytimme pientd GPS-paikanninta varpuspollon elinpiirin tunnistamiseen ja
karakterisointiin. Saimme 14 yksilollistd koiraiden reviirid lisdéntymiskaudella 2021
kahdelle eri tutkimusalueelle lajien levinneisyyden déripadssid Euroopassa: 8 koirasta
Suomen boreaalisessa metsdssa, jossa lajin vihenemisestd on niyttod, ja 6 koirasta
Alpeilla Italiassa, jossa se laajentaa levinneisyysaluettaan.

Tulokseni osoittavat, ettd luonnonkolot olivat niukat ymparistdssé (n. 6,5/km?).
Luonnonkolojen runsaus sinénsa ei kuitenkaan néyta rajoittavan timén petoeldimen
pesimitiheyttd, kuten luonnonkolojen ja ponttdjen alhainen kéyttoaste osoittaa.
Kolot, joiden ominaisuudet estdvit saalistajia pddseméstd pesdin, olivat selvésti
suositumpia, koska pollét valitsivat kolot, joiden etuseinin leveys on yli 5 cm, ja
pesien suuauko ja pohjan etdisyys oli 15-30 cm. Vaikka kolojen lukuméaéra sininsé
ei vélttdmatta rajoita pollojen pesimistd, niitd saattaa rajoittaa sopiva elinympéristo,
jolla on runsaasti ravintoa kéytettdvissd olevien kolojen ympdrill4, tai kolojen puute



sopivissa elinymparistdissd. Verrattaessa kahden eri vuodenajan aikana kiytettyjen
pesdkolojen elinymparistod ja etdisyyksid havaitsin, ettd varpuspdllot vaikuttavat
vaativammilta lisdéntymisvaatimuksiltaan kuin ruokavarastoinnin elinymparisto-
vaatimuksiltaan. Kuusimetsit ovat tirkedmpié pesimisymparistoné ja pesimispaikat
kauempana taloista kuin ruokavarastointipaikat. Korostan myds monien erilaisten
kolojen tarvetta jokaisen yksilon reviirilld, silld yksilollisesti merkityt varpuspollot
kayttivit padasiassa eri eri ponttdja pesintdén ja ruokavarastoina, ja eri vuosina myos
eri pesapaikkoja.

Passiivisen akustisen kartoituksen tulokset osoittivat myds, ettd varpuspolloa
voidaan pitdd vanhaa metsdd suosivana lajina. Tulokseni kolmesta alueellisesta
mittakaavasta sekd kutsu- ettd pesimispaikoista osoittavat, ettd vanhojen metsien
lisddntyvd saatavuus oli jatkuvasti tirkein luontotyyppimuuttuja, joka lisési
varpuspOllGjen esiintyvyyttd talousmetsien hallitsemassa maisemassa. Kun
ryhmittelin havainnot alueiksi, arvioin parien tai reviirillisten koiraiden tiheyden,
joka oli yhteensd kolme kertaa pontdissd lisddntyvien parien médrd. Kun otetaan
huomioon luonnonkolojen ja pesékolojen mééré, arvioimme kuitenkin, ettd ponttdja
pidettiin parempina lisddntymiseen kuin luonnonkoloja. GPS-tutkimuksen
perusteella havaitsin, ettd reviirit ovat suurempia kuin telemetriatietojen perusteella
alemmin arvioitiin, ja ndiden kahden tutkimusalueen vililli on ero: polloilld on
alppimetsissd pienemmét reviirit (90 % AKDE 1,47 + 0,28 km?) kuin boreaalisessa
metsdssd (90 % AKDE 3,08 + 1,48 km?). Osoitan myds, ettd varpuspollot ovat
tiukasti  pdivaaktiivisia, ne liikkuvat Eteld-Euroopassa auringonnoususta
auringonlaskuun ja ldhes mihin aikaan p#ivasti tahansa pohjoisessa, koska yot eivat
ole tiysin pimeitd pohjoisen kesdaikaan. Varpuspollot tekivit pitkid saalistusretkia,
litkkkuivat odotettua enemmén (4,66 = 1,79 km péivassd boreaalisessa metsédssd ja
5,93 £ 1,98 alppimetsissa).

Kaikki havaintoni ovat sopusoinnussa sen hypoteesin kanssa, ettd varpuspolloa
voidaan pitdd vanha metsdn lajina, ja esitdin ensimmdiistd kertaa tuloksia
elinympéristjen valinnasta pesimis- ja ruokavarastointipaikoille, soidinlauluun ja
saalistamiseen. Tdméa on olennaisen tiarkedd luonnonsuojelustrategioiden kannalta,
silld varpuspollon reviirit ovat laajat ja monipuoliset, ja kaikkia niiden olennaisia
ominaisuuksia on suojeltava. Tamédn vanhoja metsid suosivan lajin tehokkaisiin
suojelustrategioihin  olisi kuuluttava myds laadukkaiden elinympéristdjen
sailyttdminen, joissa on sopivia koloja, ja joilla tuetaan varttuneiden ja vanhojen
metsien suojelua kokonaisuutena eiké pelkastddn koloja siséltdvien puiden suojelua.
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1 Introduction

1.1 Tree cavity nest-web and forest management

In natural forests, the decay processes potentially lead to the formation of natural
cavities in most of the trees worldwide. The diversity and abundance of this
widespread resource allowed numerous groups of forest-dwelling organisms (e.g.
fungi, arthropods, birds and mammals) to inhabit tree cavities (Gibbons and
Lindenmayer, 2002; Hansell, 2002; Aitken and Martin, 2007; Goldingay, 2009;
Cockle et al., 2010; Cockle et al., 2011a and 2011b; Bunnell, 2013; van der Hoek et
al., 2017). Birds take part of the nest web communities and evolved cavity-nesting
as a widespread behaviour in all the forests of the world. However, both the
availability and the quality of natural cavities may limit the breeding densities of
many bird species (Newton, 1994). Tree age is the main factor responsible for the
decay processes, providing a softened wood easy to excavate by woodpeckers,
facilitating the chemical digestion of wood by fungi and the invertebrate colonization
of wood. Considering the formation processes, tree cavities are mainly divided in
two categories: decay-formed cavities and excavator-formed cavities (i.e. excavated
vs. non-excavated cavities). Excavated cavities may be built in younger trees, while
non-excavated cavities often take many decades to develop. Moreover, the
excavators provide, in few weeks, new useable nest cavities, while decay-formed
cavities take more time before they are large enough to be used as a nest-site by
birds. The difference between excavated and non-excavated tree cavities is crucial
concerning forest management. Indeed, in managed forest without retention trees,
almost only excavated cavities are found (Aitken et al., 2002; Martin et al., 2004;
Aitken and Martin, 2007; Cockle et al., 2011; Andersson et al., 2018). Moreover, the
proportion of non-excavated cavities increases with cavity density (Remm and
Lohmus, 2011).

The formation rate of new cavities strictly depends on forest management. Clear-
cutting is the main non-natural cause of loss of cavities in the boreal forest, because
the development and the abundance of natural cavities can be suppressed by forestry.
Cavity-bearing trees are removed during logging and the regeneration rates of tree
cavities are slow (Edworthy and Martin, 2013). Also, natural cavities are more
abundant in mature and old-growth forests, because a tree is more likely to support

10
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a cavity with its increasing age, size and declining health (Wesotowski and Martin,
2018). Forestry limits non-excavated cavities because they need decades to century
to form, and regular cutting activities usually stop this process well before. Density
of excavated cavities is also higher in natural forests, because woodpeckers often
reuse previous nest sites instead of excavating a new cavity annually in managed
forest, as a response to the lack of large trees with softened workable wood (Holt,
1996; Aitken et al., 2002). Moreover, because non-excavated cavities persist longer
(Wesotowski, 2012), the median life of natural cavities is shorter in managed forests.
Thus, forest management results in a lower number of new cavities added annually
and in shorter persistence times. Old, unmanaged forests host the highest densities
of natural cavities worldwide (Remm and Lohmus, 2011).

The Palearctic region’s forests hold the lowest densities of cavities in the world,
due to the colder and drier climate, and to the heavier forest management (Remm
and Lohmus, 2011). Moreover, both tree species richness and the number of bird
species breeding in tree cavities are higher in North America’s boreal forest than in
Europe (Latham and Ricklefs, 1993; van der Hoek et al., 2017). In boreal Europe,
the two main tree species are Scots pine Pinus sylvestris and Norway spruce Picea
abies, but both have a low probability of bearing natural cavities (Andersson et al.,
2018). Deciduous trees nearly always constitute a small minority in these forests, but
the proportion of trees containing natural cavities is higher for these species: birches
Betula sp., European aspen Populus tremula, rowan Sorbus aucuparia, grey alder
Alnus incana and willows Salix spp (Remm and Lohmus 2011; Bunnell 2013;
Andersson et al., 2018).

The loss and degradation of boreal old-growth forest is threatening biodiversity
and a wide range of ecosystem services. Especially in Europe, the boreal forest has
been subject to intensification of forestry practices (Kouki et al., 2019), leading to
habitat alteration and loss of nesting site for many taxa (Bjorklund et al., 2015;
Fraixedas et al., 2015; Virkkala, 2016). This threat has strongly affected secondary
cavity nesters and old-growth forest specialists (Virkkala, 2004), and many of them
are declining among forest birds in Finland (Korpimaki et al., 2021). However, the
lack of basic knowledge regarding their spatial ecology calls for studies aiming to
find out the habitat requirements of the species. Indeed, understanding the species-
specific details of resource selection provides insight into how quality and alteration
of habitats influence their spatial occurrence and behaviour.

1.2 Aims of the Thesis

I investigated cavity-use and spatial ecology of a forest-dwelling predator occurring
at low densities across its distribution range, the Eurasian Pygmy Owl Glaucidium
passerinum, which requires tree cavities for both nesting and food hoarding.

11
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In chapter I, I studied the abundance of suitable tree cavities at the landscape
level, and examined the preferences of the owls for different cavity characteristics in
two experiments and several years of nest-box monitoring data. I specifically aimed
to quantify the abundance of natural cavities and to measure the occupancy of both
nest-boxes and tree cavities, as a large availability of potential cavities is likely to be
associated with a low site occupancy by the owl, and vice versa. However, since not
all the cavities may be suitable as a nest or a food-hoarding site, I examined the
preferences of pygmy owls for cavity characteristics. To this end, I examined four
characteristics of the cavities that could affect their occupancy: I examined the
pattern of occupancy with respect to the length of the entrance corridor, the distance
between the entrance hole and the bottom of the cavity, the height of the cavity above
the ground, and the entrance hole orientation. To my knowledge, this is the first
attempt to examine the preferences of a secondary cavity nester for both nest and
food hoarding sites. The results of this study also help in assessing whether or not
artificial nest-boxes mimic the natural conditions, e.g. when they are placed
relatively low above the ground. This is important information for evaluating the
generality and applicability of the use of artificial nest-boxes in the understanding of
functional and evolutionary ecology of owl populations.

In chapter II, I focused on how cavity distribution in space and time may limit
their use during and outside of the breeding season. Using long-term data on the use
of nest-boxes resembling tree cavities by individually marked pygmy owls, I
compared the habitat and the distances among the nest-boxes used during two
different seasons (food hoarding and nesting), and in the context of environmental
change due to forest management. Specifically, using individually marked pygmy
owls, I investigated whether differences exist between the habitat surrounding the
food-hoarding sites in the autumn and the nesting site in the following spring. I tested
whether the distance between food-hoarding sites and subsequent nest is affected by
main food availability, and I assessed whether any sex or age differences exist in
either the habitat or the distance between cavities used by an individual.

In chapter III, I used passive acoustic monitoring with a large grid of detectors,
to study habitat selection of pygmy owl calling sites, and to estimate their abundance
and the proportion of pairs nesting in natural cavities or in nest-boxes. I specifically
distinguish habitat preferences based on calls and based on nest sites, to describe
home range scale habitat selection of pygmy owls. To include in the analyses the
information of actual size of home ranges, I also used, for the first time, miniaturized
GPS-tags on pygmy owl males. Moreover, as one of the main aims of the study is to
explore the effects of forest management, I specifically produced forestry data GIS
layers to test whether the area of old-growth forests may alter the species occupancy
patterns, both for calling and for nesting sites.

12
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Finally, the chapter IV is based on the use of GPS-tracking as an essential
conservation tool, to fill the gaps of knowledge regarding the pygmy owl spatial
ecology. For the first time, [ used a small archival global positioning system (GPS)
tag to identify and characterize breeding territories of the pygmy owl. I estimated the
home-range size and habitat composition, the home-range scale habitat selection for
hunting activity, and the differences in home range size and activity rhythms between
two study areas in the boreal forest and in the alpine forests. I was specifically
interested in what kind of forests the pygmy owl maybe preferring (main tree species,
forest age), as this is relevant for guidance of forestry practice.

13



2 Materials and Methods

2.1 The study species

The Eurasian pygmy owl (hereafter “pygmy owl”) is an elusive forest specialist and
an obligate secondary cavity nester, which prefers coniferous-dominated forests.
This predator is occurring at low densities across its distribution range. It is known
to be declining in the boreal forest (Meller et al., 2019; Korpiméki et al. 2020;
Honkala et al., 2021) and expanding its range in central and southern Europe (Maffei
et al., 2018; Scherzinger and Mebs, 2020; Lehikoinen, 2021).

The approximate measures of known nest sites of pygmy owls have a 4-5 cm
diameter of the cavity entrance of, a 5.5 cm entrance corridor length, an inner
chamber diameter of 14 cm and average depth of 21 cm (Schonn, 1978; Wiesner,
2001). Most of the woodpecker cavities used for breeding by pygmy owls have been
found at 1-8 m above the ground (average 3 m; min. 0.6 to max. 18.7 m)
(Scherzinger, 1969; Schonn, 1978; Wiesner, 2001). Nest-showing is performed by
males, beginning 2 months before egg laying, and the females select the nest site.
Once the cavity has been chosen, no apparent nest material is added (except prey
remains such as fur and feathers), but the female may do some cleaning (Cramp,
1985). Differently from other European cavity-nesting owl species, the pygmy owls
do not use cavities for roosting. However, the cavities are crucial for food hoarding,
which the pygmy owls do in the late autumn for the winter when they are no longer
able to hunt main foods (voles) protected by snow layer (Solheim, 1984;
Schulenburg and Wiesner, 1986; Terraube et al., 2017; Masoero et al. 2018; Halonen
et al., 2007; Suhonen et al., 2007).

The pygmy owls readily accept woodpecker-type nest-boxes, both for
reproduction and food hoarding, because they mimic the natural preferred sites
(Sonerud et al., 1972; Syrjanen et al. 2006; Morosinotto et al. 2017; Masoero et al.
2018). In Finland, most pygmy owl nests in natural cavities are in cavities excavated
by great-spotted or three-toed woodpeckers Picoides trydactylus (Pakkala et al., 2018).

The population dynamics of pygmy owls strongly depend on the population
fluctuations of voles of the genera Microtus and Myodes, which are their main prey
species (Kellomaki, 1977, Lehikoinen et al., 2011a,b, Morosinotto et al. 2017,
Korpimiki et al., 2020). In southern Finland, populations of these voles follow 3-
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year population cycles, fluctuating in a succession of low, increase and decrease
years (Korpiméki et al., 2005).

The pygmy owl is a possible indicator of valuable old-growth forests or bird
species richness. Pygmy owl was regarded as among the most important indicator
species of species richness of bird fauna in the study of Pakkala et al. (2014) and
several other bird species have been shown to be indicators of other species groups
of mature or old-growth forests as well, such as, e.g. the white-backed woodpecker
Dendrocopos leucotos (Martikainen et al., 1998), the three-toed woodpecker
Picoides trydactilus (Roberge et al., 2008), the northern goshawk Accipiter gentilis
(Burgas et al., 2014), or the Western capercaillie Tetrao urogallus (Pakkala et al.,
2003; Mikolas et al., 2015). Based on the information of indicator species, Virkkala
et al. (2022) recently predicted suitable nesting habitats of six indicator hawk and
woodpecker species from valuable forests modelling.

2.2 The study areas

All the work presented in chapters I-III was conducted in two study areas located in
south-western and central-western Finland, whereas in chapter IV, in addition to
Finland, a study area in Italy was also included.

The main study area, i.e. the one included in all the chapters of the Thesis, lies
in the vicinity of Turku (municipalities of Rusko, Masku, Myndmiki and
Nousiainen, 60°N, 22°E) and covers approx. 500 km?. The second area, included in
chapters I and II, is located approx. 300 km north of the first one in the Kauhava,
Lapua and Lappajérvi municipalities, South Ostrobothnia, covering approx. 1000
km? (63°N, 23°E). Both study areas mainly consist of managed Norway spruce Picea
abies and Scots pine Pinus sylvestris forests, with small numbers of deciduous trees
such as birch (Betula pendula and B. pubescens) and European aspen Populus
tremula. Norway spruce-dominated forests are found on wet and moist soils, and
Scots pine-dominated forests on drier and rocky soils. Forests in these areas are
interspersed with a quite high proportion of agricultural land and a few peatland
bogs. The study area in the vicinity of Turku lies between the hemi-boreal and the
southern boreal vegetation zone, while the Kauhava study area is located on the
border between the south- and mid- boreal vegetation zones (Ahti et al., 1968).

In the study area north of Turku, 121-234 (mean = 198) nest-boxes were
maintained each year during 2014-2021. Only one nest-box was provided in each
location and the sites were typically one km or more apart from each other. In Kauhava,
two nest-boxes (80—100 m apart) were set up during 2003—2019 in 126-261 different
forest sites (mean = 223 sites per year). All the nest-boxes were already installed in the
beginning of the study period (the first years), and they have been thereafter moved
only when their forest patch disappeared due to clear-cutting of the forest. Nest-boxes
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were relatively homogeneously distributed across the forests of the whole study area.
The entrance hole diameter was 45 mm, with a length of the entrance corridor of 5-8
cm. The cavity was ~ 30 cm deep, with a layer of sawdust provided on the bottom. The
boxes were set-up at 1.5 m height from the ground (to entrance-hole) in order to
facilitate their check. All boxes were checked twice in the spring (April to May) for
the presence of the nests and (once Turku area) or twice (Kauhava) in the autumn (late
October to early December) for the presence of food-hoards.

The study area in Italy, included in chapter IV, is covering approx. 600 km? in the
Western Italian Alps (Aosta Valley, 45°N, 7°E). The pygmy owl occurs between 900
and 2300 m a.s.l. in subalpine forests, composed of a mixture of larch (Larix decidua),
Norway spruce, Scots pine and mountain pine (Pinus mugo uncinata) trees (Maffei et
al., 2018). Here, 272 great spotted woodpecker excavated cavities were found and
checked during 2019-2021, from a min. of 82 to a max. of 272 cavities every year.

g
A

Figure 1. The three study areas included in the Thesis: Kauhava (chapters | and Il) and Turku
(chapters |, II, lll and 1V) in Finland, and the Aosta Valley (chapter 1V) in Italy.
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2.3 Natural cavity survey

We surveyed 50 grids that were 4 ha in size (Fig. 1), in the ~500 km? area north of
Turku, and 60 grids in the ~ 1000 km? area in Kauhava. The grids were always in
the SW corner of a 1 km? cell, randomly selected from the Finland Uniform
Coordinate System (YKJ). All potential trees were examined for cavities within
every grid cell. Many tree holes are not real cavities, but just small platforms not
deep enough to be considered a potential nest site, and from the ground it is
impossible to evaluate the quality of most of the cavities (Hoyt, 1957; McClelland,
1979; Bull and Meslow, 1988; Hooper et al., 1991; Ojeda et al., 2007; Cockle et al.,
2010; Ouellet-Lapointe et al., 2012). Therefore, the cavities found during systematic
searches by ground surveys were examined in a separate visit, in 2016—-17 by
climbing and in 2018-19 with a camera mounted on telescopic poles (Wildlife
Windows Ltd). In addition to the cavities found in the grid surveys, cavity trees
found opportunistically during other fieldwork in the area were marked and later
examined for occupancy in the same way as the ones in the grids.

Moreover, to analyse nest site preferences in relation to cavity characteristics,
we measured from the boxes both the length of the entrance corridor and the hole
orientation in degrees. We also carried out two experiments providing cavities that
were either cleaned or not cleaned from old nest material to find out whether the
accumulation of nest material prevents breeding of the pygmy owls and to test
whether pygmy owls show any preference for the height of the cavities above the
ground.

2.4 Use of nest-boxes for nesting and for food
hoarding by individually marked pygmy owls

Pygmy owls were captured using nest-box traps during the hoarding season (a replica
of the box equipped with swing door) (Terraube et al., 2017; Masoero et al., 2018).
During the nesting period, males were captured broadcasting an “advertising call”
close to the nest in combination with a wooden copy of a small owl, so that the male
approaches it and can be caught using a neck-loop (Korpimaiki et al., 2020). Females
were captured directly by hand inside the nest-box while they were brooding chicks.
Moreover, nestlings were ringed every year before fledging. Trapped owls were
individually marked with an aluminum leg ring, their wing and tail lengths were
measured, and they were weighted, sexed, and aged. From 2011, the owls were also
individually marked using PIT tags (Passive Integrated Transponder tags), small
electromagnetic microchips implanted subcutaneously (Masoero et al., 2018). Data
on encounters of individual owls were collected by placing the antenna of the reader
around the entrance hole of the nest-boxes used as a food- hoarding or nesting site
for one to two weeks.
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2.5 Passive acoustic survey

In chapter II1, I deployed a wide-scale autonomous recording units (ARUs) survey,
involving 292 sites in a single season (year 2021). I used AudioMoths version 1.1
(Hill et al., 2018), in 292 sites on a regular grid with spacing of 1 km. I selected every
I-km grid cell from the Finland Uniform Coordinate System (YKJ), and put the
recorder within the 100 m radius buffer around the centroid of the grid cell. If there
was no forest within the buffer, we skipped that grid cell. We conducted the passive
acoustic survey between 16" of March and 25" of April 2020. This period is the
month preceding the egg-laying phase (Korpiméki et al., 2020), when singing
activity peaks and the breeding territories are established (Schonn, 1978). We set the
sample rate to 48 kHz, gain at the level between “medium” and “high”, sleep duration
at 0 seconds, and recording duration at 3600 seconds (1 hour). Since continuous 24-
h monitoring quickly decreases their autonomy, ARUs were programmed to record
between 00:00 and 7:00 and between 16:00 and 20:00 UTC hours every day.
Recording was limited to these times to include the pygmy owl daily activity peaks,
around sunrise and sunset (Schonn, 1978). The ARUs produced approx. 70 hours of
recordings from every site. They were attached to tree trunks at approximately 1.5 —
2 m above ground. To protect the devices from rain and moisture, we sealed them
inside a plastic bag, together with a silica gel pack (Suppl. Mat.). We used 90 ARU
devices (Audiomoth), progressively set up in 3 consecutive phases in the field, to
cover the whole sample of survey sites. The ARUs were progressively moved,
changing the batteries and downloading the data between following deployments,
using a spatial moving window, so that preceding and succeeding adjacent devices
were at least partly overlapping their recording schedule.

2.6 GPS tracking

I equipped 14 male pygmy owls with PinPoint 10 or 50 (Lotek), using a backpack
Teflon harness. Devices (including the harness) weighed between 2.30 and 3.54 g, on
average accounting for 4.67% (+ 0.87) of the body mass (range 3.59 - 6.15%). 1
collected movement data during the chick-rearing phase of the breeding season 2021,
except for two males in the Alps, which were tagged at an earlier stage (one during the
incubation and the other 20 days before the egg-laying). Breeding males were caught
by mist netting with a playback lure in the vicinity of the nest. After ringing and
tagging the birds, we programmed the GPS tags to collect 1-2 hourly GPS locations
per day, and released them at the site where they were captured. After 8-51 days (mean
18 £ s.d. 12 days), we recaptured the owls and removed the devices. When recaptured,
birds were also measured and aged according to Lagerstrdm and Syrjénen (1990). To
evaluate possible impacts of tags on bird health condition, we analysed changes in bird
body mass by comparing their weights at the capture and recapture.
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Figure 2. Male pygmy owl equipped with PinPoint 10, using a backpack Teflon harness
(Nousiainen, June 2021; picture by S. Koliopoulos).

19



Daniele Baroni

2.7 GIS and habitat variables

Iincluded habitat analyses in chapters II, IIl and IV of the Thesis. I used pre-existing
data, in some cases manually revised, and also newly built habitat variables,
depending on the different purposes.

In chapter II, I compared habitat composition around the nest-boxes between
boxes used either as a food-hoarding or as a nesting site by the same pygmy owl
individual, considering a 500 m radius buffer. I calculated the proportion of
agricultural areas, spruce- or pine-dominated forests, and clear-cuts and young
stands. I also considered the biomass of the foliage (10 kg/ha) of spruce trees, broad-
leaved trees and pine trees, and the canopy cover. In addition, I calculated for every
nest-box, the distance in meters from the nearest main road, the nearest inhabited
house, the nearest forest margin and the nearest agriculture field. The habitat types
were identified using landscape maps based on SLICE dataset (Mikkola et al., 1999;
Morosinotto et al., 2017). A forest classification was available for 2009 (METLA
2009). I manually measured the proportion of every habitat overlapping the Landsat
Images (landsat.usgs. gov/) of the corresponding year to the landscape maps, in order
to take into account yearly changes in forest cover (e.g. new clear-cuts), and to obtain
more accurate measurements at the local scale. I calculated the tree biomass and
canopy cover from 2013 Multi-source National Forest Inventory provided by the
National Resources Inst. Finland (Mékisara et al., 2016). Finally, the distances from
the nest-boxes to the nearest habitat features (variables 9—12) were measured using
QGIS tools (QGIS Development Team, 2020).

For chapter Il and IV, I calculated the biomass of the foliage (10 kg/ha) of spruce
and pine trees, i.e. the two dominant tree species in the study area. The two variables
were calculated from 2013 Multi-source National Forest Inventory provided by the
National Resources Inst. Finland (Mikisara et al., 2016). Ages of the forests were
calculated manually, drawing the polygons of clear-cutted forests in the last 80 years.
For this purpose, we compared historical aerial photographs or satellite images
available from 1949, 1959, 1995, 1998, 2006, 2010, 2013, 2015, 2017 and 2020
(available on http://kartta.paikkatietoikkuna.fi/) and from 1985 (Google satellite
images). For chapter III, I was able to classify all the forest area, i.e. the area covered
by the “canopy cover” layer from the National Forest Inventory, into the following
three variables: clear-cuts and young stands (forest age < 15 years), forest areas
(forest age > 15 years), and old forest (forest age > 80 years old). For chapter IV, 1
calculated the exact age of every forest patch. In addition, I included peatland areas
from National Resources Institute Finland open source data and agricultural areas
from CORINE land cover. Finally, I calculated for every site, the distance in meters
from the nearest main road, and the nearest inhabited house. The distances from the
ARU to the nearest habitat features were measured using QGIS tools (QGIS
Development Team, 2020).
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Figure 3. Manually drawn polygons of young forests, i.e. where forests have been clear-cut less
than 15 years ago (red polygons) and of old forests, i.e. where forests have not been
cut for at least 80 years (green polygons) in the study area north of Turku.
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2.8 Statistical methods

I analyzed the data collected using generalised linear models or generalised mixed-
effects models, choosing the likelihood family according to the type of response
variable in the model.

In the first chapter, I used mixed effects logistic regression model with
occupancy of nest-boxes as a binomial response variable and their characteristics as
predictors. Year and nest-box identity were included as random effects. Moreover,
circular statistics (Rayleigh-test) were performed to assess whether the orientation
of nest-boxes had an effect on the nest-box occupancy.

In chapter II, generalised linear mixed-effect models were used to analyse the
relationship between the habitat variables and the cavity use, i.e. for food-hoarding
or for nesting. Different models were built for every habitat variable, which was
included as a response variable, while the explanatory variable was the type of cavity
use (nesting or hoarding). Individual identity of the owl and year were included as
random effects. In the models including sex and age, models were constructed with
the habitat variable as a response, and age, sex and vole abundance included as
explanatory variables. In the analyses on the distance between food-hoarding and
nesting sites, [ constructed generalised linear mixed-effect models with the log10-
transformed variables using as random effects year and individual identity of the
owl. I included vole abundance during the food-hoarding season, age and sex of the
hoarding individual, and the habitat variables that had a significant effect in the
habitat GLMMs as explanatory variables.

In chapter III, I used binomial generalised linear models to analyse the
relationship between the habitat variables and the site occupancy by pygmy owls.
Occupancy of each site of the passive acoustic monitoring where we placed an ARU
was the response variable (0 = pygmy owl not detected, 1 = pygmy owl detected),
and the habitat proportions surrounding the sites of the passive acoustic monitoring
at three different scales (100, 400 and 1000 m) were the predictors.

In chapter IV, I used binomial generalised linear mixed-effect models to explore
the relationship between the habitat variables and the probability of use by the GPS-
tagged pygmy owls. The response variable had the following values: 1 = GPS fixes
(habitat use) and 0 = random locations (habitat availability). We included as
explanatory variables in the model all the habitat variables which characterize the
habitat surrounding the surveyed sites and overall the whole study area, therefore
potentially affecting the habitat selection by pygmy owls.
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3 Results

The results of chapter I show that natural cavities were scarce in the landscape (ca.
6.5/km?). However, natural cavity abundance per se does not seem to limit the
breeding density of this predator, as suggested by a low occupancy rate in natural
cavities and nest-boxes (Turku: mean = 3%; Kauhava: mean = 4%). Cavities whose
characteristics prevent the nest from being reached by predators were clearly
preferred, as the owls selected cavities with more than 5 cm width of the front wall
and cleaned the content to get 15-30 cm of entrance-bottom distance within the
cavity. While the number of cavities per se may not limit the nesting of the owls,
they may be limited by suitable habitat with abundant food supply around available
cavities, or by lack of cavities in suitable habitats. Comparing the habitat and the
distances among the nest-boxes used during two different seasons (II), I found that
pygmy owls are more demanding in their requirements for breeding than for food-
hoarding habitat, because of the importance of spruce forests as a nesting habitat and
nesting sites being farther from houses than food-hoarding sites. Also, I highlight the
need of many different cavities within the home range of each individual, as
individually marked pygmy owls mainly used different nest-boxes for nesting and
food-hoarding, and they also used different nest-boxes in different years.

The results of the passive acoustic survey (II) also demonstrated that the pygmy
owl can be considered an old-growth forest specialist (Fig. 4). Indeed, my results
with habitat data at three spatial scales, and for both calling and nesting sites, show
that increasing availability of old-growth forests was consistently the most important
habitat variable increasing occupancy probability of the pygmy owls in a landscape
dominated by managed forests. When we clustered the detections into territories, we
estimated a density of pairs or territorial males that was altogether three times the
number of pairs breeding in nest-boxes. Considering the number of natural cavities
and nest-boxes, we however estimate that nest-boxes were preferred over natural
cavities for breeding. From the GPS-tracking study, we found that home ranges are
bigger than previously estimated with radiotelemetry data, and there is difference
between the two study areas, with owls in the alpine forests having smaller home
ranges than in the boreal forest (alpine forests: 90% AKDE 0.95 + 0.49 km?; boreal
forest: 90% AKDE 3.08 + 1.48 km?). [ also show that pygmy owls are strictly diurnal,
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being active from sunrise to sunset in South Europe, and at any time of the day in
North Europe. Owls performed long hunting trips, travelled more than expected
(4.66 £ 1.79 km per day in the boreal forest and 5.93 + 1.98 in the alpine forests) and
spent most of the time inside coniferous forest.
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Figure 4. Two different results on the importance of old forests for the pygmy owls: prediction of
the relative mean probability of use (+95% C.l.) by the GPS-tagged pygmy owls in
relation to the age of the forest (upper) and prediction of the relative mean probability of
occurrence (+95% C.I.) of pygmy owls in relation to the availability of old forest (at 100
m radii buffers) in the surroundings of the sites of the passive acoustic monitoring (lower)
in the boreal forest. On the X-scales, the forest age (upper) refers to the mean age of
the forest patch where the GPS tag fix or the random sites were found, and the old forest
habitat (lower) refers to the proportion of older forests as percentage of surface area
within the buffers. Both variables are scaled to zero mean and unit variance.
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4 Discussion

The main results of the Thesis are focused first on tree cavity abundance and
suitability for the pygmy owl. The results of the first two chapters indicate a clear
selection for safe cavities, whose characteristics prevent the access of predators and
their needs for several cavities in different seasons. Thereafter, in chapter III, I
provided the first estimate of pygmy owls’ real density at the landscape level, finding
that the pairs nesting in nest-boxes were one-third of the overall populations also
including the pairs nesting in woodpecker-excavated cavities and potential non-
breeding individuals of both sexes. In chapters II, III and IV, I focused on habitat
selection analyses, providing insights on some topics that have been less (or not at
all) explored in previous studies on pygmy owl ecology and, more in general, on the
boreal forest bird species: the preference for spruce forests as nesting habitat and not
for food hoarding (results of chapter II), the importance of old-growth forests both
for calling and for nesting sites (results of chapter III), and on older spruce (and
larch) forests as preferred hunting habitat during the breeding period (results of
chapter [V). Comparing the results of the different chapters, the importance of spruce
forests was found both for nesting and for calling sites, and the importance of the
age of the forest, i.e. a preference for older forests, was found both for calling sites
and for hunting habitats. Therefore, I highlight how coherent the results of the
different chapters are, e.g. in showing the importance of the conservation of old
spruce forests for the pygmy owl in the boreal forest, where this species can be
considered an old-growth forest specialist.

The results in chapter I proved the importance of some cavity characteristics
because the kind of cavities that are safe from predation were preferred by pygmy
owls. The cavity abundance estimates are indicating that such suitable cavities are
more abundant than the owls even in the heavily managed boreal forest. However,
they may be limited by or by lack of cavities in suitable habitats. [ explored this issue
to some extent in chapter II and I found that while the number of cavities per se may
not limit the nesting of the owls, they may be limited by suitable habitat with
abundant food supply around available cavities. They also need more cavities in the
winter than in the summer, as each individual needs one to six cavities for hoarding
food, to survive over winter. The subsequent logical step was to estimate the real
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density of breeding pygmy owls at the landscape level, and to compare this
information with the previously known availability of suitable cavities. In chapter
III, I found a density of pairs or territorial males that was altogether three times the
number of pairs breeding in nest-boxes. Considering the number of natural cavities
and nest-boxes, I however estimated that nest-boxes were largely preferred over
natural cavities for breeding. Finally, it was crucial to get knowledge on the home
range size, for which I analysed this trait in two different study areas. I found that in
the boreal forest, the males explored larger areas, moved longer distances and spent
less time at night roost sites than in the alpine forests. Indeed, I showed that pygmy
owls are active only from sunrise to sunset in southern Europe, and at any time of
the day in the North where the nights are light during chick-rearing in the early
summer. These differences in home range size and activity rhythms show that the
species also exhibits a certain degree of plasticity to adapt under these different
environments.
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5 Conclusions

A vast majority of my findings are consistent with the hypothesis that the pygmy owl
can be considered an old-growth forest species. | also provide for the first time
insights on habitat selection for the sites used for nesting and food hoarding sites, for
advertising and for hunting. It is crucial information for conservation management
strategies, as the pygmy owl’s home ranges are large and diverse, and all its essential
properties must be protected. Effective conservation strategies for this old-growth
forest specialist should also include the maintenance of high-quality habitat that
contains suitable natural cavities, supporting the need for protection of mature and
old-growth forests as a whole, and not just of cavity bearing trees alone.
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