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ABSTRACT

Behaviour encompasses all interactions of an animal with other organisms and with its
environment. Studying animal behaviour can provide important information for species
conservation and management. In this thesis, | aimed at closing fundamental knowledge gaps
on different behavioural-ecological aspects of the three migratory species of Columbiformes
(order of doves and pigeons) native to Europe. The species studied include one of the most
rapidly declining breeding birds in Europe, the European Turtle Dove (Streptopelia turtur). As
a Palearctic-African migratory species, it is the only long-distance migrant among the
European native wild Columbiformes. On the contrary, Common Woodpigeons (Columba
palumbus) and Stock Doves (Columba oenas) are both short-distance migrants. They belong
to the most common European breeding birds or have a stable population trend, respectively.
All three species are regularly hunted in several European countries.

In my thesis, | examined the wintering areas, migration flyways and phenology of
European Turtle Doves by means of analysing feather-isotope values (chapter 1) and satellite
tracking data (chapter 2). My findings highlight the use of several migration flyways and
suggest that individuals breeding in different parts of Europe may occupy separate African
wintering grounds. Tracking of Common Woodpigeons with GPS-GSM transmitters
(chapter 3) showed that individuals breeding in Germany are facultative partial migrants, which
can switch their migratory strategy (resident vs. migrant) between years. Tracking data
evaluated along with land cover data indicated that both European Turtle Doves and Common
Woodpigeons adapt their foraging areas and distances to the availability of food resources
(chapters 2 and 3). A comparative assessment of diet components, analysed from faecal
samples through DNA metabarcoding (chapter 4), revealed a variation in the presence and
frequency of occurrence of diet items between the three species. Identified diet components
were mainly seed-bearing plants (Spermatopsida). Furthermore, comparisons with previous
studies suggest distinct regional intraspecific differences in diet composition. An evaluation of
haemosporidian parasite infections (Plasmodium sp., Haemoproteus sp. and
Leucocytozoon sp.) from avian blood samples (chapter 5) demonstrated interspecific
differences in lineage diversity, overall and genus-specific prevalence. The observed infection
pattern supported the assumption that long-distance migrants harbour a higher parasite
prevalence and diversity compared to resident or short-distance migratory species.

Summarising, the findings of this thesis (i) enable a better interpretation of different
behaviours observed in the Columbiformes, (ii) help to comprehend how behavioural habits
are influenced by ecological causation and (iii) emphasize the distinct behavioural diversity
and plasticity present among species as well as individuals. Furthermore, the results contribute
to a greater understanding of the general and specific ecological requirements of the species
of Columbiformes. This can help to optimise present or to plan effective future management
and conservation strategies that reconcile the challenges of game bird management on the
one hand and species conservation on the other hand.



ZUSAMMENFASSUNG

Verhalten umfasst alle Interaktionen eines Tieres mit anderen Organismen und mit seiner
Umwelt. Die Erforschung des Verhaltens einer Tierart kann wichtige Informationen fir das
Management und den Schutz einer Art liefern. Ziel meiner Dissertation war es, grundlegende
Wissensliicken hinsichtlich verschiedener verhaltensokologischer Aspekte von drei in Europa
einheimischen und migrierenden Wildtaubenarten (Ordnung Columbiformes) zu schlieRen.
Zu den untersuchten Arten zahlte die Européische Turteltaube (Streptopelia turtur), die eine
der am starksten ricklaufigen Vogelarten in Europa ist. Européische Turteltauben, welche in
Subsahara-Afrika Uberwintern, sind die einzigen Langstreckenzieher unter den in Europa
einheimischen Taubenarten. Dahingegen sind Ringeltauben (Columba palumbus), die in
Europa zu den haufigsten Brutvégeln gehoéren, und Hohltauben (Columba oenas), die einen
stabilen Bestandstrend aufweisen, Kurzstreckenzieher. Alle drei Wildtaubenarten gehdéren in
mehreren europaischen Landern zu den legal jagdbaren Vogelarten.

Im Rahmen der Dissertation untersuchte ich die Uberwinterungsgebiete, Zugrouten
und Migrationsphanologie von Turteltauben anhand einer Analyse von Isotopensignaturen von
Federn (Kapitel 1) und Satellitenortungsdaten (Kapitel 2). Die Ergebnisse zeigten auf, dass
unterschiedliche Individuen verschiedene Zugwege nutzen und dass moglicherweise eine
raumliche Trennung in den afrikanischen Uberwinterungsgebieten zwischen Individuen aus
unterschiedlichen Brutgebieten existiert. Das Tracking mit GPS-GSM-Sendern von in
Deutschland britenden Ringeltauben (Kapitel 3) ergab, dass einige Individuen ihre
Zugstrategie (Standvogel oder Zugvogel) von Jahr zu Jahr &ndern. Eine Auswertung der
Trackingdaten gemeinsam mit Daten zur Landbedeckung deutete daraufhin, dass sowohl
Turteltauben als auch Ringeltauben Habitatnutzung und Flugdistanzen wahrend der
Nahrungssuche an die Verfligbarkeit von Nahrungsressourcen anpassen (Kapitel 2 und 3).
Eine vergleichende Betrachtung der Nahrungszusammensetzung der drei Wildtaubenarten
ergab, dass das Vorhandensein sowie die Haufigkeit von Nahrungsbestandteilen zwischen
den drei Arten variierten (Kapitel 4). Fur die Ermittlung der Nahrungsbestandteile wurden
Kotproben mittels DNA-Metabarcoding analysiert. Bei den identifizierten
Nahrungsbestandteilen handelte es sich hauptséchlich um Samenpflanzen (Spermatopsida).
Vergleiche mit friheren Studien deuteten auf regionale Unterschiede innerhalb einer
Taubenart hinsichtlich der Zusammensetzung der Nahrung hin. Eine Auswertung von
Infektionen mit Hamosporidien (Gattungen: Plasmodium sp., Haemoproteus sp. und
Leucocytozoon sp.) in Blutproben verschiedener Wildtaubenarten zeigte interspezifische
Unterschiede in der Diversitdit genetischer Linien sowie der allgemeinen und
gattungsspezifischen Pravalenz der Blutparasiten auf (Kapitel 5). Das beobachtete
Infektionsmuster stitzte die Annahme, dass Langstreckenzieher verglichen mit
Kurzstreckenziehern oder Standviogeln eine hdhere Parasitenprdvalenz und -vielfalt
aufweisen.



Die Ergebnisse der vorliegenden Dissertation, im Allgemeinen und zusammenfassend
betrachtet, (i) ermodglichen eine verbesserte Interpretation des bei den Taubenarten
beobachteten Verhaltens, (ii) helfen zu verstehen, wie bestimmte Verhaltensweisen durch
okologische Ursachen beeinflusst werden, und (iii) verdeutlichen die ausgepréagte Vielfalt und
Plastizitat im Verhalten sowohl der jeweiligen Taubenarten als auch der Individuen. Daruber
hinaus tragen die Ergebnisse zu einem besseren Verstandnis der allgemeinen und
spezifischen ©kologischen Anforderungen der Wildtaubenarten bei. Dieses bessere
Verstandnis kann dazu beitragen, effektive Management- und Artenschutzstrategien zu
planen oder bereits etablierte MaBhahmen anzupassen, welche sowohl die Anforderungen
des Managements jagdbarer Arten als auch des Artenschutzes beriicksichtigen.



1 | GENERAL INTRODUCTION

Why, how, where and when do organisms move? Studying the movements of animals is often
motivated by its importance for many ecological patterns. Migratory and foraging movements
can affect ecological processes including the spread of diseases, inter- and intraspecific
competition and the ability of species to cope with global as well as local environmental
changes (Nathan et al. 2008; Spiegel et al. 2016; Miller et al. 2019; Shaw 2020). Besides
migration and foraging strategies themselves, these ecological processes can lead to
differences in individual fithess and subsequently can influence population dynamics (Palacin
et al. 2016; Dadam et al. 2019). Birds, constituting the most diverse lineage of living tetrapod
vertebrates, belong to the most mobile organisms. These ubiquitously distributed organisms
include around 10,900 extant species, which exhibit an extraordinary diversity in ecological,
morphological and behavioural traits, thus occupying a variety of different ecological niches
(Winkler & Leisler 1985, Gill 1995; Prum et al. 2015; Stiels & Schidelko 2018; Gill et al. 2021).

1.1 The order Columbiformes

Pigeons and doves (Columbiformes) are one of the oldest and most diverse extant lineages of
birds (Soares et al. 2016). In many cultures, pigeons and doves can be found as a symbol of
gentleness, love, sacrifice, grace and peace, especially in religions and belief systems.
Nevertheless, they currently are one of the most threatened avian orders. Of the 354 extant
species of Columbiformes worldwide, 72 species (20%) are threatened with extinction and 47
species (13%) are categorized as 6 ear threatenedd Wdod & Cerbini 2021). Despite this, the
order has not received a level of attention proportionate to the number of threatened species,
in particular considering the vital ecological roles of many Columbiformes, e.g. as keystone
species in tropical forests, seed dispersers, or important prey items (Gibbs et al. 2001; Kissling
et al. 2009; Santos et al. 2019; Panter & Amar 2021; Wood & Cerbini 2021). Notwithstanding
their relatively conserved anatomy and morphology, Columbiformes display a wide range of
variations in their ecological adaptations (Soares et al. 2016). Except for the polar regions,
pigeons and doves are widespread over all continents, albeit in varying numbers of species
and individuals. The greatest species richness occurs in the tropical zones, particularly in the
Southeast Asian and Oceanic regions (Rosler 1996; Gibbs et al. 2001).

1.2 Species of the order Columbiformes native to Europe

In contrast to the species-rich tropics, in Europe, besides the rock pigeon and domesticated
feral pigeon (Columba livia and C. livia f. domestica, Gmelin 1789, respectively) as well as a
few endemic species on the Canary Island, only four species of native wild Columbiformes
occur (Gibbs et al. 2001; Gill et al. 2021). These are the Common Woodpigeon (Columba
palumbus, Linnaeus 1758), the Eurasian Collared Dove (Streptopelia decaocto, Frivaldszky
1838), the European Turtle Dove (Streptopelia turtur, Linnaeus 1758) and the Stock Dove
(Columba oenas, Linnaeus 1758).



All four species are listed in Annex Il of the Council Directive 79/409/EEC and therefore can
be legally hunted. However, the species-specific protection status, hunting effort and
regulations differ between European countries.

This thesis has not considered the Eurasian Collared Dove as it only spread from its
original distribution range in the Oriental region over the European continent throughout the
20" century (Gibbs et al. 2001; Rocha-Camarero & de Trucios 2002). In addition, it is a resident
species in Europe, compared to the three other species, known to perform migratory
movements (Gibbs et al. 2001; Baptista et al. 2015). Therefore, my thesis focuses on the
remaining three species of wild Columbiformes native to Europe, namely the Common
Woodpigeon, European Turtle Dove and Stock Dove. These species are briefly introduced in
the following sections.

1.2.1 The Common Woodpigeon - From forest dweller to city resident

The Common Woodpigeon (henceforth Woodpigeon) is widely distributed throughout Europe
(Fig. 1). With a population size of around 41 to 57 million mature individuals, they are one of
the most common breeding bird species in Europe (BirdLife International 2021).
Notwithstanding its great abundance and despite being considered by some as an agricultural
pest, which causes damage to different crops, and the most important European game bird
species (Murton 1960; Slater et al. 2001; Hofle et al. 2004; Butkauskas et al. 2013), the
Woodpigeon receives relatively little attention in general as well as in scientific research (Konig
et al. 2015). It was once a typical woodland species, which inhabited deciduous, mixed and
coniferous forests, but an increase in population size since the mid-20™ century has resulted
in an expansion in its breeding habitats to suburban and urban areas (T o mi a § o jSlaterl 9 7 6 ;
et al. 2001; Bea et al. 2011). Thus, the Woodpigeon is classified as synanthropic species
nowadays (Kurucz et al. 2021). Possibly due to their high adaptability Woodpigeons now occur
in almost all natural and man-altered habitats and their European population continues to
increase further (Gibbs et al. 2001; Bea et al. 2011; Sakhvon & Kévér 2020; PECBMS 2022).

Common Woodpigeon European Turtle Dove Stock Dove
Columba palumbus Streptopelia turtur Columba oenas
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Figure 1 Maps of breeding and non-breeding areas, i.e. wintering areas, of Common Woodpigeons,
European Turtle Doves and Stock Doves. Maps adapted from BirdLife International (2022).
Orange arrows depict a simplified course of migration directions from breeding to wintering areas
(adapted from Mockel 1988 for Stock Doves; Cohou et al. 2007 for Common Woodpigeons, Marx et al.
2016 for European Turtle Doves).




1.2.2 The European Turtle Dove-One of Europed6s most rapidly

Given its rather vast breeding range (Fig. 1), it can be assumed that the European Turtle Dove
(henceforth Turtle Dove) occurs in multiple habitats and landscapes. Often the Turtle Dove is
associated predominantly with farmland. However, research indicates that it occupies a more
diverse range of habitats, often combining open ground areas, such as arable land or
grassland, with hedgerows, trees, or small woodlands, i.e. an ecotone between agricultural
areas and forest (reviewed in Carboneras et al. 2022).

The Turtle Dove, a trans-Saharan migrant, is one of many migratory landbirds within
the Afro-Palaearctic system that is declining (Carboneras et al. 2022). The European
population has declined by almost 80% since 1980. Consequently, the species has been

decl

classified as gl ob al dBjydLife hintemational B021J. Névérthalessntieer a b | e

severity of the population decline varies between countries (Fig. 2). Despite the ubiquity of
decline, the detailed causes remain uncertain, in particular, because certain pressures, such
as food availability or predation pressure, affect different stages of the Turtle Dove life cycle,
making it difficult to estimate their relative contribution to the overall decline (de Vries et al.
2022). The main causes suggested to contribute to the ongoing population decline are habitat
loss and deterioration at breeding and wintering grounds associated with changes in
agricultural practices, illegal killing and unsustainable levels of legal hunting (Fig. 2;
Fisher et al. 2018; Lormée et al. 2020; Moreno-Zarate et al. 2021; Carboneras et al. 2022).

External circle =
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Inner circle =
Current population
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Figure 2 Long-term breeding population trends of Turtle Doves per European country for which sufficient
data is available. The population trend is reflected by the numbers given in the respective circle

(- corresponds to decl i n¥elloyeésélour marks EWcountrigs m wigch duvilée h

Doves can be legally hunted or in which hunting is generally permitted, but a temporary hunting ban
exists (for hunting seasons 2020/21 and/or 2021/22). Modified figure according to FACE (2020).
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1.2.3 The Stock Dove i The cavity-nesting columbiform species

The Stock Dove occurs almost all over Europe (Fig. 1) and inhabits mainly agricultural land
with plenty of trees, woodland edges and broad-leaved forests, especially old forest stands
(M°ckel 1988, Gi bbs et allInco2rsdtt mostkihes wilEdokes
and pigeons, which usually construct an open nest by accumulating some twigs to a platform
nest, Stock Doves are cavity-breeders (Mockel 1988; Gibbs et al. 2001). Therefore, the
occurrence and density of Stock Doves depend on the number of available trees with suitable
nest holes, such as holes excavated by Black Woodpeckers (Drycopus martius, Linnaeus
1758;Kosi GBGski et al. 2011). Al so, ar topdortugitiesably
Stock Doves (Mockel 1988; Mgller et al. 2016).

The European Stock Dove population declined at the beginning of the 20™ century. This
decline was attributed mainly to a lack of adequate breeding sites due to changes and
modernisation in forestry management, such as the increase of spruces or loss of old broad-
leaved forest stands (Hillerich 1984; Moéckel 1988). Since around 1970, after increased
protection efforts, the population has been stable and has even increased locally (Moéckel
1988; Mgller et al. 2016; BirdLife International 2022). Nowadays, Stock Doves are classified
as 06l east ¢ onc e@emany (Ryslaviy et al.a2p26; Biedhifd International 2021).

1.3 The relevance of behavioural studiesin  species conservation and management
With animal species increasingly facing threats from changing climate, diseases, habitat loss
and other pressures from human activities, accelerated rates of species decline and extinction
risk are observed (Swift et al. 2018; Soroye et al. 2020; Sattar et al. 2021). Thus, for effective
conservation and management, it is important to have accurate information about the status
and dynamics of natural populations (Swift et al. 2018). The study of animal behaviour can
provide a valuable contribution to solving conservation and management problems (Sutherland
1998; Buchholz 2007). Attempts to relate the behaviour of animals to conservation are
increasing in the academic literature (Caro & Sherman 2013). To be more precise, the
behaviour of an animal is relevant to conservation biology as behaviour can affect the
persistence of species, e.g. by dispersal and settlement decisions or learned foraging
techniques (Reed 2002). Moreover, it is stated that the study of animal behaviour is crucial for
solving issues of coexistence between wild animals and humans (Blackwell et al. 2018),
especially in the case of legally huntable species.

Although the Turtle Dove is a rapidly declining species and the Woodpigeon is one of
the most common species in Europe, large gaps in our knowledge regarding different
behavioural aspects of these and related columbiform species exist. For instance, little is
known about the migration patterns of the Turtle Dove (Marx et al. 2016), the dietary habits of
the Stock Dove and Woodpigeon (Dunn et al. 2018), or the effects of diseases on mortality
and fitness of columbiform host species (Fisher et al. 2018). In the presented thesis, | aimed
to obtain a comparative and integrated picture of three behavioural-ecological aspects of the
three aforementioned species of Columbiformes: movement, dietary and disease ecology.

-4 -
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1.3.1 Movement ecology 7 Migration and foraging behaviour

The ability to fly makes birds one of the most mobile animals. Their movements occur across
a wide range of spatiotemporal scales, extending from daily foraging movements, one-way
dispersal movements to seasonal migratory movements (Thorup et al. 2017; Shaw et al. 2020).
Migration can be defined as the regular movement of a population to and from a specific region,
resulting in distantly separated breeding and wintering grounds, and is characterised by
movement patterns that vary within a year but usually not between years (Teitelbaum & Mueller
2019). Many avian migrants demonstrate partial migratory behaviour, i.e. just a fraction of the
population migrates whereas the remaining individuals reside in a single habitat for the entire
year (Chapman et al. 2011). Factors that influence population size dynamics include events
that occur over the full annual cycle and thus, in the case of migrants, events that occur at
different localities. Identifying the relative importance of effects, carryover effects and
relationships among events at different annual stages (breeding, wintering and migration) is
fundamental to the effective conservation and management of species (Robinson et al. 2010;
Sedinger et al. 2011; Calderdn et al. 2019). However, these data are rare for most species,
often due to the inability to track individuals throughout their annual cycle, resulting in a lack of
knowledge about where birds breed and winter (Robinson et al. 2010; Gonzalez et al. 2020).

Traditionally, mark-recapture techniques, such as marking individuals with leg rings and
subsequent sighting or recapture, were used to acquire knowledge on migration flyways
(Robinson et al. 2010; Negrier et al. 2020). Also, ratios of isotopes in tissue, genetic markers
(reviewed in Robinson et al. 2010) or radar systems (Nilsson et al. 2018; Cui et al. 2020) were
used to monitor migratory movements. Rapid advancements in tracking technologies, such as
radiotelemetry or satellite transmitter systems, enabled the collection of positioning information
on a wide variety of species remotely. With this progress, the movement of animals can be
tracked at various spatial and temporal scales over long periods, often without the need for
recapture (Robinson et al. 2010; Yoda 2019; Mitchell et al. 2019; Jetz et al. 2022).

The diverse tracking techniques can be used to study various aspects of migration, e.g.
orientation, navigation, phenology, flyways, stopover site selection, migratory connectivity and
occurrence of niche tracking behaviour (Robinson et al. 2010; lllan et al. 2020). For example,
flyways of Turtle Doves were initially identified based on ring-recoveries and sightings,
suggesting three flyways between Europe and Sub-Saharan Africa: a Western, a Central and
an Eastern one (Fig. 1; Marx et al. 2016). Later on, individual Turtle Doves were equipped with
Argos satellite transmitters at their breeding grounds in France to analyse flyways, stopover
and African wintering sites in the Sub-Saharan region in more detail (Lormee et al. 2016).

Stock Doves and Woodpigeons are partial migrants. Both species can be roughly
divided into individuals from Central and Eastern Europe, which are expected to perform short-
distance migration within Europe, and individuals from Western Europe, which are supposed
to be residents (Fig. 1; von Blotzheim & Bauer 1994). For instance, a tracking study of



Woodpigeons equipped with Argos transmitters during the wintering period in Portugal showed
that these individuals migrate to breeding grounds in Poland or Switzerland (Cohou 2011).

Improving and overcoming deficiencies, like low resolution and accuracy, modern
technology, such as high-resolution GPS tracking, provide the level of detail needed to identify
and characterise fine-scale space use and movements. The high-frequency movement data
enables to link movements with behaviours and thus gain greater insight into the behavioural
ecology of species, such as foraging behaviour, representing one of the most important animal
behavioural components (Yoda 2019; McDuie et al. 2019; Van Donk et al. 2020).

For example, a radiotracking study suggested a memory-based strategy with a flocking
mechanism to be the best fit for explaining observed foraging patterns in Woodpigeons
( Kugakows k a . Futtheratudies liReOtHisdmay allow to precisely predict spatial and
temporal characteristics of foraging habits of avian species like Woodpigeons, taking into
account their excellent memory, ability to fly long foraging distances and distinctive flocking
behaviour. A precise knowledge of foraging behaviour can be used to assess aspects relevant
to species conservation, e.g. predictions of the exposure to pesticides based on known
foraging characteristics (Ku g a k o ws k a ; dat Moratdigu & @Golildod 2022). As another
example, with leg-ring radio-tag attachments it was shown that in the first weeks after fledging,
Turtle Doves forage mainly in the immediate vicinity (& 300 m) of their nest, highlighting food
availability close to nest areas as a crucial factor for survival in juveniles (Dunn et al. 2016).

1.3.2 Dietary ecology - Reconstruction of diet composition

Worldwide, avian communities inhabiting agroecosystems are threatened as a consequence
of agricultural intensification (Crisol-Martinez et al. 2016). In Europe, the mid-20"-century
agricultural intensification and the past and ongoing changes in farming practices are expected
to have contributed to the decline of several species of farmland birds. The declines are often
associated with decreased weed seed availability from farmlands (Gutiérrez-Galan & Alonso
2016; Negrier et al. 2020). Precise knowledge of the diet of a species might be of special
interest for designing sound conservation and management strategies (Valentini et al. 2009),
such as planning grazing schemes that increase the abundance of relevant plant species to
improve food availability (Gutiérrez-Galan & Alonso 2016).

Traditionally, dietary analyses have been conducted mainly by direct observation of
foraging behaviour or microhistological analysis of stomach or gut contents and faecal
samples. These traditional techniques are often hampered by the difficulty of continuous
observation and decomposition by the digestion process impeding identification, respectively.
The development of non-invasive molecular techniques has allowed a more precise detection
of DNA remains and higher taxonomic resolution of diet items in faecal samples (Valentini et
al. 2009; Ando et al. 2013; Crisol-Martinez et al. 2016). The molecular analyses of faeces,
i.e. molecular scatology, can be used to reveal significant differences in dietary composition
and overlap (potential competition) between bird species (Crisol-Martinez et al. 2016; Dunn et
al. 2018; Swift et al. 2018).
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With the development of DNA barcoding and next-generation sequencing (NGS) techniques,
faecal analysis using high-throughput sequencing (HTC) is nowadays a widespread,
non-invasive method to study animal diets (Fig. 3; Pompanon et al. 2012; Ando et al. 2016).

Generally, most species of Columbiformes are considered generalists with broad
foraging ranges, often altering their diet components according to the availability of specific
food resources (Ando et al. 2016). For instance, Woodpigeons adapt their diet and foraging
behaviour due to synurbization by exploiting supplementary feeding at garden bird feeders
(Luniak et al. 2004; Dunn et al. 2018). Turtle Doves and Stock Doves feed predominantly on
seeds, whereas Woodpigeons also consume leaves, fruits and other plant matter. Animal
material, e.g. small invertebrates, is rarely a component of the diet of the columbiform birds
(Murton et al. 1964; Browne & Aebischer 2003; Dunn et al. 2018; Negrier et al. 2020).

However, precise data on the diet of Columbiformes are fragmentary and limited
(Mansouri et al. 2019; Negrier et al. 2020). Previous studies have demonstrated that the diet
of the Turtle Dove changed from mainly non-cultivated (natural) arable plants in the 1960s to
seeds of cultivated plants, such as wheat and oilseed rape, in the 1990s (Murton et al. 1964;
Browne & Aebischer 2003). The dietary switch may be associated with the reduction in food
availability during key periods of the breeding season when seeding natural arable plants have
become scarce as a result of agricultural changes (Browne & Aebischer 2004; Dunn et al.
2018). The lack of natural arable plant species potentially deteriorates the condition of nestling
Turtle Doves (Dunn et al. 2018).

Moreover, it was hypothesised that the reduced availability of suitable food, both
spatially and temporally, contributes to the decline, by causing Turtle Doves to cease breeding
earlier and thus produce fewer offspring due to a reduced number of nesting attempts (Browne
& Aebischer 2004; Browne et al. 2005). Furthermore, Turtle Doves might be energetically
challenged due to the reduction of both diet quality and food availability (Dunn & Morris 2012).
This stress could cause weakened immune defense, which in turn could increase susceptibility
to infections (Altizer et al. 2006).

m Faeces sampling in the field
¥ v

| DNA extraction

v

DNA amplification
Preparation of NGS libraries

- v

P High throughput parallel sequencing
h 4
? Diet item identification via DNA barcoding [4 Reference database
v
{ af DIET COMPONENTS

Figure 3 Flowchart diagram showing the main steps (simplified) of a non-invasive, molecular approach
for assessing diet composition using faecal samples. Figure modified according to Valentini et al. (2009)

andVal kil nas & Atkinson (2020)
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1.3.3 Disease ecology - Avian haemosporidian parasites

Endoparasitic infections are a potential stressor for wild birds. Endoparasites, which can be
classified roughly into gastrointestinal parasites and blood parasites, can have effects on their
avian hosts ranging from minor to fatal diseases (Kumar et al. 2018; Zahan et al. 2018; Attia
& Salem 2022). In recent decades, changing environments, climate change, globalization,
human and animal movements and other drivers contributed to the spread of parasites and
the emergence of novel pathogens (Rosenberg et al. 2019; Rush et al. 2021). Species of
Columbiformes infested with endoparasites are often assumed responsible for the spread of
parasites to other avian species (Omer et al. 2015; Attia & Salem 2022). Among others, they
can act as a reservoir host for the flagellated protozoan parasite Trichomonas gallinae, causing
avian trichomonosis (Marx et al. 2017; Martinez-Herrero et al. 2020) or as a reservoir of various
avian malaria and malaria-like parasites (Zahan et al. 2018).

Nowadays, it is recognised that avian haemosporidian parasites, the causative agents
of avian malaria and related diseases, are among the most pathogenic organisms. These
diseases can be responsible for mortality, population declines and even extinctions of poultry
and wild birds (Palinauskas et al. 2020). They can cause serious infections in avian hosts with
symptoms such as anaemia, weight loss, anorexia, arthritis, hepatosplenomegaly, reduced
strength in flight and have long-term negative effects on their reproductive system (Ciloglu et
al. 2019). Avian haemosporidian parasites (Apicomplexa) of the genera Plasmodium,
Haemoproteus and Leucocytozoon have been documented in a great variety of avian host
species all over the world and are one of the most prevalent and diverse groups of avian
parasites (Atkinson 1999; V a | k i d006aGalen et al. 2018; Ciloglu et al. 2019; de Angeli
Dutra et al. 2021). The life cycles of these vector-borne parasites are obligately heteroxenous,
developing in two groups of hosts: vertebrates (here: birds) and vectors (depending on the
parasite genus different blood-sucking dipterans). The vector inoculates sporozoites, the
infective stage of the parasites, into birds while blood-feeding (Fig. 4). The sexual reproduction
process occurs in the vector and thus the birds are intermediate hosts and the dipterans are
definitive hosts (Fig. 4;Va l k i 2006avsal ki T nas & WAtkinson 2020

Generally, three measures are most commonly considered analysing host-parasite
interactions: (i) prevalence refers to the proportion of individuals of a population or group that
are infected, (ii) intensity or parasitemia is a measure of how many parasites of one species
infect a host individual and (jii) richness is the number of parasite species found in an individual
host, a group, or a host species (Herrera & Nunn 2019). While microscopy was the method to
identify blood parasites with morphological data before 2000, recent molecular studies have
recognised a huge genetic diversity of avian haemosporidian parasites with at least 260
species and over 3600 lineages (Harl et al. 2020; Mandal 2021).



Also, it is known that the avian life-history strategy influences haemosporidian prevalence and
richness (Dunn & Outlaw 2019; Fecchio et al. 2021). For example, it is expected that migratory
birds might have more prevalent haemosporidian infections and higher parasite richness
because they move between breeding and wintering areas and use stopover sites. At these
different locations they may encounter a much greater variety of haemosporidian parasites and
vectors. In comparison, residents encounter parasites and their vectors in only one ecosystem
(Ciloglu et al. 2019; de Angeli Dutra et al. 2021; Fecchio et al. 2021). Even though Plasmodium
parasites are among the best-studied pathogens, there is still a large gap in our understanding
of their diversity, specificity, virulence and development in vertebrate hosts. Even less is known
about the other genera Leucocytozoon and Haemoproteus (Palinauskas et al. 2020).
By sampling wild birds, it is possible to define composition up to lineage level and prevalence
of haemosporidian parasites in different bird species using a combination of microscopy and
molecular tools (Ciloglu et al. 2019; Palinauskas et al. 2020). Accurate detection of avian
haemosporidian parasites includes a thorough sampling of avian host species, in particular
columbiform species (Zahan et al. 2018). The accurate detection is required to understand
host-parasite interactions, effects of coinfections (e.g. with Trichomonas gallinae), true
diversity and epidemiology of infections and to develop control strategies against these
diseases (Ciloglu et al. 2019; Dunn & Outlaw 2019; Thomas et al. 2022).

Dipteran vector 4 S Avian host
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Figure 4 General representation of the life cycle of avian haemosporidian parasites. Figure adapted

from Atkinson (1999), Mata (2®12) and Valkilinas
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2 | AIMS AND STRUCTURE OF THE THESIS

The main objective of this thesis was to improve our knowledge about several behavioural-
ecological aspects of different migratory species of Columbiformes native to Europe by a
comparative approach. Thus, the studies included intend to complement missing basic and
fundamental information on the species' ecology. The knowledge acquired through the studies
can potentially be used to identify prospective protection strategies, considering interests in
both management of game bird species and species conservation. In addition, the data
gathered can help to estimate the influence of the different aspects analysed on the population
dynamics of the columbiform species. The included aspects can be classified into three broad
research topics (Fig. 5 and 6):

A movement ecology, encompassing migration and foraging behaviour (chapters 1 to 3)

b

dietary ecology, focussing on analysing diet compositions (chapter 4)
A disease ecology, in particular, avian haemosporidian parasites (chapter 5)

While chapters 1 to 3 focus on a single species each (chapters 1 and 2: Turtle Dove,
chapter 3: Woodpigeon), chapters 4 and 5 are community analyses, including several species
of wild Columbiformes. Due to the pluralist approach in terms of investigated behavioural-
ecological aspects and applied methods (Fig. 6), the present cumulative thesis is structured in
five publications, each presented as an individual chapter, with the following specific aims:

CHAPTER 1 |Feat her st abiHea nidS@jtidentife the SuidkrSaharan wintering
grounds of turtle doves from Europe
1 Determine the non-breeding, i.e. wintering, regions of the only long-distance migratory
species among the Columbiformes native to Europe, namely Turtle Doves
1 Analyse whether wintering grounds differ for individuals using different flyways to
estimate the migratory connectivity of Turtle Doves across Europe

CHAPTER 2 | YearZound spatial distribution and migration phenology of a rapidly declining
transZaharan migrant - evidence of winter movements and breeding site fidelity in European
turtle doves
1 Identify migration flyways and phenology as well as wintering areas of Turtle Doves
following different flyways on a finer spatial and temporal scale
Characterise habitat parameters at breeding and wintering sites
Check for the occurrence of niche tracking or niche switching behaviour with regard to
environmental parameters
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CHAPTER 3 | Should | stay or should | fly? Migration phenology, individual-based migration
decision and seasonal changes in foraging behaviour of Common Woodpigeons

1

Investigate the migration and foraging behaviour of Woodpigeons from different
breeding regions

Evaluate within-population migratory dimorphism

Describe habitat characteristics and choice based on land cover data

CHAPTER 4 | Diet composition of wild columbiform birds: Next-generation sequencing of plant

and metazoan DNA in faecal samples

T

Demonstrate how plant and metazoan diet components can be identified based on a
non-invasive approach

Provide a detailed reconstruction of the food items ingested by species from the order
Columbiformes

Determine the potential dietary overlap between the included bird species

CHAPTER 5 | Prevalence and genetic diversity of avian haemosporidian parasites in wild bird

species of the order Columbiformes

1 Examine the overall and species-specific prevalence, diversity and parasitemia of avian
haemosporidian parasites in wild columbiform bird species
1 Check for potential differences between host species, taking into account the variable
behavioural characteristics of each species
1 Evaluate the possible negative effects of haemosporidian parasites on host species
DIETARY preferred diet
EcoLoGy diet items composition
infection risk & seasonal food type of used foraging
prevalence availability habitats ' movements
DiISEASE parasite & migratory MOVEMENT
EcoLoGy vector diversity movements EcoLoGy

Figure 5 Schematic overview of relevant connections and interactions, represented by arrows, between
the three broad research topics included in the presented cumulative thesis (dietary ecology: chapter 4,
disease ecology: chapter 5 and movement ecology: chapters 1 to 3).
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3 | CHAPTER OUTLINE

The thesis compromises five studies that provide insight in the above-mentioned main
objective, separated into multiple specific aims, presented in the chapters accordingly.

CHAPTER 1 |Feat her st abiHea nidS@jitidenifg the SulirSaharan wintering
grounds of turtle doves from Europe [PUBLISHED]

Outline ¢ In this publication, analyses of feather-isotope signatures were used to identify the
African wintering origins of Turtle Doves. Samples of tenth primary feathers (n = 181), known
to grow during the wintering period, have been collected during the breeding and migration
period or originated from museum collections. By assigning stable hydrogen (li*Hs) and carbon
(G*3Cy) isotope values of feathers to multi-i sot opi ¢ | andscapes (6
stable hydrogen (U°H,) and theoretical vegetation stable carbon (U*3C) in Africa, we presented
a first-order estimation of wintering regions of sampled Turtle Doves. Furthermore, it was
assessed how these likely wintering quarters, located in the Western and Central Sub-Sahara,
overlap with present hunting and protected areas. The use of samples collected at different
sites across Europe allowed checking for flyway-specific wintering regions. The probabilistic
assignments did not indicate a marked difference between the wintering origin of individuals
following the Western (samples from Spain and France) vs. the Central/Eastern flyway
(samples from Greece, Malta, Italy and Bulgaria). However, comparisons of the raw U?Hs and
U*Cs values revealed differences, suggesting that individuals potentially have spent the winter
in separate regions, had different diets, or occupied different habitats. The advantages and
disadvantages of stable isotope analyses, as applied in the study, were discussed. This may
provide thought-provoking impulses for research on other long-distance migratory species, in
particular for those too small to be equipped with currently available tracking devices.

Contributions ¢ Shared lead author (with M. Marx), including manuscript writing and editing;
corresponding author; partial data and statistical analyses of stable isotope data and spatial
dataset of protected and hunting areas (shared mainly with M. Marx and K.J. Kardynal)

CHAPTER 2 | YearZound spatial distribution and migration phenology of a rapidly declining
transZaharan migrant - evidence of winter movements and breeding site fidelity in European
turtle doves [PUBLISHED)]

Outline ¢ This publication focused on the evaluation of satellite tracking data of Turtle Doves
to increase our knowledge on migration flyways, migration timing, stopovers, European
breeding and African wintering sites. Individuals have been equipped with Argos satellite tags,
providing location fixes based on Doppler calculations, during spring migration on Malta
(n = 8) and the breeding season in Germany (n = 8). Tracking data combined with
environmental habitat parameters showed that environmental parameters are more uniform at
the wintering grounds compared to the breeding grounds. This suggests that Turtle Doves
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might be even more vulnerable to future changes in their winter ranges than in their breeding
ranges. 6 Ni che tr acki n dollowilgeehvaonmental rcgnditions ef .similar type
throughout the year, was only observed regarding night-time temperatures. Analysis of land
cover data on breeding grounds demonstrated the use of a wide range of forest and agricultural
landscapes. Home range size at breeding grounds increased with an increasing proportion of
agricultural areas. This is probably due to Turtle Doves being forced to fly large distances in
intensively farmed areas to reach good quality food resources. Year-round tracking, partly for
consecutive years, of individuals revealed behavioural characteristics relevant for planning
conservation measures, e.g. breeding site fidelity, prolonged stopovers in Europe, use of
multiple wintering sites, evidence for loop migration and a curtailed breeding season. The
gathered data were particularly needed for individuals migrating along the Central and Eastern
flyway, as no tracking data from there had been analysed before this study.

Contributions ¢ Lead author; partial material collection and bird handling in the field (catching,
sampling and tagging); molecular work (sex determination); data and statistical analyses
(environmental habitat parameters, tracking and land cover data)

CHAPTER 3| Should | stay or should | fly? Migration phenology, individual-based migration
decision and seasonal changes in foraging behaviour of Common Woodpigeons
[PUBLISHED]

Outline ¢ This manuscript dealt with foraging and migratory movements over the annual cycle
of Woodpigeons. The analyses were based on ring-recovery and two types of satellite tracking
data (Argos and GPS-GSM/GPRS). Individuals (n = 29) with breeding areas located in
Germany and Portugal, mainly caught in an urban environment, were equipped with
GPS-GSM/GPRS transmitters. Woodpigeons from Lisbon (Portugal) stayed almost exclusively
within a large wooded park within the city. Contrary, Woodpigeons from Giessen (Germany)
regularly left the city area to forage on surrounding farmland. In general, home ranges were
larger for Woodpigeons in Giessen compared to individuals in Lisbon. The results of ringing
and tracking data showed a migratory dimorphism: all Woodpigeons breeding in Portugal and
the majority of individuals with breeding sites in Germany were residents, but other individuals
from Germany were migrants. These migrants wintered either in Germany, but away from their
breeding sites, or followed the European sector of the East Atlantic flyway to winter mainly in
France and less frequently in Spain, Portugal, Belgium, Netherlands and Denmark. Using the
tracking data, it was possible to observe behavioural characteristics on an individual level,
revealing a low wintering site fidelity, use of multiple winter sites during one season and
switches of migratory strategies (resident vs. migrant) between years. This study, the first to
analyse satellite tracking data of Woodpigeons from consecutive years, emphasises their
behavioural plasticity. Studying species with such pronounced variation in migratory behaviour
might be of value to investigate the effects of ongoing climate change and increasing
urbanisation on migratory decisions.
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Contributions ¢ Lead author; funding acquisition; partial material collection and bird handling
in the field (catching, sampling and tagging); molecular work (sex determination); data
analyses (ring-recovery, tracking and land cover data)

CHAPTER 4 | Diet composition of wild columbiform birds: Next-generation sequencing of plant
and metazoan DNA in faecal samples [IN PREPARATION]

Outline ¢ In this study, the focus was on a detailed analysis of the diet compositions of different
species of Columbiformes by applying next-generation sequencing (NGS) technology as a tool
for diet reconstruction through DNA metabarcoding. The use of primer pairs targeting plant
nuclear DNA and metazoan DNA, isolated from collected faecal samples (n = 139), provided
a complete picture of the food items ingested. Assessing the dietary overlap between the
included columbiform species (Turtle Doves, Stock Doves and Woodpigeons) revealed
variability in consumed plant taxa (a diverse range of Spermatopsida) among the species.
Woodpigeons and Stock Doves showed the highest dietary overlap. Non-metric
Multidimensional Scaling was used to visualize the detected differences in plant diet
compositions. Animal prey, i.e. metazoan DNA, was present only very rarely. Plant taxa
observed in this study, but previously not listed as known food items in other studies, and an
evaluation of the proportion of wild vs. cultivated plant species give indications for dietary
changes due to urbanization and agricultural intensification. Especially for declining Turtle
Doves, identified regional variations may be relevant for the implementation of proposed
conservation options, e.g. tailored seed mixtures. The sharp decline of many avian species
over the past decades calls for a more thorough knowledge of their dietary requirements. Our
study supports the non-invasive approach applied as an accurate method for diet analyses
that could be used in other species as well.

Contributions ¢ Lead author; organisation of faecal sample collection with cooperation
partners; partial material collection in the field; molecular work (DNA isolation and preparation
of NGS libraries); partial data and statistical analyses (shared mainly with J.F. Masello)

CHAPTER 5 | Prevalence and genetic diversity of avian haemosporidian parasites in wild bird
species of the order Columbiformes [PUBLISHED]

Outline ¢ Here, the prevalence, diversity and parasitemia of haemosporidian parasites in
Columbiformes were presented. Blood samples (n = 259) of different species, predominantly
Turtle Dove, Stock Dove and Woodpigeon, were collected in seven countries between
2013 and 2019. Haemosporidian infections were determined through nested PCR, revealing
an overall prevalence of 42%. More precisely, the majority of individuals (34%) harboured a
single haemosporidian lineage (Leucocytozoon: 15%, Haemoproteus: 15%, Plasmodium: 4%)
and 7% had mixed infections. Stock Doves had a lower overall prevalence (4%) than Turtle
Doves (49%) and Woodpigeons (62%), potentially because they might be shielded better from
dipteran vectors as cavity-nesters.
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Overall, 15 distinct mitochondrial cytochrome b lineages were detected, including five newly
discovered ones. A second PCR assay (One-step multiplex) was applied for improved
detection of mixed Plasmodium/Haemoproteus infections. However, we showed that this
assay displays infections of the subgenera H. (Haemoproteus) at the expected band height of
Plasmodium infections. Thus, this PCR assay is rather not advisable to examine orders prone
to H. (Haemoproteus) infections. Despite a relatively high observed prevalence and diversity,
the parasitemia (obtained by microscopic examination of blood smears) was rather low for
most samples, indicating mainly chronic instead of acute infections. The low parasitemia
suggests the contribution of haemosporidian infections to population dynamics of sampled
hosts might be rather insignificant. Obtained data can constitute an important reference to
monitor future changes in parasite ranges and diversity expected as a consequence of climate
change.

Contributions ¢ Lead author; partial material collection in the field (blood sampling);
examination of blood smears; molecular work (DNA isolation and PCR assays); phylogenetic
(medium joining networks and phylogenetic tree reconstruction) and statistical analyses of
datasets resulting from Sanger sequencing
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Figure 6 Overview of thesis structure, depicting the three broad research topics with the respective
species studied and applied methods (simplified) for each chapter.
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4 | GENERAL CONCLUSIONS AND FUTURE OUTLOOK

4.1 General c onclusions

The presented cumulative thesis consists of five chapters focusing on behavioural-ecological
aspects in the fields of movement, dietary and disease ecology. All chapters together
contribute to form a more complete picture of the behaviours exhibited by the studied
columbiform species. In particular, because the different fields of ecology are connected and
interact with each other (Fig. 5). The presented findings result from the combination of studying
single species (chapters 1 to 3) and comparative approaches (chapters 4 and 5; Fig. 6).

Given the fact that many migratory birds spend most of the year away from their breeding
grounds and face seasonally specific threats and limitations with various carryover effects, it
is important to consider data from both the breeding and the non-breeding season, i.e. across
the entire annual cycle (Hostetler et al. 2015; Briedis et al. 2018; Swift et al. 2020). Studying
the migratory movements of Turtle Doves (chapters 1 and 2) and Woodpigeons (chapter 3)
has contributed to a better understanding of the year-round distribution of these two species.
The main results obtained under this thematic aspect of my thesis point out that:

1 Turtle Doves from the European population migrate along different migration flyways from
their European breeding grounds to their African wintering grounds, located in the Western
and Central Sub-Sahara. Moreover, we could show that they partly wintered farther south
than 10°N (chapters 1 and 2), which is often given as a limit in literature. Consequently,
also areas farther south than 10°N should be considered as potential wintering areas.

1 Turtle Doves following the different flyways are likely to occupy different regions and
habitats during the wintering period (chapters 1 and 2). This potentially exposes them to
different and variable levels of threats during this period in the life cycle, which might be
reflected in varying levels of observed population declines across the European breeding
grounds (see de Vries et al. 2022).

1 In Woodpigeons, which were breeding in Portugal, only resident behaviour was observed.
Whereas, the individual-based migratory decision of Woodpigeons with breeding sites in
Germany switched between resident and migrant between years. Therefore, they can be
classified as facultative partial migrants (chapter 3). The annually changing numbers of
migrants and residents may provide an explanation for the observed fluctuating numbers
of Woodpigeons in their wintering areas (e.g. Lormée & Aubry 2018).

1 Woodpigeons show pronounced behavioural plasticity in terms of migration tactics
(chapter 3). Firstly, this supports the hypothesis that migratory movements in partial
migrants are not solely a genetically fixed behaviour (Lundblad & Conway 2020). Secondly,
given that Woodpigeons are nowadays one of the most common bird species in many
European cities, our results support the general postulation that behavioural plasticity plays
an influential role in successful urban colonization processes in birds (Chyb et al. 2021).
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1 Both migratory Woodpigeons and Turtle Doves show a high breeding site fidelity, i.e. return
to the same breeding areas, compared to a lower wintering site fidelity. Also similar in both
species is the use of multiple distinct wintering sites during one wintering season by the
majority of individuals (chapters 2 and 3). Probably these winter movements are linked to
the temporally fluctuating availability of food resources.

The dietary and foraging ecology of a species are closely linked to each other, e.g. food
availability exerts major influences on foraging distances (Burke & Montevecchi 2009).
Therefore, dietary studies can give insights into foraging behaviour and vice versa (Gaglio et
al. 2016). Considering the results of the molecular diet analyses (chapter 4) and the studies
on foraging behaviour based on tracking data (chapters 2 and 3) together, the following
conclusions can be drawn:

1 Turtle Doves and Woodpigeons seem to adapt their foraging areas and distances in
breeding areas to the availability of food resources (chapters 2 and 3, respectively).
This, on the one hand, might highlight an opportunistic or rather plastic nature in both
species, but on the other hand, indicates that suitable food resources might not always be
available near nesting sites. This forces individuals to forage over longer distances, which
might be energetically costly and therefore potentially affect the species negatively
(Browne & Aebischer 2001; Masden et al. 2010; Trevail et al. 2019).

1 The DNA data from faecal samples showed some differences between the columbiform
species in terms of consumed plant species (chapter 4). Woodpigeons also consumed
plants growing mainly in urban environments, whereas this could not be detected as
distinctly in Turtle Doves and Stock Doves. This is also reflected in the tracking studies,
demonstrating that much of the foraging of Woodpigeons takes place in urban areas,
whereas Turtle Doves very rarely visit urban sites (chapters 2 and 3), highlighting the
successful adaptation of Woodpigeons to urban environments.

1 In general, only certain species, characterized by a combination of specific traits and by
certain niche requirements, seem to be capable of coping with the environmental
alterations that are imposed by urbanisation (Jokiméki et al. 2016; Patankar et al. 2021).
The adapted behaviour in terms of urbanisation of Woodpigeons could be one of the
reasons why population numbers of Woodpigeons are not declining despite the continuous
increase of urban settlements, which generally constitute a major threat to biodiversity
(Seto et al. 2012; Patankar et al. 2021). In contrast, the Turtle Dove has a strong declining
population trend in Europe, potentially indicating that this species copes less well with the
ongoing urbanisation and associated changes (but see Eddajjani et al. 2022).

9 Obtained results point out distinct plasticity in foraging habits, in particular f o r 6ur bané
Woodpigeons (chapter 3). This is likely an adaptation to the seasonally changing
productivity of exploited foraging sites. Moreover, out of the three columbiform species,
Woodpigeons had the highest overall diversity in consumed plant families (chapter 4).
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Many birds living in urban environments adapt their food resources and show a loss in
migratory behaviour since there is enough food available in urban areas to support them
through the winter (Méndez et al. 2020; Patankar et al. 2021). This could also be the case
in Woodpigeons, as most individuals tagged in an urban area in Germany were residents
and especially during winter rarely left the city (chapter 4). Contrary, Turtle Doves and
Stock Doves, which typically do not exploit food resources in urban areas, are forced to
migrate to find adequate and sufficient food during winter.

Migration plays a significant role in the ecology and evolution of host species and consequently

their parasites (Ishtiag & Renner 2020). Moreover, migrants are important agents for the

distribution of parasites, particularly those lacking free-living stages, and thus disperse only

with their hosts and vectors, such as avian haemosporidian parasites (Ricklefs et al. 2017).

By analysing avian haemosporidian parasites in columbiform species with different migration

strategies (chapters 2, 3 and 5), the results presented in my thesis could:

)l

Contribute to the debate whether migratory avian species are more often infected by
haemosporidian parasites (e.g. Soares et al. 2019; Ciloglu et al. 2020; de Angeli Dutra et
al. 2021). Our results support the hypothesis that long-distance migrants harbour a higher
diversity of haemosporidian parasites than residents or short-distance migrants. In terms
of prevalence, this pattern was only evident for Plasmodium and Haemoproteus infections.
Contrary, Leucocytozoon infections were most prevalent in partial migrants, namely
Woodpigeons (chapters 3 and 5). The detected variation in patterns by parasite genus
along with methodological issues raised in the publication emphasises that an accurate
detection of avian haemosporidians is crucial for correctly investigating host-parasite
interactions and true parasite diversity (Ciloglu et al. 2019).

Assess the potential impact of blood parasites as a threat to declining Turtle Doves (Fisher
et al. 2018). Due to the rather low observed parasitemia, we deem the contribution of
haemosporidian infections to the decline of this species to be rather insignificant at the
moment (chapter 5). However, expected future changes in parasite transmission areas,
distribution and diversity associated with global change can pose an upcoming risk (Ishtiaq
et al. 2021). My results provide reference information to monitor future changes.

Beyond the contribution to a better general understanding of different behavioural aspects of

the included columbiform species, the studies assembled in this thesis provide some insight

to draw prospective directive lines for conservation purposes for declining Turtle Doves and

management of Woodpigeons:

f

For Turtle Doves we demonstrated that prolonged stopovers during autumn migration in
Europe overlap with the time of legal hunting activities (chapter 2). The sustainability of
Turtle Dove hunting in Europe has been discussed during the last several years due to
severe population declines (Thomaidis et al. 2022).
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Turtle Dove individuals migrating along the Western flyway mainly pass European
countries with temporary hunting bans (Fig. 2). However, hunting is still allowed in some
countries along the Central and Eastern flyways. The sustainability of harvest and
effectiveness of hunting regulations along the Central and Eastern flyway should be re-
assessed, similarly as done along the Western flyway (Lormée et al. 2020; Delibes-Mateos
et al. 2021; Moreno-Zarate et al. 2021), to develop sustainable hunting concepts.

In Germany, Woodpigeons can usually be hunted during the winter month (November to
February; JagdzeitvV 1977). Our results demonstrated that Woodpigeons, which breed in
urban areas, rarely leave the urban areas during these months (chapter 3). Therefore, shot
Woodpigeons are likely mainly local individuals breeding outside the urban area or
migrants from more northern European countries, which winter in Germany. Thus, hunting
probably has relatively little impact on resident urban Woodpigeons. However, it must be
noted that our study represents the situation of only one city in Germany. Woodpigeons in
other cities might behave differently, e.g. depending on the type of habitats surrounding
the city or food availability within the city.

In line with Dunn et al. (2021) and Chiatante et al. (2021) we discovered that the home
range size of Turtle Doves in breeding areas seems to depend on the availability of food
resources connected to certain habitat types. In our case, a higher proportion of agricultural
areas led to an increase in home range size (chapter 2). Also, the dietary shift from wild
plant species to cultivated ones (chapter 4) was already observed in other breeding areas
and has been proposed to negatively influence Turtle Doves (e.g. Browne & Aebischer
2004; Dunn et al. 2015, 2018). Both, increased home range size and dietary shift, reinforce
the importance of the close proximity of suitable nesting sites and feeding areas with
accessible seeds throughout the entire breeding season (Browne et al. 2004; Dias et al.
2013; Dunn et al. 2018). To ensure abundant and adequate food resources at the breeding
areas, managed feeding areas sown with tailored seed mixtures according to regionally
preferred wild plant species could prove to be a successful conservation measure.

Finally, the obtained results add to the body of research, which highlights the variability of
habitats, both breeding and foraging habitats, and food resources exploited by Turtle
Doves across European breeding sites. This indicates that the Turtle Dove is not a
specialist species, but rather a plastic one, able to adapt to a variety of environmental
conditions, i.e. variable habitat compositions. Thus, the @ptimald urfle Dove habitat might
look very different across regions. This must be considered when planning conservation
measures, as it cannot be assumed that a particular measure will be equally effective and
useful across different breeding regions, e.g. Western versus Eastern Europe. Therefore,
conservation measures should be tailored to regional conditions.
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4.2 Future o utlook

Not all pertinent questions dealing with behavioural aspects of the included species of
Columbiformes and, moreover, the resulting consequences of specific behaviours for
populations dynamics, could be covered and answered comprehensively within the scope of
my thesis. Some of the included analyses could be examined in more depth with a better data
basis. For instance, the analyses of habitat requirements would benefit from an improved
understanding on the relationships between specific landscape components and bird
abundance (cf. Saad et al. 2021). This could be achieved if more detailed information were
available on landscape elements, such as the presence of small-scale elements like
hedgerows or field margins, and on land management practices, e.g. the use of agrochemicals
(cf. Marx & Quillfeldt 2018). A thorough identification of the landscape elements that are crucial
in explaining abundance patterns can be helpful to promote specifically these elements
through measures and thus enhance potential habitats. In the particular case of Turtle Doves,
a closer look at habitat requirements in their wintering areas is needed, as their sensitivity to
changes in their wintering quarters has already been suggested (Eraud et al. 2009). However,
a significant knowledge gap on threats in the wintering areas remains (Fisher et al. 2018).

To be able to draw more direct causal links in future research, it should be striven to
assess more concrete connections between different behavioural aspects (Fig. 5). For
example, assessing if the availability of specific food resources influences the migratory
decision in partial migrants. Another research question could be whether individuals weakened
by a suboptimal diet are more likely to be affected negatively by pathogens.

During research for this thesis, | attempted to equip Stock Doves with transmitters, but
tracking them was not successful due to different reasons, such as the breaking off of
transmitter antennas or low recapture success. Future studies should take a step forward by
expanding applied tracking methods, such as using transmitters with GPS accuracy on all
species. Moreover, they should include individuals of all columbiform species, using the same
location to ascertain habitat segregation or potential competition on particular resources, e.g.
nesting sites or certain food resources (cf. Benghedier et al. 2020; Floigl et al. 2022; Squalli et
al. 2022). It should be noted that the presented studies only cover small sub-areas of the
complete distribution ranges of the respective species and that different behavioural patterns
should be expected in other areas, especially since our studies have already determined
regional differences. For example, there are hardly any studies from the Eastern part of the
breeding distribution range (Eastern Europe and parts of Asia) of Turtle Doves.

To recapitulate, the outcomes of the studies incorporated in my thesis show how
research into different behavioural aspects not only provides insights into the general biology
of species and species communities but can also provide information relevant for appropriate
management and conservation actions (cf. Hays et al. 2019; Saad et al. 2021). However, to
actually help declining species in practice, it will be particularly important to close the prevailing
science-practice implementation gap in the future.
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Abstract

Conservation of migratory birds requires knowledge of breeding and nonbreeding ranges and the connections between them.
European turtle doves (Streptopelia turtur) are Palearctic-African long-distance migrants with wintering areas in the Sub-
Saharan belt that are classed as vulnerable due to strong population declines. However, detailed non-breeding locations of
individuals from different migratory flyways are unknown. To identify wintering regions of turtle doves, we measured stable
isotopes of feathers grown on the wintering grounds and used a dual-isotope (hydrogen (ész) and carbon (5]3Cf)) proba-
bilistic assignment to analyse origins of individuals migrating through the western and central/eastern flyways. The most
probable wintering areas for turtle dove samples from both flyways were in the western and central Sub-Sahara. However,
we found differences in 6°H; and &'C; values between turtle doves following different migratory routes (western vs central/
eastern flyway). This result suggests a higher likelihood of origins in the central Sub-Sahara for central and eastern migrants,
while turtle doves using the western flyway originated primarily in the western Sub-Sahara, highlighting the importance of
both regions for the future conservation of turtle doves from European breeding populations. The establishment of migratory
connectivity of populations requires sampling from birds from the European as well as Asian continent; however, we provide
important results that can be used to test hypotheses regarding population declines resulting from factors experienced over
the full annual cycle for some populations.

Keywords Streptopelia turtur - Assignment to origin - Feather isoscape - Deuterium - Carbon-13 - Migratory connectivity
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Introduction

Migratory birds occupy geographically disparate regions
during different parts of the annual cycle, and long-distance
migrants typically spend the majority of their life away
from their breeding sites (Kelly et al. 2005). Nonetheless,
most studies have focused on factors affecting conditions
during the breeding period, but research to understand
how events outside the breeding season impact survival of
migrants are still insufficient (e.g., Prochazka et al. 2008;
Morrison et al. 2013; Briedis et al. 2018; Tobolka et al.
2018). Therefore, research into the identification of areas
used during the non-breeding period and the spatial linkages
between breeding and non-breeding grounds, or 'migratory
connectivity', is of crucial importance for the effective con-
servation of migratory birds (Prochazka et al. 2008).
European turtle doves (Streptopelia turtur, subspecies S.
t. turtur, henceforth, turtle doves) are the only long-distance
migrating species of European breeding columbids and win-
ter in the African Sahel between 10 and 20° N (Glutz von
Blotzheim 1980; Geroudet 1983; Cramp 1985). Turtle doves
have undergone a rapid and steep decline of ~80% across
the European breeding range since 1980, and the species is
currently listed as ‘vulnerable’ on the [IUCN’s red list (Fisher
et al. 2018; PECBMS 2021). Agricultural intensification in
Europe, which includes the removal of hedges and extensive
use of agro-chemicals, may lead to increased predation risk,
a shortened breeding season, and decreased productivity
(i.e., lower number of breeding attempts and fledged young
per season), is suspected to be the main driver of the turtle
dove decline (Browne and Aebischer 2004; Browne et al.
2005). Environmental conditions experienced on migration
and on the non-breeding grounds can also affect the indi-
vidual physical condition and population dynamics of migra-
tory avian species (e.g., sedge warbler Acrocephalus schoe-
nobaenus, Peach et al. 1990; white stork Ciconia ciconia,
Kanyamibwa et al. 1990; Schaub et al. 2005; Baillie and
Peach 1992; Robson and Barriocanal 2011; European sand
martin Riparia riparia, Szép 1995; turtle dove, Eraud et al.
2009). Unsustainable legal and illegal hunting activities
along the migration routes are further contributing to the
turtle dove decline (Fisher et al. 2018; Lormée et al. 2020;
Moreno-Zarate et al. 2021), with eight countries in the
EU-27 reporting hunting bags totaling over 1.4 million birds
(Hirschfeld et al. 2019). Furthermore, turtle doves face mul-
tiple threats on the Sahelian non-breeding grounds (hence-
forth winter grounds), including reduced survival resulting
from food shortages, scarcity of roosting sites and freshwa-
ter, as well as an increased human disturbance (e.g., agri-
cultural intensification, hunting; Zwarts et al. 2009). There-
fore, identifying the main wintering areas of turtle dove
populations is important in order to develop appropriate
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management and conservation strategies over the full annual
cycle (Hobson et al. 2009a; Eraud et al. 2013; Hanane 2017).

Turtle doves use three main migratory flyways (western,
central, and eastern) to move between breeding and winter-
ing grounds with regular mixing between the central and
eastern routes but no or limited mixing between western
and other routes (Marx et al. 2016). Mirroring the three
migratory flyways, previous studies suggested three different
wintering regions in the western, central, and eastern Sub-
Sahara, which may indicate the presence of strong migratory
connectivity in turtle dove populations (Glutz von Blotzheim
1980; Zwarts et al. 2009). The strength of migratory con-
nectivity has important consequences for the ecology and
conservation of migratory species (see Webster et al. 2002)
but it is not well described for turtle doves. Turtle dove pop-
ulations using the western flyway mainly winter in western
Africa, namely in Senegal, Gambia, Guinea Bissau, Conakry
Guinea, Burkina Faso, and Mali (Morel 1987; Morel and
Morel 1988; Carvalho and Dias 2001, 2003 according to
Fisher et al. 2018; Aebischer 2002; Eraud et al, 2013; OFB
2021). Populations following the central route may win-
ter in Sudan and Ethiopia, possibly reaching as far west as
Mali, Burkina Faso, Ghana, and Nigeria (Zwarts et al. 2009;
Schumm et al. 2021). Migratory movements of populations
breeding in the eastern part of the European range remain
poorly documented (Bankovics 2001; Fisher et al. 2018).
Generally, suitable wintering habitats appear to be featured
by abundant food and water availability as well as by large
trees or patches of woodland as roosting sites (Zwarts et al.
20009). In addition, studies indicate that turtle doves move
among several habitats during winter and move up to hun-
dreds of kilometers between sites (Morel 1986; Eraud et al.
2013; Lormée et al. 2016; OFB 2021).

Currently, the efficacy of extrinsic markers, such as
geolocators or satellite tags, to define main wintering areas
of turtle dove populations is hampered by the small sample
size of tracked individuals (Eraud et al. 2013: five geoloca-
tors; Lormée et al. 2016: three satellite tags; Schumm et al.
2021: 16 satellite tags; OFB 2021: 26 satellite tags; RSPB
2021: seven satellite tags). Turtle doves have been equipped
with satellite transmitters and geolocators at their breeding
grounds or during migration, but only a fraction of these
tracked individuals reach their wintering quarters (e.g., five
out of 16, Schumm et al. 2021), and few geolocators were
retrieved back containing full data (five out of 64, Eraud et al.
2013). In addition, low recovery rates of ringed birds from
the winter quarters (Zwarts et al. 2009; Marx et al. 2016)
and difficulty in distinguishing between the subspecies S.
t. turtur and S. 1. arenicola on potentially shared wintering
ranges complicate determining a complete picture of the
wintering destinations (Hanane 2017). However, informa-
tion from previous research, ringing, and tracking studies
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are useful to help define plausible wintering areas for other
methods, including probabilistic assignment to origin using
stable isotopes (Hobson et al. 2012).

In this study, we used intrinsic isotopic markers in meta-
bolically inert feathers grown during the wintering period to
identify African non-breeding origins of turtle doves sampled
during migration and breeding periods in Europe. Feath-
ers indirectly provide environmental isotopic information
from the African wintering habitats where they were grown.
Within a predetermined wintering range, feather isotope
information can be used to assign turtle doves from differ-
ent breeding or flyway origin to wintering areas (Hobson
et al. 2009a). For this purpose, we assigned stable hydrogen
(6°H;) and carbon (8"*Cy) isotope values of turtle dove feath-
ers to multi-isotopic landscapes (“isoscapes™) of precipita-
tion stable hydrogen (52HP), and theoretical vegetation stable
carbon (6'°C) in Africa (Bowen et al. 2005; Still and Powell
2010; Hobson et al. 2012), With this approach, we provide
(I) a first approximation of the wintering regions used by
turtle dove populations from different countries of origin in
Europe, (IT) an estimation for differences in 52H,~, and 6]3Cf
among the western and the central/eastern flyway, and (III)
an assessment of the current overlap between turtle dove
winter quarters and existing protected areas.

Material and methods
Moult cycle of turtle doves

Generally, adult turtle doves start moult in July while on the
breeding grounds (Demongin 2016). They renew the first to
occasionally fourth primary feathers (i.e., P1-P4), then sus-
pend moult until their arrival on the wintering areas around
September, where they renew their remaining primary feath-
ers (P5-P10). Hence, the outer primary feathers are grown
on the wintering grounds (Morel 1986; Demongin 2016).

Feather sampling

Feather samples of adult turtle doves from the subspecies S.
t. turtur were collected from migrating individuals, rescued
birds from wildlife recovery centers, or breeding birds. Indi-
viduals were either hunted, rescued, trapped (e.g., whoosh or
mist nets, cage traps), or they originated from museum (Nat-
ural History Museum Berlin) collections (Table 1). Adding
samples from museum collections assumes continuity in pre-
cipitation isotope patterns through time: Feather 5°H values
of samples originating from museum did not vary signifi-
cantly relative to values of the remaining sample of respec-
tive countries, Germany, Italy, and Spain (s-test: r=2.39,
df =5.46, P=0.058). In order to increase the general sample
size, and as the aim of the analysis was to provide a good

first-order estimation of wintering regions vs information on
a small geographic scale, we deem the inclusion of samples
originating from museums valuable. Moreover, our inclu-
sion of an appropriate error term in isotopic assignments
(see below) renders our inferences conservative, Samples
were collected during spring and autumn migration as well
as during the breeding season in June and July (Marx et al.
2016). A small sample of approximately 1 cm?® was cut from
the vane of the tip of the tenth primary feather (P10), i.e.,
outermost primary, for stable isotope analysis. In total, we
collected 181 adult feather samples from seven European
countries, 121 from the western flyway, 55 from the central/
eastern flyway, and five samples without a reliable classifica-
tion to one of the flyways (Table 1). The central and eastern
European flyways were combined, as ringing data showed
that several individuals crossed between those two flyways
(Marx et al. 2016).

Stable isotope analyses

Stable isotope analyses were conducted at the Stable Iso-
tope Laboratory of the Leibniz Institute for Zoo and Wild-
life Research (IZW). Feather samples were washed with
a 2:1 chloroform/methanol solution for 24 h and then
dried for 48 h under a fume hood. A feather subsample of
0.55 +0.05 mg was placed into a tin capsule for carbon (C)
stable isotope analyses. The tin capsules were combusted in
an elemental analyzer (Flash EA 1112 Series, Thermo Fisher
Scientific, Bremen, Germany) and measured with a Delta
V-Advantage mass spectrometer (Thermo Fisher Scientific)
connected continuous-flow mode.

Stable isotope values are given in the delta notation (5)
as parts per thousand (%¢) deviation from the ratio of inter-
national standards (for C: VPDB). Secondary laboratory
standards of known 3C/'*C values of tyrosine (—24.0%c)
and leucine (—30.3%¢) were used for calibration and drift
correction. The within-run accuracy of 6'°C measurements
was always better than 0.2%. for laboratory standards. For
stable hydrogen (H) analyses, 0.27 mg+0.1 mg were loaded
into silver capsules (IVA Analysetechnik e.K., Meerbusch,
Germany). Loaded samples in folded capsules were stored
in 96-well microtiter plates loosely covered with the lid in
order to allow exchange with ambient air moisture. Then,
trays were placed in a compartment drier at 50 °C for at
least 24 h to speed up equilibration and remove extra mois-
ture. Afterwards, samples and standards were loaded into
the carousel of a Zero Blank autosampler (Costech Ana-
lytical Technologies Inc., Italy) and flushed with dry helium
for a minimum of 1 h. Samples were then dropped one by
one into the elemental analyzer (EA; HT Elementanalysator
HEKAtech GmbH, Wegberg, Germany), which operated at
1350 °C and contained a silicon carbide (Sic) tube filled
halfway with glassy carbon chips and including a carbon/
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Table 1 Mean tenth primary feather (P10) isotope values (8°H; and 6'*C; in %0) of European turtle doves sampled in seven countries across

Europe at different periods

Country Flyway Sample location  Sample type Collection period (year) N Mean 6°H; Mean §*C;
Bulgaria Kavarna Hunt AM (2014) 5 —83.89 -19.16
Bulgaria total  Central/East 5

France Auvergne Live capture BS (2014) 19 —66.37 —20.84
France Chize Live capture BS (2014) 20 —68.33 -20.93
France Marne Live capture BS (2014) 20 —65.13 —19.95
France Oleron Live capture BS (2014) 20 —-60.24 -20.27
France total West 79

Germany Berbisdorf Museum BS (1934) 1 —78.95 -22.73
Germany Dahme Museum BS (1981) 2 —-59.35 —20.66
Germany Villingen Live capture BS (2014) 1 -62.09 —10.90
Germany Ottenheim Museum BS (1890) 1 -21.69 —10.43
Germany total  Unknown 5

Greece Soufli Hunt BS/AM (2013) 20 —59.80 —19.51
Greece total Central/East 20

Italy Rieti Wildlife recovery center  BS (2014) 1 —39.96 —-12.07
Italy Sardegna Museum SM/BS (1908) 1 —32.64 —8.53
Italy Ventotene island  Live capture SM (2014) 16 —60.69 —-18.41
Italy total Central/East 18

Malta Comino Live capture SM (2014) 2 —-65.73 —14.49
Malta undefined Hunt SM/AM (2014) 10 -55.72 —17.34
Malta total Central/East 12

Spain Ibiza Museum SM (1930) 1 —-47.99 —11.86
Spain Monfrague Hunt AM (2013) 41 -15.79 -21.94
Spain total West 42

Overall total 181

BS breeding season, SM spring migration, AM autumn migration

water trap. The obtained H, sample pulse was then intro-
duced into the stable isotope ratio mass spectrometer (Delta
V advantage, ThermoFisher Scientific, Bremen, Germany)
via an interface (Finnigan Conflo III, ThermoFisher Scien-
tific, Bremen, Germany). Samples were analysed together
with three in-house keratin standards, which had previ-
ously been calibrated to the USGS42 standard (Soto et al.
2017). Measured stable isotope values are reported in the
delta notation (§) as parts per thousand (%e) deviation from
V-SMOW. The precision of §°H measurements was always
better than 2%.. We calculated the stable isotope value of
the non-exchangeable portion of the hydrogen in samples
based on laboratory keratin standards with known stable
isotope values of the non-exchangeable portion of hydro-
gen: sheep wool from Sweden SWE-SHE (—111.6%0), sheep
wool from Spain ESP-SHE (—61.5%¢), and goat wool from
Tanzania AFR-GOA (-26.4%¢), standards that were cali-
brated directly to KHS and CBS laboratory keratin standards
(—54.1 and —197.0%e, respectively).

We chose not to include nitrogen isotopic values
("3 N/™ N) in our analyses. While 6'°N has been regularly
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included in studies dealing with main diet and trophic rela-
tionships of marine or aquatic birds, as §'°N patterns there
are relatively well understood and/or constant over large
geographic areas (Hobson 2011), the use of §'°N measure-
ments in tracing origins of animals, particularly terrestrial
animals, is relatively rare (Hobson and Wassenaar 2019).
This is because §'°N values in plant and animal tissues can
vary even locally as values are heavily influenced by anthro-
pogenic sources of nitrogen, in particular by agricultural
inputs, including fertilizers, sewage, and agricultural animal
waste, and by atmospheric deposition via fossil fuel burning
(Cruz et al. 2012; Hobson et al. 2012; McMahon et al. 2013;
Hobson and Wassenaar 2019).

Assignment to wintering areas

To delineate likely African winter areas of turtle doves, we
applied a spatially-explicit multi-isotope likelihood assign-
ment method (Royle and Rubenstein 2004; Wunder 2007;
Hobson et al. 2009b). To accomplish this, and following
Hobson et al. (2012), we used African isoscapes reflecting
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