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Abstract 

European Turtle Doves (Streptopelia turtur), Europe’s only long distance migrating columbids, 

experienced a strong population decline of more than 78% since 1980. Studies about Turtle 

Dove’s population connectivity and threats affecting the population are needed. Therefore, 

this dissertation aims to infer the population connectivity of Turtle Doves and evaluate the 

potential impact of hunt, with a) a ring re-encounter analysis (chapter 1) and b) a stable isotope 

assignment (chapter 2). Furthermore, prevalences and genetic lineages of the parasite 

Trichomonas gallinae were analysed (chapter 3) and species distribution models (SDMs) were 

applied to determine habitat requirements and potential key breeding areas in Germany 

(chapter 4). 

The first chapter suggests a strong connectivity for Turtle Doves in western Europe, mainly 

following a western flyway, and a rather weak connectivity for birds from central and eastern 

Europe, which used both, a central and an eastern flyway. The second chapter demonstrates 

that stable hydrogen isotopes could be used to distinguish four large areas within the breeding 

ranges, but also supports the suggestion of a weaker connectivity for some birds. The methods 

applied in both chapters could not identify spatially explicit breeding areas, but clearly 

demonstrated the high hunting impact on migrating birds in Europe, particularly on those 

originating from other countries than from those where hunting occurs. The evaluation for 

Trichomonas gallinae highlights a general high prevalence, but an infection with a highly 

pathogenic lineage could not be proven for Turtle Doves. However, as pathogenic lineages 

were already demonstrated in British Turtle Doves and were present in German Stock Doves 

(Columba oenas), present results should be taken seriously, due to potential epidemic 

outbreaks caused by possible inter- and intra-specific disease transfer at life-cycle stages. 

Germany wide applied SDMs using presence only (PO) data highlighted key breeding sites 

and were mainly driven by climatic variables, but the land use parameters available were not 

suitable to define specific local habitat characteristics. To specify those, other variables such 

as land management practices or soil type should be introduced in future SDMs. 

To conclude, the present dissertation shows the successful application of ring re-encounter 

analysis and stable isotope assignment to study the population connectivity and estimate a 

potential hunting impact on migrating Turtle Doves. Furthermore, a high prevalence of 

Trichomonas gallinae was demonstrated, which can become a serious threat due to its 

potentially epidemic character. Moreover, a possible breeding distribution across Germany 

was modelled, which highlights PO data as a powerful data source for SDMs. 
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Zusammenfassung 

Europäische Turteltauben (Streptopelia turtur), Europas einzige langstreckenziehenden 

Tauben, erlebten seit 1980 einen starken Populationsrückgang von mehr als 78%. Studien 

zur Populationskonnektivität von Turteltauben und zu Gefahren, die die Population 

beeinflussen, werden benötigt. Deshalb beabsichtigt diese Dissertation, die 

Populationskonnektivität von Turteltauben und potenzielle Gefährdung durch Bejagung mit a) 

einer Ringwiederfundanalyse (Kapitel 1) und b) einer Zuordnung stabiler Isotope (Kapitel 2) 

abzuleiten und auszuwerten. Weiterhin wurden auch die Prävalenz und genetischen Linien 

des Parasiten Trichomonas gallinae analysiert (Kapitel 3) und Habitatmodellierungen (SDMs) 

angewendet, um Habitatansprüche und potenzielle Hauptbrutareale in Deutschland zu 

bestimmen (Kapitel 4). 

Das erste Kapitel weist auf eine starke Konnektivität für Turteltauben aus Westeuropa hin, die 

vorrangig einer Westzugroute folgten und auf eine eher schwache Konnektivität für Vögel aus 

Zentral- und Osteuropa, welche eine zentrale und eine östliche Zugroute nutzten. Das zweite 

Kapitel zeigt, dass stabile Wasserstoffisotope genutzt werden konnten, um vier große Areale 

innerhalb der Brutgebiete zu ermitteln, die aber auch den Vorschlag einer schwächeren 

Konnektivität für manche Vögel unterstützen. Die angewandten Methoden konnten keine 

räumlich genauen Brutareale identifizieren, aber sie konnten deutlich den Jagdeinfluss auf 

migrierende Turteltauben in Europa darlegen, insbesondere auf solche, die aus anderen 

Ländern stammen als aus jenen in denen Jagd erfolgt. Die Auswertung zu Trichomonas 

gallinae zeigt eine generell hohe Prävalenz, aber eine Infektion mit einer pathogenen Linie 

konnte in Turteltauben nicht nachgewiesen werden. Da pathogene Linien aber bereits in 

britischen Turteltauben und deutschen Hohltauben (Columba oenas) nachgewiesen wurden, 

sollten die hier dargelegten Ergebnisse aufgrund der potenziell epidemischen Ausbrüche 

durch mögliche inter- und intraspezifischen Krankheitsübertragungen während verschiedener 

Lebensphasen dennoch ernst genommen werden. Deutschlandweit angewandte SDMs mit 

Präsenzdaten (PO) verdeutlichen Hauptbrutstandorte und wurden vor allem durch klimatische 

Variablen modelliert, aber diese konnten keine spezifischen lokalen Habitateigenschaften 

definieren. Um solche Wissenslücken zu füllen, sollten andere Variablen wie 

Landbearbeitungsmethoden oder Bodentyp in zukünftige SDMs eingefügt werden. 

Die vorliegende Dissertation zeigt die erfolgreiche Anwendung einer Ringwiederfundanalyse 

sowie die Zuordnung stabiler Isotope um Populationskonnektivität zu untersuchen und den 

potenziellen Jagdeinfluss auf migrierende Turteltauben einzuschätzen. Weiterhin wurde ein 

hoher Befall durch Trichomonas gallinae verdeutlicht, der eine ernst zu nehmende Gefahr 

aufgrund der potenziell epidemischen Eigenschaften werden kann. Darüber hinaus wurde 
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eine potenzielle Brutgebietsverbreitung in Deutschland modelliert, die PO-daten als eine 

leistungsstarke Datengrundlage für SDMs aufzeigt.  
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General Introduction 

Migration is a common and regular process to move between places of different life-cycle 

stages, occurring in many birds. Mainly those stages are breeding and non-breeding areas 

with certain conditions and events, which can affect reproduction and survival. Also the way 

between them can hold several impacts affecting a species but also a population (Webster et 

al. 2002). 

Population connectivity 

Studying the population or migratory connectivity of a species can give insights into its ecology 

and evolution (Webster et al. 2002). The degree of connectivity is strong, when one breeding 

population winters together in one area and is weaker when one breeding population winters 

in more dispersed regions (Webster et al. 2002). Furthermore, knowing the whereabouts and 

habitat requirements of a species during different life-cycle stages can contribute to the 

species conservation management at these sites (Williams and Araújo 2000, Webster et al. 

2002, Martin et al. 2007, Ocampo-Peñula and Pimm 2014). For one species, habitat 

requirements can vary geographically depending on local conditions (Jaberg and Guisan 

2001, Fisher et al. 2018). Furthermore, events occurring at breeding, stopover or wintering 

sites can affect reproductive success and / or annual survival and need to be studied, because 

they can influence the population dynamic (Webster et al. 2002). These impacts on the 

population level can vary geographically within a species (Fallon et al. 2006) and knowledge 

about threats affecting the population size is crucial to develop long-term conservation plans.  

Methods to study population connectivity 

Different methodologies are applied to study population connectivity (Webster et al. 2002). 

These can include mark-recapture studies (e.g. Reichlin et al. 2009, Korner-Nievergelt et al. 

2012, 2014), satellite telemetry (e.g. Trierweiler et al. 2014), genetic analyses of the study 

species (e.g. Calderón et al. 2016) or its pathogens (e.g Haemoproteus or Plasmodium; Fallon 

et al. 2006), but also stable isotope approaches (Hobson et al. 2009, Hobson et al. 2012 a, b, 

Cardador et al. 2015). In the present cumulative dissertation, a ring re-encounter analysis and 

stable isotope assignments were applied to infer the population connectivity of European 

Turtle Doves (Streptopelia turtur). Additionally, genetic analyses of Turtle Dove tissue samples 

by Calderón et al. (2016), which were conducted alongside this dissertation, contributed 

information about connectivity. Studying population connectivity with genetic analyses of 

tissue samples is an indirect method and is based on the genetic variation among migratory 

populations (Webster et al. 2002). It can be an extremely powerful tool when there are specific 

genetic markers to particular populations, which are able to allocate individuals to specific 

breeding grounds (Webster et al. 2002). 
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Mark-recapture studies on the basis of ringing data, for instance provided by EURING 

(http:\\www.euring.org) have a great potential to describe general migration patterns due to a 

great number of collected data covering a long time period. With those datasets it is possible 

to describe flyway directions or breeding and non-breeding distribution areas, but also 

population connectivity (e.g. Reichlin et al. 2009, Korner-Nievergelt et al. 2012, 2014). Also, 

they can be used to detect changes in arrival and departure date (Both et al. 2005), or to 

evaluate a possible impact of threats on distribution and survival (McCulloch et al. 1992, 

Aebischer et al. 1999, Péron et al. 2011). However, a drawback of this approach is the non-

random nature of both ringing and recapture. Ringing efforts depend often on individual ringers 

and their interests and recapture would ideally occur in the winter quarters, but in practice 

frequently involved hunted birds at stopover migration sites (e.g. McCulloch et al. 1992, 

Chamberlain CP et al. 2000, Schaub and Pradel 2004, Reichlin et al. 2009). 

The stable isotope approach benefits from naturally occurring elements, such as hydrogen, 

carbon, and nitrogen, which vary across landscapes. For instance, stable isotope ratios of 

hydrogen (δD measure for ratio 2H:1H, relative to a standard) are determined by precipitation. 

In Europe and North America, it was shown that δD differs gradually with latitude, elevation, 

and from coasts to inland (Rozanski et al. 1993, Hobson and Wassenaar 1997, Hobson et al. 

2004, West et al. 2008). Therefore, δD is more positive at lower latitudes, lower elevation and 

at coasts. Conversely, δD is more negative at higher latitudes, higher elevation and towards 

the continental interior (Rozanski et al. 1993, Hobson and Wassenaar 1997, Hobson et al. 

2004, West et al. 2008). In terrestrial ecosystems, δ13C (ratio of 13C:12C, relative to a standard) 

varies geographically with occurrence and frequency of C3 and C4 plants (Cerling at al. 1997, 

Wang et al. 2010). δ13C values were shown to be usually more positive in C4 plant types and 

more negative in C3 plants (Cerling at al. 1997, Still and Powell 2010). Also δ15N (ratio of 

15N:14N, relative to standard) varies with climatic conditions, foliar nitrogen concentrations and 

method of nitrogen fixation (Craine et al. 2009). Generally, the findings of the study by Craine 

et al. (2009) suggested that dry and warm ecosystems have the highest nitrogen availability, 

which, on average, are usually occupied by plants enriched with positive stable nitrogen 

(Craine et al. 2009). 

That relationship between environmental factors and occurrence of heavier and lighter 

isotopes can be used to assign origins of animals, but a discrimination factor from diet to 

analysed tissues needs to be considered (e.g. Rubenstein and Hobson 2004, Hobson et al. 

2009, Wunder 2010). The tissue must be chosen according to the temporal period, when the 

geographical information of the breeding stage of interest was incorporated by feeding and 

drinking, thus the tissue reflects food-web conditions at the area visited during this stage 

(Rubenstein and Hobson 2004). For metabolically active tissues the time period represented 
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by tissues also depends on metabolic turnover rates in tissues (Bearhop et al. 2002). To track 

whereabouts of migrants, usage of metabolically inert tissues was applied frequently, because 

those incorporate elements during growth period and do not change during movements 

(Hobson 1999, Rubenstein and Hobson 2004). For example, those tissues are feathers and 

claws in migratory birds (Bearhop et al. 2003), or fur and claws in mammals (Voigt et al. 2003), 

but also wing membranes of insects (Hobson et al. 1999). For breeding and wintering origin 

assignment of birds, feathers are used regularly (Rocque et al. 2006, Hobson et al. 2009). 

Therefore, it is important to know which feathers were moulted at breeding grounds and at 

wintering sites (Hobson 1999). 

In case of an assignment of European origins, assignment models can be based on δD 

(Hobson et al. 2004, Hobson et al. 2009), because of 1.) the availability of δD precipitation 

data from a variety of measurement stations across Europe, and 2.) the strong correlation of 

δD in feathers and δD from precipitation (Hobson et al. 2004). 

Possible threats affecting a species 

For many species it is not possible to survive in human dominated habitats (Shaffer 1981). 

They require essentially undisturbed habitats to survive in the wild (Shaffer 1981). Others, like 

farmland birds, depend on the (extensive) management of habitats (Chamberlain et al. 1999, 

Chamberlain DE et al. 2000). However, due to large colonised land areas but also enormous 

use and alterations of ecosystems by humans (Vitousek et al. 1997), major threats to many 

species’ are habitat loss and degradation, but also overexploitation, for instance by hunt or 

resource usages (Smith et al. 2006, Kirby et al. 2008, IUCN 2018). Also, anthropogenic driven 

climate change (Vitousek et al. 1997, Mitchell et al. 2001) is contributing to reduce species 

abundance and distribution (e.g. Warren et al. 2001, Walther et al. 2002), form habitats 

(Vitousek et al. 1997, Martin 2001), and affect pathogen occurrence (Epstein 2001, Harvell et 

al. 2002, Pounds et al. 2006, Altizer et al. 2013). Further threats affecting 30 – 50% of 

migratory species are pollution, natural system modifications (e.g. dam building and wetland 

drainage), residential and commercial development, and human disturbance (Kirby et al. 

2008). 

Above mentioned threats affect many species – residents and migrants, but migrants have to 

face different threats during their different life-cycle stages. Depending on the population 

connectivity and migration strategies used, threats can affect a population to different degrees. 

In case of weakly connected breeding populations of a species, theoretically, one breeding 

population can experience no or little decline while the other is decreasing drastically due to 

e.g. habitat loss at stopovers (Weber et al. 1999, Runge et al. 2014). Also, occupied winter 

sites can be of different quality and therefore influence the condition of individuals, which can 
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affect departure and arrival dates, but also breeding performance (Baillie and Peach 1992, 

Webster et al. 2002, Norris et al. 2003, Marra et al. 2005). Therefore, carry-over effects from 

one stage or even season to the other can influence the reproductive success, annual survival 

or population size (Marra et al. 1998, Webster et al. 2002, Norris 2005, Norris and Taylor 2006, 

Norris and Marra 2007). 

As habitat loss and degradation take place globally (Vitousek et al. 1997), these kinds of threat 

should apply to all breeding populations of migrants and has been demonstrated for instance 

in monarch butterflies (Danaus plexippus), whose severe population declines are mainly 

driven by the loss of host plants in all breeding ranges (Flockhart et al. 2015). However, habitat 

loss at wintering sites and extreme weather events caused by ongoing climate change are 

also negatively affecting this species (Flockhart et al. 2015). Similar to monarch butterflies, 

almost 80% of migratory land- and waterbird species are affected by habitat loss and 

degradation due to changes in agri- and aquaculture (Kirby et al. 2008). 

Besides the major threat of habitat loss, the threat of hunt is also a serious factor impacting 

migrants, especially birds (Smith et al. 2006, Kirby 2008, IUCN 2018). Throughout the 

Mediterranean millions of birds are shot or trapped legally and illegally when they migrate 

between Africa and Europe (McCulloch et al. 1992, Brochet et al. 2016) and illegal hunt is 

recognised as a large pan-European problem affecting several bird species (Hirschfeld and 

Heyd 2005, Larnaca Declaration 2011). For instance, hunt can be assumed to accelerate the 

decline of some species e.g. Lapwing (Vanellus vanellus), Garganey (Anas querquedula), 

Skylark (Alauda arvensis), Quail (Coturnix c. coturnix), Jack Snipe (Lymnocryptes minimus) 

or Turtle Dove (Hirschfeld and Heyd 2005, Fisher et al. 2018). 

Also, the possibility for infections with parasites or diseases (hereafter called pathogens) might 

be higher for migrants, especially when pathogens are not host specific and several potential 

hosts meet at stopovers or wintering grounds (Krauss et al. 2010). Hence, there also might be 

a higher possibility of cross-species transfer and infection of previously unexposed individuals 

(Altizer et al. 2011). The chance for pathogen transmission is particularly high at stopovers 

due to the dense aggregation of possible hosts (Feare 2007, Krauss et al. 2010, Altizer et al. 

2011). Besides larger probabilities for pathogen transfer, migrants are also able to tolerate 

some pathogens or can escape from contaminated areas (Loehle 1995, Altizer et al. 2011). 

However, it is also suggested that escapes will be more successful when pathogens have 

short-lived infection stages or do not cause chronic infections (Altizer et al 2011). For instance, 

monarch butterflies were shown to be able to escape from areas with high pathogen densities, 

but some populations experienced also migratory culling caused by infections (Altizer et al. 

2011). Generally, pathogenic infections are thought to weaken migratory animals 
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tremendously and thus, those individuals are less likely to migrate long distances. In fact, most 

of infected animals die before reaching their destination sites or transferring pathogens to 

other individuals (Feare 2007, Weber and Stiliankis 2007). Furthermore, due to global warming 

many pathogens are expected to become more lethal or to spread more rapidly (Epstein 2001, 

Harvell et al. 2002), which might affect migratory species seriously. 

In the present cumulative dissertation, the pathogen Trichomonas gallinae was investigated, 

which primarily infects the crop and oropharynx of infected birds and can develop necrotic 

lesions. Latter named symptoms are sign for the outbreak of the disease trichomonosis, which 

leads to death by starvation or suffocation (Stabler 1954). However, not all infected birds show 

clinical signs or die, which is due to the existence of different Trichomonas gallinae lineages 

varying in their pathogenicity (Bunbury et al. 2008, Sansano-Maestre et al. 2009, Robinson et 

al. 2010). 

Habitat requirements of a species 

Evaluating threats is substantial to be able to protect a species. However, to establish reserves 

and develop management strategies for cultivated landscapes, information about habitat 

requirements at breeding, stopover and wintering sites is crucial to understand the species’ 

needs (Webster et al. 2002), and information should be gathered to conserve favourable 

conditions. For a given species, requirements can vary geographically depending on its life-

cycle stage. For instance, a diet shift from plant dominated food resources to a protein rich 

diet (young grass or sprouting legumes) was shown for Greyleg Geese (Anser anser) in their 

breeding ranges (Glutz von Blotzheim and Bauer 1994). These protein demands are 

associated with egg production and gonad development (Glutz von Blotzheim and Bauer 

1994). Also, information about favoured habitat characteristics of occupied sites is useful to 

maintain or improve management practices, species compatible usage of resources and also 

resource conservation (Finch 1991, Lambeck 1997). 

European Turtle Doves 

Turtle Doves show a wide breeding distribution range, which covers most of Europe and 

extends into Asia, with a northern limit reaching central England and Estonia (Glutz von 

Blotzheim and Bauer 1994). They are the only long-distant migrating columbids in Europe 

(Cramp 1985, Glutz von Blotzheim and Bauer 1994) and travel annually between European 

breeding areas and sub-Saharan winter quarters (Cramp 1985, Glutz von Blotzheim and 

Bauer 1994). Besides being a migratory species, Turtle Doves are mostly associated to 

(extensively managed) farmland. Both groups, migrants and farmland birds, show the largest 

population declines among birds (Donald et al. 2001, Sanderson et al. 2006). Turtle Doves 

experience steep population declines since the 1980s of more than 78% (BirdLife International 
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2015) and are listed as “Vulnerable” species (BirdLife International 2017). To investigate 

reasons for the decline, surveys are needed to obtain information about their flyways and key 

breeding or wintering sites, but also threats appearing at different stages and therefore, 

affecting the different European populations. Suggested threats affecting the study species 

are habitat loss at both breeding and winter quarters (Donald et al. 2001, Europäische 

Umweltagentur 2003, Eraud et al. 2009, Vickery et al. 2014), which is further aggravated by a 

change of food availability and quality (Browne and Aebischer 2001, 2003, Eraud et al. 2009, 

Vickery et al. 2014). Also, legal and illegal hunt is stated to have great negative impacts on 

the species (Lutz 2007, Fisher et al. 2018). Furthermore, Turtle Doves are shown to be 

vulnerable to infections with Trichomonas gallinae (Lennon et al. 2013). 

 

Research objectives and thesis topics 

In order to collect information about connectivity, threats and habitat requirements, which is 

needed to develop and define species conservation strategies (Fisher et al. 2018), the aims 

of the present cumulative dissertation were to: 

 identify the population connectivity of Turtle Doves from different breeding areas 

across Europe, 

 evaluate the effects of threats, in particular legal hunt during migration and possible 

impact of the parasite Trichomonas gallinae, 

 study habitat requirements at potential key breeding sites from Turtle Doves in 

Germany. 

Therefore, the present thesis consists of four different papers, each presented as an individual 

chapter. The first two chapters contribute information about connectivity of European Turtle 

Doves and evaluate possible impacts on Turtle Doves by legal hunt, performed in several 

European countries. In the first chapter, ring re-encounter data were analysed, and in the 

second chapter stable isotope assignment was applied. The third chapter concentrates on the 

infection with Trichomonas gallinae lineages of Turtle Doves and other wild columbid species 

using genetic approaches. The results were compared for the different species and possible 

impacts evaluated. Species distribution modelling was applied in the fourth chapter to describe 

favoured habitat conditions on German breeding grounds as well as the potential distribution 

across the country. 

CHAPTER 1 –   Analysis of ring recoveries of European Turtle Doves Streptopelia turtur – 

flyways, migration timing and origin areas of hunted birds 
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CHAPTER 2 –  Stable isotope assignment of migrating European Turtle Doves (Streptopelia 

turtur) to breeding ranges in Europe 

CHAPTER 3 –   High prevalence of Trichomonas gallinae in wild columbids across western 

and southern Europe 

CHAPTER 4 –   Species distribution models of European Turtle Doves in Germany are more 

reliable with presence only rather than presence absence data 

 

Chapter outline 

CHAPTER 1 (PUBLISHED) 

Outline – This paper focuses on the analysis of ring re-encounter data from the EURING 

database of Turtle Doves. I filtered the data according to three different investigation aims: 1.) 

identify flyways and their proportional use by Turtle Doves from different countries to evaluate 

the population connectivity (692 data points), 2.) survey the timing of migration along the 

identified flyways (262 data points), and 3.) assess the timing and origin of birds at major 

hunting sites (418 data points). By using kernel density analysis I identified three flyways - a 

western, a central and an eastern route. Multinomial mark-recovery models highlighted that 

only birds following the western flyway (mainly French, German and British Turtle Doves) 

demonstrated a strong population connectivity. The central and eastern flyway suggested an 

overlap of birds crossing between those two flyways, which may highlight a weak migratory 

connectivity for those populations. Nevertheless, Czech birds mainly followed a central flyway 

and Hungarian birds mostly used an eastern flyway. The timing along the flyways was visually 

inspected with boxplots. It was similar along all flyways and according to latitudinal distribution 

over the year, birds were at their breeding grounds in June and July and in their wintering 

ranges from September until April. Autumn migration started in August and spring migration 

lasted until May. Major hunting times fell into migration times of Turtle Doves indicating by the 

highest numbers of hunted birds in September, April and May, predominantly in the 1960’s 

and 1970’s. Coinciding with identified flyways and their proportional use, geographic analysis 

of ringing and hunting sites highlighted that British and French birds were mainly shot along 

the western flyway in France and Spain. Italian birds were mainly shot in Italy along the central 

route and Czech birds were predominantly hunted in Greece following the eastern flyway. 

Although these results were affected by different time- and country-dependent ringing and 

recovery efforts, they exemplify both lower ringing activities after 1980s and decreasing Turtle 

Dove numbers. 



 
12 

 

Contributions – Lead author, flyway analysis (together with Fränzi Korner-Nievergelt), analysis 

of migration timing, analysis of origin and timing of hunted birds 

 
CHAPTER 2 (SUBMITTED) 

Outline – In this study, I used stable hydrogen values of 101 primary feather samples from five 

stopover sites across Europe to assign them to potential breeding grounds. The assignment 

was based on a European deuterium isoscape, which was calibrated with stable isotope 

values of 101 primary feathers with known origins from 13 different countries. I generated 

assignment maps for 1.) all Turtle Dove samples together as one group, 2.) grouped by 

country of collection (stopover sites) and 3.) individually. The map for all Turtle Doves together 

agreed with the known distribution patterns, but the map grouped by country of collection 

highlighted a range of potential origins in southern and central Europe for samples from 

Greece, Italy, Malta and Spain. Bulgarian samples were mainly assigned to Russian sites. 

The individual assignment offered the possibility to show four large distribution ranges 

following a gradient from cool/humid (Russia and Baltic States) to hot/dry (Mediterranean Sea) 

climatic zones. Also, using the individual assignment, I was able to define proportions of 

certain migrants from foreign countries, which varied among the stopover sites. This study has 

implications, which are important for hunting management and highlights stable isotope 

analysis as powerful tool, which can be efficiently applied in conservation measures. 

Contributions – Lead author, fieldwork and sample collection in Bulgaria, sample collection at 

the Natural History Museum Berlin (together with Sylke Frahnert), feather sub-sampling from 

wings or bodies obtained from collaborators, stable isotope assignment with Isorix, statistics 

 
CHAPTER 3 (PUBLISHED) 

Outline – The study deals with the infestation by different Trichomonas gallinae lineages and 

the possibly occurring threat of avian trichomonosis as result of an infection with a pathogenic 

lineage, which can negatively affect wild columbid populations. Particularly, the occurrence 

and distribution of both potentially pathogenic and non-pathogenic Trichomonas gallinae 

lineages in Turtle Doves were genetically analysed from swab samples and compared to 

samples from other wild columbid species across Europe (Stock Dove (Columba oenas), 

Wood Pigeons (Columba palumbus), Collared Doves (Streptopelia decaocto)). A prevalence 

of 74% was evident among all species, and Turtle Doves had the third highest prevalence 

(67%), after Wood Pigeons and Stock Doves. I identified three new lineages and in total, I 

discovered seven lineages occurring in the samples. Only Stock Doves and Collared Doves 

were infested with pathogenic lineages, but although Turtle Doves were not shown to be 
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infested with such a lineage, results are worrying for this threatened species due to their 

vulnerability on population level, and especially in the light of high prevalence and possible 

transfer of pathogens across species at water or drinking places. 

Contributions – Lead author, fieldwork and sample collection in Malta, molecular work, 

phylogenetical and statistical analyses 

 

CHAPTER 4 (PUBLISHED) 

Outline – In this paper, I analyse habitat requirements from Turtle Doves on German breeding 

grounds. Therefore, I run different habitat suitability models with presence absence (PA) and 

presence only (PO) datasets in Biomod 2. PA data came from standardised field observations 

and PO data were records obtained by a citizen-science online platform. Environmental 

information was included in the form of climate and land coverage variables. Results obtained 

with PO data seemed more reliable than those obtained with PA data. However, algorithms 

with both datasets (PA and PO) mainly revealed that climatic variables shape Turtle Dove 

occurrence. Thus, the minimum temperature in January and the precipitation of the warmest 

quarter were of major importance. Although probability maps for both datasets differed 

substantially, both excluded mountainous regions as potential presence areas. Nonetheless, 

only probability maps created with PO data were more discriminatory, demonstrating the utility 

of PO data in SDMs and highlighting potential presence areas near Saarbrucken, west of 

Dusseldorf, in the Black Forest and in Lusatia. Although the study did not reveal land coverage 

variables to be of major importance for Turtle Dove occurrence, future habitat suitability 

models should include variables such as soil type or agricultural management strategies. This 

may contribute specified information about occupied habitats. 

Contributions – Lead author, data preparation and processing in DIVA-GIS and ArcGIS (with 

assistance of Patrick Lückel), modelling with Biomod 2 

 

General Conclusions and future outlook 

The present thesis studied the population connectivity of Turtle Doves from across Europe 

and further highlights threats occurring at different spatiotemporal life-cycle stages. 

Furthermore, it identified suitable breeding areas in Germany with climatic conditions 

favourable for the occurrence of breeding Turtle Doves. 
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Population connectivity 

The first chapter identified three main flyways all indicating a similar timing for departure from 

and arrival at breeding sites. The flyways followed a western, central and eastern route with 

crossings between the last two, which was described for Turtle Doves for the first time. These 

findings suggested a strong population connectivity for Turtle Doves in western Europe and a 

rather weak connectivity for birds from central and eastern Europe. The second chapter 

contributed information suggesting a rather weak population connectivity, highlighted by large 

individual assignments along four different latitudinal bands, which was mainly driven by the 

gradual distribution of δD across Europe. Furthermore, the results were supported by 

unstructured genetics in Turtle Dove samples from different European countries likely 

highlighting a panmictic behaviour (Calderón et al. 2016). According to the breeding ranges 

assigned along latitudes, the most northern band, covering Russia and the Baltic States, was 

especially interesting, due to scarcity of data from these breeding areas of Turtle Doves. 

Migration from the other breeding ranges is better known, both from ring re-encounters 

(chapter 1) and increasingly from tracking data (e.g. Eraud et al. 2013, 

https://blogs.nabu.de/zugvoegel/, http://turtledoveresearch.com/fr/). 

Although I was able to identify main flyways and delimit possible breeding ranges along 

latitudinal bands, it was not possible to highlight spatially exact breeding or wintering areas. 

Considering the ring re-encounter analysis, aggregations of ringed Turtle Doves did not mirror 

key breeding sites, but places of high ringing activity, which varied spatiotemporally. 

Furthermore, there were only a few data points collected on the African continent, which were 

insufficient to identify further stopovers or wintering areas. Those would add information about 

connectivity of Turtle Dove populations. 

In case of the stable isotope assignment, model results showed broad geographic bands of 

possible breeding ranges, which usually occur in species with a general wide breeding 

distribution, as in Turtle Doves, and is further driven by the gradual variation of δD in Europe. 

The latter offers the possibility to coarsely assign a breeding range along gradients, but to get 

some insight into specific breeding sites of Turtle Doves, studies using satellite tracking 

devices would be recommendable (e.g. Webster et al. 2002). Therefore, birds could be 

equipped while attending stopover sites. Information gathered from tracking data would not 

only reveal breeding sites, but also exact movements, stopover and wintering sites in Africa. 

Furthermore, to discover wintering sites in Africa, a spatially-explicit multi-isotope likelihood 

assignment method (Royle and Rubenstein 2004, Hobson et al. 2009, Wunder 2010) is in 

preparation to be applied. Such a model considers the isotopes δD, δ13C and δ15N of feathers 

grown in Africa compared to an isoscape based on African environmental conditions. 
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Threats 

Although the datasets used in the first two chapters were of minor utility to identify spatially 

accurate key habitats, they were powerful tools to evaluate the impact of hunt at stopover sites 

in southern Europe. Both chapters reliably reflected high hunting effects on migrating Turtle 

Doves originating from other countries than those of collection or re-encounter. But also the 

possible impact of hunting on likely national breeding birds were shown, especially for Turtle 

Doves originating from Italy and shot in Italy. 

In addition to the threat of hunt, Trichomonas gallinae infections were shown to be numerous 

in Turtle Doves, although no infection with a pathogenic lineage was shown in this study. 

However, compared to the other wild columbid species studied in the third chapter, Turtle 

Doves are the only species showing such a severe population decrease. This is why results 

should be taken seriously, due to the occasional epidemic character of trichomonosis, as well 

as the already demonstrated infections with pathogenic lineages in the UK (Lennon et al. 

2013) which can be transferred at different whereabouts of Turtle Doves during their life-cycle. 

Therefore, individuals are not only exposed to potential vectors at breeding or wintering sites, 

but also along flyways at stopovers. Thus, the potential impact of this pathogen might become 

a major issue for the currently decreasing and weakened Turtle Dove population. 

To add information about further pathogens affecting Turtle Doves, it should be considered to 

analyse blood samples for prevalence of Haemosporidia, for example. 

Habitat requirements 

The fourth chapter highlighted the usefulness of PO data from citizen-science programs. 

These reliably modelled certain climatic conditions being essential for Turtle Dove occurrence 

and, more importantly, indicate potentially suitable areas as breeding sites across Germany. 

Therefore, habitat modelling was shown to be a useful instrument in conservation planning, 

because of its ability to mark areas, which likely are of high conservation interest. Although 

climatic variables were demonstrated to contribute to Turtle Dove occurrence in Germany, 

they could not be used to describe specific habitat characteristics. This is why more precise 

variables should be applied in future habitat models. Incorporating information about land 

management practices, soil type, existence of field margins and its vegetation coverage might 

provide appropriate background information to describe suitable Turtle Dove habitats. A 

similar approach could be applied for African wintering grounds. Therefore, a multi-isotope 

assignment could delimit a spatial range in Africa. Tracking data can reveal first insight into 

occupied habitat types, which could be evaluated via aerial images in first place. Theoretically, 

a modelling approach similar to the habitat modelling with PO data could be applied to unveil 

important key variables contributing to Turtle Dove occurrence in certain areas. 
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Besides modelling habitat requirements at certain life-cycle stages, an analysis of diet 

composition would also help to ascertain essential food resources. Preferably, molecular 

analyses (e.g. Dunn et al. 2018) should be used for that, because observation data from 

different areas are difficult to obtain, time consuming and cost-intensive. 

To sum up, regarding the unstructured genetics (Calderón et al. 2016) and the current phase 

of effective population size contraction in Turtle Doves, this species is suggested to be 

particularly vulnerable to current anthropogenic threats. Thus, the results shown in this 

cumulative thesis are of importance for the conservation management planning of Turtle 

Doves and its propagation in term of environmental education programs at breeding, stopover 

and wintering sites.
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Abstract 

European Turtle Doves (Streptopelia turtur) are long-distance migrants and experienced a 

population decline of more than 78 % since 1980. Better knowledge about breeding origins of 

birds at migration sites is crucial for their conservation. Feathers collected at stopover sites, 

but moulted at breeding grounds, provide the opportunity to perform stable isotope analysis 

and assign birds to potential breeding origins, based on a European deuterium isoscape. Here, 

we isotopically analysed 202 feathers from 16 different countries. 101 samples from 13 

different countries were used for isoscape calibration. The remaining samples were assigned 

to breeding origins and mapped for all samples together as one group, per country and 

individually. The assignment map for all Turtle Doves together was in line with the known 

distribution pattern. Bulgarian samples were mostly assigned to Russian breeding areas. 

Samples from Greece, Italy, Malta, and Spain showed a range of possible origins across 

southern and central Europe. Using individual assignments, four distribution ranges could be 

distinguished, corresponding to a cool/humid to hot/dry temperature gradient, from north to 

south/southwest. Proportions of birds assigned to these ranges and of certain migrants varied 

among stopover sites. Therefore, results have implications that can be applied for conservation 

measures in Europe. 

Introduction 

European Turtle Doves (Streptopelia turtur, hereafter called Turtle Doves) are the only long-

distant migrating columbids in Europe (Glutz von Blotzheim & Bauer 1994). Unfortunately, 

despite a severe population decline of more than 78 % since 1980 (EBCC 2017), little is known 
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about the population connectivity during breeding, stopover and wintering, which would 

improve knowledge about threats at different life cycle stages and would help in conservation 

management at these stages (Williams & Araújo 2000; Martin et al. 2007; Ocampo-Peñula & 

Pimm 2014). The International Single Species Action Plan of the European Turtle Dove (Fisher 

et al. 2018) points out that such information is urgently needed to work on the four main 

objectives for which specific suggestions are outlined: 1) maintain and increase good quality 

habitats on the breeding grounds, 2) reduction of illegal killing, 3) hunting only at locally and 

internationally sustainable levels, 4) maintain and increase good quality habitats at stopover 

and overwintering sites (Fisher et al. 2018).  

Recent ring re-encounter studies highlighted a possible migratory divide at longitudes between 

Germany and the Czech Republic, with a distinction of a western and eastern flyway (Marx et 

al. 2016). The results also suggested a strong connectivity for western European Turtle Doves 

and a rather weak connectivity for eastern European birds, whose flyway was split into a central 

and eastern route (Marx et al. 2016). Some ring recoveries suggested permeability among 

migratory divides. This was in line with population genetic studies showing no genetic structure, 

and thus, indicating gene flow among the eastern and western populations (Calderón et al. 

2016). 

Using ringing data, important key breeding and wintering areas were not detectable due to low 

re-encounter numbers in Africa and the agglomeration of ringing records at places with high 

ringing activity, which do not reflect breeding or wintering habitats necessarily (Marx et al. 

2016).  

Key breeding habitats inhabited by substantial numbers of Turtle should be protected urgently 

(Williams & Araújo 2000; Martin et al. 2007; Ocampo-Peñula & Pimm 2014),  because climatic 

and land use changes can affect the reproductive or survival rates of migratory birds, through 

changes in availability of breeding habitat and food resources (Sillett et al. 2000; Newton 2004). 

Increased use of herbicides in intensified agriculture and forestry management, already led to 
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a depletion of both, availability and quality, of feeding and breeding habitat (Donald et al. 2001; 

Browne & Aebischer 2001, 2003; Europäische Umweltagentur 2003). 

To track origins of birds and improve information about the population connectivity of migrants, 

the assignment of breeding and overwintering areas via stable isotopes has become an 

important tool (Hobson et al. 2009; Hobson et al. 2012 a; Cardador et al. 2015). With feathers 

of known temporal origin, breeding (e.g. Hobson 2005; Hobson et al. 2006; Szymanski et al. 

2006) and wintering ranges (e.g. Pain et al. 2004; Bearhop et al. 2005; Hobson et al. 2012b) 

can be assigned. This is possible due to the metabolically inactive state of feathers and 

therefore locked-in geographic isotopic information (Hobson 2005; Wunder et al. 2005; Hobson 

et al. 2009). Hydrogen, carbon and nitrogen are the most frequently used stable isotopes in 

assignment studies, because they show predictable patterns over geographic and ecological 

gradients (Wunder et al. 2012). 

Precipitation stable hydrogen (δ2Hp) varies with altitude and latitude (Rozanski et al. 1993), 

particularly in the northern hemisphere (Hobson 1999; Bowen et al. 2005; Hobson 2005). 

Accordingly, δ2H values in plants and water vary geographically with temperature and humidity 

gradients (West et al. 2006), and stable hydrogen ratios in feathers (δ2Hf) can be used to assign 

origins of European migratory birds (Hobson et al. 2009). The Global Network of Isotopes in 

Precipitation (GNIP; https://nucleus.iaea.org/Pages/GNIPR.aspx) database is well supplied 

with many stable hydrogen values across Europe. Therefore, a Pan-European breeding 

assignment using stable hydrogen seems adequate (Bearhop et al. 2005; Hobson et al. 2009; 

Hobson et al. 2012b, Hobson et al. 2013; Cardador et al. 2015). 

The main emphasis of this study was to compare the breeding areas of Turtle Doves sampled 

at different migration stopover sites by using δ2Hf values and assign those to a Pan-European 

δ2Hp-isoscape. In particular, we aimed to determine: 

1) How well migrating populations and individuals can be assigned to breeding areas 

based on feather samples 
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2) If proportions of birds assigned to different areas vary among the migration sites, and 

3) If it is possible to determine the number of birds with breeding origins in a foreign 

country at different migration sites. 

Methods 

Study species 

Turtle Doves breed across Europe except for the most northern European parts (Glutz von 

Blotzheim & Bauer 1994). They prefer a warm, temperate climate and breed usually below 

350 m altitude (Glutz von Blotzheim & Bauer 1994, Bakaloudis et al. 2009). Under favourable 

conditions they breed in areas with elevations over 500 m in temperate zones and up to 1300 

m in southern European regions (Glutz von Blotzheim & Bauer 1994; Del Hoyo et al. 1997). 

Suitable breeding habitats are characterised by open lowland regions, which are located at 

forest edges and are irregularly interspersed with shrubs and hedges (Glutz von Blotzheim & 

Bauer 1994; Kleemann & Quillfeldt 2015). They feed on crops and seeds either at farmland or 

in natural areas and nest in woodland, coniferous trees, shrubs or thorny bushes (Murton et 

al. 1964; Browne & Aebischer 2003, 2004; Kleemann & Quillfeldt 2015). 

While in the breeding areas, the majority of adult Turtle Doves start moult in July, renewing the 

first to occasionally fourth primary feathers before autumn migration begins in August (Glutz 

von Blotzheim & Bauer 1994; Blasco-Zumeta & Heinze 2011; Marx et al. 2016). They suspend 

moult for migration and renew the remaining feathers at wintering grounds (Glutz von 

Blotzheim & Bauer 1994; Blasco-Zumeta & Heinze 2011). Juveniles start a postjuvenile moult 

in the breeding areas and complete it in the wintering areas (Glutz von Blotzheim & Bauer 

1994; Blasco-Zumeta & Heinze 2011). 

A ring re-encounter study of Turtle Doves described the two most commonly used flyways - a 

western and an eastern flyway, the latter being split into a more central and easterly direction 

(Marx et al. 2016), which is in line with previous literature (both flyways: Glutz von Blotzheim 

& Bauer 1994; description of western flyway: Aebischer et al. 2001; Eraud et al. 2013). A 
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genetic approach to study the population connectivity of Turtle Doves described unstructured 

genetic patterns across Europe, which suggests a panmictic behaviour (Calderón et al. 2016). 

Feather sampling 

A small subsample of the first (P1; N = 199) or second (P2; N = 3) primary was taken. We 

collected 202 feather samples, which originated from 16 different countries (Table 1). Based 

on Marx et al. (2016) and GLS tracking studies (French birds: Eraud et al. 2013; 

http://turtledoveresearch.com/fr/; British birds: https://www.rspb.org.uk/our-

work/conservation/satellite-tracking-birds/tracking-turtle-doves; Italian birds: 

https://blogs.nabu.de/zugvoegel/category/turteltauben/), feather samples obtained in June and 

July were defined as samples from local breeders (N = 101). The remaining 101 samples were 

classified as unknown origin and were sampled during spring migration (April and May) and 

autumn migration (August to September) (Table 1; Marx et al. 2016). Feather samples came 

from migrating individuals, rescued birds from wildlife recovery centres, nestlings or breeding 

birds. Individuals were either hunted, or live captured intentionally by hand (nestlings from 

Greece, rescued birds from Italy), with special bird trapping equipment (e.g. whoosh or mist 

net), or they originated from museum collections (Table 1). 

Museum samples included also five P1 feather samples of the subspecies S. turtur arenicola 

(Table 1) of known breeding origins. Their native breeding distribution ranges from North 

Africa, the Mediterranean to Asia including north-west China and Mongolia (Glutz von 

Blotzheim & Bauer 1994).
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Table 1: Overview table about study sites (countries and places), sample origin, subspecies and total number of samples per place as well as the 

number of calibration- and assignmentdata per place. 

country place origin subspecies collection date N total N calibrationdata N assignmentdata 

Algeria Batna National 
History 
Museum 
Berlin 

S. t. 
arenicola 

15 June 1903 1 1  

Austria Lower 
Austria 

Museum of 
National 
History 
Vienna 

S. t. turtur 20 July 1996 1 1  

Austria Vienna Museum of 
National 
History 
Vienna 

S. t. turtur 23 June 1980,  
31 June 1925,  
10 July 1925,  
10 July 1937 

4 4  

Bulgaria North of 
Kavarna 

Hunt S. t. turtur 23 August 2014 9  9 

France Auvergne Live 
capture 

S. t. turtur June/July 2014 19 19  

France Chize Live 
capture 

S. t. turtur June/July 2014 18 18  

France Marne Live 
capture 

S. t. turtur June/July 2014 20 20  

France Oleron Live 
capture 

S. t. turtur June/July 2014 20 20  

Germany Dahme National 
History 
Museum 
Berlin 

S. t. turtur 26 June 1981,  
06 July 1981 

2 2  

Germany undefined National 
History 
Museum 
Berlin 

S. t. turtur 01 June 1890 1 1  

Germany Villingen Live 
capture 

S. t. turtur 17 June 2014 1 1  

Greece Levitta Museum of 
National 

S. t. turtur 01 June 1935 1 1  
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country place origin subspecies collection date N total N calibrationdata N assignmentdata 

History 
Vienna 

Greece Dadia Soufli 
Nationalpark 

Live 
capture at 
nest 
(nestlings) 

S. t. turtur 15 July 2014,  
17 – 18 
July 2014 

3 3  

Greece Soufli Hunt S. t. turtur 20  – 25 August 
2013 

20  20 

Iran Abasabad National 
History 
Museum 
Berlin 

S. t. 
arenicola 

09 June 1927 1 1  

Italy Ferrara Wildlife 
recovery 
center 

S. t. turtur 29 July 2014 1 1  

Italy Rieti Wildlife 
recovery 
center 

S. t. turtur 20 June 2014 1 1  

Italy Ventotene 
island 

Live 
capture 

S. t. turtur 28 – 30 April 
2014, 12 May 
2014, 14 – 15 
May 2014, 21 
May 2014,  
24 May 2014 

16  16 

Israel Haifa Museum of 
National 
History 
Vienna 

S. t. 
arenicola 

14 July 1972 1 1  

Israel Neve Yam Museum 
of National 
History 
Vienna 

S. t. 
arenicola 

19 July 1968 1 1  

Kazakhstan Ilisk Museum of 
National 
History 
Vienna 

S. t. 
arenicola 

07 June 1900 1 1  
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country place origin subspecies collection date N total N calibrationdata N assignmentdata 

Latvia Ziemupe National 
History 
Museum 
Berlin 

S. t. turtur 18 July 1890 1 1  

Malta Comino Live 
capture 

S. t. turtur 21 April 2014,  
06 May 2014 

5  5 

Malta undefined Hunt S. t. turtur April 2013,  
27 October 
2014 

10  10 

Poland Borowke National 
History 
Museum 
Berlin 

S. t. turtur 01 June 1944 1 1  

Russia Kasar Museum of 
National 
History 
Vienna 

S. t. turtur 01 June 1943 1 1  

Spain Monfrague Hunt S. t. turtur 29 August 2013,  
31 August 2013 

41  41 

Turkey Ankara National 
History 
Museum 
Berlin 

S. t. turtur 27 June 1933 1 1  

N total     202 101 101 
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Stable isotope analyses 

Feather samples were washed with a 2:1 chloroform/methanol solution for 24 hours and then 

dried for 48 hours under a fume hood. For stable hydrogen analyses, 0.27 mg ± 0.1 mg were 

loaded into silver capsules. Stable isotope analyses were run at the Stable Isotope laboratory 

of the Leibniz Institute for Zoo and Wildlife Research (IZW). Loaded capsules were placed in 

a Zero Blank autosampler (Costech Analytical Technologies Inc. Italy) and were flushed with 

chemically pure helium for minimum 1 hour. Then they were dropped into the elemental 

analyser (EA; HT Elementanalysator HEKAtech, GmbH, Wegberg, Germany), which was 

connected to the stable isotope-ratio mass spectrometer (Delta V advantage, ThermoFisher 

Scientific, Bremen, Germany) by an interface (Finnigan Conflo III, ThermoFisher Scientific 

Bremen, Germany). Samples were analysed together with three previously calibrated in-house 

keratin reference materials (Popa-Lisseanu et al. 2012). Measured isotope ratios of δ2Hf are 

given in parts per mil (‰) deviation from V-SMOW and scaled to the USGS standard to control 

for exchangeable hydrogen isotopes (see Soto et al. 2017). Thus, δ2Hf values report the stable 

isotope ratio of the non-exchangeable portion of hydrogen in feather keratin. Precision of 

measurements was always better than 2‰. Isotopic measurements per country were 

compared visually and statistically for countries with more than one sample by an analysis of 

variance (ANOVA) followed by a Tukey Honest Significant Difference (TukeyHSD) test. 

Boxplots and statistic tests were generated for feather samples with known and unknown 

breeding origins in R 3.3.3 (R Core Team 2016). 

Assignment of breeding origins 

The R package IsoriX (Courtiol et al. 2016a, Courtiol & Rousset 2017) was used for the 

assignment of breeding origin probabilities. The package builds isoscapes by using mixed 

models and computes geographic origins of organisms depending on their isotopic ratios. We 

followed the instructions specified in the package description and workflow (Courtiol et al. 

2016a, b). GNIP data were filtered for the months April to August (i.e. the time when Turtle 

Doves likely stay in Europe). To fit the isoscape geostatistical model (function isofit), we kept 
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default settings, but used the option “fitme” in the spaMM method, which works for data with 

and without a Matern correlation structure (see for details Courtiol et al. 2016a, b). The 

elevation raster was built by restricting the queried area to Europe with a latitudinal extent of 

31°N to 69°N and a longitudinal range from -27°W to 57°E. This area was sufficient according 

to the longitudinal distribution limits (BirdLife International Handbook of the Birds of the World 

2016) and latitudinal limits were based on distinguished flyways (Marx et al. 2016). The number 

of cells to merge was set to an aggregation factor of 10 and the underlying function was “mean”. 

To create the isoscape of the mean δ2Hp distribution in Europe, default settings were used. 

Then we loaded the calibration data and fit the calibration function by using the standards. The 

isoscape calibration is based on a linear mixed-effects model, which fits isotopic values of 

calibration samples to the environment with considered unknown isotopic values by using a 

linear function (Courtiol et al. 2016b). Then assignment data were implemented into the system 

and possible origin areas were computed following the workflow (Courtiol et al. 2016b). 

Individual and group assignments for all samples and by country were conducted. Group 

assignments followed the Fisher’s method (Fisher 1925), which combines all individual p-value 

maps to a single group map. Results were exported as rasters to create final maps. According 

to Courtiol et al. (2016a), we first built the basemap containing countries and borders 

(embedded in package rgdal (Bivand et al. 2017)) and second, exported the raster files as 

GTiff-format. Rasters were then clipped according to Turtle Doves’ distribution range (BirdLife 

International Handbook of the Birds of the World 2016) using ArcGIS 10.2.2. Final maps show 

most likely origin areas classified by three possibility groups (p-values ≥ 0.7, ≥ 0.8 and ≥ 0.9) 

and were created at three levels: all assignment samples as one group, grouped by country of 

collection, and individual maps for each bird. 

Results 

δ2Hf values of samples ranged from approximately -80 ‰ to -10 ‰ (Figs. 1 – 2), but the majority 

had values between -70 ‰ to -40 ‰. The calibration data differed in their δ2Hf values between 

countries (ANOVA, F5,88 = 2.35, p ≤ 0.05). However, there was only a tending difference for 
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France compared to Austria (TukeyHSD, p = 0.06, Table 2). Calibration samples had a similar 

distribution of δ2Hf values (Fig. 1). Boxplots of assignment data highlighted values mainly 

ranging from -62 ‰ to -45 ‰, and countries of collection were significantly different (ANOVA, 

F4,96 = 9.74, p < 0.001). Values of Bulgarian samples were most negative (-75 ‰ to -68 ‰, 

Fig.  2) and significantly different to other collection countries (TukeyHSD, p < 0.5, Table 3).  

 

Figure 1: Boxplot graphs for δ2Hf values only from feather samples per sampling site used as 

calibrationdata (country of origin) Also the numbers of samples per sampling site are given. 

The boxes for sampling sites with more than one sample represent the range in which 50 % of 

the data occur (inter-quartile distance from 25 % quartile to 75 % quartile). Whiskers show 

indicate extreme values and the median is highlighted as black line within the boxes. The 

isotopic values for sampling sites with only one sample are represented by a black line only. 

Circles highlight outliers and extend the inter-quartile distance for more than 1.5 times. 
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Figure 2: Boxplot graphs for δ2Hf values only from feather samples per sampling site used as 

assignment data (country of collection). Also the numbers of samples per sampling site are 

given. The boxes for sampling sites with more than one sample represent the range in which 

50% of the data occur (inter-quartile distance from 25 % quartile to 75 % quartile). Whiskers 

show extreme values and the median is highlighted as black line within the boxes. Circles 

highlight outliers and extend the inter-quartile distance for more than 1.5 times. 
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Table 2: Results of the TukeyHSD test to compare isotopic values of countries of calibration. 

Significant differences were not detected but a tendentious difference between France and 

Austria with a p-value = 0.06. P-value were rounded up to the second decimal. 

Country Compared country p-value 

France Austria 0.06 

Germany Austria 0.90 

Germany France 0.84 

Greece Austria 0.70 

Greece France 0.98 

Greece Germany 1.00 

Israel Austria 0.33 

Israel France 1.00 

Israel Germany 0.86 

Israel Greece 0.96 

Italy Austria 1.00 

Italy France 0.68 

Italy Germany 1.00 

Italy Greece 0.97 

Italy Israel 0.70 

 

Table 3: Results of the TukeyHSD test to compare isotopic values of countries of assignment. 

Values are significantly different when the p-value is < 0.05. 

Country Compared country p-value 

Greece Bulgaria < 0.05 

Italy Bulgaria < 0.05 

Malta Bulgaria < 0.05 

Spain Bulgaria < 0.05 

Italy Greece    0.86 

Malta Greece    0.93 

Spain Greece    0.26 

Malta Italy    0.46 

Spain Italy    0.94 

Spain Malta    0.06 

 

The assignment map for all assigned Turtle Doves together showed a broad possible 

distributional range. Likely origins lay within southern and central Europe until approx. 55°N 

latitudinal range, but no likely origins were in high mountainous areas (Alps, Pyrenees, Pindus, 

Dinaric Alps or Anatolia; Fig. 3).  
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Figure 3: Assignment map showing possible breeding ranges grouped for all Turtle Doves 

with unknown breeding origins. Drawn are three classified probability ranges in green shades, 

highlighting areas with origin probabilities of ≥ 0.7, ≥ 0.8 and ≥ 0.9. Countries of collection are 

written in the map. 

 

Group assignments per country showed the following results: 

Bulgarian samples were assigned to Russian and Baltic areas primarily, while the small area 

at the foothills of the northern and southern alpine regions (Fig. 4) is probably an artefact of 

similar isotopic values due to the altitude effect. Greek samples were assigned to wide areas 

ranging from 40°N to 55°N, mainly excluding the Mediterranean as probable breeding origin. 

In contrast to this, Italian, Maltese and Spanish samples showed likely breeding origins in 

western Europe from approximately 38°N to 55°N covering Spain, France and the UK but also 

central and eastern European origins, including Mediterranean areas in Italy, Croatia, Bosnia-

Herzegovina and Turkey (Fig. 4). 
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Figure 4: Assignment maps highlighting possible breeding ranges grouped for Turtle Dove 

samples with unknown breeding origins coming from one stopover site. Per map three 

classified probability ranges in green shades are drawn, highlighting areas with origin 

probabilities of ≥ 0.7, ≥ 0.8 and ≥ 0.9 

 

Individual assignments were used to determine proportions of birds coming from different 

breeding areas. Four large distribution ranges could be distinguished quite well (Figs. S1 - S7 

and Table 4), corresponding to a hot/dry to cool/humid temperature/humidity gradient: 

1) Stable isotope values between -77 ‰ and -65 ‰ resulted in projected breeding origins 

in Russia and the Baltic states, and were most common in birds migrating through 

Bulgaria (89 %), but also observed at all other migratory sites (in Malta (24 %), Greece 

(10 %), Spain (10 %), and Italy (6 %; Table 4)).  

2) Stable isotope values between -64‰ and -59‰ produced projected breeding origins in 

central eastern Europe (Germany, Poland, Hungary, Czech Republic and Slovakia). 

These were most common in birds sampled in Greece (45 %), followed by Italy (25 %) 

and Malta (18 %). This distribution range was absent in Bulgaria and uncommon in 

Spain (10 %; Table 4). 
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3) Stable isotope values between -58 ‰ and -49 ‰ resulted in projected breeding origins 

in France, northern Italy, south-west England, north-west Spain, Romania and 

Bulgaria. The highest proportions of these origin ranges were found in Maltese samples 

(48 %), intermediate proportions came from Spain (39 %), Italy (38 %) and Greece (30 

%) and low proportions from Bulgaria (11 %; Table 4). 

4) Stable isotope values between -53 ‰ and -36 ‰ led to projected breeding origins 

around the Mediterranean, but also including possible areas at the Atlantic coast and 

in south-western France. A high proportion was found in birds sampled in Spain (41 

%), followed by Italy (31 %) and Greece (15 %), while only two of the samples from 

Malta and none from Bulgaria fell into this category (Table 4). 

Although it was not possible to assign specific breeding origin countries, it was possible to 

determine a minimal proportion of birds originating from other breeding ranges than the 

sampled country (i.e. not being national breeders). This proportion was highest in Malta 

(100 %), and Bulgaria (89 %), rather high in Greece (55 %) and low in Spain (20 %), while 

none of the birds sampled in Italy could be determined as “foreign” bird (Table 4).
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Table 4: Overview table about the number of individuals and percentage of assigned breeding origins of birds sampled in Bulgaria, Malta, Spain, 
Greece and Italy. Furthermore, numbers of possible national breeders as well as numbers and percentages of sampled birds determined as certain 
migrants are given per stopover site. Ranges of δ2Hf values per distribution area are highlighted in bold. 
 

Place N  Russia and 
Baltic States1 

Central eastern 
Europe (Germany, 
Poland, Hungary, 
Czech Republic and 
Slovakia) 

France, N Italy, SW 
England, NW 
Spain, Romania 
and Bulgaria 

Mediterranean 

coasts2 

Possible 

national 

breeders 

Certain 

migrants 

Bulgaria 9 8 (88.9 %) 0 1 (11.1 %) 0 1 8 (88.9 %) 

Malta 15 4 (26.7 %) 3 (20 %) 6 (40 %) 2 (13.3 %) 0 15 (100 %) 

Spain 41 4 (9.8 %) 4 (9.8 %) 16 (39 %) 17 (41.4 %) 33 8 (19.5 %) 

Greece 20 2 (10 %) 9 (45 %) 6 (30 %) 3 (15 %) 9 11 (55 %) 

Italy 16 1 (6.3 %) 4 (25 %) 6 (37.5 %) 5 (31.3 %) 16 0 

δ2Hf  -77 ‰ to -65 ‰ -64 ‰ to -59 ‰ -58 ‰ to -50 ‰ -53 ‰ to -36 ‰    

1 in several birds, the projected area also included the low-Alpine area. 2 in several birds, the projected area also included the Atlantic coasts of 

France and Portugal, and south-western Portugal.
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Discussion 

Hydrogen stable isotope values of feathers were modelled across a validated isoscape to 

assess the potential breeding origins of European Turtle Doves collected at migration sites and 

thus assign distributional ranges at different levels: overall, by migration site and individually. 

Overall, resulting maps primarily describe a large disuse of mountainous areas as Turtle Dove 

breeding regions (Figs. 3 - 4). This is in line with usual occurrence at elevations up to 350 m 

and occasionally over 500 m described for continental Europe (Glutz von Blotzheim & Bauer 

1994; Browne & Aebischer 2005). In southern Europe, breeding habitats at locations up to 

1300 m are also used occasionally (Del Hoyo et al. 1997; Sáenz de Buruaga 2012). Yet, some 

individuals in the present study might inhabit high elevation areas, especially in southern 

Europe, because the projected areas included mountain foothills. For future studies calibration 

samples from those breeding areas might improve assignments. 

However, maps generally showed broad ranges of highly likely breeding areas (p-value ≥ 0.9) 

across entire Europe except the northern limit of approximately 55°N. The results might be 

affected by small sample sizes of calibration samples per country, but were also probably 

affected by latitudinal gradients of deuterium values in space (Hobson 2005), which possibly 

led to major similarity between isotopic values of calibration data per country (Table 2). 

Deuterium values increase with more southern and south-western latitudes (Rozanski et al. 

1993; Hobson et al. 2004; West et al. 2008) and can parallel the known distribution range of a 

species in such a way, as such, it might be difficult to discriminate populations in more northern 

or north-eastern directions. Along with gradual distribution of isotopic values, large species 

distribution ranges, as for Turtle Doves, usually end up in broad assignments of probable 

origins (e.g. Swainson’s thrush Catharus ustulatus or Tennessee warbler Vermivora peregrina, 

Hobson & Wassenaar 1997; Hobson 2005). Furthermore, different individual assignments 

covered wide areas of possible breeding origins, which likely resulted in large group 

assignments. However, modelled distribution of probable breeding origins are also compatible 

with the suggested panmictic population genetic structure (Calderón et al. 2016), flyway 
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crossings (Marx et al. 2016) and the hypothesis of permeability between flyways (e.g. 

Guillemain et al. 2005).  

Despite these large assignment areas it was possible to identify four main distribution ranges 

by evaluating individual assignments. Because deuterium isotope values depend on the 

precipitation/evaporation balance, these areas correspond to a latitudinal/climatic gradient and 

the distribution patterns are in line with previous literature (Glutz von Blotzheim & Bauer 1994; 

Del Hoyo et al. 1997). More negative δ2Hf values are found at higher latitudes and towards the 

interior Eurasian continent (groupings 1 and 2; hot/dry) and heavier δ2Hf ratios at lower latitudes 

and at coastal areas (groupings 3 and 4; cool/humid) (Rozanski et al. 1993; Hobson 2005; 

West et al. 2006).  

Individual assignments also add information about origins and possible proportions of passing 

migrants per country. The results highlighted Malta as main country for "foreign" birds with 100 

% of migrants as indicated by very low numbers of 0 – 14 breeding pairs (Fisher et al. 2018), 

followed by 89 % of Turtle Doves travelling through Bulgaria and 55 % passing Greece. Of 

these, 89 % and 24 % of birds migrating through Bulgaria and Malta were assigned to Russian 

and Baltic breeding ranges. This is of particular interest, because recent studies from these 

breeding ranges are scarce despite a former high ringing activity (Moscow: N > 1600, Marx et 

al. 2016).  

Furthermore, in Italy many of the birds sampled during spring migration period (Table 1) were 

possible local breeders. However, due to large breeding assignments for Italian birds, their 

breeding origins can also be in other countries, particularly in the light of a panmictic behaviour 

(Calderón et al. 2016) and indicated by the Italian migration atlas, which highlighted recoveries 

from e.g. Czech Republic, Slovakia, Hungary, Sweden, Spain, France and Portugal (Spina et 

al. 2008).  

The presented results have implications that can be applied in the framework of harvest 

management and protected area planning. In May 2018, the International Single Species 
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Action Plan for the conservation of the European Turtle dove (Fisher et al. 2018) was adopted 

by the European Commission. This plan lists four main objectives with specific suggestions 

(see introduction, Fisher et al. 2018), but as we still lack key knowledge to implement these, 

further objectives concern international cooperation, stakeholder awareness, and the filling of 

knowledge gaps. Among the latter, objective 7.7 calls for “Understanding of the country of 

origin of hunted birds by 2020”, which constitutes basic information to further specify a 

sustainable level for hunt, locally and internationally (objective 3). To determine countries of 

origin possible methods are ring re-encounter studies (e.g. Marx et al. 2016), tracking of birds 

and stable isotope analyses. 

Ring re-encounter studies generally have several shortcomings (e.g. Marx et al. 2016), 

including high trapping effort due to low re-encounter probabilities and an uneven distribution 

of captures and recaptures in space and time (Kania & Busse 1987; Thorup & Conn 2009). In 

particular, most Turtle Dove re-encounters were in the form of hunted birds, but the distribution 

of countries of origin depended heavily on the trapping effort in the different countries (Marx et 

al. 2016). Furthermore, many ring data remain unreported or unavailable due to loss or they 

were not processed (Nikolov & Karcza pers. comm.) and the method can have a delay of 

several years from initial marking to the re-encounter of the bird (Marx et al. 2016). 

Tracking studies have a good potential to reveal breeding origins and movements to winter 

sites, but are limited until now to a low number of individuals by the high costs and the 

potentially high failure rate of tagged birds (e.g. Bowlin et al. 2010).  

The present stable isotope method has some advantages, as a very small feather sample 

(0.3 mg) can be taken from hunted birds and live captures, thus making the non-invasive 

method widely applicable and suitable to obtain information quickly on a larger number of birds. 

On the other hand, the information obtained is relatively coarse, resulting in large possible 

ranges. 



 
65 

 

The definition of a sustainable level of hunt on local and international level usually relies on 

information about numbers and proportions of hunted birds (migrants and national breeders) 

compared to the population growth rate of a species. However, due to naturally occurring 

drastic demographic fluctuations and the currently decreasing population size of Turtle Doves, 

additional anthropogenic threats are suggested to have large negative impacts on population 

level (Calderón et al. 2016). If legal hunt is practised to an unsustainable level during Turtle 

Dove migration (Fisher et al. 2018), then this would largely affect foreign and possibly national 

breeding populations, although due to the uncertainties of the method, respective contributions 

from local and foreign birds cannot be determined precisely. 

Hunting of Turtle Doves is legal in 10 European Union (EU) member states. Our current study 

was in five of those countries. According to Fisher et al. (2018), Spain has the highest hunting 

bags (436,807-805,643 birds annually), followed by Greece (273,000-492,800 birds annually), 

Italy (250-350,000 birds annually) and Bulgaria (145,672 in 2014-15). Malta has the smallest 

hunting bags of ≤ 6,000 in 2015 and ≤ 1,500 in 2016 and prohibited spring hunt in 2017 (Fisher 

et al. 2018). Although numbers of hunted Turtle Doves exist for the remaining legally hunting 

EU member states Austria, Cyprus, France, Portugal and Romania (Fisher et al. 2018), details 

about breeding origins of Turtle Doves are still needed from these sites. The present study 

suggests that hunt in Spain affects national breeders probably in high numbers, but also 

migrants originating from Russia and the Baltic States as well as central eastern Europe (Table 

4, Figs. S1 - S3). According to our data, Greece, Malta and Bulgaria mainly hunt migrants 

(Table 4). Considering Greek samples migrants primarily originate from central eastern Europe 

and France, northern Italy, south-west England, north-west Spain, Romania and Bulgaria. 

Birds from all four distribution ranges have stopovers in Malta (Figs. S4 - S5), and individuals 

passing through Bulgaria mainly originate from Russia and Baltic States (Table 4, Fig. S6). All 

Italian samples were assigned possible national breeders (Table 4, Fig. S7), which might 

indicate a high hunting impact on Italian Turtle Doves, and would agree with high hunting 

numbers of Italian birds in Italy (Marx et al. 2016). Nonetheless, an impact on “foreign” birds 
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cannot be excluded due to large assignment ranges and re-encounters from several other 

countries (Spina et al. 2008) and to the lack of a specific investigation on the origin of birds 

migrating through the Italian peninsula during autumn migration, when hunting season is open. 

To sum up, the present stable isotope analyses highlighted important breeding origin areas 

and discussed possible hunting impacts at studied stopover sites on migrating individuals. 

Although our dataset was limited by the availability of feathers from the different sites, we 

outline a method that can be used to study origins of migratory Turtle Doves for larger sample 

sizes and covering more complete time frames. Thus, together with the previous mark re-

encounter analyses (Marx et al. 2016), and data from tracking studies, stable isotope analyses 

may be an important tool to fill knowledge gaps that so far prevent the implementation of an 

adaptive harvest modelling framework for Turtle Doves in order to improve the species 

conservation status in Europe. 
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Supplementary Materials 

Individual assignments of birds from Spain (Figs. S1 to S3), Greece (Fig. S4), Malta (Fig. S5), 

Bulgaria (Fig. S6) and Italy (Fig. S7) are available online. The authors are solely responsible 

for the content and functionality of these materials. Queries (other than absence of the 

material) should be directed to the corresponding author. 

Figure S1: Turtle Dove samples from Spain having their assigned origins in Russia and the 

Baltic states and in central eastern Europe. Certain migrants, which are birds without possible 

breeding origin assignments in Spain, are highlighted with a red M. Furthermore, the individual 

isotopic values of δ2Hf are shown. 

Figure S2: Turtle Dove samples from Spain having their assigned origins in France, northern 

(N) Italy, south-west (SW) England, north-west (NW) Spain, Romania and Bulgaria. The 

individual isotopic values of δ2Hf are given. Certain migration cannot be detected, because 

areas with possible breeding ranges are assigned in Spain. 

Figure S3: Turtle Dove samples from Spain having their assigned origins at the Mediterranean 

coasts. The individual isotopic values of δ2Hf are given. The individual isotopic values of δ2Hf 
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are given. Certain migration cannot be detected, because areas with possible breeding ranges 

are assigned in Spain. 

Figure S4: Turtle Dove samples from Greece ordered by assigned distribution ranges. 

Migrants are highlighted with a red M. Furthermore, the individual isotopic values of δ2Hf are 

shown. 

Figure S5: Turtle Dove samples from Malta ordered by assigned distribution ranges. Certain 

migrants are highlighted with a red M. They have no breeding origin areas in Malta. 

Furthermore, the individual isotopic values of δ2Hf are shown. 

Figure S6: Turtle Dove samples from Bulgaria ordered by assigned distribution ranges. 

Certain migrants are highlighted with a red M. They have no breeding origin areas in Bulgaria. 

Furthermore, the individual isotopic values of δ2Hf are shown. 

Figure S7: Turtle Dove samples from Italy ordered by assigned distribution ranges. The 

individual isotopic values of δ2Hf are given. Certain migration cannot be detected, because 

areas with possible breeding ranges are assigned in Italy. 
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Appendices 

 

The following appendices are saved on CD-Rom-device (attached to this thesis). The 

files are saved in folders, which are named according to chapter or supplementary 

publication. 

 

SUPPLEMENT: CHAPTER 2 

 Supporting Information 

S1: Turtle Dove samples from Spain having their assigned origins in Russia and 

the Baltic states and in central eastern Europe. Certain migrants, which are birds 

without possible breeding origin assignments in Spain, are highlighted with a red 

M. Furthermore, the individual isotopic values of δ2Hf are shown. 

 Supporting Information 

S2: Turtle Dove samples from Spain having their assigned origins in France, 

northern (N) Italy, south-west (SW) England, north-west (NW) Spain, Romania 

and Bulgaria. The individual isotopic values of δ2Hf are given. Certain migration 

cannot be detected, because areas with possible breeding ranges are assigned 

in Spain. 

 Supporting Information 

S3: Turtle Dove samples from Spain having their assigned origins at the 

Mediterranean coasts. The individual isotopic values of δ2Hf are given. The 

individual isotopic values of δ2Hf are given. Certain migration cannot be 

detected, because areas with possible breeding ranges are assigned in Spain. 

 Supporting Information 

S4: Turtle Dove samples from Greece ordered by assigned distribution ranges. 

Migrants are highlighted with a red M. Furthermore, the individual isotopic 

values of δ2Hf are shown. 

 Supporting Information 

S5: Turtle Dove samples from Malta ordered by assigned distribution ranges. 

Certain migrants are highlighted with a red M. They have no breeding origin 

areas in Malta. Furthermore, the individual isotopic values of δ2Hf are shown. 

 Supporting Information 

S6: Turtle Dove samples from Bulgaria ordered by assigned distribution ranges. 

Certain migrants are highlighted with a red M. They have no breeding origin 
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areas in Bulgaria. Furthermore, the individual isotopic values of δ2Hf are 

shown. 

 Supporting Information 

S7: Turtle Dove samples from Italy ordered by assigned distribution ranges. 

The individual isotopic values of δ2Hf are given. Certain migration cannot be 

detected, because areas with possible breeding ranges are assigned in Italy. 

 

SUPPLEMENT: CHAPTER 3 

 Additional file 1 

Table S1: Sample names from different columbid hosts with their closest 

GenBank match for ITS1/5.8S/ITS2 region, maximum identity and query 

coverage in % as well as the Trichomonas species of the GenBank match, the 

lineage, host and country in which the reference was found. 

 Additional file 2 

Table S3: The GenBank accession numbers (KX459439 – KY675299) of the 

study sequences are listed in the table below. 

 Additional file 3 

Table S2: Sample names from different columbid hosts with their closest 

GenBank match for Fe-hydrogenase region, maximum identity and query 

coverage in % as well as the parasite species of the reference. 

 Additional file 4 

Figure S1: Expanded phylogenetic tree including information about 

Trichomonas species and origin countries of reference sequences. 

Furthermore, the host species and sample ID of studied sequences are shown. 

 Additional file 5 

Figure S2: Phylogenetic tree based on the analysis of the Fe-hydrogenase gene 

of Trichomonas gallinae. This figure includes information about Trichomonas 

sub-lineages (A1, A1.1-A1.3, A2, C1-C4 and the newly detected sub-lineage P!). 

Furthermore, information about the origin countries of reference sequences is 

given, when information was available. Additionally, the host species and sample 

ID of studied sequences are shown. The break in the direction of sub-lineage P1 

equals two substitutions. References to GenBank accession numbers are as 

follows: AF446077.1 [61], HG008115.1 [8], KC529660.1, KC529661.1, 

KC529662.1, KC529663.1, KC962158.1 [42], F681136.1 and JF681141.1 [22] 

and XM_00131079.1 [43].  



 
102 

   

SUPPLEMENT: CHAPTER 4 

 Supplementary Table S1: List of analysed PA data from the ‘Monitoring of 

breeding birds’ dataset (Supplementary data 1_TT_DDA_bioclim.pdf). 

 Supplementary Table S2: List of analysed PO data from the ornitho-dataset 

(Supplementary data 2_Presencedata_ornitho.pdf). 

 

SUPPLEMENT: CALDERÓN ET AL. 2016_BMC EVOLUTIONARY BIOLOGY 

 CALDERÓN L, CAMPAGNA L, WILKE T, LORMÉE H, ERAUD C, DUNN JC, ROCHA G, 

ZEHTINDJIEV P, BAKALOUDIS DE, METZGER B, CECERE JG, MARX M, QUILLFELDT P 

(2016): Genomic evidence of demographic fluctuations and lack of genetic 

structure across flyways in a long distance migrant the European Turtle dove. 

BMC Evolutionary Biology. 16: 237. 

 Additional file 1: Details of the samples used. A table with additional information 

on the blood and tissue samples obtained for our work. 

 Additional file 2: Further details on materials and methods. Additional 

information on the laboratory methods related to the RAD-seq procedures and 

mtDNA sequencing. Also, further details on the demographic history modelling 

performed with DIYABC, and the niche modelling analysis conducted in 

MAXENT. 

 Additional file 3: Analysis of molecular variance (AMOVAs). Results of the 

AMOVAs performed, testing for significant genetic differences among the three 

main flyways (using mitochondrial and nuclear DNA data). 

 Additional file 4: fastSTRUCTURE analysis indicating the number of genetic 

clusters suggested for the turtle dove, K = 1. Barplot graphics representing K = 1 

and 3 are shown. 

 Additional file 5: Principal component analysis to test the goodness-of-fit of each 

evaluated scenario against the simulated data in DIYABC. PCA plots show that 

Scenario 4 had the best goodness-of-fit among all tested scenarios. 

 Additional file 6: Posterior probability of scenario choice in DIYABC. Direct 

estimation approach that uses 0.1 % of the closest simulations to the observed 

data. (b) The logistic regression uses 1 % of the closest simulations. 

 Additional file 7: MAXENT habitat suitability models for European Turtle doves. 

Niche modelling analysis based on additional climate models: CC (CCSM4), MR 

(MIROC-ESM) and MI (MPI-ESM-P). Models available on 

http://www.worldclim.org/.  
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SUPPLEMENT: QUILLFELDT ET AL. 2018_PLOS ONE 

 QUILLFELDT P, SCHUMM YR, MAREK C, MADER V, FISCHER D, MARX M (2018): 

Prevalence and genotyping of Trichomonas infections in wild birds in central 

Germany. PloS one. 13(8):e0200798. 

 S1 Table. Trichomonas samples (N = 71) with their closest GenBank match for 

ITS1/5.8S/ITS2 region, maximum identity and query coverage in % as well as the 

Trichomonas species of the GenBank match, lineage of Trichomonas gallinae, 

host and country in which the reference was found. 

 S1 Fig. Decline in greenfinch number in Hesse, Germany, according to the spring 

(https://www.nabu.de/tiere-und-pflanzen/aktionen-und-projekte/stunde-der-

gartenvoegel/index.html) and winter garden bird counts 

(https://www.nabu.de/tiere-und-pflanzen/aktionen-und-projekte/stunde-der-

wintervoegel/index.html) of the NABU (Nature and Biodiversity Conservation 

Union, Germany).
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