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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.



Zusammenfassung

Europaische Turteltauben (Streptopelia turtur), Europas einzige langstreckenziehenden
Tauben, erlebten seit 1980 einen starken Populationsriickgang von mehr als 78%. Studien
zur Populationskonnektivitat von Turteltauben und zu Gefahren, die die Population
beeinflussen, werden bendtigt. Deshalb beabsichtigt diese Dissertation, die
Populationskonnektivitat von Turteltauben und potenzielle Gefahrdung durch Bejagung mit a)
einer Ringwiederfundanalyse (Kapitel 1) und b) einer Zuordnung stabiler Isotope (Kapitel 2)
abzuleiten und auszuwerten. Weiterhin wurden auch die Pravalenz und genetischen Linien
des Parasiten Trichomonas gallinae analysiert (Kapitel 3) und Habitatmodellierungen (SDMs)
angewendet, um Habitatanspriiche und potenzielle Hauptbrutareale in Deutschland zu
bestimmen (Kapitel 4).

Das erste Kapitel weist auf eine starke Konnektivitat fur Turteltauben aus Westeuropa hin, die
vorrangig einer Westzugroute folgten und auf eine eher schwache Konnektivitat fir Vogel aus
Zentral- und Osteuropa, welche eine zentrale und eine dstliche Zugroute nutzten. Das zweite
Kapitel zeigt, dass stabile Wasserstoffisotope genutzt werden konnten, um vier grol3e Areale
innerhalb der Brutgebiete zu ermitteln, die aber auch den Vorschlag einer schwacheren
Konnektivitat fir manche Vogel unterstiitzen. Die angewandten Methoden konnten keine
raumlich genauen Brutareale identifizieren, aber sie konnten deutlich den Jagdeinfluss auf
migrierende Turteltauben in Europa darlegen, insbesondere auf solche, die aus anderen
Landern stammen als aus jenen in denen Jagd erfolgt. Die Auswertung zu Trichomonas
gallinae zeigt eine generell hohe Pravalenz, 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 Ausbriiche
durch maogliche inter- und intraspezifischen Krankheitstibertragungen wahrend verschiedener
Lebensphasen dennoch ernst genommen werden. Deutschlandweit angewandte SDMs mit
Prasenzdaten (PO) verdeutlichen Hauptbrutstandorte und wurden vor allem durch klimatische
Variablen modelliert, aber diese konnten keine spezifischen lokalen Habitateigenschaften
definieren. Um solche Wissensliicken zu flllen, sollten andere Variablen wie

Landbearbeitungsmethoden oder Bodentyp in zukiinftige SDMs eingefiigt werden.

Die vorliegende Dissertation zeigt die erfolgreiche Anwendung einer Ringwiederfundanalyse
sowie die Zuordnung stabiler Isotope um Populationskonnektivitat zu untersuchen und den
potenziellen Jagdeinfluss auf migrierende Turteltauben einzuschatzen. Weiterhin wurde ein
hoher Befall durch Trichomonas gallinae verdeutlicht, der eine ernst zu nehmende Gefahr

aufgrund der potenziell epidemischen Eigenschaften werden kann. Dartiber hinaus wurde

>



eine potenzielle Brutgebietsverbreitung in Deutschland modelliert, die PO-daten als eine

leistungsstarke Datengrundlage fiir SDMs aufzeigt.




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 Aradjo 2000, Webster et al.
2002, Martin et al. 2007, Ocampo-Pefiula 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. Calderén 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 Calderén 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 (6D measure for ratio 2H:'H, relative to a standard) are determined by precipitation.
In Europe and North America, it was shown that 8D 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, dD is more positive at lower latitudes, lower elevation and
at coasts. Conversely, 8D 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, 8*3C (ratio of *C:12C, relative to a standard)
varies geographically with occurrence and frequency of C3 and C4 plants (Cerling at al. 1997,
Wang et al. 2010). 5*3C 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 3*°N (ratio of
15N: 24N, 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 &D
(Hobson et al. 2004, Hobson et al. 2009), because of 1.) the availability of 8D precipitation
data from a variety of measurement stations across Europe, and 2.) the strong correlation of

oD in feathers and &D 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




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, Europaische
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:

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

across Europe,

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

impact of the parasite Trichomonas gallinae,

e 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 | 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.
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Contributions — Lead author, flyway analysis (together with Franzi Korner-Nievergelt), analysis

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

CHAPTER 2 (SUBMITTED)

Outline — In this study, | 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. | 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, | 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. | identified three new lineages and in total, |
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, | analyse habitat requirements from Turtle Doves on German breeding
grounds. Therefore, | 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
guarter 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 Liickel), 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 dD across Europe. Furthermore, the results were supported by
unstructured genetics in Turtle Dove samples from different European countries likely
highlighting a panmictic behaviour (Calderén 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 | 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 6D 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 dD, 3*C and d*°N 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.

15




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 (Calderén 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 K.nmv]ud,ge about ﬂ].rwa].rs, hreading and m'ﬂrwintudng sikes is impclrtanl for consarvation efforts, but littla is
known about migration patterns and population connectivity of dedining European Tartle Doves Streptopelia trfur.
EURING ring-recovery data were used to estimate directions and proportional usage of flyways. The timing of migra-
tion was compared along these routes and breeding origins of shot individuals were determined. Ring recoveries of
Czach, Hungarian, British, German and French birds suggestad three main fiyways with westerly, central and sasterly
directions. The proportional usage was estimated by multinomial mark-recovery models. Major parts of French (82%),
German (92%) and British (34%) Turtle Doves followed a western fiyway. Czech birds used the central rouge (36%) and
55% of Hungarian birds followed the eastern flyway. Thus, a migratory divide between the Ceech Republic and
Germany could be suggested. The timing of migration showed a similar latitudinal pattern of migration along all fy-
ways. Birds were at the breeding grounds in June and July and from September to April in their southernmost distri-
bution ranges. Outward migration started in August. Return migragion was still evident in May. The majority of report-
ed hunted doves were from the 1960s and 1970, High hunting numbers were present in September, April and May.
France and Spain mainly shot birds from the UK and France. In [taly predominantly lialian birds ware shot. Doves shot
in Greece mostly came from the Czech Republic Given the decreasing population numbers. large ringing numbers
seem unfikely in the future. Thus, low recovery numbers in recent decades parallel both, the population decrease and

a lower ringing activity.

Key words: Turtle Dove, Strepropeliz furtar, EURING, multinomial model, fliyways, iming of migration, hunting
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INTRODUCTION

More than 2 billion European birds migrate twice
a year to and from Africa (Hahn et al. 2009). To
arrive at their destination points, they follow dif-
ferent migration strategies. Many of these birds
follow broad front migration patterns (Zink
19731995, Berthold 2000). Further studies describe
two main Hyways in westerly and easterly direc-
tions over the Iberian Peninsula or along Middle
East European land, which can be induced by a
migratory divide (Zink 1973-1995, Berthold 2000,
Reichlin et al. 2009).

When a breeding population winters together
in one area, the migratory connectivity for this pop-
ulation is described as high (Webster et al. 2002).
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The degree of migratory connectivity sinks when
large parts of one breeding population disperse to
different wintering grounds (Webster et al. 2002}).

The phenology of different species and bird
populations is believed to be contrelled by
endogenous mechanisms. Thus, the start of
migration is primarily regulated by genetic fac-
tors, but also triggered by circumannual rhythms,
particularly changes in day length {Berthold
2000). Monetheless, some studies showed an
adjustment of migration patterns. Therefore, bird
migration can also be flexible to a certain degree in
some species (Marra et al. 2005).

European Turtle Doves Streplopelin turtur are
the only long-distance migrants among European
columbids that participate in trans-Saharan
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migration. They have a wide breeding distribu-
tion range across most of Southern, Central and
Eastern Europe and into Asia, with a northern
limit reaching Central England and Estonia (Glutz
von Blotzheim & Bauer 1987). There are two
widespread races of European Tuartle Dowves —
5. & turtur and 5. & arenicola and three endemic
races on the African continent — 5. & hogoara,
5.t tagbelling and 5. b rufescens. 5. & turfur is the
nominate form and the study specdies in this paper.
[t inhabits most of the west and central Palearctic
up to Afghanistan and MNorth-West China (Glutz
von Blotzheim & Bauer 1987).

Although the general distribution ranges are
well described, knowledge of Turtle Dove migra-
tion flyways is still insufficient. Some authors sug-
gested a broad front migration pattern (del Hoyo
et al. 1997), while others described three main
migration routes, crossing the Sahara incoastal
NW-Africa, the central Sahara with its cases, or
the Nile region (Glutz von Blotzheim & Bauer
1987). Studies from France and the UK traced the
main passage through France and Iberia, along
Morocco to sub-Saharan Africa during spring and
autumn migration (Aebischer et al. 2001, Eraud et
al. 2013). Furthermore, a central migration flyway
over [taly and Malta and an eastern flyway over
Greece, Turkey and Bulgaria have been described
{Cramp 1985, Dimaki & Alivizatos 2014). Geo-
lecation data of Turtle Doves from France suggest-
ed a loop migration with more eastern migration
patterns back to their breeding sites compared to
used flyways in autumn (Eraud et al. 2013).
Nevertheless, especially for Turtle Dowves from
Central and East European countries, the used fly-
ways are still insufficiently known.

Across Burope, Turtle Doves are listed as vul-
nerable in the European Red List, because the
pepulation trend has declined by more than 70%,
particularly since the 1970s (BirdLife International
2015). Such strong population declines of wild
birds in Europe are particularly known in long-
distance migrants and farmland birds (Berthold et
al. 1998, Schifferli 2000, Newton 2004, Sanderson
et al. 2006). This coincides with agricultural inten-
sification, which caused habitat loss and changes
in temporal and spatial food availability as well as
quality in both breeding and overwintering habi-
tats (Browne & Aebischer 2001, 2003a, Eraud et al.
2009, Vickery et al. 2014). European Turtle Doves
fall into both categories and, furthermore, are
hunted in large numbers. The total annual hunt-
ing bag in European countries is estimated at 2 to
3 million Turtle Doves {Boutin & Lutz 2007). The
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autumn hunting seasons are differently timed
through the European countries, starting earliest
at 15 August in Portugal, followed by the other
countries until mid- September (Boutin & Lutz
2007). Autumn hunt in some countries ends in
February, such as Greece (Boutin & Lutz 2007).
These hunting seasons are followed by spring
hunt in Malta from 25% March to 227 May (Boutin
& Lutz 2007). To assess influences of hunting and
poaching on populations, it is necessary to deter-
mine breeding origins of shot Turtle Doves.

Being a popular and Iegal game 5pe1:|e5 In sev-
eral European countries leads to increasing
reporting probabilities of marked individuals
(Kania & Busse 1987). That makes ring-recovery
analyses highly appropriate for this study.

For many studies the usage of ringrecovery
data was a relevant source to define general
migration patterns, such as flyway directions,
breeding and non-breeding distribution areas or
migratory connectivity (e.g. Reichlin et al. 2009,
Korner-Nievergelt et al. 2012, 2014). Furthermore,
changes in arrival and departure dates could be
registered (Both et al. 2005). Even the impact of
hunting on distribution and survival can be eval-
uated by those analyses (e.g. McCulloch et al
1992, Aebischer et al. 1999, Péron et al. 2011),
because the huge benefit by these databases is the
great number of data over a long period of time.
That is why we here analysed recovery data on
European Turtle Doves from the EURING-data-
base and additional data from national ringing
schemes. The aims of this study were to investi-
gate: 1) the use of the flyways by Turtle Doves
from different countries, 2 the timing of migra-
tion through the different flyways, and 3) the im-
ing and origin of birds at main hunting sites.

MATERIAL AND METHODS

Data sources

The EURING-database contained a total of 897 re-
coveries of Turtle Doves (EURING-dataset, Table 1),
collected between 1913 and 2011, Of these, we dis-
carded all Turtle Dove recoveries with an accuracy
of date worse than six weeks (N = &, Table 1) and
individuals with recovery distances less than 100
km (N = 200, Table 1 and 2}, leaving a BASIC-
dataset of 892 recoveries (Fig. 1). Of these, 50 had
one of their capture locations (either ringing site
or recapture place) outside Europe (Appendix 1),
and 11 Turtle Doves had both capture and recap-
ture locations out of Europe (Appendix 2), while
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Table 1. Datasets used for the three presented analyses. Shown
alsn prasant the induded criteria for the datasats and the otal

are also the datasets on which the analyses datasets are based. Yve
evaluated recoveries in every analysas.

Mame of datassets Analyses Basis dataset

Included data N recoveries

EURING-dataset

Birds with recoveries gaT

BAS|IC-datasst Timing of migration EURIMG-datasst Accuracy of date better than & wesks, G622

FLY WA -dataset Usage of fiyways BASIC-dataset

racovery distances 100 km and more

Ringed in country of ringing schamse, 252
ringed in June or July, recaptured within

& years, 10 or mare recovenes/country,

recovenes from August to May, reoovernes

south of ringing location

Discard: 2 birds from UK with recoveries

in Mali

HUMWT-dataset Hunted birds EURIMG-datasst Capture and re-capture location in Europa, 418

all distances, all date scouracies, counties

of recovery whare more than 30 recoverad

individuals wers classed as "shot®, "hunted”
or “dead”

631 birds were captured twice in Europe. Total
ringing numbers were downloaded in January
2014 from hetpy//www.euring.org/data_and_codes’
historic_ ringing_totals.html, with additional data
provided from curators of national ringing data-
bases (see Acknowledgements).

Table 2. European Turtle Dove ringing (maximum value fn

Drama AnALYSIS

Use of the flyways by Turtle Doves from dif-
ferent countries

For the analysis of used flyways, we only includ-
ed birds from the BASIC-dataset that were ringed

om either EURING Archival Ringing Totals downloaded from

httpferww.euring.org'data_and_codes'historic_ringing totals html or verbally — see methods) and recovery numbers {accord-

ing to the EURING database, N = 897) from differant ringing

schamas, in the paricd 1913-2011. Recovery rates were calculatad

for ringing schemes with more than 100 ringed birds. Mote: Radolézell {Germany) also administered Austrian ringing, Ireland was

included in the Ringing Scheme UK. * — data not available.

Ringing schems Ringsd Recovered T recovered dead alive
Croatia T8 3 0.4 2 1
Czech Republic 5363 &5 1.2 58 T
Finland 35 4 - 3 1
France 5603 183 3.3 162 21
Gemany-Hiddenses 203 1 0.3 1 a
Gemany-Fadalizell TOB 15 2.1 14 1
Gemany-Wilhalmshaven 1742 52 3.0 A ]
Gresce - 2 - 2 -
Hungarny-Budapsst 1538 28 1.8 14 14
Itaty-Bologna 2876 17 57 128 42
Izrasl . T - 5 2
Malia - 2 - - 2
Poland 409 4 1.0 4 -
Portugal 24 4 - 3 1
Russia-Moskwa 1602 13 0.5 13 -
Spain-Madrid 825 57 6.9 31 26
Spain-Madrid lcona 1] 25 - 26 2
Sweden-Stockholm Omis . ] - L] 2
Sweden-Stockholm Museum 42 25 - . .
Switzedand 133 4 3.0 4 -
The Metherands. 3061 L] 0.2 1 ]
UK TE20 220 2.9 202 18
29 S
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Fig. 1. Overview of validated European Turtle Dove recoveries.
Black lines — doves with unknown breeding origin, purple
lines — doves with known breeding origin {(captured in
June-July), blue lines — doves with recovery locations outside
of Europe.

in June or July in the country of the ringing scheme
and recaptured within 5 years. To consider only
migrating birds, we discarded all that were recov-
ered in June and July. Thus, we were able to get
insight into their breeding ranges and the locali-
ties used during migration or rather wintering. In
both occasions, we were able to get an idea about
flyway directions. Additionally, we only included
countries with 10 or more recoveries of birds
ringed in one country and discarded those with
recapture locations north of the ringing location.
After visual inspection of the ring-recovery data
via mapping in ArcGIS 10.2.1 (ESRI, Redlands
California) (Fig. 1) and due to different recovery
probabilities around the Mediterranean and sub-
Saharan belt, we further decided to discard two
birds from Creat Britain, which were recoveries in
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Fg. 2 Line density kernels for 70% (red), 80% (yellow) and
90%: (blue) of European Turtle Doves from five different coun-
tries using the Western, Central and Eastern flyway.

Mali leaving the FLYWAY-dataset of 262 recover-
ies around the Mediterranean from five different
countries — UK, France, Germany, Czech Republic
and Hungary (Table 1).

Firstly, analysis of line density kernels for 70%,
80% and 90% of mark-recapture lines were plot-
ted in ArcGIS 102.1 using the line density tool
under Spatial Analyst (ESRI, Redlands California)
to picture the flyways. Three main flyways along
an eastern, central and western route were best
distinguished by 80% kernel areas (Fig. 2). For
later analyses we used the ranges of 80% kernel to
define the positions of flyways according to longi-
tude — afterwards named as western, central and
eastern flyway. The western flyway began at < §°
E longitude. The central flyway lay within a longi-
tudinal range between 8 E and 19° E and the east-
ern flyway was set at a longitude greater than 19°E.

Multinomial mark-recovery models (Bauthian
et al. 2007, Thorup & Conn 2009, Korner-
Nievergelt et al. 2012) were used to estimate the
proportional usage of the western, central and
Eastern flyway by different countries while taking
into account that ring recovery probability differs
between the flyways. It is well described that
recovery probabilities are lower in Africa and even
differ within Europe, having less recapture proba-
bility in East Europe than in West Europe (Kania &
Busse 1987, Thorup & Conn 2009).

First, multinomial models were formulated for
countries with known numbers of ringed birds
(Czech Republic, Hungary, UK — Table 2) (Kania
& Busse 1987, Korner-Nievergelt et al. 2010).
Second, multinomial models for birds ringed in a
given country with unknown ringing numbers
(Germany and France) were integrated in the
above models. Germany has three ringing
schemes and the unknown ringing numbers are
caused by an incomplete database in Germany-
Wilhelmshaven after 1998 (Geiter 2014 pers.
comm.). The unknown ringing numbers in France
are caused by unknown data before 2000 in
France (Dehorter 2014 pers. comm.).

We assumed that birds using the same flyway
have equal recovery probabilities independent of
the country the bird belongs to (Korner-
Nievergelt et al. 2010). Based on this assumption
and given the number of countries with known
number of ringed birds is equal or larger than the
number of flyways, the recovery probabilities in
the different flyways, r;, become estimable. Then,
the expected number of recoveries of country P in
flyway F, E(R;;), is the product of the number of
ringed birds in country P, N, the proportion of
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Table 3. Description of the most important parameters and indices used.

Call probability of the multinomial model, based on the number of countries with known numbers of ringad

Call probability of the multinomial model, based on the number of populations with unknown numbars of

Diescription
Parametars
D
birds and the number of flyways F + 1 for never recoverad birds
pu
ring=d birds and number of flyways F
Mee Proportions of birds from country P with known ringing numbers using fiyway F
MU Proportions of birds from country P with unknown ringing numbears using fhyway F
[ Recovery probability in fhrway F
Indices
P Ciountry: Czech Republic, Franca, Germmany, Hungary, UK
F Flyway: West, Cantral, East

birds that use flyway F, mp. and the recovery
probability in F, rF. We can write a multinomial
maodel for the number of recoveries in the differ-
ent flyways (W = West, C = Central, E = East) for
each country ' with known number of ringed
birds: '

R — Multinom{{#p Fou Mpcre MpeTr, ]_ET‘H]' ML)

{for description of parameters and indices see
Table 3). The last cell contains the probability that
a ringed bird is never found. The three multino-
mial models for each country together form a
product-multinomial model. In this model, we
integrated two other multinomial models for each
of the countries with unknown number of ringed
birds. Based on the proportions of birds using
each flyway, m, and the flyway-specific recovery
probabilities, r., we can formulate the expected
number of recoveries in the different flyways
given the total number of recoveries:

Mg Wipet e
H & &
Bpp — Multinom({Ef_, mpor, TR Bipery,

L
i i'”rr"rl{‘fa”:'-

The integrated model was fitted to the data
using Bayesian methods by Markov chain Monte
Carlo (MCMC) simulations using WinBugs and its
E interface REWImBUGS (Sturtz et al. 2005) in R
3.3.1 (R Core Team 2014).

Uniform prior distributions were used for the
recovery probabilities (r). The priors for my,, were
constructed by uniformly distributed variables
that were constrained to sum to one for each
country I,

Posterior distributions of the parameters were
obtained from the last 1000 sampled values of three
Markov chains each of length 10000. Convergence
was assessed graphically and by r_hat values and
accepted when they were lower than 1.01 (Brooks
& Gelman 1998). Means and 5D of posterior distri-
butions of rp and my are presented {Table 4).

Timing of migration through the different
flyways

The timing of migration through the different fly-
ways was analysed graphically on all birds from
the BASIC-dataset (N = 692, Table 1). Note, those
are the breeding and non-breeding birds in Table
5. Although knowledge exists about shifts in tim-
ing of migration (Glutz von Blotzheim & Bauer
1987}, the dataset was too small and unequally
distributed through time to divide it into different

Table 4. Proportional usage of Hyways (% = 510 of Ave different countries. For the analysis, we used Turtle Doves from the
FLYWAY-dataset. The ringing numbers of the first three countries are known. The other two do have high ringing numbers, but

absolute numbars are unknown.

Country Westem fhyway Central fhyway Eastern flyway
Czech Republic 001+£00 056 +0.12 043 £012
Hungary 005+ 005 040 +£0.12 055 +0.13
1].4 054 £ 0.04 003 +£003 0.03 £003
Gemany 0592+005 0.06 £ 005 0.02 £0.02
Franca 062+0.11 030 +0.1 0.08 + 0.06
Racovery probability 0.014 £ 0,002 0006 £0002 0.009 £+ 0.003
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time periods. That is why all BASIC-dataset birds
were assigned to the different flyways West,
Central and East. Therefore, the longitudinal
point of the most southern location was used
to allocate them to a fyway (see description of
flyway ranges above). Afterwards, the datasets
were introduced to R 3.3.1 to analyse them by box-
plots (R Core Team 2014).

Timing and origin of hunted birds

To study the country of origin (here, not neces-
sarily breeding origin) of hunted Tartle Doves,
countries with more than 30 individuals classed as
“shot”, “hunted” or “dead” were evaluated. Here,
only recoveries with both, ringing and recovery
site in Europe were analysed, and birds were
included regardless of the flight distance between
ringing and recovery site (HUMT-dataset, Table 1).

RESULTS

Use of the flyways by Turtle Doves from differ-
€nt countries

According to the multinomial mark-recovery
models (Table 4), Turtle Doves from Germany and
the UK predominantly used the western flyway
{929 and 94%, respectively). Birds from France used
mostly the western flyway (62%) but also quite
frequently used the central flyway (30%). Czech
and Hungarian Turtle Doves used both the central
and eastern flyways (Table 4). The recovery prob-
abilities were different along all three flyways. It
was highest within the western flyway (0.14%)
and lowest in the central flyway (0.06%, Table 4).
Furthermore, the line density kernel areas of 80%
and 9% suggested a possible overlap between
the birds using the eastern and central flyway.
Particularly the 90% line density kernel included
birds crossing between these two flyways.

Timing of migration through the different
flyways

The latitudinal pattern of migration was similar
along the three Hyways (Fig. 3). Turtle Doves from
all flyways were captured in their northern distri-
bution ranges from June until July (with a median
latitude around 507 Nj. Spring migration was evi-
dent in April and May and autumn migration
started in August (Fig. 3).

Timing and origin of hunted birds
Most rings reported by hunters (N 418)
were from doves originally ringed in the UK
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(28.6%), followed by birds from Italy (23.9%) and
France (17.9%). Smaller numbers were from iLe.
Albania, Croatia, Poland and Ukraine (Fig. 4,
Appendix 3).

The majority of Turtle Dove rings were
reported by hunters in September (N = 205, 49%),
followed by recoveries in May (N = 66, 15.8%)
and August (N = 60, 14.4%). Considerable num-
bers of ringed birds were shot during spring
migration in April and May in France (N = 3§,
31%) and Greece (N = 21, £2%) (Fig. 4, Appendix
4).

The majority of ringed doves were reported by
hunters in the 19a0s (N = 119, 28.5%) and 1970s
(N = 98, 23.4%), while very few ringed birds were
reported from hunters before 1950 (Fig. 4,
Appendix 5). '
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Fig. 3. Timing of migration through the western, central and
eastern flyway of Eurcpean Tarile Doves. All ring and recov-
ary data shown in Fig. 1 were induded. The bowes represant
the range in which 50% of the data occur (inter-guartile dis-
tance from 5% quarile to 73% quartile). The whiskers show
axtrema values and the black line in the boxss depicts tha
median. Outliers are shown as drcles and extend for more
than 15 time the inter-quartile distanca.
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Table 5. European Turtle Dove recoveries from different countries with numbers of exduded recoveries {due to inaccurate dates
or short distance) and fyway directions. Each of the recoveries (N = 897) was assigned o the country according o its most north-
arn kocation. Turtle Doves were counted as “Nonbreeding” when their assigned country was outside Europe or they were not
recovered in their actual breeding time (June and July). Breeding Turéle Doves ware birds found in June or July. Flyways ware
assigned to the records of breeding Turtle Doves. Countries with more than 5 breeding bird recoveries are marked in bold.

Excluded
by date 5100 km

country

Nonbreeding

Braading Fhywmy

Th West T Central h East

Albania - -
Austria - -
Bulgaria - -
Croatia - 1
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DISCUSSION

Knowledge of the flyways, breeding, stopover
and overwintering sites is important for conserva-
tion efforts (Trerweiler et al. 2014). This study
aimed at summarizing information about Turtle
Diove migration patterns and their threats during
their migration across Europe.

Use of the flyways by Turtle Doves from differ-
ent countries

In line with previous suggestions (Murton 1968,
Clutz von Blotzheim & Bauer 1987, Aebischer et
al. 2001, Eraud et al. 2013), the capture and recap-
ture locations (esp. Fig. 2) supported the idea of
three main migration flyways for Turtle Doves.
However, the definition of a central flyway (Fig. 1, 2)
was more difficult in this study due to smaller
sample sizes in Central and Eastern Europe as
well as fewer recoveries with assignments of
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breeding origins than in the West (Table 5). Thus,
our data could also indicate a migratory divide
between the Czech Republic and Germany. That
might be comparable to the one from Central
European Hoopoes Upupa epops, which led
through Germany, Austria, Switzerland and ltaly
and was set to a range from 10-12° E {Reichlin et
al. 2009). In the present study, the migratory
divide might be more extended to both sides,
regarding the gap width between western and
central/eastern flyway. Nevertheless, Fig. 1 shows
also regular movements between the central and
western flyway. This in turn could also reveal a
nomadic pattern of e.g. young Turtle Doves,
which seek breeding habitats. Yet, this is only an
assumption and needs further investigations,
because of the lack of knowledge about ages of the
majority of recovered birds and paucity of ring-
recoveries from East Europe, including East
Germany. Here, the highest number of Turtle
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Europe, B — depicts ringing activity of ringing schemes from
Central and East Europe.

Doves with origins in Eastern Europe came from
the ringing efforts in the Czech Republic, mainly
in the 1950s to 1970s (total N = 65 recoveries) fol-
lowed by Hungary {total N = 28 recoveries) and
Russia (total N = 13 recoveries) (Fig. 5). All other
East European countries had less than 15 recover-
ies in total (Table 1). This also reflects the differ-
ences in recovery probability among flyways and
between areas described by Kania & Busse (1987)
and Thorup & Conn {2009).

Two Turtle Dove recoveries from the relevant
FLYWAY-dataset were recorded outside Europe.
That led to constraints in data evaluation
caused by different recovery probabilities in
sub-Saharan Africa compared to the Mediter-
ranean (Kania & Busse 1987, Thorup & Conn
2009) and the following discard of those findings.
However, rega:dmg Fig. 1 it was obvious that
most of the recoveries from outside Europe were
recorded along the western flyway. Furthermore,
there were some recoveries in Africa along the
central flyway. Those localities might indicate the
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presence of important stopover sites in Moroceo,
Libya and Tunisia as well as key wintering areas in
the sub-Sahara (Appendix 1) (Eraud et al. 2013).
Unfortunately, there was only a small number of
recoveries on the African continent. Hence, we
cannot tell the exact wintering locations. We can
only confirm position of wintering locations in the
sub-Saharan belt, which matches the results of
existing literature (eg. Cramp 1985, Glutz von
Blotzheim & Bauer 1987, Eraud et al. 2013).

According to the usage of flyways, Turtle
Dowves show a rather strong migratory connectivi-
ty (Webster et al. 2002} when looking at the West
European population compared to the ones from
Central and East Europe. On the other hand, the
80% and 90% line density kernel areas suggested
a possible overlap of the central and eastern
flyway route. Espedially, the 90% line density ker-
nels included several birds crossing between
those two flyways (Fig. 1, 2), as has been observed
in other birds (Trierweiler et al. 2014). Those fly-
way crossings of Central and East European Turtle
Dove populations need to be interpreted cau-
tiously, because those flyway lines do not depict
the actual flight route, but merely two stations of
bird migration, which are connected by a non-
realistic straight line for simplification of analysis.
Mevertheless, those crossing could also show a
pattern similar to Purple Martins Progie subis
(Fraser et al. 2012). Depending on the spatial scale,
those birds showed strong connectivity on species
level, but no or weak connectivity within the sub-
species in the eastern population (Fraser et al.
2012). That further reveals the importance of sur-
veys on the different subspecies of Turtde Doves
Streptopelin turtur, the European and western
Asian type, and Sheptopelia furtur arenicola as the
Balearic subspecies (Cramp 1985).

Timing of migration through the different
flyways

We observed a clearly distinguished latitudinal
pattern over the course of the year, indicating a
stationary breeding time in June and July, mir-
rored by the months with the most northern dis-
tribution areas of Turtle Doves. The graphs (Fig. 3)
do not show a clearly defined spring migration
start, but first arrivals were registered in April in
Great Britain, Italy and Greece (e.g. Aebischer et
al. 2001, Croxton et al. 2006, Dimaki & Alivizatos
2014). We determined the start of autumn
migration in August, in line with Aebischer et al.
(2001} and Eraud et al. (2013). For all flyways, the
most southern localities are depicted in the same
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latitudinal ranges {10-20" N}. Along the central
and western flyway, there are some findings of
Turtle Doves in sub- and north Saharan regions.
As described above, those might indicate
stopover- or possible overwintering  sites.
Especially, two recoveries within the central fly-
way route, which are located in Tunisia, might
describe stopover sites during spring migration as
they were found in April and May (Eraud et al.
2013).

Due to the small, unequally distributed sample
set we could not split the analyses into different
time periods. That is why we were unable to
investigate changes in timing of Turtle Dove
migration or wintering locations through the dif-
ferent tlyways. However, Browne & Aebischer
{2003b) did not find a change in spring arrival
dates for Turtle Doves in England, but suggest an
earlier autumn departure since 1970s. This sug-
gestion is supported by Croxton et al. (2006), who
showed earlier first arrival dates before 1980s, but
also revealed slightly delayed arrival dates from
1982 to 2005 in the UKL Along the eastern flyway,
neither arrival nor departure dates changed in
Greece (Dimaki & Alivizatos 2014). This might
show differences in population development, due
to climatic conditions or other differences along
the flyways. However, as already mentioned, our
data does not support differences in migration
timing throughout the different flyways. Also,
there is no suggestion for Turtle Doves to have
changed their wintering areas further north. This
altered migration pattern is known, especially in
short-distance migrants {MacLean et al. 2008,
Visser et al. 2009). A well-known example are
Blackcaps Syleia atricapilla, which usually over-
winter in Mediterranean regions, but since the
1970s they also find wintering areas in Great
Britain and Ireland (Leach 1981). However, the
small sample size, particularly for Central and
East Europe might lead to the idea of non-altered
phenology. A higher ringing activity in East
European countries might change this impres-
sion. Nonetheless, since there is lower ringing
activity in recent years, which might also depict
the decreasing population trend, it seems new
methods are needed to find key habitats. To com-
pare and understand the population develop-
ment of West and East European Turtle Dowves,
habitat surveys on breeding and overwintering
grounds as well as on stopover sites are also
mandatory.

Furthermaore, the investigation of possible dis-
eases across Europe (Lennon et al. 2013, Stockdale
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et al. 2014} is highly recommendable. In Turtle
Doves from the UK, parasite infections by
Trichomonas gallinae cause high mortality rates
(Lennon et al. 2013, Stockdale et al. 2014) and
might be transmitted by different bird species.
For instance, T gallinae was detected in different
columbids (Villanda et al. 2006, Bunbury et al.
2007, Sansano-Maestre et al. 2009, Chi et al. 2003),
House Finches Carpodacus mexicanus, different
corvid species (Anderson et al. 2009), Red-legged
Partridges Alectoris rufa (Stockdale et al. 2014) and
several birds of prey (Sansano-Maestre et al. 2009,
Chi et al. 2013) and therefore, seems not limited to
a single bird group. Furthermore, this threat is
positively correlated with warmer temperatures
and lower precipitation (Bunbury et al. 2007).
Thus, in times of climate change the infection and
mortality rates of Turtle Doves might increase
even more, which emphasizes the need for stud-
ies about disease ocourrence. Yet, this epidemic
disease has not been studied in East European
doves, although it 15 emerging (Lawson et al
2011).

Timing and origin of hunted birds

Along all flyways, the highest numbers of ring
recoveries from hu1'lt]n,f-jr were reported in
September. During this month the majority of
Turile Doves migrate south (Glutz von Blotzheim
& Bauer 1987), indicating that hunting takes place
chiefly at migration stopover sites. Less ring
recoveries by hunting were reported in August
(Fig. 4). This is in line with the beginning of the
legal European shooting season in mid-August
(Boutin & Lutz 2007). In Greece and France, ring
recoveries from hunting were also reported regu-
larly in April and May. For these countries, hunt-
ing is now only allowed until the end of February
(Boutin & Lutz 2007), but hunting seasons have
changed over the years. '

The numbers of ringed birds recovered
through hunting clearly depends on the number
of birds originally ringed. For example, Italian
ornithologists ringed many Turtle Doves in the
1970s to 1990s, and in the same period there were
considerable recoveries, mostly from hunting in
their own country (Fig. 4, 5). The high numbers of
British, Italian and French Turtle Dove recoveries
coincide with higher ringing activities in these
West European countries (Table 7]1 This also
explains high numbers of recoveries from the
Cizech Republic, being the East European country
with the highest ringing activity. The highest

numbers of ring recoveries from hunting were



Ring recoveries of European Turtle Doves

reported in the 1960s and 1970s, in line with high-
er ringing activities in several countries in 1950s
and 1970s like the Czech Republic, Italy and the
UK (Fig. 5). Unfortunately, data are not available
from all European countries from the beginning of
bird ringing until present. Many data were
destroyed due to Second World War, got lost or are
unprocessed (MWikolov & Karcza 2014 pers.
COMM.).

CONCLUSIONS AND FUTURE STUDIES

We here present baseline information on the
migration system of European Turtle Doves. The
data resulted mainly from a combination of
ringing efforts concentrated in some countries
and decades, and a high hunting pressure, espe-
cially in the Mediterranean countries, during
passage. The picture obtained is incomplete due
to unequal distribution of the numbers of birds
ringed, especially the low numbers of Turtle
Doves ringed in Eastern European countries
after the Czech efforts in the 1950s to 1970s. Given
the decreasing population numbers, it seems
unlikely that large numbers of Turtle Doves will be
ringed in the future in these countries, and data
from the wintering sites themselves are still very
scarce. '

Therefore, crucial new information about
Turtle Dove breeding, stopover and overwinter-
ing sites as well as their migratory behaviour will
most likely only be attained through alternative
methods, additionally to ringing. The study using
geolocation in Turtle Doves in France (Eraud et al.
2009) has demonstrated the usefulness of this
technique. However, large numbers of Turtle
Doves need to be captured in order to have some
chance to recover the data loggers. In France, 80
birds were deployed with loggers, and the recap-
ture rate was 10%. Hence, in most places with
depleted populations this technique is not practi-
cable, and furthermore no latitudinal data can be
obtained during several weeks around equinox,
i.e. during migration in late March—early April
and late September—early October.

Stable isotope analysis can be applied to gain
some insight into breeding and wintering areas.
An advantage of this method is the necessary
small amount of material like feathers or
claws. The effective usage of stable isotope
analyses was demonstrated eg for European
Woodpigeons Columba palumbus, Reed Warblers
Acrocephalus scirpacens and Teals Anas crecea
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(Prochdzka et al. 2008, Hobson et al. 2009,
Cuillemnan et al. 2014). A 3-isotope cluster ap-
proach can distinguish between large areas in
Africa, but not determine specific areas {Hobson et
al. 2012). Nevertheless, this method was success-
fully applied to different bird species, e.g. Marsh
Warblers Acrocephalus palustris and Barn Swallows
Hirundo rusticn (Hobson et al. 2013, Prochdzka et
al. 2014). Another assignment approach for win-
tering regions is a spatially explicit multi-isotope
assignment, which is also based on three different
stable isotopes. Hobson et al. (2014) and Yeen et al.
(2014} used it, to identify overwintering areas of
Wood Warblers Phylloscopus sibilatrix and hybrid
flycatchers Ficedula.

To identify stopover and wintering sites more
specifically, the further development of satellite
tracking and methods of transmitter attachment
in Turile Doves seems the most promising tech-
nique. A French team equipped three Turtle Doves
with satellite harnesses and got back two partial
migration tracks and one complete (Eraud 2015
pers. comm., see also hitplfoyrilerand wix.com/
turtle-dove-survey#hvidoferj8). Furthermore, a
British team equipped seven Turtle Doves and
got back six incomplete and one complete
migration cycle (Dunn 2014 pers. comm., see also
http/foperationturtledove.org). Abdominally im-
planted satellite transmitters in Black-tailed
Godwits Limosa limosa limosa produced useful data
about migration phenclogy, migration routes,
staging and stopover areas as well as the migrato-
ry behaviour of individuals (Hooijemeijer et al.
2014). However, reproduction and survival rates
of godwits were affected by the implants
(Hooijemeijer et al. 2014), and godwits have more
than double the body mass of Turtle Doves. Thus,
the application on the strongly declining Turtle
Doves seems risky. Similar problems with harness-
es attachment and device recovery would apply
to GPS loggers.

Unfortunately, in the EURING-database the
age of Turtle Doves was mostly given as
“unknown”. Thus, estimates of breeding success
were not possible from these ring recoveries
(Beinterna 1995, Thompson et al. 1999).
Sometimes, the time difference between ringing
and recovery was several years, and these were
certainly older individuals. However, for most
birds, ages were too uncertain to include age dif-
ferences into this analysis. Therefore, studies on
breeding success of Turtle Doves need to apply
other approaches such as the observation of age
ratios in migrating groups in autumn based on
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different plumages (Cramp 1985, Browne &
Acbischer 2000, Blasco Zumeta & Heinze 2011)
Turtle Doves from all migration flyways pass
through countries with legal shooting during
migration time (Boutin & Lutz 2007). Based on
Browne & Aebischer (2005) millions of Turtle
Doves were hunted as legal game species
throughout Southern Europe. However, the num-
bers of shot Turtle Dioves have declined greatly
since Browne & Aebischer (2005) published the
results. For instance, Arnadauc et al. (2011)
revealed a decline from 189 000 to 61 000-77 000
shot birds from 199899 to 2007/08 in France. Those
results might also depict the shrinking numbers of
Turtle Doves, since hunting bags might reflect the
population size (Cattadori et al. 2003). However,
given the fast population declines, there is an
obvious need for more protection (BirdLife
International 2015). Mevertheless, the stop of
hunting might not support population recovery,
since Browne & Aebischer (2004) have revealed
that Turtle Dove declines were mainly caused by
conditions on breeding grounds. Hence, the im-
provement of conditions and productivity in
breeding areas might support the population
recovery more effectively than prohibition of
hunt.
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STRESZCZENIE

[Szlaki wedrdwkowe, terminy przelotdw oraz
pochodzenie osobnikdw zastrzelonych podczas
pelowan na podstawie analizy wiadomos$ci
powrotnych u europejskiej turkawki]

Dokladna znajomoéé tras preelotdw, legowisk
oraz miejsc zimowania jest waina dla podej-
mowania skutecznych dziatan ochronnmych. W
przypadku turkawki - dalekodystansowego
migranta, ktorego liczebnoS¢ w Europie dosc
drastycznie spadla w ostatnich dekadach — dane
dotyczace jej tras przelotdw sa nieliczne.

W pracy wykorzystano dane zbierane przez
krajowe centrale obraczkowania 1 dostepne
poprzez baze EURING. Ghéwny materiat do
analiz stanowilo 897 wiadomodcl powrotnych
{Fig. 1), ktorych liczbe zawezano w przypadku
analiz gléwnych kierunkdw wedréwek, termi-
néw migracji, a takize pochodzenia ptakow
zastrzelonych przez mysliwych w poszczegdl-
nych krajach europejskich (Tab. 1, 2). Z analiz
wylaczono ptaki, ktérych miejsce zaobraczko-
wania lub odczytania obraczki znajdowato sie
poza Europa (Apendyks 1, 2). W analizach, jesli
byto to mozliwe, uwzgledniano dane o catkowitej

liczble zaobraczkowanych turkawek w danym
kraju. Wiekszoé¢ analiz przeprowadzono dla
plecin krajow o najwiekszej liczbie wiadomodci
powrotnych — Republiki Czeskiej, Frangji,
Miemiec, Wegler oraz Wielkiej Brytanii (Tab. 2, 3).
Oszacowano  takZze proporcje wykorzystania
poszczegllnych ghéwnych tras wedréwek przesz
ptaki gniazdujace (zaobraczkowane) w poszcze-
gdlnych krajach.

Analiza wykazala trzy gldwne kierunki migra-
ji: zachodni, wschodni oraz centralny (Fig. 2).
Znaczaca wiekszoi¢ turkawek z Frangi (62%),
Niemiec (92%) oraz Wielkiej Brytanii (94%) leciata
na zimowiska zachodnim szlakiem. Caesé prakdw
z Czech (56%) wykorzystywala szlak centralny, a
55% ptakéw wegierskich — szlak wschodni
Pozostate ptaki lecialy szlakiem centralnym lub
wschodnim, a tylko nielicene szlakiem zachodnim
(Tab. 4, 5). Mo#na wiec zakladad istnienie u tego
gatunku drialn wedréwkowego (ang. migratory
divide) #najdujacego sie na terenach pomiedzy
Czechami 1 Niemcami. Zaskakujace byto stwier-
dzenie, e blisko 30% ptakdw francuskich lecialo
szlakiem centralnym (Tab. 4). Obliczono takie
prawdopodobiefistwo  uzyskania wiadomoéci
powrotne] w zaleinoéci od wybieranego przez
ptaki szlaku preelotu — najwyzsze bylo dla
szlaku zachodniego (1,4%), zaé najnizsze — dla
centralnego (0,6% ).

Termin wedrdwek byt podobny wzdhuz
wszystkich tras przelotow. Ptaki byly obserwo-
wane na legowiskach w czerwcu 1 lipeu, a od
wrzeénia do kwietnia na najbardziej na poludnie
potozonych terenach w obrebie zasiegu wystepo-
wania (Fig. 3). Wedréwka jesienna rozpoczynata
sie w sierpniu, a powroty na legowiska moina
bylo zacbserwowad jeszcze w maju.

Wiekszo&€ danych o obraczkowanych ptakach
pochodzacych od oscbnikdw zastrzelonych przez
myiliwych dotyceyla ptakdw zacbraczkowanych
w Wielkie] Brytanii, Wioszech i Francji (Fig. 4,
Apendyks 3). Duza licgba wiadomosci powro-
tnych uzyskanych od mysliwych pochodzita
z sierpnia 1 wrzeSnia. Fnaczaca liczba ptakéw
zostala zastrzelona takZze podczas wedrdwki
winsennej, szczegolnie we Francji 1 w Gredji (Fig,
4, Apendyks 4). Wiekszoéé informacji o zaobracz-
kowanych ptakach raportowanych przez myéli-
wych pochodzito = lat 1960-tych 1 1970-tych
(Apendyks &), kiedy liczba zaobraczkowanych
turkawek w poszczegdlnych krajach takie byta
wysoka (Fig. 5). Stwierdzono, ze myéliwi z Frangji
i Hiszpanii gléwnie polowali na ptaki z Wielkiej
Brytanii 1 Frangji, mysliwi z Wloch przede
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wszystkim na ptaki zaobraczkowane w tym kraju,
a turkawki zastrzelone w Grecji w wickszodc
pochodzity = Czech.

Biorac pod uwage trendy populacyjne
turkawki, wydaje sig, aby byle mato prawdo-
podobne uzyskanie w przyszlodcl duzej liczby
nowych danych pochodzacych =z ebraczkowania.
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Do uzyskania danych o legowiskach, miejscach
przystankowych podczas wedrdwki 1 zimo-
wiskach, oraz same]j ekologii wedrdwki konieczne
bedzie zastosowanie nowych metod, min.
geolokatordw 1 innych nadajnikdw oraz analizy
izotopdw stabilnych.

Appendix 1. Turtle Doves having one location, ie. capture or recapiure site outside of Europe.

(A) Ringed ouside Europs

Fhyway Ringad outside Europa M Ciountries of recovary (M)
West Marocco 3 France (1), Spain (2)
Senegal 3 Spain (3)
Central Tunisia 11 Greece (2), Italy (8), Malta (1)
East Chad 1 Graaca (1)
lsrael 5 Russian (2], kraing (3)
(B) Recovered outside Europs
Fhyeeay Recovered outside Europs M Countries of ringing (M)
West Mali 3 UK (3)
Mauritania 1 UK (1)
Marococo 8 France (3), Germarny, (3}, Spain (1), UK (1)
Senegal 1 France (1)
Cantral Burkina 1 I=ly (1)
Libiya 5 Czech Republic (2), Hungary (1), ltaly (1)
Tunisia 1 Franoe (1)
East Egypt 3 Czech Republic (1), Hungary (1), ltaly (1)
Syria 1 Russia (1)
Turkey 3 Ity (2), Poland (1)
Appendix 2. Turtle Doves having both locations (capture and
recapiure site} outside Europe.
Fhywsay Capture location Recapture location M
West Sanegal Maorocoo T
Cental Nigar Turnisia 2
East lsrasl Sudan 1
lsrasl Turkey 1
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Appendix 3. Countries of origin of Turtle Dove rings reported
by huntars from France, Spain, ltaly and Greecs.

Country M
Austria 2
Albania 1
Croatia 1
Czech Republic 43
Franoe 75
Garmary I3
Greaca 1
Hungary g
Italy 100
Ireland 1
Paoland 1
Portugal 1
Slovakia 2
Spain 24
Sweden 1
Switzerand 3
UK 120
Ukraing 1
TOTAL 418

Appendix 4. Total monthly numbers of Turtle Dove rings
reported by hunters from France, Spain, ltaly and Greece.

Manth

36
66

&0
205
30

L=l - T - I T L I

-
ko= o
(It ]

TOTAL 418

Appendix 5 Number of Turtle Dove rings reported by hunters
from France, Spain, Italy and Greece, by decades.

Decade M
19308 10
19408 ]
1950s 52
19608 19
19708 o8
1980s 40
1980s 56
20008 34
20105 1
TOTAL 418
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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/lhumid 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 & Aradjo 2000; Martin et al. 2007; Ocampo-Pefiula &
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 (Calderén 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 & Araujo 2000; Martin et al. 2007; Ocampo-Pefiula & 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; Europaische 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 (5%Hp) varies with altitude and latitude (Rozanski et al. 1993),
particularly in the northern hemisphere (Hobson 1999; Bowen et al. 2005; Hobson 2005).
Accordingly, 8?H values in plants and water vary geographically with temperature and humidity
gradients (West et al. 2006), and stable hydrogen ratios in feathers (5%Hr) 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 5%H: values and assign those to a Pan-European

O?Hy-isoscape. In particular, we aimed to determine:

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

based on feather samples



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 (Calderén 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).



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 S. t. 15 June 1903 1 1
History arenicola
Museum
Berlin

Austria Lower Museum of S.t. turtur 20 July 1996 1 1

Austria National

History
Vienna

Austria Vienna Museum of S. t. turtur 23 June 1980, 4 4
National 31 June 1925,
History 10 July 1925,
Vienna 10 July 1937

Bulgaria North of Hunt S. t. turtur 23 August 2014 9

Kavarna

France Auvergne Live S. t. turtur June/July 2014 19 19
capture

France Chize Live S. t. turtur June/July 2014 18 18
capture

France Marne Live S. t. turtur June/July 2014 20 20
capture

France Oleron Live S. t. turtur June/July 2014 20 20
capture

Germany Dahme National S. t. turtur 26 June 1981, 2 2
History 06 July 1981
Museum
Berlin

Germany undefined National S. t. turtur 01 June 1890 1 1
History
Museum
Berlin

Germany Villingen Live S. t. turtur 17 June 2014 1 1
capture

Greece Levitta Museum of S. t. turtur 01 June 1935 1 1
National
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country place origin subspecies collection date N total N calibrationdata N assignmentdata
History
Vienna
Greece Dadia Soufli Live S. t. turtur 15 July 2014, 3 3
Nationalpark capture at 17-18
nest July 2014
(nestlings)
Greece Soufli Hunt S. t. turtur 20 —25 August 20 20
2013
Iran Abasabad National S. t. 09 June 1927 1 1
History arenicola
Museum
Berlin
Italy Ferrara Wildlife S. t. turtur 29 July 2014 1 1
recovery
center
Italy Rieti Wildlife S. t. turtur 20 June 2014 1 1
recovery
center
Italy Ventotene Live S. t. turtur 28 - 30 April 16 16
island capture 2014, 12 May
2014, 14-15
May 2014, 21
May 2014,
24 May 2014
Israel Haifa Museum of S. t. 14 July 1972 1 1
National arenicola
History
Vienna
Israel Neve Yam Museum S. t. 19 July 1968 1 1
of National arenicola
History
Vienna
Kazakhstan llisk Museum of S. t. 07 June 1900 1 1
National arenicola
History
Vienna
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country place origin subspecies collection date N total N calibrationdata N assignmentdata
Latvia Ziemupe National S. t. turtur 18 July 1890 1 1
History
Museum
Berlin
Malta Comino Live . 1. turtur 21 April 2014, 5 5
capture 06 May 2014
Malta undefined Hunt . 1. turtur April 2013, 10 10
27 October
2014
Poland Borowke National . 1. turtur 01 June 1944 1 1
History
Museum
Berlin
Russia Kasar Museum of S. t. turtur 01 June 1943 1 1
National
History
Vienna
Spain Monfrague Hunt . L. turtur 29 August 2013, 41 41
31 August 2013
Turkey Ankara National . L. turtur 27 June 1933 1 1
History
Museum
Berlin
N total 202 101 101

52



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 Ill, 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 &°Hsare
given in parts per mil (%o) deviation from V-SMOW and scaled to the USGS standard to control
for exchangeable hydrogen isotopes (see Soto et al. 2017). Thus, &2Hsvalues 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 &2H, 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, 2 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
0°Hs values of samples ranged from approximately -80 %o to -10 %o (Figs. 1 —2), but the majority
had values between -70 %o to -40 %o. The calibration data differed in their 5°H; values between

countries (ANOVA, Fsgg = 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 &%H: values (Fig. 1). Boxplots of assignment data highlighted values mainly
ranging from -62 %o to -45 %o, and countries of collection were significantly different (ANOVA,
Faos = 9.74, p < 0.001). Values of Bulgarian samples were most negative (-75 %o to -68 %o,

Fig. 2) and significantly different to other collection countries (TukeyHSD, p < 0.5, Table 3).
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Figure 1: Boxplot graphs for &%Hsvalues 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 8°Hrvalues 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 2 0.7, 2 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 2 0.7, 2 0.8 and =2 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/lhumid temperature/humidity gradient:

1) Stable isotope values between -77 %o and -65 %o 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 ltaly (6 %; Table 4)).

2) Stable isotope values between -64%0 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 %o and -49 %o 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 %o and -36 %o 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).



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 8°Hs values per distribution area are highlighted in bold.

Place N Russiaand Central eastern France, N Italy, SW Mediterranean  Possible Certain
Baltic States? Europe (Germany, England, NW coasts? national migrants

Poland, Hungary, Spain, Romania breeders

Czech Republicand  and Bulgaria

Slovakia)
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
52Hf =77 %o to -65 %o -64 %o to -59 %o -58 %o to -50 %o -53 %o to -36 %o

Lin several birds, the projected area also included the low-Alpine area. ? 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; Saenz 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 (Calderon 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 &°H; values are found at higher latitudes and towards the
interior Eurasian continent (groupings 1 and 2; hot/dry) and heavier 5?Hsratios 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
(Calder6n 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.



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 (Calderén 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 ltaly, 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 ltaly (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 8?H¢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 d%H: 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 d?Hsare given. The individual isotopic values of &2Hs

3



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 52H; 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 8°Hrare 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 8°H:are shown.

Figure S7: Turtle Dove samples from Italy ordered by assigned distribution ranges. The
individual isotopic values of &°H;are given. Certain migration cannot be detected, because

areas with possible breeding ranges are assigned in Italy.



CHAPTER 3

HIGH PREVALENCE OF TRICHOMONAS GALLINAE IN WILD COLUMBIDS ACROSS WESTERN AND
SOUTHERN EUROPE

Melanie Marx, Gerald Reiner, Hermann Willems, Gregorio Rocha, Klaus Hillerich, Juan F.
Masello, Sylvia L. Mayr, Sarah Moussa, Jenny C. Dunn, Rebecca C. Thomas, Simon J.
Goodman, Keith C. Hamer, Benjamin Metzger, Jacopo G. Cecere, Fernando Spina, Steffen

Koschkar, Luciano Calderdn, Tanja Romeike, Petra Quillfeldt

Parasites & Vectors (2017). 10 (1):242.

74



Mars er al. Parasites & Wecrars [20017] 10:242

DO 101185741 3071-01 7-21 7040 Pa raSItES & VECEDrS

RESEARCH Open Access

High prevalence of Trichomonas gallinae in @
wild columbids across western and
southern Europe

Melzniz Marc", Gemld Reiner’, Harmann Willams®, Gragorio Rachs®, Klaus Hillerich®, Juan F. Masslla",
Syhiz L. Mayr?, Sarsh Moussa®, Jenny C. Dunn®, Rebecea C Thomas®, Siman L Goodman®, Keith € Hamer®,
Benjamin Melzgeri, Jzcopo G Cecers®, Femando Spina™ Steffen Kaschkar®, Luciana Caldersn’,

Tanjz Romeike’ and Petra Quilifzldt’

Abstract

Background: Avan trichomonasis is known 2 a widespread disease in aslumbids and passerines, and recent findings
have highlighted the pathogenic charader of some lineages found in wild birds. Trichomanosis can affect wild bird
populations including endangened spedes, as has been shown for Mauritian pink pigeons Nefoends maven in Mauritiis
and suggested for European tunle doves Strgpfopeld furtur in the UK However, the disease trichomonosis is caused
only by pathogenic lineages of the parasite Todhomonas galinge Therefone, understanding the prevalence and
distribution of bath potentially pathogenic and non-pathagenic T galinge lineages in utle doves and other
clumbids acros Eurepe is ralevant to estimate the potential impact of the disease on a continental scala.
Results: We examined 281 samples from four wikd columbid species for Tichomaonas infection and detemmined the
genetic lineages. The overall prevalenas was 74%. There were significant differences betwesn the spacies (P =0007).
The highea prevalence was found in stodd doves Colurnba oenas (8a%, n = /) followed by wood pigeons Columba
palumbus (0%, n =61} and turtle doves [67%, n =65), while thiee of five allared doves Strestapelia deagocto [H0%)
werne infected. We found seven different lineages, including four lineages present in columbids in the UK, one lingage
already desaribed from Spain and three new lineages, one of thase found ina single tule dove migrating thiough
Italy and anather one found in a breeding stock dove. Stock doves fiom Germany and collared doves from Malta were
infecred with a patentially pathegenic lineage (lineage AdB), which is known to cuse lesions and mortality in
columbids, raptars and finches,

Conclusions: Generally, turtle doves showed high prevalence of Tnchomonas infedion Furthermare, the potentially
pathogeniclineage A/B (or genctype B acaording to previous literatune) was found ina reaovering stock dove
population. Bath findings are worryving for these columbid species due 1o the comsional epidamic character of
trichamonasis, whidh can have severe negathie effects on populations.

Keywords: Tnchomaonas galinges, Columbiformes, Stock dove, Phylogenetic analysis, Genetic lineage, Pathogen
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Background

The protozoan parasite Trichomonas gallinae infects
captive and wild hird species aross the world and can
lead to the avian disease mlled trichomonesis. Due to its
widespread occurrence and sometimes pathogenic char-
acter, it is thought to play a role in the regulation of wild
bird populations [1-5). Bird migrations can oontribute
to the spread of Trichomonas. For instance, the drastic
decline ohserved in greenfinch Chiloris chiloris and chaf-
finch Fringilla coelebs in the UK and Fennoscandia as
well as the increased mortality of finches in Germany
and Austria was linked to spread of the parasite by bhird
species during migration [4, 6-9].

Birds belonging to the Columbiformes are the main
hosts of Trichomonas gallinge [1, 3] and rodc pigeons
Coluntba (fvia are thought to be the predominant trans-
mitters of T gallimae worldwide [1]. Trichomomas para-
sites also occur in wild columbid species around the
waorld [10-14]. In Europe, columbids from wild popula-
tions in Spain and the UK were surveyed recently. Tri-
chomonosizs  haz  heen detected in wild European
columbid spedes induding collared doves Streptopelin
decaocts, stock doves Colunnba oenas, wood pigeons Co-
[ palimdns and European turtle doves Strepeopel i
trrtur (hereatter turtle doves) [3, 12, 15-17].

Turtle doves, stock doves and wood pigeons are migra-
tory birds, which can favour the spread of Trichomonas
parasites. Turtle doves display three main migration fly-
ways, a western, central and eastern route between Europe
and sub-Saharan Africa [18]. Stock doves and wood pi-
geons from European countries mainky use the westem
migratory fhway to France and [heria [19, 20). As patho-
gens can be spread by migratory hirds, those species might
be more vulnerable to parasite exposure [6].

Within the Columbifbrmes, parasite transmission can
occur at shared feeding and drinking sites within and
among spedes and from adults to nestlings while crop milk
feeding [1, 21]. Epidemic trichomoneesis in finches showed a
relatively low host specificity of the parasite [22], with para-
site =pill-over probably ocourring at feeding and watering
stations shared by different bird spedes [3, 23). If birds are
infected by Trichiomonas, they can develop necrotic lesions
in the @op and orophanmx (ie. tichomonosis), which can
lead to death by starvation and suffocation [1]. Moreover,
not only the upper digestive tract can be affected, but also
less commonly the liver, air sacs as well as parts of the cra-
nium [1]. Mevertheless, there are individual differences in
diseaze response and not all infected birds show clinical
signs, because the vimlence of the parasite varies among
difierent lineages [4, 14, 24]. For instance, it might happen a
bird shows diniml signs of the disease, aich as mseous le-
sions, but recovers after some days [1, 25]. On the other
hand, there are highly pathogenic lineages, which weaken
birds severely, cause lesions to develop in oropharynx and
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liver, and lead to death in almost any ese [25]. Further-
more, outhreaks can ocour even when food shortage or
strexs is present becanse birds get more vulnersble to para-
site exposure and infection due to limited food sources and
crowding with probably infected hirds [3]. However, Stabler
[26] also showed the possible immunizmtion with less patho-
genic Tiidiomonas lineages in birds. Nevertheless, as re-
ported in finches, the most pathogenic lineages cn heavily
affect population sizes [6). Thus, trichomonosis might rep-
resent an additional threat to endangered bird spedes, such
as Mauritian pink pigeons Nescenas meayeri in Mauritins
[10] or turtle doves in Eumpe [27, 28], Likewise, recovering
stnck dove populations, which showed population dedines
in the 20th century due to a lack of adequate breeding sites
[19, 29], may be threatened again in the future by this emer-
ging infections disease due to their migratory character and
the low host spedficity of Tridomomas parasites,

Here we examined samples from four different colum-
bid species from Germany, Spain, Italy and Malta. Span-
ish and UK turtle dove populations are connected
through the western European flyway, and turtle doves
from western Germany also migrate through Spain [18].
Furthermore, Italian and Maltese turtle doves follow a
centralfeastern flyway [18]). The aims of the present
study were to (i) test whether turtle doves migrating
through Italy and Malta, along the central/eastern flyway
[18]), have similar prevalence and genetic lineages of
Trichomonas as birds along the western flyway; (i) ob-
tain baseline data on prevalence and genetic lineages of
Trichomonas in a recovering population of stock doves
in Germany: and (iii) provide information from a larger
zample of turtle doves, collared doves (zampled in
Malta), stock doves and wood pigeons migrating along
the western flyway (sampled in Spain and Germany),
with a fomus on the potentially pathogenic lineages (in
Lennon et al. [12]: lineages 3 and 4, which belong to the
genotype B [14]), which are known to cause gross lesions
and mortality in columbids, raptors and finches [12, 14].

Methods

Spedes and study sites

A total of 281 columbids from four different countries
(Germany, i = 180; Spain, n= 45 Malta, n=36; and Imly,
1 =20) were sampled for Trichomonas infections, with the
main focus on stock doves and wood pigeons from
Germany and turtle doves on migration through Malta and
Italy as well as from a breeding population in Spain. We
ako took samples from Spanish and Maltese collared doves.
B0% of sampled birds came from Western Europe, and 20%
of hirds came from Central Europe Samples from stock
doves included breeding adults (i =33), dhicks (i = 58) and
one firstyear bird. Considering stock dove chides, we had
47 siblings out of 23 nests. Of those nests, 22 induded two
siblings, and one nest had three siblings. Additionally, we
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sampled adult and firg-year turtle doves at the end of the
breeding season in Extremadura, Spain (3551 '42"N, -6°6°
37"E). Other turtle doves were sampled during the non-
breeding season, birds during spring migration on Comino,
Malta (36°0'36"N, 14720°8"E) and Haly (on the izlind of
Ventotene: H47 547N, 13725°557E) (Table 1) Unfortu-
nately, for almost half of the mrtle doves, we could not de-
termine the age, thus they were dassified as “unknown” age.

Sampling and parasite culture

The Veterinary Diepartment of the Justus-Liehig University
Giessen obtained dead adult wood pigeons from hunting
managers from different sites in Germany. Therefore, they
constitute a random sample of the population, as they had
not died from natural muses. To obkina tissue sample, we
opened the oropharynges of 87 defrosted birds from out-
sidewith a sterile scalpel and cut a small tizssue sample from
the ompharmgeal tract While we extracted the tizsue sam-
ple, we also checked the pigeon for lesions. Only one wood
pigeon had a yellow plaque in the throat Furthermore, we
obtained 27 samples of oropharyngeal tizsue from migrat-
ing turtle doves hunted in Malta The tissue samples were
kept at -18 "C until DNA edraction. Since we ould not in-
vestigate the entire bird, we cannot tell whether these Mal-
tese hirds had lesions in their oesophagus.

(Oral swahs were taken from oropharynx and crop after
visnal inspection of 41 freshly hunted birds in Spain and
126 live bhirds at all other sites with a dry, sterile cotton
tip. No lesions were detected, and swabs were inoculated
individually in a Trichomonas selective culture medium
(OXOID Deutschland GmbH, Wesel, Germany) (r=20)
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or an InPoudch TF culture kit (BiohMed Diagnostics, Ore-
gon, USA) (n=147). Both media have similar detection
zensitivities for Trichomonas parasites and have been
used successfully in Finland [30). The samples were in-
cubated at 37 °C for five to seven days, giving any proto-
zoan parasites sufficient time to multiply [31). Samples
were centrifuged for 5 min at 1,000x g, the supernatant
was discarded, and the pellet was re-suspended in 1 ml
of phosphate-butfered saline (PES). The samples were
centrifuged again for 5 min at 1,000x g the pellet was re-
suspended in five drops of PES (approximately 100 pl)
and kept at-18 "C until DMNA ectraction.

DMNA extraction

DA from tizzue samples was extracted using the DiVeazy
blood and tissue kit (Qiagen, Hilden, Germary) following
the mamufacmrers protocol For final elution, we used
60 pl of ddH+0 to increase DiNA concentration in the eln-
ate. T. gallinae swab samples were centrifuged for 5 min
at 13000x g The supernatant was discarded, and DA
was extracted as described by Mégia-Pama et al 2013
[32]. The DNA was re-suspended in 30 pl of ddH,0. The
DMA concentration of all samples was messured with a
ThermoScientific Manodrop 2000 micro-volume UV-VIS
spectrometer. For samples with a concentration above
70 ngipl, the sample was diluted with ddH»O to a final
concentration of at least 20 ng/pl.

IT51-5.85-IM52 PCR amplification and gel electrophoresis
For infection detection, we amplified the highly con-
zerved ITS51-5.85-IT52 ribosomal region of the T

Table 1 Trchomons spp prevalence found in four columbid spedss at diferent Buropean study sites with the uss of POR anahsis.

The pevalence was cakoulated acconding to POR results

Specias Mo ef Flace 1M Sanrgia B, B Pravalancs Mool
SAmpes ¥l Wil ¥l s e nagatve ] SEUe T
Sockdowe 92 e se, Geemany (30] Adult33) Sedy (321 T3 13 a6 14
Brandenburg, Gaamany (2] First year (1)
Chick 158)
Wood pigeca 87 Bervari, Germany (50] Adultiad) Teue @7 41 25 | 23
Mo Finine-Wes i,
Cesrrany |24
Lower Sy, Ganmany (@)
Thuringia, Ganmany 3]
e se, Gammany (1)
Untknevaen, Gaemany (1)
Colzeddae 5 Nonfague, Spain (3 Adult 3] Sy |5) 3 2 &l 2
Carring, Mala 2] Sadnd year (1]
Unbsicawn (1)
Turte dove 37 Nombague, Span (47 Adult22) Swas (0] 65 E a3 43
Corring, Mala (34 Juvenida (23] Tewe 7] 0 Fh a a
e Tetana, fraly (20) Saand pear 2 AL a5 n a7 43
e se, Gemmany (1) Unknowan (50)
Teaad 281 Swd (1671 154 13 95 &l
Tegua (114 &1 =3 4 23
Al 208 73 T4 a4
*0ne of Tiewood pgeons (mmpe WEL) had pollow plague
77 ‘
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gallimae genome [33] with the primers TERL (5°-TGC
TTC AGT TCA GOG GGT CTT CC-37) and TFRZ
(5'-0GG TAG GTG AAC CTG CCG TTG G-3)
[34], which produce an expected product of 400 bp
[4]. e applied two different reagents and reaction
volumes for (i) the zamples from Malta, and (i) all
other zamples due to different laboratory environ-
ments, caused by the opportunity to use a new la-
boratory when Maltese samples became available. For
Maltese samples, we used 20 pl reaction volume per
sample, including 175 pl DreamTagy PCR Mastermix
(2x) (Thermo Scientific, Germany). The mastermix
contained DreamTag DA Polymerase, 2x DreamTag
buffer, 0.4 mM of each dNTPF and 4 mb MgCly,
TERl and TERZ (both 20 pM) and ddHyO. Further-
maore, we added 25 pl of template DINA

For polymeraze chain reactions (PCR) of the remaining
samples, we used 10 pl reaction volume per sample, in-
cluding 5 pl of 2x MM Mastermix (Qiagen) (with Hot-
StarTag DA Polymerase, PCR buffer conmining 3 m
MgCl, 400 pM of each dNTF), 2 pl HyO), 1 pl loading dye
[containing 0.3% Orange G and 25% Saccharose) and 1 pl
primer mix, containing 20 pM of both, TFRL and TFRZ
and added 1 pl of template DA

The reactions of the Maltese samples were conducted
on a pegstar %60) Real-Time PCR opcler (FEQLAE Bio-
technologie GmbH, Erlangen, Germarny). FCR reactions of
all other samples were conducted on a Biometra TPerso-
nal Thermocyder (Biometra, Gottingen, Germany). All
PCR reactions were run with a negative control. We ap-
plied following cycling conditions for all PCR reactions:
polymerase acivation at 95 °C for 15 min, followed by
35 cycles with a denaturation at 94 °C for 30 s, annealing
at &0 "C for 90 5 and extension at 72 °C for 60 =. Final ex-
tension was set to 72 °C for 10 min.

We used gel electrophoresis to visualise PCR
products, and positive samples were sequenced at ei-
ther SEQLAE (Sequence Laboratories Gottingen,
Germany) (Maltese samples) or the Konrad Lorenz
Institute of Ethology (University of Veterinary Medi-
cine Vienna, Austria) (all other samples). In total,
two PCR products from Maltese collared doves, 34
PCR products from stock doves, 39 from wood pi-
geons and 49 from turtle doves were zent for se-
quencing. We assumed that most of our samples
came from unrelated individuals, except for two pairs
of siblings from two nests of stock doves that were
included to determine whether they were infected by
the same Tridromomas lineage.

Furthermore, we applied a Chi-square test using R
32.4 [35)] to check for differences in prevalence be-
tween columbid species. Due to the small sample size
of collared doves, those were excluded from statistical
analyses.
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Fe-hydrogenase PCR amplificaton and capillary
electrophoresis

We performed PCR readtions for all samples that were
tested positive and used in the phylogenetic analysis for
ITSI/EES/TTS2 We used the primers Irh:hh‘l.d FOR (5-
GTT TGG GAT GGC CTC AGA AT-3") and Trichhyd REV
(57-AGC CGA AGATGT TGT CGA AT-37) [22). For Fe
hydrogenase gene PCR amplifimtions the Muoltplex PCR
Flus Kit ((Jiagen) was used That leads to higher PCR out-
puts, when samples were stored in PBS because PBS inhibits
PCR reactions due to high chloride concentrations [36].

For polymerase chain reactions, we used 15 pl reaction
volume per sample, inchiding 7.5 pl of 2 Qiagen Multiplex
PCR Mastermix (Ciagen) (with HotStarfag DA Folymer-
ase, PCR buffer montining & mb MgCl, and ultrapure
quality of dNTPs), 2 pl Hz(3, 075 pl of each primer (10 pi
concentration) and added 4 pl of template DNA.

PCR reactions were conducted on a Biometra TONE
Thermocycler (Biometra, Gattingen, Germany). All PCR
reactions were run with a negative and a positive control.
The positive control orginated from a Biitish greenfinch
in 2007 [37]. We applied following cycling conditions for
all PCR reactions: polymerase adivation at 95 °C for
5 min, followred by 35 cycles with a denatiration at 95 °C
for 30 =, annealing at 57 *C for 90 = and extension at 72 °C
for 90 s. Final extension was set to 72 °C for 5 min.

We used capilary eledrophoresis ((QlAxcel Advanced,
Qiagen, Switzerland) to visnalise PCR products and posi-
tive samples were sequenced at SEQLAE (Sequence La-
boratories Gottingen, Germany). In total, six PCR
products were sent for sequendng. Five came from tur-
tle doves, and one originated from a collared dove.

Phylogenetic analysis of the IT51-5.85IT52 region

Forward and reveme sequences were assembled and
timmed with CLC Main Workbench 76.1 (CLC bio,
Qiagen). With MCEI Blast [38] we chedced every sequence
for its closest GenBank match and downloaded these as ref-
erence sequences [see Additional fle 1: Table 51 for an
overview about the percentage of identity to the closest
GenBank match). Additionally, we downloaded the closest
GenBank matches, obtained for columbids by Lennon et al.
[1Z]. This enables the direct comparison of Tridiomomas
lineages ooowrring in stod: doves, wood pigeons and mrtle
doves from the UK to Germany, Ialy and Spain. Tritricho-
miomas foetus (GenBank accession number DO243911.1
[39]) was used as outgmoup for phylogenetic analysis follow-
ing previous studies [12]. We aligned all sequences using
BioEdit [40]. The nucleotide substihittion model that best
fitted our alignment was determined with MEGA 6.0 [41]
using Bayesian Information Criterion scores. The phylogen-
etic tree was akso inferred with MEGA 6.0 [41] vsng the
Maximum Likelihood algorithm and employing the Tamura
3 substitution model with invarant sites. Node support was
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assessed after 1000 bootstrap pseudo-replicates. The Gen-
Bank accession numbers of analysed sequences are given in
Additional file 2 Table 53.

Phylogenetic analysis of the Fe-hydrogenase gene
Forward and reverse ces were assembled and
trimmed with CLC Main Workhench 761 (CLC hio, QLA-
GEN). With MCEI Blast [38] we cheded every sequence
for its closest GenBank match and downloaded these as ref
erence sequences (see Additional file 3: Table 52 for an
overview about the percentage of identity to the dosest
GenBank match). We ako downloaded the reference se-
quences used in Chi et al. 2013 [42] to specify the sub-
lineages of Trichomonas gallinmae. Trichomonas vaginalis
[GenBank accession number: XM_001310179.1 [43]) was
uzed as the outgroup for phylogenetic analysis following
previous studies [22]. We aligned all sequences using Bink-
dit [40]. The phylogenetic tree was inferred with MEGA 6.0
[41] using the Maximum Likelihood algorithm and employ-
ing the Kimura 2 substitution model with invariant sites.
Mode support was azsessed after 1000 bootsrap pseudo-
replimtes. The GenBank accession numbers of analyzed se-
quences are gven in Additional file 2: Table 53,

Results

Prevalence of Trchomonas in columbids

We found an overal prevalence of 74% amoss all 281
columbid samples with a signifiant difference between
species [ = 91023, 4f=3, P =0.007). Within swab sam-
ples, there was a total prevalence of 93% (r=154) and
within tizsue samples a prevalence of 54% (M=61)
(Table 1}. The majority of wood pigeons (n=61; 70%) and
stodk doves (1 =79 B6%) were infected. From stock doves,
28 adults showed infecion (30%), and 51 chicks were in-
fected (55%) The first-year-old bird was not infected.
Also, turtle doves (1= 65; 93%) showed high prevalence
(Table 1). Additionally, turtle doves from different coun-
tries displayed high prevalence for every country (Fig. 1),
including the one German turtle dove tested positive for
Trichomronas. Only turtde doves from Malta had = 50%
samples testing negative for Trichomonas (Fig. 1).

Phylogenetic analysis of Thchomonas lineages

From 124 PCR producs sequenced for the [T5/5.85/1T52
region, £ were successtully assembled and used for further
phylogenetic analysis (Table 1) Unfortunately, not all PCR
products were able to assemble, due to their insufficient
quality. The same applies to the PCR products sequenced
for the Fe-hydrogenaze region. Only three samples were se-
quenced suocessfully.

The phylogenetic tree for the ITS1/5.851T52 region
contained seven different lineages (Fig 2, Additional
file 4 Figure 511 The lineage names were given accord-
ing to first discoverers and where new lineages were
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found, the lineage names were labelled according to the
nomenclature of Gerhold et al. [44]. Most samples clus-
tered in lineages II [12] and C/N [42, 44)], followed
by lineage P (Table 2, Additional file 1: Table 51). Wood
pigeons were predominantly infected by lineages 11 [12]
and CAN [42, 44]). Turtle doves showed infections
mainly caused by the P and [l [42] lineage. Most of the
Italian turtle dove samples belonged to the P and 11
[42] lineage (m=4 for each lineage). One turde dove
sample from Italy could not be linked to a previously
described Trichomonas lineage but the closest Gen-
Bank match was KF393705.1 with 92% maximum iden-
tity and 98% query coverage (Table 2, Additional file 1:
Tahle 51). Additonally, ancther stock dove sample
could not be linked to a described lineage. Its closest
GenBank match was EUBEI912.1 with 97% maximum
identity and 9% gquery coverage (Table 2, Additional
file 1: Table 51). The Spanizsh samples mainly belonged
to the P and C/VIN [42, 44], lineages (n=9 and n=7,
respectively). The Maltese samples occurred mainly in
lineage P (m=3).

Collared doves and stock doves were the only species
infected by lineage AJE [44]. Besides, six out of seven
Trichomonas lineages detected in this study occurred in
stodk doves. The four chicks from two stock dove nests
were infected by different Trichomomas lineages. The
first two siblings showed Trichomonas from lineage A/B
[#4]. The other two were infected by two different Trich-
omonas lineages (P and LI [42]).

The samples sequenced for the Fe-hydrogenase gene
clustered in sub-lineage F1 distinct to the reference se-
quences and subineages (Additional file 5: Figure 52).

Discussion

Prevalence of Trichomonas in columbids

Stock doves, wood pigeons, collared doves and mrte
doves in our study throughout a range of European sites
showed a high prevalence of infection by Trichomomas
zp. These results are in agreement with previous findings
in the UK [12].

Although we only had a small sample size of collared
doves, the prevalence seems high (67%). Additionally, if we
zeparate the results by ocountries, Spanish collared doves
sugpest a much lower prevalence by Trichomronas sp. (33%)
than in the UK (86%, see [12]) and lie closer to the preva-
lence shown in Irmg (10%, see [45]), but the samples from
Malta showed a prevalence doser to the results shown in
the UK (Fig. 1). Both compared studies used swab samples
[12, 46] as we did in our survey, thus the differences cannot
belinked to the different sample material Furthermore, Al-
Bakry [45] used a larger zample size of collared doves (1=
40) compared to Lennon et al. [12), who used seven indi-
viduals. Thus, the Iragi results might be more reliable and a
low Trichomsonas prevalence in oollared doves, as shown in
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Table 2 Summary of Trichamanas linsages found in this study comparsd o ssquences described previously
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the present study, may be more realistc. However, the
small sample size in our study and Lennon et al. [1Z]
should be interpreted carefully.

In our study, stock doves had a much higher prevalence
than previously suggested (Z2—40% [12, 45]). Furthermare,
chicks had higher prevalence of Trichomomas than adults,
which is in agreement with Bunbury [46], who showed the
negative impact of wichomonosis in Mauritan Fink
pigeon chicks until an age of three months. In the present
study, stock dove chicks were between five and 22 days
old and therefore, within the most commaon time for in-
fection with Trichomonas parasites in pigeon chicks [46].

In turtle doves, a high infection statis of 67% was de-
tected, which is 1/3 lower than previously observed in the
UK (95%) [ C. Thomas, unpublished data). However, if
we disregard the prevalence results of defrosted tis=ne
samples from Maltese turtle doves, we would have a
prevalence of 93% in turtle doves from Europe (Table 1),
thus very similar to results from the UK.

On the other hand, our results revealed much higher
prevalence for wood pigeons than previously suggested
[47 %, see [12]). However, it needs to be taken into account
that the 7% prevalence of Trichomonas infection in Ger-
man wood pigeons and the very low prevalence in turtle
doves from Malta likely underesimates the true preva-
lence, because samples were not cultured directly, but

analyzed from tissues after freezing and defrosting. This
might cause major differences in the detecton rate, be-
cause of DMA degmdation due to seveml freezing and
thawing cycles, especially for Maltese samples during
transportation [47-50]. Furthermore, Dunn et al. [51]
showed the need to culture Trichomamas samples to reli-
ably detect the infecion. However, our resuls suggest
high prevalence, at least for wood pigeons, but note that
Maltese tissue samples were treated with a different Tag
DNA Polymerase than wood pigeon samples. Thus, it
might be the DreamTiay DNA Polymerase was less sensi-
tive to DA in thawed tizsue samples.

Compared to other columbid spedes like mourning
doves (Lenaida macroura), the overall prevalence of Tric-
omomas protozoan in the species studied here lies at the
top of prevalence mnges Mourning doves showed a very
low prevalence of only 5.6% ranging from 44 to 106% [52].
In the endangered Mawritian pink pigeon the average
prevalence of Trichomonas was 50% (ranging from 20 to
£2%) [37], and therefore lower than in turtle doves, which
are listed as a vulnerable spedes [28). However, such preva-
lence has already been highlighted as a major threat to pink
pigeons’ population recovery [37]. This might be caused by
their small distribution range and population size, but also
reveals the importance of gaining knowledge about parasite
infection, particularly in recovering and declining birds. In
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the UK, trichomonoss has been indicated az a potential
additive factor for the reported population decline of turtle
doves since the 1970s [12). Furthermore, Calderon et al.
[53] already highlighted the decreasing effective population
size of turtle doves, which makes them more vulnerable to
threats. Thus, the present study suggests a potentially
strong impact of Trichemonas on declining tirtle doves
across western and central Eumpe and likewise on recover-
ing German stock dove populations.

Turtle doves are likely to be more dependent on an-
thropogenic food sources at feeding sites than in the 19%60s,
which was described in detail in the UK [54]). However, this
cirmumstanee might not only be limited to Great Britain,
since it iz linked to increased use of herbicides resulting
from agicutural intensificaion, which has  ocourred
throughout Europe [55, 56]. Furthermore, in the last cen
tury a change and intensifimtion in forest management oc-
curred as well [56], which led to a deceased number of
natural breeding holes. That is why nowadays stock doves
are largely dependent on artificial nest boces in Germany
[19, 56). In Hesze, the stodk dove populaton recovered lo-
cally, through provision of artificial nest boxes. However,
besides increased food stress or insuffident matural breed-
ing sites [29], turtle doves, stock doves, but alzo wood pi-
geons are migratory birds [19], which iz why they may be
more exposed to 2 wider range of pamsites and pathogens
of different bird spedes or populations (stop-overs at feed-
ing and water sites) [15, 19, 21, 55). Moreover, despite the
existence of three main migratory flyways [18], European
turtle doves show a lack of genetic stucture [53]. That in-
creames the probabilities for higher wilnerahility and poten-
tial fast spread of infection among mrtle dove populbtions.

Resident species, in contrast, may be less prone to infec-
tion, as shown for collared doves in lmg [41] and Spain
(this study, but see [12]). On the other hand, collared
doves in Malta indicated a 100% Trichomonas prevalence.

Asx the disease oocurs worldwide and is rapidly spread-
ing, ie. among wild finches [4], it seems likely that espe-
cially turtle doves and stock doves are also infected in
other European omuntries. Regarding turtle doves, infor-
mation on the disease in eastern Europe would be espe-
cially interesting, since, to our knowledge, no data on
prevalence are available yet from the eastern European
distribution range. Furthermaore, the transmission may
be reduced where no supplementary food is provided for

endangered or vulnerable species and gamebirds [1Z).

Phylogenetic relationships among Trchomonas lineages

Several attempts have been made to classify the gen-
etic diversity of Triclrontonas parasites in birds, with
ensuing different nomenclamires (Table Z). Out of a
total of seven genetic lineages found in the present
study, three lineages were found in all columbid
species we examined: lineages I [12], P and OOV
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[42, 44] (Fig. 2, Additional file 4 Figure 51). Of
thosze, lineages Il [12] and P helong to different
Trichomonas species (. temax and Trichomomnas sp.,
which grouped within T. camistomae [55]). However,
species  identification, based on morphological
methods, may need to be revized and complemented
as more genetic data are available. Since several
Trichomonas species have been reported in birds
based solely on morphology [12, 33, 43, 51,], the no-
menclature for Trichomonas might also need revi-
sion as more molecolar-based phylogenetic analyses
are available. However, judging by the overall occur-
rence of these three lineages, our findings suggest a
widespread distribution of those lineages across
columbids [12, 33). For instance, lineages I [12] and
TV [42, 44] were also predominant in species
from the UK, Austria and the USA [12, 55]. Lineage
11 [12] even infected the same host species as shown
in the UK [19] (Table 2).

Lineage C/V/I [42, 44] has also been described as
“genotype A", an apparently non-pathogenic Tricho-
momas lineage [19] with a global and frequent occor-
rence. It was previously found in turtle doves and
wood pigeons [19], and we here additionally demon-
strate infection in stock doves.

Regarding existing literature and previously described
lineages, lineages O, P and () might be newly detected
lineages, because they were not described in previous
studies [12, 22, 33, 42, 44, 57] The samples from
lineage I zequenced for the Fe-hydrogenase gene also
clustered in a distinct and apparently new group of Fe-
hydrogenase sub-lineage P1 (54). Furthermore, lineages
0 and () appear distinct to lineages A/B and C/V/N
[42, #4], thus they may not be as common or wide-
spread as lineages I, P and CAVVN [12, 42, 4], because
they were only found in one German stock dove sample
() and one Ialian turtle dove sample ((J). Additon-
ally, lineage Il [42], found in stock doves and turtle
doves, was identical to assigned reference sequences
isolated from feral pigeons and was only found in
Aunstria and the UK [42, 58]. Thus, we confirm its pres-
ence in turtle doves from Malta, Italy and Spain and in
stock doves from Germany.

Only, lineage A/B [44] grouped with a potentially
fatal lineage (genotype B) [12, 16, 19, 22], which was
also responsible for the finch trichomonosis epootic
in the UK [22] (Table 2). This lineage, which & often
lethal, has alsa heen detected in turtle doves, wood
pigeons and other non-passerines [12, 16, 22, 27] and
we here confirm its presence in stock doves from
Germany and resident collared doves from Malm. A
fatal case of trichomonosis n a stock dove from
Germany has heen described previously [16] based on

necrotic  lesions  and  Trichomonas  presence in
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microscopic analyses [16]). The lethal course of the
dizeaze hints to an infection by lineage ASE [44], al-
though it was not genetically confirmed.

The lethal character of trichomonosis was described
also in the Mauritan pink pigeon, a resident species
on Mauritius similar to the collared doves on Comino
(Malta) [52]. Thus, at least on Comino, the collared
dove population might decrease in the futre due to
this potentially pathogenic lineage. Some years ago,
the collared dove population already crashed due to
an outhreak of a disease, which affected the region
around the heak (B. Metzger, personal communica-
tion). Mo further description of the illness iz known,
but it is possible that it was wichomonosis.

Two genotypes of T. gallinae have previously been
proposed to echibit a differential in pathogenicity.
Lineage TPV [42, 44] is synonymous with genotype A,
described by Sanzano-Maestre [19] az a wide-spread
Trichomonas lineage, with mild or no pathogenicity.
Lineage A/E [#4] is synonymous with genotype B [19]
described as possessing a more severe pathogenicity. Re-
garding all other lineages, pathogenicity has not been
assessed. For this purpose, transmission experiments
waould be very helpful to see, if birds show signs of active
trichomonosis and if they recover from infection and ac-
quire possible immunity [25, 26].

Phylogenetic analysis of Thchomonas lineages from stock
dove siblings

To our knowledge, this iz the first report of phylo-
genetic examination of Tridomonas from stock dove
nestings belonging to the same nest Both findings
(siblings), were infected by the same lineage as well
as by different lineages; this can be explained by dis-
eaze transmission via crop milk feeding, as both par-
ents share chick feeding [19]. Thus, if both parents
are infected by the same Trichomomas lineage, chicks
receive the same Trichomonas pathogen. If both par-
ents are infected by Tridomoms but carry different
lineages, their chicks might be infected by different
pathogens as well. Additionally, studies have shown
[14, 59, 60), that individual birds may carry more
than one Triciomomas lineage, so it iz possible we
only sequenced one strain when more than one was
present Here, we found a T. gallimae and T. camisto-
mae-like lineage in two siblings of a stock dove nest.
A coinfection of an apparently non-pathogenic T. gal-
linae (genotype A) [14] lineage plus a T. temax-like
strain was found previously in pigeons [60].

Canclusions
QOur results are in agreement with previous findings
of geographically widespread Trichomonas lineages
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We provide information about diverse lineages from
Germany, Spain and Imly across different colimbid
species. Especially, lineages 2 [1Z], P and C/VIN [42,
44] were identified in all species and might, therefore,
represent the most common Trichemonas lineages, at
least in Columbiformes. However, only stock doves
and collared doves from this study showed infections
by the potentally pathogenic and often lethal Tricho-
momas lineages. Furthermore, we detected three newly
discovered lineages (0, P and )} and one additional
sub-lineage based on the Fe-hydrogenaze gene FPI1.
Additionally, only one German stock dove sample was
aszigned to lineage (), and one [talian turtle dove
sample was azsigned to lineage (). Due to the higher
dependency on anthropogenic food sources [19, 54
and artificial nesting sites [19, 29] of turtle doves and
stock doves az well az the migratory character of
wood pigeons, turtle doves and stock doves these
three species might have a higher risk to ingest Trich-
omonas protzoans of different lineages from various
bird species and populations at shared feeding and
water sites. This might be especially dangerous for re-
covering stock dove populitions and declining turtle
dove populations when parasites spread during times
of food shorage or stess. Furthermore, it may be
particularly worrying when stock doves or turtle
doves get infected by potentially pathogenic lineages
as we have shown here for stock doves from
Germany and has already been shown for turtle doves
in the UK [12]. The occurrence of potentially patho-
genic lineages of Tridomonmas in resident collared
doves on Comino (Malm) might raise the concern for
turtle doves even more since they share watering and
feeding sites on the island. However, to estimate an
impact on the population level, it would be very im-
portant to gain further knowledge about the preva-
lence of Trichomonmas protozoans and the ocourring
lineages in turtle doves from Eastern European coun-
tries and to compare these data to turtle doves from
Western Europe.
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CHAPTER 4

SPECIES DISTRIBUTION MODELS OF EUROPEAN TURTLE DOVES IN GERMANY ARE MORE
RELIABLE WITH PRESENCE ONLY RATHER THAN PRESENCE ABSENCE DATA

Melanie Marx, Petra Quillfeldt
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Species distrbution models (SO Ms) can belp to describe potentia ocoumence areas and habitat

: requirements of a species. These data represent key information in ecology and conservation,

* partculady for rare orendangered species. Presenceabsence (PA) and presenceonly (PO} records

| of EvropeanTurtle Doves Streptopelia turturinGemanywere vsed to run 5 DMs, whilst climate

i and land coverage varables provided environmental information. GLM [Generalised Linear model),

: (3BM (Zeneralised Boosted model), CTA (Classification Tree analysis), SRE (Surface Range Envelope)

: and RF(Random Forests) algorithms were run with both datasets_ Best model quality was obtained

¢ with P in the RF algorithm (AUC 0.83). PA and PO probability maps differed substantially, but both

1 excluded mountainous reglons as potential o courrence areas. Howewver, PO probability maps were

¢ more discrminatory and highlighted a possible distribution ofTurte Doves near S aarbrocken, west

: of Dussaldorf, in the Bladk Forest lowdands and Lusatia. Mainly, the dimate variables 'minimum

i termperaturein January’ and ‘pred pitation of the warmest quarter' shaped these results, but variables
¢ likeseiltype or agrcultural managementstrategy could impreve future SDMs to s pecifylecal habitat
: requirements and develop habitat management strategies. Eventually, the study demonstrated the

¢ wtility of POdata inSDMs, particulady for scarce species,

¢ Knowledge about species distributions and thelr habitat requirements 1= a key subject In ecology and conser-
¢ watlon. Therefore, habtiat sultability models or specles distribution models (SDMs) have been used to describe
¢ species habilats or presence probabilities'. Many SDMs address questions abewt future predictions for species
: distributions regarding cdimate or land coverage changes™. Others study current distriibutions and the char-
i acteristlcs of the eocupled habitats*, which provides important information for conservation management of
i detected key habitats”, such as assignment of nature reserves or speclal prolection areas to provide kacalitles where
: endangered or velnerable species might be able to perstst”.

: Toanalyse those questlons, diferent databases with spatlal Information abowt species distribitlons can be
o used. Pesstble sowurces inclede museum collectlons®™*, atlas distribuetlons®, data from feld surveys's, and also
¢ citizen-hased spectes records collected via online platforms -5,

: To madel species distributions, biotlc and ablotic parameters can be included i the analysis: a.) Envirenmental
: parameters, 1.e. Inter- and intraspectfic Lnteractions, climate, land cover or topography and b.) Spattal records of
i the study spectes™®. Ablollc parameters are often digitally avallable In large databases {e.g. climate data from
: wwweworldelim.org)'®. Considering spectes records, those can be avallable as presence absence (PA) or presence
: only (PO} data. PA datasets contaln nottEcatlons of prasence () and absence (A} of certaln specles In surveyed
¢ study sites. Absence data arlse for a species when it was not detected during standardised field observations and
: therefore, did not acour tn the study area. PO datasets provide only presence records of the target spectes and can

| Departmant of Animal Ecology & Systematics, Justus-Lighig-University Giessen, Hainrich- Buff-Ring 32, 35302,
DG Goarmany. Cormmedpondence and requests for materials should be sddrassed to M. (em ail: Melanie Mas @
: biouni-giessen de)
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be wsed to model the distribution of a species, but one needs to consider blases cawsed by observers (detectlon
bilas, recording or reperting blas, geographic blas), due to non-standardised sampling methods'='%.

Diferent modelling algorithms can be wsed In SDMs. Generallsed Linear Models (GLM) or Generallsed
Additive Models (GAM) have been applied frequently to PA data to generate suitability models™ . Other com-
monly applied mode] algorithms for PA datasets were e.g. Classification and Pegression Tree analysts (CART?),
Artifictal Neural Networks (ANN®) and Multivariate Adaptive Regresston Splines (MARS=2%), For PO data
Ecological Miche Factor Analysis (ENFA™) and Maximum Entropy Method (MAXENT™) have been widely
used, because these algorithms do not require absence data.

Generally, 1t 1s recommended 1o use PA data®, 1f available. However, some studies have shown that modelling
Egpmaches applied to PO datasets with ENEA or MAXENT provide equeal or slightly better SDM performance

an models condwected with PA dala™'==, Also, the creation of simulated pseudo-absence polnts In PO dalasets
15 possible and allows application of modelling algorithms wually used on PA data. These pseudo-ahsences may
Improve the model quality of the applied algorithm, because they can Inclede background Information about
non-eccuplad environments*-=2. Nevertheless, their application should be carefully assessed, becawse they might
be blased - eg. when a spectes s widespread or presence data 1s rare™. Thus, false pseudo-absences may be mod-
elled into a possibly suitable area without specles ocourrence records, dise to the scarcity of the species. However,
L PA datasets false absence can also be generated, If a species was not detacted during field work and therefore,
was noted as absent althowgh 1t inhabited the survey area®™.

Due to the strong decline of more than 78% from the 1980s until present, the European Turtle Dove
(Streplapelia turfur, hereafter referred to as Turtle Diove) 15 Isted as a valnerable spectes™. A simulation study
from the UK, found an annual population decline of 17.5% due to a decreased number of fedglings™. The low
breeding success in the UK has been linked to agricultural intenstication and an intensified use of herbictdes,
which led to habitat Ioss and changes in food availability and quality on breeding grounds, not only in the UK but
also tnother European countries such as Germany™ ™. To halt these severe population declines, it 1s iImporiant to
discover key breeding habitats for Turtle Doves and to develop management plans for those areas.

In ouer study, two different datasets with Turtle Dove records from Germany were available - PA data from
the Monitoring of breeding birds’ scheme collected by the DDA {Dachverband Dewlscher Avifaunisten e V) and
citlzen-based PO data from the online platform www.ornitho.de* {ornitho-data), which 15 used to record bird
sightings. On the webstie observers can input thetr bird data as sighting records, but there 1s no reguelation to
repart every sighted specles or to report specles ustng a standardised field protocol'®. Although observers can add
checklists {standardised method) with records about observation time and date as well as presence and absence
of certain specles {see www.ornitho.de)*, 1t seems that these checkllsts are not commenly used (own cbservatlen,
Judping by the indications of the daily summartes in diferent regions), but Instead non-standardised brd sight-
Logs are submitted. Also, there lkely 15 a reporting blas caused by observers, with difering spectes Identification
skills, or easily detected brds are reported more frequently™.

In central Germany, one habitat sultability study was performed In the Welteraw, a small region of Hesse,
where Twrile Doves were once known as common breeding birds. In 2012, the study again monttored all habiats
known to be ocoupled In 19987 199% and recorded presences and absences of Turtle Doves. Resulis indicated a
decrease of breeding pairs by 50% in 2002 compared to 1998/99%. The ‘Monitering of breeding birds’ scheme con-
firmed this decline in Germany, highlighting a loss of almost 33% of breeding patrs compared to the mid 1950s™.

Besides the recorded decline of breeding palrs, a strong positive efect of woodland and grassland was fownd
when the effects of diferent environmental parameters were examined®. The study distinguished positive param-
eters for feeding and breeding habitat and revealed that dense decldwous forests and middle aged mixed forests
were the most iImpartant parameters for the breeding areas. Regarding the feeding locations, the most posttive
parameters were grassland and forest glades.

However, It has been shown in other studies that the results of habitat models or evaluation of habital pref-
erences may come to other conclustons when processed on different scales***, For Instance, In Great Britaln
{Toworth Thorpe and Deeping St. Wicholas) habitat requirements for radio-tagged Turtle Doves were evaliated at
two diferent scales'. A small scale assessment was conducted based on recorded positions of radlo-lagged Turtle
Dawves, which were wed to define home ranges. A larger scale assessment was based on a 50m budfer around
recorded krcations™. Results showed a positive effect of pasture and a weaker effect of wopdland for breeding
grounds on the small scale, but was reversed when evaluated for the larger scale, with woodland as important
factor and pasture with weaker effect on Turfle Dove occurrence. However, the scale used depends on the aim
ofastudy®. In the present study, German-wide key breeding sites and thelr environmental characteristics will be
evaluated, which 15 why SDM will be conducted on a large country scale.

In our study, we alm to:

{1} Compare the results of diferent model algorithms using first, a PA dataset and second, a PO dataset with
introduced pseisdo-absences

{2} Compare the results of the present study to previous ones for the Wetterau In Hesse® and other study sites
1n Europe®,

Results

PO and PAdata. The model algorithms were run with two ditferent species datasets. Both datasets were
distributed across Germany, but only the PA dataset consisted of fixed stedy sites, which should be checked
annually by volunteers. The presence points of PA and PO data showed overlaps In some reglons, e.g. Potsdam,
Wiesbaden and Mainz (Fig. 1). Nonetheless, there were more Turtle Dove presence points registered in the PO
datasel (1168 presence points) than in the PA dataset (293 presence polots). Furthermore, PO data were also
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Figure 1. Overview maps. They show the distribution of species records of Turtke Doves for () PA (presence

Lo Blue and absence in vellow) and (b) PO (presence recerds are shown in dark red) data tn Germany. (o) shows
the positions of presence pednts recorded In PA and POy datasets. Presence polnts from PO data are given as lght
grey circles and the ones from PA data as yellow circles. Furthermore, (d) a map with Germanys larger citles
and landscapes for orientatien In space 1s drawn according to htips:fwww.diercke.defcontent’Geutschland-
phystsche-karte-978-3- 14- 10080 5-19-2-190.

3152 EF T3 SB35
&1.30 [ 73R BTAS
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Table 1. Calculated AUC, senstidvity and specificity values of different DM algorithms for European Turtle
Daves,

reglstered in regions lke Lusatla at the border to Poland and tn western Germany al the border to France in the
Black Forest or close to Saarbrucken. In these reglons, the PA datasel had only a few or no registered Turtle dove
presence padnts (Flg. 1)

Model performance.  Model performances for PA and PO data, Judging by AUC value (Area under Recetver
Operating Charactenistic {ROC) curve™), senstivity (percentage of presences correctly predicted) and specificity
Ecrccntaac of absences or pszudn-ahsencumnccﬂrredjclzd:l. were similar within same model algorithms.
asslfication of mode] quality Includes evaluation of all three valwes. AUC values between 0.5-0.6 describe
models that falled, 0.6-0.7 represent poor model quality, 0.7-0.8 are models with falr performance and 0.8-0.9
describe a good model quality**. Here, models were of ugher quality when sensiivity and specificity were simi-
lar. Orverall, RE with PO data was of best quality {Table 1). The hierarchical model ranking from best to worse was
Ldentical between the PA and PO datasets and best quallty was achbeved with BE, followed by GEM, GLM, CTA
and SRE (Table 1). Models showad better sensitivity with PA data, except SRE, but better specificaty with POy data,
excepl for SRE and GLM.
For further description and evaluation, we only constdered these moded results with an AUC = 0.7. Thus, we
focus on BE, GEM and GLM in this study.

Importance and influence of variables.  Varable Importance was evaluated for land cover and cimate
wvarlables (varizble names and altributes tncluded are gtven n Table 2). The assessment of vartable Impartance
revealed climatic varlables 1o be most important Lo the different model algorithms, particularly Elo 18 (both
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‘Vartable In<ludes following landscape types or dimatic attribules

el arzas All wethinds 2nd water bodies, induding swamps znd marshes
Femanent culiunes Wwine, fruit orchards and berries

Forest ecdwous forests, coniferous forests, mived fonests

Pasture Grasshnd, meadows

S3erbs and shrubs Heathland, trenstional woedland/shrub

movlitle veg Open land; eg. beach, dumes, sandy or rocky arees, glackers, burned regions
Urhan arsas Caties, villlages, Indusirial areas, haven, aitports, dumps, excvation arses
BioZ Mezn diurnal izmperatere range (Mean of dally {max tzmp - min empl)
Bio& Mintmim Iemperature of the coldet month

Bio7 “Temperalure anmesl rangs

BioE Mezn bemperature of wellst quarier

Bio® Mezn Lemperature of drisst quarter

B 11 Mezn bemperature of cobdsd quarier

Bio 15 Prectptalion seasomality

Bio 12 Prectpitalion of wamest quarier

Table 2. Varlables used in SDDMs for European Turtle Doves.

GEMPA | GRMPOD | GLMPA | GIMPO | EFPA RFPD

Vartable data data data data data data

Wiet arms w02l =il nos ool =0l ool
Permanent culiures 0zl = L3 02 ool ooy =0l
Foresl 2o e 0l& nos 211 ooz
FPasture 0.1 nnz 04 ool m nos
Herbs and shrubs = 02 nn: 02 oz ooy ool
Ho/hile vegetation =01 =001 0.14 =001 ool =001
Ushan arzax 0zl s 0z nos ooz ooz
Bia 2 nos iz 0z ooz oM ooz
Biod [E] i o fEE M oM
BiaT [Eu] nnz oo D50 ooy oM
BioE 0zl nns {1 Eery oz ooy o3
Bio? {1 Kie] nnz 0 ooz o3 oM
B 11 0zl 1 Eeoy 013 D30 ooz nos
Bia 15 0zl s 0z o ol nos
Bio 12 0.15 34 [ET] [TTH [T [T}

Table 3. Vartahle importance for diferent habitat suitability mo<dels for European Turtle Dioves. The highest
variable importance valise for each mode] s highlighted with bold and underlined numbers.

GEM algorithms and RF with PO data) and Bie & (both GLM algorthmes) (Table 2). As the variable importance
15 computed according to Pearson’s correlation®, only one stroeng valee was obtained for Bio 6 tn GLM with PO
data {0.84), moderate values (0.3 to 0.5) were gtven for Bio 18 10 GEM with PO data and Blo 6 o GLM with PA
data. Weak values (0.1-0.2), but of highest importance were computed for Blo 18 in GEM with PA data and RF
run with PO data. Only once “forest’ was of highest iImportance In BF with PA data, bul showed a weak value
(0,11}, Although ‘forest’ was of weak, but highest importance only in BF, it showed the second highest Importance
(0.20) 1o the GEM algorithm generated with PA data and was the third important variable tn GLM run with PA
data (Tahle 3).

Due to the importance of Blo &, Bio 18 and "forest, thelr response plots were evaluated In more detall.

For Blo &, response plots for GBMs and RFs run with PA and PO data mainly showed a constant course, but
for PO data there was a slight Increase of ocourrence probability when the mintmum temperature of the coldest
month was higher than 1°C. The respanse plot for GLM with PA data did not highlight any esfect on the oocur-
rence probabllity of Turtke Doves, but the one for PO data might show an optimum temperature of 4 °C (Fig. 2}

Hegarding Bo 18, response curves of GBM and BF for PA data deplcted a constant course and the GLM graph
for PA did not show an lmpact of precipitation during the warmest quarter on Turtle Dove occurrence. For PO
data, all response curves deploted a higher presence probability, when the preciplitation of the warmest quarter
was lower than 225 mm (Fig. 3.

Furthermore forest’ response plots for PA data mainly showed a constant cowrse, but GLM might depict a
slight Increase on the occurrence probability of Turile Doves when forest coverage was higher than 40%. Response
plots for GEM, GLM and RF modelled with PO data showed decreasing trends of Turtle Dove presence probabil-
Ities when forest coverage was higher than ao% (Fig. 4).
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Figure 2. Response curves of variable Bio & (Mintmum temperature of coldest month). The graphs were created
for three specles distributton models of Turtle Doves run with PA and PO data,

Probabilitymaps.  Probahility maps for all models (Figs 5 and 6) highlighted areas with zero or itk oocur-
rence probabllity {<0.5) in the mountalnows reglons of Germany, bt only maps generated for algortthms run
with PO data also excluded coastal reglons (Fig. &), Additionally, maps for PO data indicated fewer regions with
occurrence probabilitles = 0.5 than the ones created with PA data. Furthermore, key breading areas with probabil-
Itles = 0.8 were musch smaller in maps with PO than with PA data (Figs 5 and &), Generally, maps created with PA
data indicated almaost all of Germany, except for the south, as areas with high Turtle Dove occurrence probabilisy
(Fig. 5). PCrbased model probability maps matnly highlighted reglens with high occurrence probabilities near
Saarbrucken, west of Dusseldord, in the lowlands of the Black Forest and in Lusatia {Flg. 6).

Discussion

In this study, we were able to wse two different Turtle Dove datasets (PA and PO) from Germany and ran five
diferent 8DM algorithms to identify iImportant climatlc and land cover vartables affecting specles’ occurrence
and we highlighted areas with high species presence probabilitles. Evaliation of medel performances unvelled
an Inadequacy of CTA and SRE algorithms for both specles datasets (PA and PO). Generally, GEM and GLM
performances for both specles datasets were stmikar, but RF ran best with PO data.

Evaluation of variable Importance and the corresponding response plots revealed a dependency of Turtle
Dove presence on climatle varables. However, It was also obvious that, depending on the species dataset used, the
Importance of varlables changed across model algurlmnﬁéj&!)mlm: values of vartables obtained from algo-
rithms run with PO were usweally higher than for the same v s obtalned by the same algorithms run with PA.
Furthermore, response plots for PO data showed clearer effects of vanables on Tunle Dove occurrence probabtlity
than graphs created with PA data, because those mainly depicted constant response curves. This probably relates
to higher numbers of spectes records 1o the PO than tn the PA dataset, which might represent more evaluable data
for modeling algortthms®,

Blo 6 codes the minimum temperature of the coldest month, which 1s January in Germany*. Reglons with
modelled favoured temperatures of 1-4 %0 in January cover most of Germany except for the reglons west of
Bremen and north of Dusseldorf, alpine reglons, as well as the mountalnous areas Harz Mountalns and
Thurtnglan forest*. Those temperatures support the survival of food sources (weeds, seeds and cereals)™* and
hedges as nesting sites, because lemperatures lower than 0°C {and higher than 40°C} can lead to plant dam-
age due to Inhibited physiologlcal processes™. Furthermaore, temperatures between 0°C and 10°C are positively
affecting hardening and frost resistance due to cold-acclimation and vernallsation®'-**, Additonally, the high-
lighted temperatures were shown o kick-start the development of phenolbegically early stages of wheal, rape and
other crop specles™=*, which may lead to sufficient food availability durtng the early breeding season.

Blo 18 might be an Important factor, because it covers the warmest months July to September™. July 15 one
of the majer important breeding months of Turtke Doves™ with high energetlc costs for the birds as both adulis
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Figure 3. Response curves of varlable Bio 18 {Precipitatlon of warmest quarter). The graphs were created for
three species distribution models of Turtle Dioves run with PA and POy data,
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Figure 4. Response curves of the land coverage vartahle forest. The graphs were created for three species
distributton models of Turtle Doves run with PA and PO data.
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Figure 5. Probability maps generated for three species distribution models of Turtle Doves in Germany run
with PA data. Only the areas with a ability >0.5 are scnlcd. Probabilitses of 0.8 were highlighted tn
blue shades and represent most likely regtons !‘o«‘l‘un]i: occurrences and therefore those where adjusted
land management would likely support breading success of the species.

and chicks need to access food frequently. [t seems sensible that Turtle Doves would occur tn regtons with fewer
heavy rainfall events. Heavy rain can result in higher mortality rates especially during breeding periods (par-
ticularly high mortality rates of chicks and juvenitles), longer sheltering periods of adults to regulate the body
temperature of thelr offspring and thus higher energy demands on adults, but also reduced feeding efficlency™.

These etfects have been demonstrated in raﬁi)ms. Eagle Owls {Bubo buba) and White Storks {Cteonia clconfa)™ .

Sultable regions with precipttation rates than 225 mm cover the western border of Germany, reglons
around Saarbrucken, Wiesbaden, Mainz, Spessart, Rhoen, the lowlands of the Ihunngnn Forest and Francontan
Mountalns, Letpzig, Dresden, Magdeburg as well as the Mecklenburg Lake District®.

Both climatic vartables were able to describe a likely effect on the presence pmbabillt) of Turtle Doves In
Germany reasonably weil, but further predictor vartables can also heavily impact species occurrence, such asland
type or solls*-“. For instance, ‘forest’ would be expected as an important land coverage variable due to its role
as nesting site and shelter described In previous Iterature. 44" Hawever, only GLM with PA data demon-
strated a positive effect on the occurrence probability when coverage was >40% and algorithms run with PO data
highlighted negative etfects when coverage was =60%. Malnly, forest coverages =60% are distributed 1n moun-
tainous reglons, e.g. the Spessart, the Alps, the Harz Mountalns, the Thuringtan Forest and the Erz Mountains™.
The results for PO data were likely driven by the larger distributson and higher numbers of presences In reglons
with forest coverages of 20-60%'" than were presence records in PA data (Fig. 1). Furthermore, a forest coverage
of =>60% might devaluate a Turtle Dove habitat and can negatively affect spectes occurrence probability, because
the spatial avallability of feeding sites (farmland or pastures®) 1s reduced.

Probability maps created with PA and PO data showed pronounced ditferences (Figs 5 and 6). Coinclding
with more or less constant response curves created with PA data, resulting probability maps also revealed little
variatton for Turtle Dove occurrence. Posstble key breeding reglons In Germany cannot be distinguished clearly
and PA data probabllity maps are hard to Interpret.

Probability maps drawn for PO data clearly dsstinguished areas with likelthoods of 0.8 (Fig. 6). Those areas
are of Interest for conservation management due to their likely Importance for Turtle Dove occurrence. They
combine the existence of optimum values for all three vartables that were of timportance in algorithms. Optimum
values include mintmam temperature In Janwary between 1°C - 4°C (Bio 6), precipltation < 225mm during the
breeding months (Blo 18) and forest coverage < 60%'*". Therefore, probabilittes for survival of food sources,

existence of nesting sites and high likelthood for survival of offspring may be highest in the highlighted regt
ONSIISATAI 206772

SCIENTIFICREPORTS| 20181 8:16358 | DOL10.1038/5%1538-018-35318-2 7



www.n ature.com/scientificreports/

Occurrence probability (%)
150 - G060 - TOEATO - 80 MNGO - O0WMI0 - 100

N oy N s
5N AGLM - u'»l AGBM ) re ,. . o
sz'N o s 52* N L :
o 30" N
awn 100N
€ wE 15E v E we 5E

S2°N

J

—_— — ke
0 100 200 30 &%
FE 0ws 16

Figure 6. Probabiltty maps generated for three species distribution models of Turtle Doves in Germany run
with PO data. Only the areas with a probability 0.5 are presented. Probabtlities of 0.8 were highlighted 1n
blue shades and represent most likely reglons for Turtle Dove occurrences and therefore those where adjusted
land management would likely support breeding success of the species.

Conclusions

Generally, model qualtties, response curves and probability maps drawn for PA and PO data were ditferent, but
results agreed regarding the importance of climatlc variables Blo 6 and Bio 18. Previously, climatic variables were
used to describe species distributions reasonably well on large scales, etther for an entire country like Finland™
or for a continent such as Furope™ . In this study however, only PO data probability maps were able to spec-
ify regions of probably high conservation Interest, althowgh 1n other studies this type of data over-predicted
the potential occurrence of specles® ™. Regarding the different approaches with two datasets (PA and PO),
citizen-based PO records might become of higher importance for sultabllity models In the future due to the
strong decline of Turtle Doves. This might also be applicable for other scarce specles.

Here, modelled Important climate vanables confirm the description of favoured dry and warm summer con-
dittons of Turtle Doves tn central Europe*”. The temperature in January seems to play an important role for the
survival and development of food sources as well as hedges and woodland as nesting sites” . These condtlons
support frequent feeding of offspring, prevention of hypothermia and reduced mortality rates of chicks, leading
to higher nesting success of Turtle Doves. Although the Importance of forests as nesting sites has been shown tn
other studtes™™* % other land coverage variables did not prave to be of highest importance.

Duferences between algorithms run with PA and PO data are Itkely Iinked to the wider dsstribution (Fig. 1)
and larger numbers of species records In the PO dataset as larger sample sizes usually result in better model
accurracy. This supports the assumption that PO data (e.g. citizen-based) can serve as a good data basls and
might become of higher iImportance for suttability models In the fiture, especially with regard to declining or
rare spectes. Furthermore, data filtering according to e.g. accuracy of recorded location, breeding time and
species’ territory slze™, as we did here, probably constituted to the quality of used spectes records and reduced
over-representation of one habitat™. Additionally, the inclusion of pseudo-absences was already shown to
tmprove model quality when using PO data®*7, and probably also enhanced SDM quality In the present study.

While land coverage categortes did not prove to be of highest Importance in SDM and cltmate vartables were
able to describe the specles distribution, bist did not detatled Information about the spectfic characteristics
of species” habltats, future SDMs may be improved by the Introduction of further vartables. Generally, a major
change of landscape types and thelr distribution did not occur across Germany, but management procedures,
espectally In agriculture, have been modified™ . For Instance, the intensified usage of herblcides or loss of field
margins led to habitat koss and changes 1n avatlability and quality of food*= ™. Therefore, vartables like specified
land coverage (e.g. forest edge, hedges), soil types, or Information aboat agricultural management (e.g. usage of
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herbicides, extstence of field margins or herbal vegetation, type of corn, conventlonal or organic farming, timing
of harvest )2 could be added. To our knowledge, datasets conlalning supgested Information are not avatlable
throughout Germany and investigation of all stedy sites from PO and PA datasets would reguire Immense effort.
Therefare, data could be gained on a smaller {territory sized) scale and conclustons could be drawn for Turtle
Dove territories In Germany and implemented In management plans.

Suggestions for Turtle Dove supportive farming practices are already described in previows literature: A delay
of harvest times until the end of August could Imjl:lm‘c the avallability of food sownces to ratse late Turtle Dove
broods™. Provisten of supplementary food in the form of weeds and seeds would support a good body condition
of adult Turtle Doves espectally 1n the early breeding season®™. These could be made avatlable through e.g.
unfertilised crop feld margtns, which favour diverse vegetation coverage®' . 1 has also been shown that chicks in
good conditions were mainky fed with seeds from arable plants™. This s why foraging sites of Turtle Doves should
provide differing weads and seeds of arable plants for adults and youngs**+*%, Also, small patches with varlable
crops, peas and herbal sttes with changing cro[;_u:matb:m and without usage of fertlizers to enrich the food plant
diversity?**'** have been suggested to support Tertle Doves during the breeding season.

Methods

StudySpedes.  Turfle Doves are migratory, granivorous birds that feed on weeds and seeds on the ground tn
agricultural landscapes and bulld their open nests preferably near the foraging site In protected vegetatlon such
as dense bushes and hedges with a helght of at least 4m, and In forests™* #4272 Reeding palrs wsually take wp
territortes of ca. 1km®, but In some reglons :ﬂ to four patrs per km® have been recorded . In general, they tend to
breed in warm, temperate regions up to an altibude of 300m In continental Europet™=.

Databasesfor environmental variables.  Environmental varlables consisted of climate and land cover
data for Germany. Climate vartables were dewnloadad from wwwowoarldelim.org'™. They were trimmed fo the
extent of Germany and exported as ascll fles in DIVA-GIS following the tutonal for preparation of worldclim files
fior use In meaxent (hitpo!wwwlep-neLorgwp-content/uploads/ 201608 Work=2Clm_te_MaxEnt_Tutorial pdfy.
Corine land cover data (CLC 2006} for Germany came from the European Environment Agency (hilp=www.eea.
ewropa.ewlegal/copyrighty™. CLC 2006 codes 37 land cover categorles.

ArcGIS 10.2.2 was used to create a fishnet, which based on the extent of trimmed climate grids and equaltzed
the raster cell slzes of bath environmental datasets. Therefore, land cover data and the fishnet were Intersected.
Area slzes and percentages of every land cover vartable in each raster cell were calculated and pined to the fishnet
acoording 1o raster o2ll 105 1o ArcGlS 10.2.2, Furthermaore, values of every climate varable in each raster cell were
added to the attribute table. The final fishnet was opened In DIVA-GIS to create ascil files for each land cover
variahle.

All varlahles were checked for muttl-collinearity. For that, we wsed the vi-function (variance inflation factor)
L B 3.3.3%, which Is embedded in the car-package, to check for collinearity between all variables inchudad in the
fishnet attribute table and excluded the ones with a vif =&, The procadure was repeated until all remaining varia-
bles had a vif of < & The minimum threshald for vif b excleds collinearity 1s 10°°°°, but values lower than 10 are
assumed to be more preclse™.

The resulting variable set was applied to each model. 1t consisted of seven landscape varlables and elght cli-
mathc variables (Table 2). Land cover vartables contalned following categortes: ‘wrban areas” Included 11 categories
(codes 111 10 142}, "permanent cultures’ contained two categories {codes 221 and 222), ‘pasture’ contalned only
the category 231, ‘forest’ Inclizded three varables {codes 311 to 313), ‘herbs and shrubs' contatned three categories
(codes 321 1o 324), ‘noflittle vegetation” had also three categories (oodes 331 to 333) and ‘wel areas” contalned nine
categortes (codes 411 to 523).

PAdata. The 'Monitoring of breeding birds' database contained PA data from 2005 to 2013, For this monl-
toring, 1394 study areas of the size of | km* are randomly distribited across Germany. Monltoring of these sites
showdd be done annually by velunteering observers following a standardised fiekd protocol. The protocol defines
fower surveys of the sites from March to June by one observer. Surveys start at sunrise under good weather condl-
tioms {no rain, bow wind spead) and last for two 1o four howrs. Observers follow a strict route of 3-4 km and record
all breeding and territorial birds with registry of the position. Species that were pot detected during surveys are
noted as absent. When study sites were not checked, no data entries were recorded. Here, 1023 study areas con-
tained no data entries throughout the avallable vears, and were deleted. Therefare, we kept anly those sites with at
least one presence or absence data podnt during the years 2005 to 2013, obtalning a dataset of 371 sites, which was
used for modelling. 293 sites had at least one Turtle Dove presence record and thus were accounted as Turtle Dove
habitat. 78 stiedved sites were recorded for Turtle Dove absence. Afier filtering, monttonng places n 13 duferent
stales remalned for medel analyses (Flg. 1, Supplementary Table 51).

PO data. The ornitho-dataset consisted of a total of %064 PO records, in tetal. Observers can record the
sighting localities with exact coordinates {exact locality}, per district or muntcipality. In order to wse the most
accurate data, we fltered the ernitho dataset for exact localities and the breeding months June and July, because
a previous ring re-encounter stiedy showed that Turtle Doves are in thelr mest nerthern distibution ranges, Le.
breeding areas, In June and July™. Furthermore, record locations were filtered for a mintmum distance of at least
1 km between Turtle Dove records to remove over-sampled localities™ and to reduce possible multiple records
of a stngle Individual to only one data podnt, mirroring ene recerd for one Turtle Dove territory (ustng ArcGLS
1022, assuming a nest density of one per km® **). After filtering, the final dataset contained 1168 records from 14
stabes (Fig. 1. Supplementary Table Slr:
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To obtaln an overview about spatial position of presence and absence points of PA and PO data we cre-
ated another map contatning the biggest cittes and larger landscapes In Germany (Fig. 1d). Therefore,
we deplcted the position of citles and landscape names according to https:2//www.dlercke.de/content/
deutschland-physische-karte-978-3-14-100800-5-19-2- 1" 1n ArcGIS 10.2.2.

Spedesdistribution modelling.  SDM was conducted using the Blomod 2 package (based on Blomod™)
for R verston 3.3.3%, Therefore, we mainly followed the SDM for Wolverines' (Gulo guio) current disctributton™
and the setups given In the package description®. Blomaod 2 s able to butld ditferent model algorithms in one run
for one species dataset™*“*! and no expert knowledge Is needed to determine the most appropriate modelling
algorithm. Indeed, 1t 1s recommended to run a framework of different modelltng algorithms™. The framework of
present SDMs in Biomod 2 consists of three main modelling steps: (1) data formatting, (2) model computation
and (2) projection of models™.

Blomod 2 was run for both, the PA and PO dataset separately, but the first step was equal for both datasets.
Datasets were imported Into Blomod 2. Then presence and absence or presence only data were defined for each
location and environmental parameters were introduced as raster files following™. Raster files were stacked and
then data were formatted according to the species dataset.

Data formatting for PA data was done using default settings as described In*. For PO data, we set the num-
ber of psewdo-absences to 1500 and Blomod 2 generated 949, thus the number of pseudo-absences was stmilar
to the number of presences from the PO dataset. Pseudo-absence polnts had a mintmum distance of at least
1km to presence records and were created using the ‘disk” algorithm™. The distance factor and the number of
pseudo-absences were used to avold psewdo-replication and also to prevent absences describing the same niche
as presences (false absences)™”.

Then, five ditferent SDM algorithms were run for both datasets (PA and PO). The algonthms Inclueded were:
Generalised Linear models (GLM), Generalised Boosted models (GBM), Classtfication Tree analysis (CTA),
Surface Range Envelope (SRE stmilar to BIOCLIM) and Random Forests (RF). For model caltbration, 70% of the
data were used. The remaining data were usad to test the models™. Every model algortthm was ran 100 times.

For model evaluation, we calculated AUC-values of algorithms using the fBasics package™ and sensitivity
and specificity using the gel_evaluatlons function described In* for both species datasets. Implementad varl-
ables were evaluated by varlable lngoﬂa.nce and response curves, which were calculated and created with the
assoclated functions embedded in Biomod 2%9%%, The vaniable Importance Is given as a value between 0 and 1
with 1 as the highest possible value. The higher the value of a spectfic variable, the higher Is Its influence on the
model. However, the calculation technique for variable Importance (Pearsons correlation) does not account for
Interactions between implemented variables and hence does not sum up to 1%, Response curves demonstrate
the quantitative relationship between envirenmental variables and the logistic probability of the presence of the
spectes (habitat suttability). Habitat probabilities per model algortthm were projected 1n Blomod 272 using AUC
as filter method. Then projecttons were stacked and subsets for each algorithm were generated. Model averages
were butlt for every algorithm and according raster files were exportad as asctl format. Final maps were generated
tn ArcGIS 10.2.2 for each model. We created maps depicting only those areas that had an occurrence probability
of =0.5. Furthermore, areas with a probability 0.8 were considered key sites worthy of special management.

DataAvailability

All data generated or analysed during this study are Includad in this published article and its Supplementary In-
formatton files. The raw datasets are from the DDA and restrictions apply to these data, which 1s why they are not
publicly accessible, but can be cbtained upon reasonable request and with permission from DDA and Uits teams
responsible for the ‘Monttoring of breeding birds” scheme and ornitho-data (Supplementary data S1 "Monitoring
of breeding birds’ request date: 28.10.2014, permission date: 26.05.2015; Supplementary data 52 ornitho.de appll-
cation numbers 2013.006 and 2013.005a from 29.01.2014 and updated at 06.11.2014).
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SUPPLEMENT: CHAPTER 2

e 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 82Hf are shown.

e 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 82Hf are given. Certain migration
cannot be detected, because areas with possible breeding ranges are assigned
in Spain.

e Supporting Information
S3: Turtle Dove samples from Spain having their assigned origins at the
Mediterranean coasts. The individual isotopic values of 82Hf are given. The
individual isotopic values of 82Hf are given. Certain migration cannot be
detected, because areas with possible breeding ranges are assigned in Spain.

e 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 62Hf are shown.

e 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 62Hf are shown.

e 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 82Hf are
shown.

Supporting Information

S7: Turtle Dove samples from Italy ordered by assigned distribution ranges.
The individual isotopic values of 82Hf 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 (Al, A1.1-Al1.3, 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], HGO008115.1 [8], KC529660.1, KC529661.1,
KC529662.1, KC529663.1, KC962158.1 [42], F681136.1 and JF681141.1 [22]
and XM_00131079.1 [43].
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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: CALDERON ET AL. 2016 BMC EVOLUTIONARY BIOLOGY

CALDERON L, CAMPAGNA L, WILKE T, LORMEE 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, SCcHUMM 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.def/tiere-und-pflanzen/aktionen-und-projekte/stunde-der-
gartenvoegel/index.html) and winter garden bird counts
(https://iwww.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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