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I 

Abstract 

Information on the behaviour and ecology of seabirds provides an important basis for better understanding 

the effects of changes in their habitats and developing conservation strategies accordingly. The red-throated 

diver Gavia stellata breeds in Arctic regions and is found in coastal marine offshore areas outside the 

breeding season. German waters contain some important non-breeding areas for this species, with 

internationally relevant populations such as in the German Bight. Nevertheless, these areas are also 

characterized by high anthropogenic use, leading to strong responses in this species with avoidance distances 

of over 10 km and significant changes in distribution patterns. If these responses have long-term effects at 

the population level is still unclear due to the lack of basic studies on behavioural-ecological aspects. 

Therefore, this dissertation, aimed at filling the knowledge gapes related to dietary, migratory, and disease 

ecology. 

The cumulative dissertation presented here is structured into three chapters, each of which addresses 

a behavioural-ecological topic presented in chapters 1, 2, and 3, respectively. Specifically, the diet of red-

throated divers in the German Bight was analysed using DNA-metabarcoding on sample sets from two 

consecutive years (Chapter 1). The results showed an opportunistic piscivorous prey spectrum which, 

however, included a high proportion of energetic rich species in both years, with clupeids as the most 

frequented prey items. These findings confirm other studies from e.g. the Baltic Sea. The continuous presence 

of high-energy prey fish in the diet helps to explain the importance of the German Bight due to the high 

availability of those fish species. Migratory behaviour and site use throughout the year, was studied using 

satellite telemetry and analysis of isotopic values from feather samples (Chapter 2). Breeding, moulting, and 

wintering sites were successfully determined of individuals inhabiting the German Bight. Migratory 

behaviour was characterized by regular staging stops, probably to refuel energy reserves. Individuals 

breeding in northern Russia showed low migratory connectivity, indicated by variable site use among 

individuals. However, between two consecutive years, individual movement patterns showed high 

repeatability. Furthermore, a correlation between migratory phenology and the location of the breeding area 

was revealed. A potential stressor, which has not yet been investigated in red-throated divers, could be the 

infestation of blood parasites or haemosporidia (Plasmodium, Haemoproteus, Leucocytozoon), which can 

have a negative impact on health (chapter 3). Haemosporidia were detected in red-throated divers using 

molecular tools, with low prevalence and identification of one new lineage each of Leucocytozoon and 

Plasmodium. The low prevalence indicates a rather insignificant impairment.  

In summary, the results of the behavioural ecological aspects reported in this dissertation fill 

previously existing knowledge gaps about a seabird species sensitive to disturbance. The integrative approach 

of dietary, migratory and disease ecology illustrates that for migratory species, impairments that occur during 

the annual cycle should be considered cumulatively rather than in isolation. Along their migration route red-

throated divers, as well as other migratory species use various staging and stop-over sites and thus are 

vulnerable to experience a number of impacts, such as gill net fisheries, pollution or ship traffic, that 

individually, may still be compensable, but collectively might lead to population-level impacts. 
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Deutsche Zusammenfassung 

Informationen über das Verhalten und die Ökologie von Tieren liefern wichtige Grundlagen um die 

Auswirkungen von Veränderungen in ihrem Lebensräumen besser einordnen und entsprechend 

Schutzstrategien entwickeln zu können. Der Sterntaucher Gavia stellata brütet in arktischen Regionen und 

ist außerhalb der Brutzeit in küstennahen marinen Gebieten zu finden. Die deutschen Gewässer beinhalten 

eine Reihe von wichtigen Rastgebieten für diese Art, mit zum Teil international relevanten Beständen, wie 

unter anderem in der Deutschen Bucht (Nordsee). Diese Gebiete sind gleichwohl auch von hoher 

anthropogener Nutzung geprägt, was bei dieser Art zu Meide-Distanzen von über 10 km und deutlichen 

Änderungen der Verteilungsmuster in beeinträchtigen Bereichen führt. Inwieweit sich diese Reaktionen auf 

Populationsebene langfristig auswirken können ist noch unklar da grundlegende Informationen zu 

verhaltens-ökologischen Aspekten fehlen. Daher wurden in dieser Dissertation relevante Fragen zu 

bestehenden Wissenslücken in Bezug auf Ernährungs-, Bewegungs- und Krankheitsökologie untersucht.  

Die hier präsentierte kumulative Disseration ist in drei Kapitel gegliedert, welches je ein verhaltens-

ökologisches Thema behandelt, entsprechend dargestellt in Kapitel 1, 2 und 3. Konkret wurde das 

Nahrungsspektrum von Sterntauchern in der Deutschen Bucht mittels DNA-Metabarcoding an Proben aus 

zwei Jahren untersucht (Kapitel 1). Die Ergebnisse zeigten ein opportunistisches Beutespektrum, welches 

jedoch in beiden Jahren einen hohen Anteil von energiereichen Arten beinhaltete, mit Heringsartigen als die 

am meisten frequentierte Beutefischart. Diese Erkenntnisse bestätigen andere Studien aus z.B. der Ostsee. 

Die kontinuierliche Präsenz von energiereichen Beutefischen in der Nahrung erklärt die Bedeutung der 

Deutschen Bucht aufgrund der hohen Verfügbarkeit dieser Beutefischarten. Das Migrationsverhalten und die 

Standortnutzung im Jahresverlauf, wurden anhand von Satellitentelemetrie und der Analyse von 

Isotopensignaturen aus Federproben untersucht (Kapitel 2). Von den Individuen, die die Deutsche Bucht 

nutzen, wurden erfolgreich Brut-, Mauser- und Überwinterungsplätze bestimmt. Das Zugverhalten war durch 

regelmäßige Zwischenstopps gekennzeichnet, wahrscheinlich um Energiereserven aufzutanken. Individuen 

die in Nordrussland brüteten zeigten eine geringe Migrationskonnektivität, welche sich in einem zwischen 

den Individuen stark variierendem Verhalten in der Nutzung der Rastgebiete zeigte. Zwischen zwei 

aufeinanderfolgenden Jahren zeigten die individuellen Bewegungsmuster jedoch eine hohe 

Wiederholbarkeit. Weiterhin zeigte sich ein Zusammenhang zwischen der Phänologie der Zugbewegungen 

und dem Standort des Brutgebietes. Ein möglicher Stressor, der bisher in Sterntauchern noch nicht untersucht 

wurde, ist der Befall von Blutparasiten oder Haemosporidien (Plasmodium, Haemoproteus, Leucocytozoon), 

welcher sich auf die Gesundheit auswirken kann (Kapitel 3). Haemosporidien konnten anhand von 

molekularbiologischen Methoden in Sterntauchern mit einer geringen Prävalenz sowie der Identifizierung 

von jeweils einer neuen Leucocytozoon und einer neuen Plasmodium Linie nachgewiesen werden. Die 

geringe Prävalenz deutet auf eine eher insignifikante Beeinträchtigung hin. 

Zusammenfassend füllen die Ergebnisse der in dieser Dissertation bearbeiteten 

verhaltensökologischen Aspekte bis dato bestehende Wissenslücken in Bezug auf eine 

störungsempfindliche Seevogelart. Damit stellen sie eine verbesserte Bewertungsgrundlage der durch 
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anthropogene Beeinträchtigungen verursachten Vertreibungseffekte dar. Der hier gezeigte integrative 

Ansatz von Ernährungs-, Bewegungs- und Krankheitsökologie verdeutlicht dass bei migrierenden Arten 

Beeinträchtigungen, die im Jahreszyklus auftreten, kumulativ und nicht isoliert betrachtet werden sollten. 

Entlang ihrer Migrationsroute sind Sterntaucher, wie auch andere Seevogelarten von einer Reihe von 

Beeinträchtigungen betroffen, welche einzeln betrachtet gegebenenfalls noch ausgleichbar sind, in der 

Summe aber zu Auswirkungen auf Populationsebene führen können. 
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1 RATIONALE 

Since recent years, the development of renewable energy became an important source to meet the human 

energy demand. According to the Renewable Energy Sources Act or EEG (German: Erneuerbare-Energien 

Gesetz) renewable energies should cover 65 % of Germany's electricity consumption by 2030 (BMWI 2021). 

In order to achieve this aim, the expansion of wind power, and in particular offshore wind farms, play an 

important role (Deutsche Windguard 2021). The expansion of offshore wind farm areas also means 

environmental or habitat changes in the marine environment (BSH & BMU 2014). From an ecological 

perspective, offshore wind farms represent anthropogenic structures that can affect marine organisms in 

several ways if they do not become habituated to them (e.g. Petersen and Malm 2006, Furness et al. 2013, 

Kelsey et al. 2018). A potential response of some seabird species is avoidance of these structures, which can 

lead to displacement and habitat loss. Seabird species considered to be vulnerable to displacement include 

divers, grebes, sea ducks and auks (Kelsey et al. 2018). Concerns have been raised about possible impacts 

on those bird populations that rely on the North Sea as their permanent or migratory habitat, and information 

about the individual ecology of the affected species is needed to fully address each aspect of the impact 

(Dierschke et al. 2006). For migratory species in particular, it is important to assess the extent to which 

impacts during the period of stay in affected areas may carry-over to affect migratory behaviour or breeding 

success. In this context, the red-throated diver Gavia stellata plays an important role, as this species is 

considered a key species for decision making offshore wind farm area permissions (e.g. Petersen et al. 2006, 

2014, 2011; Dierschke et al. 2012; Mendel et al. 2019). Several studies on the behaviour of this species show 

great disturbance and displacement effects, as well as avoidance effects (Garthe and Hüppop 2004, 

Bellebaum et al. 2006, Dierschke et al. 2006, Petersen et al. 2006, 2012, Burger et al. 2019, Mendel et al. 

2019, Heinänen et al. 2020, Vilela et al. 2021). In order to understand the interaction between man-made 

structures and the organisms living in the ecosystem and to keep the potential environmental effects as low 

as possible, research and the increase of knowledge is essential. In relation to the red-throated diver, research 

and increased knowledge about ecological aspects such as a species’ annual movements, time of stay in the 

disturbed area, breeding origin, diet selection and potential pre-loads or stressors are needed to understand 

the cumulative effects between anthropogenic and environmental pressures. Using the red-throated diver as 

a representative of (several) seabird species, this thesis will investigate the ecology of a disturbance-sensitive 

species in order to close important knowledge gaps and thus provide conditions to better assess the long-term 

effects in relation to potential habitat change in an important stationary non-breeding area. 
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2 GENERAL INTRODUCTION 

As marine organisms, the occurrence and distribution of seabirds are directly affected by properties of their 

oceanic habitat such as water temperature, salinity, or food availability (Ainley 1980). Most seabirds are 

migratory and show changes in distribution associated with the stage of the annual cycle (Daunt et al. 2014, 

Reiertsen et al. 2014, Phillips et al. 2017). For migratory species information about abundance, distribution 

and range maps are essential in conservation planning (Johnston et al. 2020). In this respect, it is important 

to reveal why animals move, how they move and when and where they move to provide a basis for assessing 

how they may be affected by external biotic or abiotic factors (Nathan et al. 2008). Migratory strategies can 

be seen as the assignment of actions (i.e. continued feeding, departure or cessation of migration) and as a 

response to specific conditions, such as day length, food availability, or wind conditions (Winkler et al. 2014). 

Therefore, understanding the reason behind migratory movements provides essential information to 

comprehend how a change in the animals’ movements depends on the conditions encountered (Winkler et 

al. 2014). Behavioural variation among and within individuals (e.g. movement, habitat use or feeding 

behaviour) affects the use of resources, intra and inter specific competition and niche partitioning and 

information about these aspects has therefore major implications for our understanding in seabird ecology 

(Phillips et al. 2017).  

 

2.1 Definition of seabirds and their role in marine ecosystems 

According to Signa et al. (2021) waterbirds are all bird species that live in or around the water and can be 

divided as:  

 Seabirds are all species directly associated with the marine environment, generally divided into 

pelagic or coastal species 

 Shorebirds (or Waders) are all species commonly found along the shorelines of wetlands and coastal 

systems 

 Waterfowl are all species commonly found in wetlands with adaptations to swim (e.g. webbed feet’s) 

Furness and Monaghan (1987) define seabirds as birds that breed inland or in coastal areas, prefer marine 

areas during the non-breeding season, feed predominantly in marine waters and are well adapted to the marine 

environment. They exhibit a wide range of movement patterns ranging from short distanced movements 

between nesting/roosting sites to feeding sites and seasonal inter-continental migrations (Lundberg and 

Moberg, 2003, Newton 2007, Signa et al. 2021). In general, seabirds are long-lived species (up to 20 years 

or more) with late maturity and small clutches where a small change in adult survivorship can have a 

substantial impact at the population level, because low reproductive rates lead to a slower recovery (Stinen 

et al 2007). A large proportion of seabirds are piscivorous and in terms of trophic relationships, seabird 

species can be considered as top predators (i.e. Ainley and Sanger 1979, Schreiber and Burger 2002, 

Grémillet and Boulinier 2009). Long-distance migrating seabirds create ecological links between otherwise 
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isolated sites, simultaneously transporting energy, nutrients, seeds and parasites in the process (Ellis et al. 

2006, Kolb et al. 2015, Risely et al. 2017, Lovas-Kiss et al. 2019, Signa et al. 2021). As top-predators they 

can be seen as process linkers (top down control, predatory pressure, or non-trophic as ecosystem engineers), 

or contaminant linkers (distribution of pollutants by ingesting contaminated prey) and thereby trigger 

ecological processes (Sekercioglu, 2006, Signa et al. 2021). Therefore, they themselves have an increased 

risk of being exposed to increased pollutant, or parasite loads. In addition to the contamination by marine 

pollution seabirds are exposed to a wide range of threats, such as predation of eggs, juveniles or adults, alien 

species, bycatch and exploitation of the food base, such as fish stocks (Schreiber and Burger 2002, Grémillet 

and Boulinier 2009), as well as anthropogenic pressures, such as ship traffic or offshore wind farms 

(Dierschke et al. 2016, Mendel et al. 2019, Kelsey et al. 2018, Burger 2019, Heinänen et al. 2020). The latter 

are mostly placed in shallow coastal waters, which are important feeding and resting habitats for migratory 

seabirds from an ecological perspective (Skov et al. 1995, Stienen et al. 2007). In this regard, the red-throated 

diver (Gaviidae) gains attention as this species has been reported to be highly vulnerable to displacement 

(Garthe and Hüppop 2004 Bellebaum et al. 2006, Dierschke et al. 2006, Petersen et al. 2006, 2012) and to 

be considerably affected in one important marine non-breeding area, the German Bight (Mendel et al. 2019, 

Vilela et al. 2021).  

 

2.2 The order Gaviiformes 

Red-throated divers belong to the order of Gaviiformes (loons or divers), which is one of the oldest avian 

orders and represents a monophyletic group with one family, Gaviidae and one genus Gavia and five extant 

species (white billed diver Gavia adamsii, great northern diver Gavia immer, pacific diver Gavia pacifica, 

black-throated diver Gavia arctica, red-throated diver Gavia stellata) (Johnsgaard 1987, Boertman 1990, 

Roselaar et al. 2005, Sprengelmeyer 2014, Moon et al. 2018, Fig. 1). The Gaviidae are named by trivial 

names as loon in the American area and as diver in the European area, whereas the European trivial name  is 

used in this work.  

 
Figure 1 Phylogenetic tree of the genus Gavia modified from Sprengelmeier 2014 
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The five diver species vary in some ecological aspects, as well as in body size (Johnsgaard 1987, Gray et al. 

2014). They are migratory, piscivorous, long-lived species with a delayed maturity and some of them are 

reported to be aggressive to con-specifics and con-generics (Johnsgaard 1987, Piper et al. 2008, Gray et al. 

2014, Paruk et al. 2014). Divers are suggested to be the most specialised extant foot-propelled diving birds, 

where the foot propelled diving is considered as an adaptation to forage on rapidly moving prey (Johnsgard 

1987, Boertman 1990, Clifton et al. 2018, Moon et al. 2018). This high adaptation to dive and swim enables 

high mobility in the water but reduces mobility on land (Johnsgaard 1987, Clifton et al. 2018). Divers are 

generally classified as waterfowl, but of all divers, the red-throated diver meets the criteria to be defined as a 

seabird as given by Furness and Monoghan (1987) and Signa et al. (2021). This species is directly associated 

with the marine environment as it prefers to breed on small lakes or ponds close to the sea and to undertake 

daily feeding trips to forage in marine waters (Reimchen and Douglas 1984, Eriksson et al. 1990, Rizzolo et 

al. 2015). Outside the breeding season, red-throated divers spend their time for the most parts exclusively in 

marine waters, though few exceptions of observation in big inland lakes are reported. The red-throated diver 

is the smallest of the five diver species and considered to be the most specialised diver species for foot-

propelled diving and being the most efficient swimmer (Boertman 1990).  

 

2.3 The red-throated diver Gavia stellata, population estimates and distribution   

Red-throated divers have a circumpolar distribution with breeding sites in coastal tundra habitats of North 

America, Europe and Asia (Fig. 2) and a world-wide estimate of 200,000 – 600,000 individuals (Wetland 

International 2015, BirdLife 2022). Trends of breeding populations are hard to estimate due to the remote 

and difficult to access breeding sites. Solovyeva et al. (2017) gave an estimate of 0.307 birds/km2 in eastern 

Siberian Russia, but no population trend. In Alaska, long-time data sets showed that the breeding population 

declined by 53 % in the time period from 1977-1993 and stayed at low levels (Groves et al. 1996, Conant 

and Groves 2005, Schmutz et al. 2009). Similarly, Erikson (1994) reported that the number of occupied 

breeding sites in south-west Sweden had decreased by about 50 %. 

This thesis focussed on individuals that are associated with the German Bight (eastern North Sea) and 

related to the European population of red-throated divers (Fig. 3), which equates to 84,200-186,000 mature 

individuals (Birdlife International 2015, 2022). This population includes breeding regions in Russia (30,000-

50,000 pairs), Greenland (5,000-30,000 pairs), Norway (2,000-5,000 pairs), Sweden (1,300-1,900 pairs), 

Finland (750-1,500 pairs), Great Britain (1,000 – 1,600 individuals), Ireland (6 pairs), Svalbard (500-1,000 

pairs) and the Faroe islands (25 pairs, Cramp and Simmons 1977, Birdlife International 2015).  

A wintering distribution of about 56,000-72,000 individuals of the European breeding population is 

associated with temperate waters in the western Baltic Sea, around the British islands, along the Atlantic and 

North Sea coast of Norway, Denmark, the German Bight, the Netherlands up to Portugal (Cramp and 

Simmons 1977, Wetlands International 2018, 2022, Fig. 3). Throughout the North Sea an estimate of 48,000 



Synthesis 

______________________________________________________________________________________________________________________________________________________________________________________ 

 

5 

 

wintering individuals (December – March) has been proposed by Skov et al. (1995). In this context the 

eastern German Bight presents an internationally important wintering area with recent estimates of 22,000 

individuals by Garthe et al. (2015) and 16,330 individuals by Vilela et al. (2021) during the stationary non-

breeding season in spring, representing approximately 30 % of the NW-European wintering population using 

this area. In this area red-throated divers are found in coastal waters characterised by frontal zones that are 

associated with a local enhancement of nutrients and availability of fish prey, such as clupeids (Skov and 

Prins 2001). These frontal zones start at the 30 m depth contour when the open North Sea is thermally 

stratified from autumn to spring (BSH 2019). In general, red-throated divers show a preference for areas with 

a salinity around 30-32 psu (practical salinity units) and water depth between 20 and 30 m (Heinänen et al. 

2019).  

How the distribution of red-throated divers in the eastern German Bight is linked with specific breeding 

regions is unclear. Observations of red-throated divers from sea-watching stations about numbers and 

utilisation of specific areas in space and time exist, but are only snapshots which do not, or only rarely, 

indicate where individuals are coming from, going to, or time of stay in respective areas. Ring recoveries 

from Great Britain could be linked to breeding origins in Shetlands, Greenland, Sweden and Finland (Okill 

1994).  

 

 
Figure 2 World-wide distribution of red-throated divers. In yellow the breeding distribution and in dark blue the 

wintering distribution and in green areas utilised during passage. Distribution map was taken from Birdlife International 

(2022). 
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Figure 3 Distribution range of the North-west European  population of red-throated divers taken from Wetlands 

International (2022)  

2.4 Protection status of, potential threats for and stressors of red-throated divers 

Red-throated divers are strictly protected, listed in Annex I of the EU Birds Directive, in Annex II of the Bern 

Convention, in the African Eurasian Waterbird Agreement (AEWA) and are further listed by the HELCOM 

Convention as a critically endangered species, though as of least concern by the IUCN (Birdlife International 

2022).  

Similar to other seabird species, red-throated divers are exposed to a number of stressors. Ship traffic can 

cause disturbance on vulnerable seabird species. A Disturbance Vulnerability Index (DVI) was developed 

by Fliessbach et al. (2019) and stated red-throated divers as one of the species with highest DVI values, 

longest escape distances and highest proportions of escaping individuals. Burger et al. (2019) also showed 

sensitive reactions to disturbance by ship traffic of red-throated divers resulting in higher abundancies in 

areas less affected by shipping traffic. Fishery, in particular gill net fishery, presents another threat to this 

species. In the North and Baltic Sea diving seabirds, such as red- and black-throated divers end up frequently 

as by-catch, dying in fishing nets (Žydelis et al. 2009). Among other seabird species and due to its feeding 

behaviour, the red-throated diver has been identified as one of the species that suffers potentially significant 

impacts of gill net mortality (Žydelis et al. 2013). In this context, Morkūnas et al. (2021) described another 

threat when analysing red-throated divers collected from fishery by-catch. They identified ingested marine 

debris and found plastic objects in 2.1 % of analysed birds. These incidentally ingested debris/plastics can 

cause injuries to the digestive tract, absorption of toxins and potential death through starvation (Wright et al. 

2013; Tanaka et al. 2013; Zhao et al. 2016).  

In addition to plastic exposure, red-throated divers are also exposed to a number of environmental 

contaminants. Poly- and perfluorinated compounds (PFCs) such as perfluoroalkyl sulfonates (PFSAs) and 

perfluoroalkyl carboxylates (PFCAs) are reported to show the highest contamination in piscivorous predators 



Synthesis 

______________________________________________________________________________________________________________________________________________________________________________________ 

 

7 

 

and were detected in red-throated divers from the German Baltic Sea in the blood, brain, fatty tissue, gall 

bladder, heart, kidney, liver, lung, muscle and spleen (Rubarth 2011). Mercury was detected in liver, kidney 

and pectoral muscles in the closely related black-throated diver from the southern Baltic Sea coast, where 

also red-throated divers occur (Małgorzata Rutkowska et al. 2019). Perfluorinated compounds are suggested 

to affect detrimental physiology and reproduction of animals (Constantini et al. 2019). Erikson et al. (1992) 

analysed unhatched eggs from abandoned nests of red-throated divers and related a high content of mercury 

in these eggs, to the intake of fish in lakes affected by acidification. Mercury concentrations were high enough 

to expect reproductive impairment. Furthermore, in this context blood mercury levels seem to have immuno-

compromising effects (Weinandt 2006, Weinandt et al. 2012). In Alaska, high polychlorinated biphenyl 

(PCB) profiles in red-throated divers were linked to respective wintering grounds in Asia (Schmutz et al. 

2009).  

Next to direct anthropogenic threats also biological factors are stressors effecting the divers‘ health. As 

external parasites leeches, mites and lice, black and bird flies are reported to parasitize divers (Storer 2002). 

Divers host a number of endoparasites, which include 47 digeneans, 22 cestodes, 14 acanthocephalans and 

15 nematode species (Storer 2002). Okulewicz (1989) identified a nematode species (Contracaecum 

rudolphii,) in red-throated divers in Poland that is known to occur in the stomach and intestines of piscivorous 

birds and is supposed to increase mortality if a massive invasion occurs (Żółtowska et al. 2012). Climate 

change and warmer temperatures promote the expansion of vector -borne diseases, such as avian malaria, 

further north (Rochlin et al. 2013, Egizi et al. 2018). Avian malaria or malaria like diseases are caused by 

intracellular blood parasites of the genera Plasmodium, Haemoproteus and Leucocytozoon of which an 

infection can cause diverse effects of the physiology i.e. altered food consumption, body weight, mortality. 

Furthermore, even chronic, or low parasite infections can have effects on host fitness, reproduction and 

survival (Atkinson et al. 2000, Quillfeldt et al. 2011, Schoenle et al. 2017). These parasites are reported for 

great northern divers in America (Weinandt 2006, Weinandt et al. 2012, Martinsen et al. 2017), but to date 

no information about presence or absence of these parasites in red-throated divers has been published. 

Offshore wind farms present anthropogenic structures in the marine environment that can cause attraction 

or avoidance in seabirds. Red-throated divers belong to the group of seabirds that strongly, or nearly 

completely avoid offshore wind farm areas (Dierschke et al. 2016) with avoidance distances of up to 10 km 

and more, that lead to a loss of habitat or habitat reduction and subsequent redistribution (Mendel et al. 2019, 

Heinänen et al. 2020, Vilela et al. 2021. The consequences of not having enough suitable habitats available 

can be manifold, such as increased inter and intra specific competition, loss of foraging habitats, or increased 

stress levels which might lead to a possible increased susceptibility to parasites and diseases. Possible 

consequences at population level make red-throated divers a species group requiring particular consideration 

with respect to marine spatial planning in Germany and the UK (Busch et al., 2013, Dierschke et al. 2016, 

2017). By the end of 2020 more than 20 offshore wind farms consisting of 1,501 turbines with a capacity of 
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7,770 MW were in operation within German offshore areas (BSH 2020, Deutsche Windguard 2021, Fig. 4). 

How these numbers and sizes of wind turbines, concerns red-throated divers on population level is not not 

completely understood as knowledge gaps exist about this species ecology.  

 

 
Figure 4 Overview of offshore wind farm planning in the German part of North (left side, German Bight) and Baltic (right 

side) Sea taken from Deutsche Windguard (2022). Each wind mill presents an offshore windfarm, in green already operating 

windfarms, in red and grey planned wind farms. In dark blue the exclusive economic zone and the dotted line indicates the limit 

of the 12 nautical mile zone. 

2.5 The relevance of integrative ecological studies in relation to anthropogenic pressures 

Outside the breeding season most seabirds undergo seasonal migrations that often span large marine 

ecosystems and include marine areas of different national jurisdictions (Harrison et al. 2018, Alerstam et al. 

2019, Strøhm et al 2021). Conservation approaches are therefore only effective if they take into account all 

annual movements in time and space (Johnston et al. 2020, Strøhm et al 2021). Especially the link between 

breeding regions and associated wintering or staging/stop-over sites provides important information to link 

spatially disparate threats and potential carry-over effects with adult survival and breeding success of a 

species (Strøhm et al. 2021, Buchan et al. 2022). Ecological issues, such as population dynamics, spread of 

diseases and how to cope with environmental changes are affected by animal movements and space use 

(Nathan et al. 2008, Spiegel et al. 2017). How migratory birds might respond to long or short-term changes 

in habitat conditions also depends on the variability in behaviour, ecology, life history and demography 

(Garthe et al. 1996, Hamer et al. 2002, Weimerskirch 2002, Lewison et al. 2012). A comprehensive 

knowledge about the ecology and behaviour of the target species is important to conservation biology 

(Blackwell et al. 2016), as the behaviour affects a species’ persistence through a wide range of mechanisms, 

such as disruption of breeding, dispersal and settlement decisions and foraging strategies (Reed 2002).  



Synthesis 

______________________________________________________________________________________________________________________________________________________________________________________ 

 

9 

 

In this context and in order to disentangle the effects of environmental change and anthropogenic pressures 

in the eastern German Bight on red-throated diver populations, it is a prerequisite to know the ecology and 

potential stressors of this species (Lewison et al. 2012). Therefore, this thesis follows an integrative approach 

and analyses three behavioural-ecological aspects: dietary-, movement- and disease ecology where no 

information is available from individuals using the eastern German Bight in order to provide a sound basis 

for the evaluation of potential impacts. (Fig. 5).  

 

 
Figure 5 Impact of anthropogenic disturbance on red-throated divers and existing knowledge gaps needed to fully assess the 

impact on population level modified from Kelsey et al. 2018. 

 

2.5.1 Dietary ecology – identification of prey composition 

The analysis of dietary intake and what an animal eats is one of the central questions in animal ecology and 

provides important background information for understanding the relationships between animals and their 

environment (Szoboszla et al. 2015, Raubenheimer et al. 2018, Liu et al. 2018, 2021). Understanding how 

migratory seabirds meet their energy demands at different stages of the annual cycle is fundamental to 

understand how they cope with changing conditions associated with annual cycles (Dunn et al. 2020). The 

use of resources, or the level of intra-specific competition is affected by foraging distribution and behaviour 

and is therefore an important basis for understanding the ecology of seabirds (Phillips et al. 2009, 2017). 

Distributions and population dynamics are related to feeding ecology and food availability (Newton 1998, 

2007, Furness et al. 2006). Nevertheless, knowledge of the diet composition of most seabirds outside the 

breeding season is limited, because they are then constantly at sea and sampling is difficult (Meier et al. 2017, 

Phillips et al. 2017). Carry-over effects are defined as the output of processes that influence the success of an 

individual in the following season (Harrison et al. 2011) and winter habitat quality has been linked with 

reproductive success in migratory birds (Rushing et al. 2016). A behavioural response such as avoidance 

reactions towards anthropogenic structures or human activity can result in habitat loss or displacement in 

altered habitats. Alteration of habitats might result in habitat quality degradation, or in increased intra specific 
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competition when individuals accumulate in the remaining areas (Burton et al. 2006, Furness 2013, Busch 

and Garthe 2016). Consequences in terms of a reduced fitness might be linked to an increased energy 

expenditure by relocating foraging grounds, or a reduced energy acquisition due to altered food availability 

(Masden 2010, Busch and Garthe 2016). The study of the diet composition in the area of interest represents 

a basic requirement to assess habitat quality. Consequently, the design of sound conservation and 

management strategies depend on a detailed knowledge of the diet of a species (Valentini et al. 2009).  

Many methods have been established to study the diet of animals including visual observations of 

foraging behaviour, fatty acid and stable isotope analysis, or morphological analysis of gut contents 

(Valentini et al. 2009, Oehm et al. 2017). More recent studies include the analysis of consumed species in 

faecal samples using PCR based methods in combination with next generation sequencing (NGS) and 

metabarcoding (e.g. Deagle et al. 2007, 2010, Pomanon et al. 2012, Swift et al. 2018). The molecular 

approach has the advantage to provide a wider prey species spectrum than conventional morphological 

methods (Deagle 2007, 2010, Thallinger et al. 2016, Oehm et al. 2017) but often does not allow for 

quantitative analysis of number and size of prey items (Nielson et al. 2018). This high throughput DNA 

sequencing of faeces is a non-invasive method that has become a popular and accepted tool to study the diet 

of an animal (Nielson et al. 2018).  

Prey composition of red-throated divers has been studied by Guse et al. (2009) on stomach and gut 

contents of dead birds collected from by-catch from the Baltic Sea using morphological techniques. The 

study revealed a general opportunistic foraging behaviour and a seasonal switch in consumption of their main 

prey indicating a preference for clupeid prey fish, if available. For the North Sea two studies are available to 

report dietary items of non-breeding red-throated divers in this area (Madsen 1957, Durinck et al. 1994), 

which also morphologically analysed stomach and gut contents of dead birds. Both studies showed that red-

throated divers appear to choose energetic rich prey though the older study by Madsen (1957) highlighted 

gadoid fish as main prey whereas the study by Durinck et al. (1994) indicated clupeid prey fish as the most 

frequent prey item. Recent dietary information for red-throated divers from the North Sea and in particular 

the eastern German Bight, is not available so far, but highly important to understand the ecological 

importance of this area for this species and to place the effects of displacement and habitat shift.  

 

2.5.2 Movement ecology – Annual movements and site utilisation 

Understanding migration patterns is an important basis for understanding the behaviour and ecology of a 

species (Dingle and Drake 2007, Phillips et al. 2017, Spiegel et al. 2017). Migration involves annually 

repeated seasonal movements between the breeding region and regions utilised during the stationary non-

breeding season outside the breeding range. Therefore, the spatial distribution of migratory seabird species 

changes according to the stage of the annual cycle (Rappole 2013). Migration can be viewed as an adaptation 

to seasonally fluctuating resources and plays a central role in the spatial dynamics of mobile populations, but 
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should not be confused in form and function with within-population mixing on a small scale that results from 

postnatal dispersal and inter-plot movements characteristic of metapopulations (Dingle and Drake 2007). 

Migratory birds make purposeful movements from breeding to non-breeding areas to take advantage of 

seasonal peaks in prey abundance, or to avoid adverse weather conditions (Daunt et al. 2014, Reiertsen et al. 

2014, Phillips et al. 2017). Two important components of migration are locomotion itself, when a distance is 

travelled and energy is consumed and fuel deposition, when energy reserves are accumulated and restored 

(Alerstam and Bäckman 2018). Information about refuelling sites and refuelling behaviour in time and space, 

or information about migration corridors, wintering areas, or population mix in winter corridors is crucial to 

identify possible carry-over effects and link explicit threats such as fisheries, oil spills and other pressures, 

such as offshore wind farms to population dynamics (Weber et al. 1998, Brooke 2004, Gonzáles-Solis et al. 

2007, Schmaljohann and Eikenaar 2017). Besides migration, moult and breeding are also considered to be 

energy demanding events in the yearly cycles of birds (Newton 2011). Environmental change in non-

breeding habitats might result in varying energetic costs (i.e. flight expenditure), if birds need to accumulate 

in undisturbed areas and thus might cause potential fitness consequences that carry-over to affect adult 

survival, body condition, timing of migration, or breeding success (e.g. Marra et al. 1998, Alves et al. 2013, 

Catry et al. 2013, Schultner et al. 2014a, Pelletier et al. 2020). The identification of stationary non-breeding 

seasons and areas is therefore crucial for effective conservation management and measures (Harrison et al. 

2011, Rushing et al. 2016). Information about the connectivity of individuals from a shared breeding 

population or region, how they spread during the stationary non breeding season and mix with individuals 

from other breeding regions also provides important information to assess how a population might be 

impacted by environmental change in a specific area (Webster et al. 2002, Finch et al. 2017). Variation among 

and within individuals is another important category to help better understand seabird ecology (Phillips et al. 

2017). Migrants have a spectrum of individual, or population specific strategies from randomness to complete 

consistency (Wijk et al. 2016, Ruthrauff et al. 2019). Consistent and repeatable behaviour can be 

advantageous to make the best use of local resources and conditions, but if internal and external cues are 

annually variable, or environmental conditions change a more flexible strategy may be more beneficial (Wijk 

et al. 2016, Ruthrauff et al. 2019). An understanding of consistency in timing of movements and the degree 

of site fidelity is therefore essential to understand the responses of individuals and populations to 

environmental change and the vulnerability to anthropogenic pressures (McFarlane et al. 2014). In addition, 

information about how and if annual movements are triggered by the location and environmental conditions 

of the breeding site helps to better understand the ecology and phenology of annual movements (Gordo 2007, 

Conklin et al. 2010, Briedis et al. 2016).  

A number of various technologies of intrinsic and extrinsic markers are available to study migration. 

Robinson et al. (2010), as well as Hobson and Norris (2019) showed that each method has its advantages and 

disadvantages and the appropriate application depends on the research question and feasible conditions. 
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Intrinsic markers, such as contaminants, parasites, genetics or stable isotopes, require only one capture, but 

typically have a lower resolution than extrinsic markers. Extrinsic markers, such as banding/marking, radio 

transmitters, satellite and GPS (Global Positioning Systems) transmitters, passive radar observations, or 

archival geolocation tags can be applied to a broad range of animals and provide a higher resolution, but 

require initial capture and recapture. GPS and satellite transmitters usually do not need a recapture, as these 

transfer the data automatically, but are constrained to animals with a certain minimum weight and might have 

some effects on behaviour. Tracking technologies enable research questions on evolutionary biology, 

population ecology and global change to be answered in more detail, e.g., migration links, behaviour, 

demography, ecology and physiology (Robinson et al. 2010, Bridge et al. 2011, Phillips et al. 2017).  

For red-throated divers, detailed information on when and where individuals migrate from a given 

breeding or wintering area, the linkage between these areas, or where these individuals stage and refuel, or 

moult is poorly known, as are ecological aspects, such as migratory connectivity, site fidelity and temporal 

consistency, or the relationship between annual migrations and the location of breeding areas. This 

information is highly needed to identify breeding populations that could be affected by carry-over effects 

from stationary non-breeding areas, or to link cumulative effects between multiple utilised areas.  

 

2.5.3 Disease ecology – identification of potential pre-loads in terms of parasite infestation 

Wild birds are infested with a broad range of endo-parasites, which can be roughly grouped into 

gastrointestinal and blood parasites. Although infestations are not always lethal, infections usually impair the 

physical performance of their hosts, which can lead to deleterious effects (McElroy and de Buron 2014, 

Kumar et al. 2018). In this context, long-lived migratory species, crossing multiple continents within one 

annual cycle, might be more exposed to parasite infection than other non-migratory taxa as migratory birds 

are expected to be exposed to different parasite faunas, whereas resident birds are expected to experience a 

single parasite fauna (Møller and Erritzøe 1998, Khan et al. 2019). Environmental factors, such as quantity 

and quality of food resources, levels of local pollution, habitat quality and presence of predators, competitors 

and/or other parasites can influence the effects of parasites and thus cumulative effects likely play a large role 

in how parasites influence seabirds at both the individual and population level (Khan et al. 2019).  

Blood parasites, such as haemosporidian parasites are vector-borne parasites and the causative agents of 

avian malaria, or malaria like diseases. These parasites are reported to be rather uncommon in seabirds 

compared to other bird groups such as land birds and phylogenetic, ecological and life-history parameters 

are suggested to determine the prevalence of haemosporidian parasites in seabirds (Quillfeldt et al. 2010, 

2011). Four primary types of Haemosporidia are identified and each is carried by a different vector. 

Plasmodium species are transmitted to wild birds by mosquitoes (Culex and Aedes spp.), Haemoproteus 

species by midges (Culicoides spp.) and Leucocytozoon species by black flies (Simulium and Hippoboscidae 

spp.) (Khan et al. 2019). These parasites are widespread from arctic to temperate and tropical regions (Clarc 
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et al. 2014, Fecchio et al. 2020, Santiago-Alarcon and Marzal 2020). Originally, haemosporidian parasites 

were thought to be low pathogenic organisms, but in recent years several studies have indicated otherwise 

and they are now thought to be among the most pathogenic organisms responsible for mortality and 

population declines (Valkiūnas 2004, Hahn et al. 2018, Palinauskas et al. 2020). Breeding birds have been 

found to be negatively affected in energetic condition, arrival date and reproductive performance if infected 

with these parasites and also infected migrating birds showed a later migration timing and reduced energetic 

condition (Garvin et al. 2003, 2006, De Groote and Rodewald 2010). Though there is ambiguous evidence 

that a haemosporidian infection affects migration timing, the mechanisms are not clear yet. An effect on 

physiological capacity in terms of aerobic performance to migrate successfully long distances was excluded 

by Hahn et al. (2018) and other factors e.g. efficiency of stop-over behaviour like foraging and fuelling are 

supposed to be considered. Regarding joint negative effects of anthropogenic stress and parasite infections 

on wild birds not much is known so far. Jiménez-Peñuela (2021) found for non-migratory house sparrows 

(Passer domesticus) that different sources of stress, in this case both urbanisation and parasite infection, can 

lead to greater deleterious effects. The study suggested that infected sparrows from natural habitats and thus 

less stressed individuals can promote a greater anti-inflammatory immune response to Plasmodium infections 

that is associated with better food quality.  

Prevalence and intensity of haemosporidian infections differ between stages of the annual cycle and have 

been found to increase from the wintering area through migration to the breeding area (Schrader et al. 2003, 

Garvin et al. 2004, 2006, De Groote and Rodewald 2010). Transmission strategies of vector-borne parasites 

differ between year-round transmission, if environmental conditions are favourable, and seasonal 

transmissions, when the availability of vectors and hosts are tied to specific seasons. Seasonal transmissions 

often occur in temperate, or even arctic regions, where reproduction of vector borne parasites is timed in 

order to match the seasonal cycles of highest host susceptibility and vector availability to optimise 

transmission rates (Antón Pérez-Rodríguez et al. 2015). The transmission of haemosporidian parasites occurs 

via an heteroxenous life cycle, where haemosporidians alternate between two types of hosts, which are 

invertebrates (blood sucking dipterans as vectors) and vertebrates (Atkinson et al. 2008, Valkiūnas & 

Atkinson 2020). Infective stages are essential to complete the life cycle successfully and include gametocytes 

in vertebrates and sporozoites in invertebrate vectors. Sexual reproduction takes place in the vector, which is 

considered as the definitive, or final host and vertebrates as the intermediate host, where only asexual 

multiplication occurs (Valkiūnas & Atkinson 2020).  

Haemosporidian parasites can be analysed via microscopy of blood smears, or via molecular tools using 

PCR techniques. Microscopy of blood smears allows to measure intensity, or parasitaemia, which is the 

number of parasites of one species that infect a host individual, whereas molecular methods give a higher 

resolution in taxonomy, but allows only to measure the prevalence, which presents the proportion of 
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individuals of a sample that are infected and richness, which is the number of parasite species found in an 

individual host, a group, or a species (Herrera and Nun 2019, Mandal 2021).  

To date, no records of the presence or absence of haemosporida are reported for red-throated divers, but 

this information is important to be considered with regard to the already known stressors and from a 

cumulative point of view. In great northern divers specific parasitic relationship is documented between these 

birds and a black fly (Simulium annulus) as a potential vector of Leucocytozoon (Weinandt et al. 2012). In 

addition to Leucocytozoon infestation, Plasmodium has also been detected in Great northern divers in spleen, 

muscle and kidney, indicating a mixed malaria parasite infection that was associated with mortality 

(Martinsen et al. 2017).  

3 OBJECTIVES AND STRUCTURE OF THE THESIS 

This thesis aims to analyse three so far unknown integrative behavioural ecological aspects of red-throated 

divers in order to provide a sound foundation for comprehensive conservation strategies and prospective 

management. The results are supposed to increase and improve the scientific knowledge about this species’ 

ecology and therefore fill in knowledge gaps to understand how threats experienced during the non-breeding 

season might affect this species on population level (Fig. 6). Specifically, three ecological aspects can be 

termed as research topics, which are: 

 Dietary ecology: Document diet composition (Chapter 1) 

 Movement ecology: Determining migratory behaviour and site utilisation (Chapter 2) 

 Disease ecology: Detection and identification of haemosporidian parasites (Chapter 3) 

 

 

Figure 6 Conceptual links, represented by arrows, between potential threats experienced during migration and in the 

stationary non-breeding areas and variables that impact population growth rate. Figure modified from Strøm et al. 2021. 

 



Synthesis 

______________________________________________________________________________________________________________________________________________________________________________________ 

 

15 

 

This cumulative thesis is structured in three chapters, where each chapter is based on an individual publication 

focussing on each of the behavioural-ecological aspects and applied methods with the following specific 

aims: 

 

Chapter 1. The diet of red‑throated divers (Gavia stellata) overwintering in the German Bight (North Sea) 

analysed using molecular diagnostics  

 Apply a non-invasive method to analyse diet composition to provide a detailed overview of 

dietary items of red-throated divers in the area of interest, the eastern German Bight 

 Document the diversity of prey species eaten by the birds in the eastern German Bight when 

red-throated diver abundance is highest 

 Compare data for two consecutive sampling years to determine if the prey species consumed 

are consistent between years 

 Determine whether the abundance and distribution of prey fish correlate with red-throated diver 

diet and how this may help to explain red-throated diver distribution 

 

Chapter 2. Annual movements of a migratory seabird - the NW European red-throated diver (Gavia stellata) 

– reveals high individual repeatability but low migratory connectivity 

 Identify and temporally classify area use, migratory routes and phenology during the annual 

cycle of individuals captured in the eastern German Bight 

 Determine the degree of migratory connectivity in terms of interpopulation mixing in stationary 

non-breeding areas and population spread of individuals from one shared breeding region 

 Characterise fidelity and temporal consistency of site utilisation between consecutive years 

 Reveal if the location of breeding areas (longitude/latitude) affects the timing and pattern of 

annual movements 

 

Chapter 3. Prevalence of haemosporidian parasites  in an arctic breeding seabird species – the NW-

European red-throated diver (Gavia stellata) 

 Analyse presence-absence of haemosporidian parasites in terms of detection and identification 

of these parasites using molecular tools 

 Examine the prevalence and richness of haemosporidian parasites in red-throated divers 

 Evaluate and discuss possible negative effects of haemosporidian parasites on red-throated 

divers in relation to anthropogenic pressures  
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4. CHAPTER OUTLINE  

This thesis includes three studies that provide novel information on the behavioural-ecological aspects of the 

study species, the red-throated diver, in accordance with the main objective and specific aims mentioned 

above and presented in the chapters accordingly.  

 

Chapter 1: The diet of red‑throated divers (Gavia stellata) overwintering in the German Bight (North Sea) 

analysed using molecular diagnostics (Published) 

In chapter 1 I updated and categorised the diet composition of red-throated divers in the eastern German 

Bight. This area is characterised by increasing offshore wind farm installations which at the same time 

represents anthropogenic structures that cause avoidance reactions and a distribution shift. As a consequence, 

red-throated divers are displaced from originally used habitats into alternative habitats and accumulate in 

certain areas. Redistribution to alternative habitats can also mean changes in food availability. To better 

understand the effects, I examined the dietary composition of two consecutive years, compared the outcome 

to the available fish fauna and furthermore contributed to the already available studies on the diet of red-

throated divers. Specifically, I documented the diversity of prey species eaten by the birds and whether the 

prey species spectrum is characterised by a specialised or generalised food choice in this particular area in a 

time when diver abundance is highest. In this context I revealed how the detected prey species spectrum 

relates to the availability of prey species. I also compared datasets of two years to see if the behaviour of one 

year was reflected in the other. I used faeces of 34 individual red-throated divers caught in 2015 and 2016 in 

the eastern German Bight and DNA metabarcoding as a non-invasive method. Red-throated divers sampled 

in this study displayed a generalised feeding behaviour with a broad prey spectrum that was dominated by 

five groups: clupeids, mackerel, gadoids, flatfish and sand lances with clupeids being the most frequently 

detected prey in both years. The results indicate that pelagic schooling fish that aggregate at frontal zones 

and have a high energetic value might be favoured. Furthermore, the generalised feeding behaviour and the 

importance of prey species with a high energetic value were consistent with previous studies. The results 

indicate some flexibility in food choice as long as suitable prey items with sufficient energetic values are 

available. If these prey species are not, or less available in changed habitats, displacement effects might lead 

to a decreased energy intake and subsequently poorer body condition.  

Contributions: Lead author, sample collection and bird handling in the field (catching, sampling), data 

preparation including molecular work (DNA isolation and preparation of NGS libraries) and data analysis 

(bioinformatic sorting and statistical analyses of sequencing datasets). 

Chapter 2: Annual movements of a migratory seabird - the NW European red-throated diver (Gavia stellata) 

– reveals high individual repeatability but low migratory connectivity (Accepted, July 2022) 

In Chapter 2 I focussed on annual movements and site utilisation of red-throated divers that were captured 

and tagged in three consecutive years (2015, 2016, 2017) in the eastern German Bight. Data of 33 individuals 
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were used to identify breeding regions, migratory movements, migratory phenology and site utilisation 

within and between years. Additionally stable isotope analyses of feather samples (δ13C) were used to identify 

moult locations when no tracking data were available. To better assess the impact of increasing anthropogenic 

development in an important marine habitat, namely the eastern German Bight, in terms of possible carry-

over effects and possible population level effects, I focussed on site utilisation during the stationary non-

breeding periods (moult and winter) and applied kernel density estimates to obtain home range sizes during 

these periods. Furthermore, I analysed three behavioural-ecological aspects, which are the migratory 

connectivity, repeatability of annual movements and the relation between timing of annual movements and 

the breeding locations in the high Arctic. Breeding regions of individuals captured in the eastern German 

Bight were distributed over Greenland, Svalbard, Norway and northern Russia. Autumn migrations 

contained separate migration steps to moulting and wintering sites. Moult and wintering sites were distributed 

over the North and Baltic Sea and not all individuals returned to the eastern German Bight during wintering 

season, but used this site to refuel along migration. Tracking data of individuals from a shared breeding region 

(northern Russia) indicated a rather low connectivity. Although individuals moved largely along the same 

route, they dispersed during the stationary non-breeding period with only partly overlapping home ranges. 

The breeding longitude was related with arrival times at breeding sites with 40 days later arrival at the 

easternmost than westernmost breeding sites, suggesting a longitudinal gradient. Red-throated divers 

displayed repeatable movements and site utilisation between years indicating a high site fidelity and some 

temporal consistency. Implications related to the findings of the study and their significance are discussed. 

In summary, the data revealed novel and important ecological-behavioural aspects that provide a basis on 

which future conservation measures can be taken.  

Contributions: Lead author, sample collection and bird handling in the field (catching, feather sampling), 

assistance in bird tagging (implantation of satellite tags), molecular work (sex determination), data and 

statistical analysis (tracking data, isotope data).  

 

Chapter 3: Prevalence of haemosporidian parasites  in an arctic breeding seabird species – the NW-

European red-throated diver (Gavia stellata) (Prepared for submission) 

In chapter 3 I analysed a potential stressor that has not yet been investigated for red-throated divers, namely 

the infestation with blood or haemosporidian parasites. An infestation with haemosporidian parasites in 

combination with increasing anthropogenic induced stress can be considered as potential pre-load and is, 

therefore, an important aspect which should be taken into account when evaluating cumulative effects. I used 

blood samples and molecular tools (nested PCR) to document (i) presence-absence of haemosporidian 

parasites (Plasmodium, Haemoproteus and Leucocytozoon) and (ii) prevalence and richness of these parasites 

in NW-European divers (n=45) captured in the eastern German Bight. I found haemosporidian infestation 

present in NW-European divers with a prevalence of 11 % (n=5) of which each individual was tested 
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positively for Leucocytozoon and one of these individuals showed a double infection of both genera 

Plasmodium and Leucocytozoon. A new lineage was found for both Plasmodium and Leucocytozoon, not 

documented so far. Prevalence was rather low in NW- European red-throated divers, whereas richness, the 

number of parasite species found in a host, was comparatively high considering that out of five infested 

individuals one showed a double infestation. The data obtained in this study describes for the first time the 

detection of haemosporidian parasites in red-throated divers and provide an important reference that can be 

used to monitor future parasite distribution. The low prevalence indicates low vulnerability of cumulative 

effects between anthropogenic pressures and haemosporidian infections, but should nevertheless be 

considered as an additional stressor, or pre-load in future conservation measures. 

Contributions: Lead author, sample collection and bird handling in the field (catching, blood sampling), 

data preparation including molecular work (DNA isolation and PCR assays), partial data analysis of 

sequencing datasets resulting from Sanger sequencing  

 

5. CONCLUDING REMARKS 

In the present work, three behavioural-ecological aspects were investigated, each contributing to a better 

understanding of the ecology of the studied species, the red-throated diver. In addition, when combined, the 

results help to view and identify threats from a cumulative perspective, providing a solid foundation for future 

conservation strategies. 

The first chapter identified the prey items consumed by red-throated divers in an internationally 

important non-breeding area, the eastern German Bight on a high resolution. Red-throated divers showed to 

be exclusively piscivorous and foraged on a broad prey spectrum, that contained a consistent presence of 

energetic rich prey species in two consecutive years, with clupeids as the most frequent species. 

If the relative sequence counts generated by Next Generation Sequencing (NGS), reliably reflects the 

number of prey items consumed remains controversial (Pompanon et al. 2012, Deagle et al. 2013, Liu et al. 

2021). Therefore, I cannot say which proportional part, i.e., how much of each prey fish was eaten exactly, 

but I can state how often the corresponding food fish was present in the sample size on the basis of the 

frequency of occurrence. Comparing prey consumption with monitoring reports about distributions of 

consumed prey revealed that some of these prey items reflect general fish availability and suggest red-

throated divers to adjust their foraging to some degree in response to availability. The extent to which red-

throated divers actually select food organisms, or opportunistically take the best of what is available cannot 

be conclusively clarified on the basis of these data. In the future, this information in addition with a 

quantitative analysis of consumed prey items would help to clarify the pattern of foraging behaviour that has 

emerged so far.  

However, the continued presence of energetic rich prey consumed in non-breeding habitats, particularly 

clupeids demonstrated in this work and in other studies (e.g., Madsen 1957, Durinck et al. 1994, Guse et al. 
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2009), emphasizes the importance of the availability of these prey items. The eastern German Bight is 

characterised by a frontal system which attracts clupeid species and has already been suggested to explain 

red-throated diver abundance in relation to a suitable prey availability in these systems (Skov and Prins 2001, 

Trueman et al. 2017). My data confirm the consumption of these prey species and therefore highly support 

the link between red-throated diver abundance and prey availability in these systems. Therefore, 

predictability of suitable prey in this area might be an important element to explain diver abundance in the 

eastern part of the North Sea.  

In terms of displacement effects, the broad prey spectrum indicates some flexibility to adapt to a changed 

prey availability when being displaced in altered habitats as long as high-energy species continue to be 

available. A possible resulting altered availability associated with lower availability of energy-rich food 

organisms may result in energy requirements not being met and consequences for body condition or staging 

time. Here the importance of looking at the complete picture becomes apparent, as the migratory data, which 

were addressed in the second chapter, showed that red-throated divers use many staging sites and seemed to 

refuel continuously along their migratory routes. Even if the effects in one habitat are only minor and can be 

compensated, effects in several habitats in total could possibly carry over to affect reproductive success and 

thus also have an effect on the population level.  

Migratory movements and site utilisation along the annual cycle confirmed the eastern German Bight as 

an important stationary non-breeding site, although red-throated divers tagged in this area returned to varying 

degrees in the following seasons. Some individuals spent the whole moult and winter period in this area, 

some moulted there and continued migration to their final wintering destination and other individuals only 

stopped in this area during migration, indicating a somewhat high turnover rate in this area. Therefore, 

displacement effects caused by anthropogenic pressures in the eastern German Bight do not affect all 

individuals to the same extent. Special attention should be paid here to autumn moult, as red-throated divers 

then change their primary feathers and individuals are less mobile and might be more restricted to certain 

areas with favourable conditions (Stresemann and Stresemann 1966, Berndt and Drenkhahn 1974, Mendel 

et al. 2008).  

The individual data from breeding regions other than northern Russia did not allow any precise 

statements due to the small sample size, therefore the statement regarding repeatability and migratory 

connectivity here apply to long distance migrants from northern Russia. The high site fidelity observed 

between two years in my studies and in combination with present publications on site fidelity in breeding 

areas (Okill 1992, Poessel et al. 2020), rather point to a general behavioural pattern of fidelity towards sites. 

In the context of habitat change and displacement effects an individual with a high site fidelity might be less 

flexible to voluntarily change sites or adapt more slowly to altered habitats compared to an individual that is 

used to explore new habitats (Catry et al. 2004, McFarlane et al. 2014, Merkel et al. 2021). Here the 

opportunistic diet spectrum indicates some flexibility to meet energy needs as long as energetic rich species 
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are available. Furthermore, the use of multiple core areas suggests some dispersal ability in response to small-

scale displacement effects, while large-scale displacement effects may have a stronger influence. Although 

a congregation outside impacted areas might lead to other effects such as increased intraspecific competition 

that must also be considered for solitary species, like the red-throated diver. Here it should to be taken into 

account that red-throated are long-lived species with delayed sexual maturity and small clutches and an 

impact may take some time to become apparent on the population level (Stinen et al. 2007). Considering the 

effect on population level the data revealed a high variability between individuals from northern Russia and 

thus a low migratory connectivity i.e., the degree to which individuals from one breeding region migrate and 

stay together during the non-breeding season (Webster 2002, Finch et al. 2017). If Individuals from other 

regions such as short distance migrants from Norway display a different e.g., higher connectivity cannot be 

concluded on this data basis. However, the low connectivity and varying staging/stop-over locations, 

durations and travel times among individuals from northern Russia may indicate some resilience to 

displacement effects, because only a portion is affected, compared to if all individuals from a region were 

exposed to the same conditions (Finch et al. 2017). Nevertheless, the majority of individuals from northern 

Russia followed mainly a similar migratory route, crossing the Baltic Sea to and from breeding sites. From a 

cumulative perspective, it should be considered that different kind of impairments in several areas along this 

route could, however, affect several individuals of this breeding region and therefore affect them despite low 

connectivity as the spatial distribution of threats influence the magnitude of their population scale effects 

(Buchan et al. 2022). Future studies should consider spatial exposure to all individual threats and impairments 

to better assess whether threats are interactive or have cumulative effects (i.e., Kennedy et al. 2019, Mahon 

et al. 2019, Johnston et al. 2020, Buchan et al. 2022).  

Winter habitat conditions are shown to influence migratory timing and energetic conditions (Bearhop et 

al. 2004, González-Prieto and Hobson 2013, Graham et al. 2016, Cohen et al. 2019). Migratory timing and 

staging behaviour of red-throated divers were correlated with location of breeding sites. At the individual 

and population level, the timing of spatiotemporal patterns during the annual cycle is critical, as a suboptimal 

pattern in timing could ultimately affect reproductive success and individual fitness (Marra et al. 1998, 

Alerstam 2011, McKinnon et al. 2015). In the case of red-throated divers, as a species breeding in arctic 

regions, a change in migration behaviour, e.g., a change in staging behaviour due to unfavourable winter 

conditions, such as less availability of energetic rich prey, and thus a change in arrival times, has an even 

more extreme effect due to a narrowed breeding window in the short arctic summer.  

A potential additional stressor that has not yet been taken into account is the infestation with 

haemosporida, which is addressed in the third chapter. Parasite infections are thought to affect host 

phenology, movements and survival, but the extent and the mechanisms are not yet clear, as previous studies 

have found negative, positive, or no response at all (e.g., Hahn et al. 2018, Risely et al. 2018, Emmenberger 

et al. 2021). Beside blood pathology these parasites also damage various organs due to extensive exo-
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erythrocytic development all over the body, which can cause severe diseases (Ilgūnas et al. 2016, Martinsen 

et al. 2017, Valkiūnas and Iezhova 2017). The identification of the haemosporidian parasites Leucocytozoon 

and Plasmodium presented in this thesis revealed that red-throated divers are infested at a low prevalence 

that can be considered rather insignificant in terms of potential pre-loads or stressors. Also, in combination 

with higher anthropogenic pressures and with previous results showing a fairly flexible diet spectrum as long 

as high-energy prey is available and highly variable movements among individuals from a given breeding 

area (Chapter 1 and 2), the low prevalence does not suggest additional impacts. However, further monitoring 

of infestation and prevalence should take into account expected future changes, or expansions of the 

transmission range due to climate change. Here, the data presented in this thesis provide an important first 

reference, but if additional suitable samples are available, parasitaemia should be analysed to complete the 

picture.  

The studies compiled in this thesis provide important and novel information, contributing to a better 

general understanding of the behavioural and ecological aspects of the species studied. Furthermore, the 

findings help to better classify the effects of increasing anthropogenic pressures. However, the results of the 

present work have also led to follow-up questions that could not be answered within the scope of this thesis. 

More detailed aspects of foraging activity, migratory connections of individuals from respective other 

breeding regions and of short-distance migrants, as well as parasitaemia of haemosporida are further 

important aspects to be considered in order to provide an even more comprehensive basis for future-oriented 

conservation guidelines.  
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Abstract 

Haemosporida, vector-transmitted blood parasites, can have various effects on their host and may also exert 

selection pressures on their hosts. In this study we analyse the presence of haemosporida in a previously 

unstudied migratory seabird species, the red-throated diver Gavia stallata.  

Red-throated divers were sampled during the non-breeding period in the eastern German Bight 

(North Sea). We used molecular methods and tracking data from a related tracking study to reveal (i) if red-

throated divers are infected with the haemosporida of the genera Leucocytozoon, Plasmodium and 

Haemoproteus, (ii) how infection and prevalence are linked with breeding regions of infected individuals.  

Divers in this study are assigned to western Palearctic breeding grounds, namely Greenland, 

Svalbard, Norway and Arctic Russia. We found a prevalence of Leucocytozoon of 11% in all birds (n=45) 

sampled. We found a prevalence of 33% in birds breeding in Norway (one out of three) and a prevalence of 

8.3 % in birds breeding in Arctic Russia (two out of 25). Haemosporidian parasites have not been detected 

in birds from Greenland (n=2) and Svalbard (n=2). For two birds that were infected no breeding regions 

could be assigned. We found two previously unknown lineages, one each of Leucocytozoon and Plasmodium. 

The Leucocytozoon lineage was only detected at the breeding site in Norway.  

In summary, this study presents the first record of haemosporidian parasites in red-throated divers 

and reports a new lineage of each, Plasmodium and Leucocytozoon GAVSTE01 and GAVSTE02, 

respectively. 

 

Keywords  

Red-throated diver/loon, Avian malaria, Leucocytozoon, Plasmodium 

 

Introduction 

Birds are frequently infected with a number of intracellular blood parasites, including Haemosporidia, or 

hematozoa, of the genera Plasmodium, Haemoproteus and Leucocytozoon (Valkiūnas 2005, Bensch et al. 

2009, Clark, et al. 2014, Vanstreels et al. 2014). Plasmodium, Haemoproteus and Leucocytozoon are vector-

borne parasites that cause malaria like disease in birds (Scheuerlein and Ricklefs 2004, Wood et al. 2007; 

Jenkins and Owens 2011). However, there are interspecific differences in the prevalence of haemosporidian 

parasites and seabirds mostly have low levels or even a complete lack of infections, with only one third of 

the species showing infections (Quillfeldt et al. 2011). The most common haemosporidian parasites found in 

seabirds were avian malaria of the genera Haemoproteus and Plasmodium, each showing infections for 13% 

of the species studied (Quillfeldt et al. 2011). In Antarctic regions Haemosporida were absent from seabirds 

(Quillfeldt et al. 2011) whereas in Arctic regions, few records are known so far (Benett et al. 1992, Reed et 

al. 2018). In the context of climate warming the prevalence and distribution of Haemosporida may change, 

particular in high latitude areas (Garamszegi 2011, Loiseau et al. 2012, Zamora-Vilchis et al. 2012, Reed et 
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al. 2018) and some of the vectors are quite common in arctic regions. These are mosquitos (Culicidae) which 

transfer Plasmodium, louse flies (Hippoboscidae) and biting midges (Ceratopogonidae) which transfer 

Haemoproteus, and blackflies (Simuliidae) which transfer Leucocytozoon (Atkinson et al. 2009).  

In general, haemosporidian parasites are considered low pathogenic in bird populations (Ciloglu et 

al. 2016), although these parasites have also been associated with mortality events and population declines 

and extinctions in songbirds and waterbirds (Warner 1968, Herman 1975, Hill et al. 2010). Negative effects 

on the body condition of their hosts and reduced expression of sexual ornaments, as well as lower 

reproductive success has been associated with infection (Allander and Bennett 1994, Martinez-Abraín et al. 

2004, Marzal et al. 2005, Dunning 2008, Barbosa et al. 2011). Thus, haemosporidian parasites can exert 

important selection pressure on their hosts through effects on survival and reproduction (Sorci and Møller 

1997, Sol D et al. 2003, Møller and Nielsen 2007, Knowles et al. 2010). A co-infection with more than one 

lineage even increase the risk for a reduced body condition caused by additive cost from single to double 

infection (Marzal et al. 2008). In this context, Hegeman et al. (2018) found that a haemosporidian infection 

affects migratory birds' movements and their stop-over ecology.  

Our study species, the NW-European red-throated diver/loon Gavia stellata is a migratory Arctic-

breeding seabird species for which there have been no known studies of haemosporidian parasites, to our 

knowledge. Gavia stellata, colloquial red-throated loon in America or red-throated diver in Europe, has a 

Holarctic breeding distribution, inhabiting small lochs adjacent to coastal areas. Inland areas are rarely 

occupied during the breeding season as this species prefers to feed in marine habitats (Reimchen and Douglas 

1984). Red-throated divers spend the non-breeding season in the Atlantic Ocean, North- and Baltic Sea and 

transmission of blood parasite infections via biting insects is thus limited to the breeding season. This seabird 

species is affected by increasing anthropogenic impacts such as shipping traffic and offshore wind turbines 

in its non-breeding areas, to which this species reacts very sensitively (Burger et al. 2019, Fliessbach et al. 

2019, Mendel et al 2019, Vilela et al. 2020). In this context infestation with haemosporida could have an 

additional negative effect and information about the presence or absence of these parasites is an important 

basis when considering cumulative effects. Within the Gaviidae family, an infection with haemosporida is 

so far only documented for great northern divers (common loons, Gavia immer) with infections of 

Plasmodium as well as Leucocytozoon (Lindsay unblished, Weinandt 2006, 2012, Martinsen et al. 2017, 

GenBank record EF077166). 

We had the unique chance to take blood samples of 45 red-throated divers captured in an 

internationally important non-breeding habitat, the eastern German Bight (North Sea) in winter and spring 

within the framework of the DIVER project (Dorsch et al. 2019, Burger et al. 2019, Kleinschmidt et al. 2019, 

in prep., Heinänen et al. 2020, www.divertracking.com). The DIVER project is a tracking study and therefore 

information on the breeding areas in Greenland, Svalbard, Norway and northern Russia of single individuals 

was available to be linked with haemosporidian parasite infection. The overall objective of the study 
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presented here is to document infestation of haemospsoridian parasites in European red-throated divers. This 

information can be considered when assessing habitat change and thereby a possibly increased stress level in 

their European non-breeding habitats. Specifically we aim to (i) present general information about 

presence/absence of the three haemosporidian species Haemoproteus, Plasmodium and Leucocytozoon, (ii) 

to study prevalence and (iii) lineage richness among sampled red-throated divers, where prevalence refers to 

the proportion of individuals that are infected and richness to the number of parasite species/lineages found 

in an individual host, a group, or a species (Herrera and Nun 2019).  

 

Methods 

Sampling and sample preparation 

Bird capture and sampling were carried out in accordance with the local legislation. Sampling was conducted 

in the eastern German Bight (North Sea Germany) about 20 to 30 km west of the island of Amrum during 

three time periods: March to April 2015, February to March 2016 and March 2017 (see also Kleinschmidt et 

al. 2019, Burger et al. 2019, Heinänen et al. 2020). A total of 45 red throated divers were captured to be 

tagged with satellite transmitters within the study area. Birds were captured at night, from a RIB (rigid 

inflatable boat) using a hand net and the “night lighting technique” (Whitworth et al. 1997, Ronconi et al. 

2010). Blood samples of 45 individuals were taken with a sterile needle and stored on FTA cards (Whatman 

FTA card technology, Sigma Aldrich) for further analysis. In the laboratory, a 2x2 mm piece of the dried 

blood sample was cut out of the FTA card and the DNA was isolated using an ammonium acetate protocol 

adapted from Martinez et al. (2015) and purified with NZYGelpure columns (NZYTech, Portugal). The final 

DNA concentration of the sample was determined with a NanoDrop2000c UV-Vis spectrophotometer 

(Thermo Fisher Scientific, Wilmington, USA). The extracted DNA was stored frozen until further analysis. 

 

Molecular detection of haemosporidian parasites (Nested PCR and Sanger sequencing) 

The blood samples (n=45) were screened for presence-absence of Haemosporidia (Haemoproteus, 

Plasmodium and Leucocyozoon) using a nested polymerase chain reaction (PCR) targeting a 479 bp region 

of the cyt b gene (Hellgren et al. 2004). A nested PCR is a two-step PCR and enables simultaneous typing of 

species from the three most common avian blood parasite genera (Haemoproteus, Plasmodium, and 

Leucocytozoon). First, an initial PRC step was applied using the primer combination HaemNFI/HaemNR3. 

Second, a 4 µL aliquot of this PCR product was subsequently used as a template to specifically detect 

Haemoproteus and Plasmodium using the primer combination HaemF/HaemR2 or Leucocytozoon using the 

primer combination HaemFL/HaemR2L (Table 1). The three PCR reactions were set each in a 25µl reaction 

volume that contained 12.5µl 2x Dream Taq PCR Master Mix ready to use solution (Thermo Fisher 

Scientific, Germany), 4 µl of template DNA, 0.6 µM of each primer (1,65µL of 10 µM) and sterile water. 

DNA from passerine birds with known infection served as a positive control and deionized water as a 
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negative control. Cycling conditions followed the protocol given by Hellgren et al (2004) and included an 

incubation step at 94°C for 3 min, a final extension at 72°C for 10 min and a thermal profile of 30 sec at 

94°C, 30 sec at 50°C, and 45 sec at 72°C for 20 cycles in the initial PCR and for 35 cycles in the parasite 

specific PCR. PCR protocols were carried out on a Biometra TOne Cycler (Analytik Jena, Germany). All 

samples were screened two times using the same protocol to back up positive or negative results. 

PCR amplicons were visualized using high-resolution capillary gel electrophoresis (QIAxcel 

Advanced, Qiagen, Switzerland). Samples rendering a clear peak (478/480 bp) during gel electrophoresis 

were bi-directional Sanger sequenced by Microsynth-Seqlab (Sequence Laboratories Goettingen GmbH, 

Germany). Forward and reverse sequences were assembled and trimmed in CLC Main Workbench 7.6.4 

(CLC Bio, Qiagen, Denmark). Sequences were aligned to reference sequences deposited in MalAvi database 

(Bensch et al. 2009) and GenBank nucleotide databases using BLASTN 2.3.0+ (Zhang 2000) to identify 

lineages. If sequences differ by one or more nucleotides in the cyt b fragment (Hellgren et al. 2004, Bensch 

et al. 2009, Chagas et al. 2017) they were considered as distinct lineages. Lineages that were considered as 

distinct and had no database records in MalAvi were considered novel and were named according to MalAvi 

nomenclature. 

 

Table 1 Primer sequences applied to amplify DNA of blood parasites Haemoproteus/ Plasmodium/ 
Leucocyozoon 

 

Primer Primer sequence Target DNA 

HaemNFI 
5´-CATATATTAAGAGAAITATGGAG-

3´ 
Haemoproteus/Plasmodium/Leucocyozoon 

HaemNR3 
5´-

ATAGAAAGATAAGAAATACCATTC-
3´ 

Haemoproteus/Plasmodium/Leucocyozoon 

HaemF 
5´-ATGGTGCTTTCGATATATGCATG-

3´ 
Haemoproteus/Plasmodium 

HaemR2 
5´-

GCATTATCTGGATGTGATAATGGT-3´ 
Haemoproteus/Plasmodium 

HaemFL 
5´-ATGGTGTTTTAGATACTT 

ACATT-3´ 
Leucocyozoon 

HaemR2L 
5´CATTATCTGGATGAGATAATGGIG 

C-3´ 
Leucocyozoon 

 

 

Phylogenetic analyses 

The best matching Malavi lineage and the GenBank hit with the highest similarity (99-100%) were 

downloaded. The downloaded sequences, the consensus sequences from our own samples, and a sequence 

from Babesia (GenBank record KC754965, Quillfeldt et al. 2014) as the outgroup were aligned in BIOEDIT 

using the ClustalW multiple alignment tool. A phylogenetic tree was inferred with the reference sequences 
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and outgroup. The final alignment included 10 nucleotide sequences (one outgroup, four sequences from this 

study and five reference sequences). The best suitable nucleotide substitution model (HKY) for our alignment 

was selected using jModelTest 2.1.10 and Bayesian Information Criterion scores. A Bayesian phylogenetic 

tree was generated with BEAST v1.8.4. Model parameters for this analysis were selected in BEAUTi v1.8.4 

with the HKY substitution model, strict clock as clock type and a Yule speciation process as tree prior. The 

chain length for the Metropolis coupled Markov Chain (MCMC) was set to 25 Mio. generations (burn-in 

10%), and one tree was recorded every 1000 generations. Using Tracer v1.6, we verified the trace for 

convergence. We used TreeAnnotator in BEAST v1.8.4 to generate a maximum clade credibility tree 

(MCCT). Finally, FigTree v1.4.3 (Rambaut 2007) was used to visualize the final phylogenetic tree. 

Similarities between sample sequences were calculated in BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

 

Results 

Presence-absence, prevalence and parasite richness  

Using molecular methods and a specific nested PCR approach we screened 45 samples for haemosporidian 

parasites. Samples that were screened positive (n=5) were sequenced successfully and genera as well as 

lineages could be assigned. Two samples were excluded from the phylogenetic tree reconstruction due to 

insufficient sequence length. Haemosporidian parasites were present in five individuals resulting in an overall 

prevalence of 11 % in all screened red-throated divers in this data set. Two haemosporidian parasite species 

were detected in the sample set (n=45) resulting in a parasite richness of 4.4 %. Of the five infected 

individuals all were infected with a single Leucocytozoon lineage and one of these five individuals showed a 

heterogenic infection (co-occurrence of different parasite genera) with Leucocytozoon/Plasmodium. 

Haemoproteus was not detected in this sample set.  

 

Lineage Diversity 

We found a comparatively high lineage diversity in five infected individuals. Leucocytoozoon was present 

with three lineages and Plasmodium with one lineage (Fig. 1, Table 2).  

 

Table 2 List of positively tested red-throated divers for blood parasite infections, with ID (ARGOS-ID) 
andparasite genera. Novel lineages are indicated in bold. 

 
ID (ARGOS ID) Breeding region Blood Parasite Genus Lineage 

146441 n.a. Leucocytozoon CIAE02 
146445 n.a. Leucocytozoon GAVSTE02 
146449 Norway Leucocytozoon GAVSTE02 
146441 
158325  
57332 

n.a. 
Arctic Russia 
Arctic Russia 

Plasmodium 

Leucocytozoon 

Leucocytozoon 

GAVSTE01 
n.a 

AMO02 
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The MalAvi database (MalAvi, Bench et al. 2009) was used to determine if the encountered lineages were 

previously found in other birds species. One Plasmodium lineage GAVSTE01 (n=1) and the most prevalent 

Leucocytozoon lineage GAVSTE02 (n=2) each differed by one nucleotide in the cyt b fragment from lineages 

reported previously, and were considered as distinct and novel. The novel Leucocytozoon lineage 

GAVSTE02 (GenBank record OP007193) differed by one nucleotide in the cyt b fragment from the lineage 

GAVIM01 (GenBank No. EF077166), which was detected in the closely related diver species, Gavia immer 

in North America. The novel Plasmodium lineage GAVSTE01 (GenBank record OP007192) differed by one 

nucleotide in the cyt b fragment from a widespread lineage, TURDUS1 (GenBank record JN164734), that 

was previously found in a variety of European and Asian bird species from the families Fringilidae, 

Muscicapidae, Turdidae, Motacillidae, Paridae, Sylviidae, Accipitridae, Passeridae, Paridae, Hirundinidae, 

Sittidae, Scolopacidae and Certhiidae. 

 

 

Fig. 1 Molecular phylogenetic analysis by Maximum Likelihood Bayesian Analysis, based on parasite DNA 
sequences. Posterior probabilities of the nodes are shown. Parasites from Red-throated diver samples are given with 
bird IDs, and underlined red. Details of the reference sequences (not underlined), including blood parasite and host 
species identity and code and location, are given in Table 3. MalAvi lineage names are included in red letters, and 
genus names in cyan. 
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Table 3 Reference sequences included in the molecular phylogenetic analysis. 

Reference  Blood Parasite  MalAvi 
Lineage  

Host and country 

JN164734 Plasmodium 

circumflexum 

TURDUS1 Sylvia atricapilla (Spain) 

AF495576 Plasmodium 

circumflexum 

TURDUS1 Turdus philomelos (Sweden) 

KC962152 Leucocytozoon sp. CIAE02 Buteo buteo (Turkey) 
EF607287 Leucocytozoon sp. CIAE02 Circus aeruginosus (Germany) 
EF077166 Leucocytozoon sp. GAVIM01 Gavia immer (North America) 

 

The other two Leucocytozoon lineages, each found in one individual, had exact matches (100%) 

from a variety of European and Asian birds. The lineage CIAE02 is documented in Falconiformes, 

Gruiformes, Charadriiformes, Strigiformes, Piciformes, Ciconiiformes, Cuculiformes, Coraciiformes and the 

lineage AMO02 in Falconiformes, Columbiformes, Piciformes, Passeriformes. For the one lineage of 

Plasmodium and the three lineages of Leucocytozoon this study presents first records in red-throated divers 

(Table 2). 

 

Prevalence of haemospsoridian parasites in connection with breeding regions  

Breeding regions of red-throated divers in this data set were identified by additional analysis of tracking data 

and were located in Greenland, Svalbard, Norway and northern Russia, see Kleinschmidt et al. (in prep.). 

Breeding regions of two individuals, one (ID 146445) infected with Leucocytozoon and one (ID 146441) that 

showed a heterogenic infection with Leucocytozoon and Plasmodium could not be assigned due to early 

mortality of individuals. 

Individuals infected with haemosporidian parasites were detected in Norway and northern Russia, 

(Table 2). In Norway, one in three individuals was infected with the distinct novel Leucocytozoon lineage 

GAVSTE02, resulting in a prevalence of 33% (ID 146449, Table 2). In northern Russia two in 25 birds had 

each a single infection with Leucocytozoon (ID 158325, 57332, Table 2) resulting in a prevalence of 8.3 %. 

One of these two Leucocytozoon infections was assigned to the lineage AEMO02 and a breeding site in 

Novaya Semla. The Leucocytozoon sequence found in the other individual that headed to Taimyr peninsula, 

had an insufficient sequence length and no lineage could be identified. The birds analysed from breeding 

areas in Greenland (n=2) and Svalbard (N=2) tested negative. 

 

Discussion 

In this study we used molecular methods to detect haemosporidian parasites in a previously unstudied 

species, the red-throated diver. Although we did not examine the degree of parasitaemia (i.e. the number of 

infected blood cells), due to the absence of blood smears we could define presence-absence, the prevalence 

and parasite richness of haemosporidian parasites in red-throated divers.  
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Presence absence of Haemosporida in red-throated divers  

Red-throated divers in our sample set can be assigned to the European breeding population (BirdLife 

international 2019) and the NW European wintering population (Wetlands International 2019). The sampled 

birds were captured in the eastern German Bight (North Sea) and originated from Greenland, Svalbard, 

Norway and Arctic Russia. Of these breeding regions, we detected haemosporida in individuals from Norway 

and Arctic Russia. No haemosporidian parasites were detected in individuals from Greenland and Svalbard 

although admittedly sample size of birds from these regions in our sample set was small with two birds for 

each region, respectively. Not much information is known so far about the presence of avian blood parasite 

infections in these regions, at least to our knowledge. Investigations in Greenland for gyrfalcons (Falco 

rusticolus) and peregrine falcons (Falco peregrinus) showed no presence of haemasporidian parasites (Taft 

et al. 1999), though potential vectors, such as black flies (Prosimulium ursinum) and mosquito (Aedes 

impiger) were sampled. The absence of haemosporidian parasites was linked with temperature limitations 

and temperatures ranging from 0° - 15° during July and August in Greenland (Taft et al. 1999). In Svalbard 

little auks were sampled for haemosporidian parasites but these were not detected in sampled birds 

(Wojczulanis-Jakubas et al. 2010). Martinez et al. (2018) screened samples from snow buntings from 

Svalbard for haemosporidian parasites but could not detect these parasites either. The absence of 

haemosporidian parasites in individuals from Svalbard and Greenland in our data set is in line with the 

general absence of haemosporidian parasites in these high arctic latitudes. From Norway the presence of the 

haemosporidian parasites Leucocytozoon and Plasmodium was detected by Hellgren (2005) in bluethroats 

(Luscinia svecica) over a wide geographic area and with various lineages. In other arctic regions the 

information about the occurrence and distribution is fragmented. Information and positive detections in birds 

from Alaska has increased over the past years (Ramey et al. 2012, 2021, Oakgrove et al. 2014, Reeves et al. 

2015, Smith et al. 2016, Reed et al. 2018). Recent studies investigatingthe Russian Arctic  detected 

haemosporida in passerine birds in southwestern Yamal (Russian Arctic), with a high prevalence and 

Leucocytozoon being the most prevalent compared to Haemosproteus and Plasmodium (Yusupova 2022).  

 

Haemosporidian parasite species and lineages diversity detected in red-throated divers 

Leucocytozoon was the most abundant haemosporidian parasite in our data set of an arctic breeding seabird 

species. The more or less exclusively detection of Leucocytozoon might be related to the climatic conditions 

in arctic breeding locations. Oakgrove et al (2014) showed for arctic regions in Alaska also the highest 

prevalence of Leucocytozoon in birds across a latitudinal gradient. Leucocytozoon seem to have a higher cold 

tolerance than other haemosporidian parasites and is able to persist at high evaluations and in colder regions 

(Haas et al. 2012, van Rooyen et al 2013). Furthermore, the actual high number of lineages found in arctic 

regions in Alaska suggests a potential evolution of tolerant lineages in these arctic regions (Oakgrove et al. 

2014). In the Russian Arctic recent studies confirm the high prevalence of Leucocytozoon in passerines 
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(Yusupova 2022) and sea ducks (Vardeh et al unpublished data). Numerous studies suggest the importance 

of temperature seasonality and vegetation in the patterns of pathogen distribution (Wilson et al. 2002, 

Yasuoka and Levins 2007, Oakgrove et al. 2014) which might explain Leucocytozoon as the most prevalent 

and genetically diverse of haemosporidian parasites in Arctic regions.  

Haemoproteus was absent in our dataset. The absence of Haemoproteus might be explained by a 

possible competitive exclusion between Leucocytozoon and Haemoproteus that was already suggested by 

Oakgrove et al. (2014) and Zagalska-Neubauer and Bensch (2016). Plasmodium was detected with a distinct 

novel lineage GAVSTE01 (GenBank record OP007192) in one individual that was co infected also with 

Leucocytozoon. The lower detection rate in our sample set compared to Leucocytozoon might be explained 

by climatic conditions in arctic breeding regions. Plasmodium prevalence is thought to be temperature 

dependent, which is an important factor in explaining variations in Plasmodium prevalence (LaPointe et al. 

2010).  

We found a high lineage diversity for Leucocytozoon with three lineages (CIAE02, GAVSTE02, 

AMO02, GenBank record KC962152, OP007193, LC440381) in our sample set considering five infected 

individuals and the sample size (n=45). The lineage diversity might be related to the geographical range 

among the breeding locations of infected individuals and a region specific occurrence of vectors and 

parasites. Species of Haemoproteus and Leucocytozoon are described to be more specific and restricted to 

closely related species or the same family, other than Plasmodium which can be considered as more host-

generalised and is unlikely coevolved with vector species (Fallis et al. 1974, Atkinson 1986, Waldenström et 

al., 2002; Beadell et al. 2004, Dimitrov et al. 2010; Kimura et al. 2010, Jenkins and Owens 2011). The distinct 

novel Leucocytozoon lineage GAVSTE02 in our dataset has a 1bp difference from the Leucocytozoon lineage 

GAVIM01 that was previously found in Gavia immer, a closely related diver species. The Leucocytozoon 

lineage GAVIM01 is transferred by a highly exclusive relationship between a black fly, Simulium annulus, 

and Gavia immer (Adler et al 2004,Weinandt et al. 2006, 2012). Hellgren et al (2008) suggested that the 

association between blackfly species and host species hinders transmission of parasites between different 

host-groups. If the novel Leucocytozoon lineage displays a similar exclusive relation to a specific vector and 

red-throated divers cannot be tested with our dataset.  

 

Prevalence of haemosporidian parasites in red-throated divers 

Prevalence of all sampled red-throated divers captured in the eastern German Bight (North Sea) during winter 

and spring and screened in this dataset (n=45) was estimated with 11%. The general low prevalence of 

seabirds documented in other studies (Quillfeldt et al. 2010, 2011, Khan et al. 2019) therefore also seems to 

apply for red-throated divers. Red-throated diver breed in arctic coastal inland habitats and outside of this 

season this species prefers marine offshore habitats. Consequently the transmission of haemosporidian 

parasites through vectors most likely occurs during summer month which presents the breeding period for 
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these birds. Even during the breeding season this species prefers coastal locations of nesting sites close to 

marine habitats (Reimchen and Douglas 1984, Eriksson et al. 1990, Rizzolo et al. 2015) where vector 

abundance is rather low compared to inland habitats (Mendes et al. 2005). Due to the preference for marine 

habitats, the transmission risk for blood parasites is restricted to the breeding season. Considering a breeding 

region specific prevalence and only individuals with a given breeding location we found for individuals 

breeding in northern Russia a prevalence of 8.3 % and for individuals breeding in Norway a comparatively 

high prevalence of 33 %. Studies for sea ducks, which show a similar annual routine as red-throated dives 

showed a similar low prevalence of e.g. adult spectacled eiders in Alaska with 6.5 % (Reed et al. 2018). 

However, it must also be considered that the prevalence in our study may be underestimated as we sampled 

red-throated divers during the non-breeding season in winter and spring. Haemosporidium parasites of the 

genera Plasmodium, Haemoproteus, and Leucocytozoon form persistent stages in their life cycle, which can 

remain latent in various host tissues and are thus largely protected from the host immune system (Valkiunas 

2005). These stages are thought to occur primarily in winter months when vectors are generally unavailable 

and transmission cannot occur (Neto et al. 2020). Therefore the prevalence in the blood might have been 

below the detection threshold of our methodology. Breeding origins were not identified for all infected 

individuals, due to early mortality of some individuals after capture. If these early mortalities were linked to 

haemosporidian parasite infection and a possible cumulative effect of capture - tagging procedure can neither 

be ruled out nor proven as we had no chance to recover the dead bodies and to analyse blood smears or organs 

for an increased parasitaemia. These early mortalities occurred in infected and not infected individuals in 

similar proportions (infected 8.8%; not infected 11%).  

 

Fitness consequences and importance for interaction with dynamics in wintering areas  

Red-throated divers are confronted with increasing anthropogenic activity in their stationary non-breeding 

habitats that led to displacement effects. Habitat loss and displacement into less suitable foraging habitat can 

have multiple effects from no effect to an increased stress level, a poorer nutritional condition or intraspecific 

competition if considerably smaller amount of habitat is available. An increased stress level or poorer body 

condition might weaken the immune system making the host more vulnerable to an outbreak of the disease. 

An infection with parasites in general and haemosporidian parasites in particular could cause a 

downturn/deterioration of the physical condition of a host. Haemosporidian parasites have been shown to 

have long-term effects on reproductive success, condition and survival as they occur intracellular and affect 

host metabolism (Marzal et al. 2008). Here the information about a prevalence of haemosporidian parasites 

provides important information to fully evaluate potential pre-loads. Marzal et al (2008) showed that double 

infections have generally stronger impacts on life-history traits in birds than single infections. The red-

throated diver is a migratory seabirds species. How a haemosporidian infection affects migratory 

performance is not yet fully understood. In general migratory performance is decreasing with increasing 
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infection intensity (Risely et al. 2018), though Hahn et al. (2018) showed no effect of a single haemosporidian 

infection on aerobic performance in relation to metabolic rates and migratory behaviour in either 

experimentally treated or free living migratory species. Furthermore, no effect on phenotypic changes 

associated with preparation for migration was observed und thus stayed unaffected by parasitaemia. Whereas 

Hegeman (2018) considered double infections and revealed a positive correlation between a prolonged stop-

over duration and haemosporidian infection. Variation in baseline immune function and hamosporidian 

infection status was suggested to explain individual variation in stop-over behaviour, including migration 

speed, migratory success and possible carry-over effects on other annual cycles.  

Since haemosporidian infection may have effects on reproductive success, condition, survival, host 

metabolism, or migratory behaviour, it may be considered a pre-load when evaluating the indirect and 

cumulative effects of anthropogenic or other stresses that result in an increased risk of suffering from elevated 

stress levels. Our study presents a first proof of the two haemosporidian parasite genera Leucocytozoon and 

Plasmodium in red-throated divers, with a first record of a distinct novel lineage in each of the two parasite 

genera. Red-throated divers are increasingly affected by impairments in their non-breeding areas and to 

which they are sensitive. However, in general, the low haemosporidian prevalence suggests a rather low 

importance of these parasites in this context. If only individuals from Norway are considered, however, the 

comparatively higher prevalence here indicates a higher sensitivity of individuals from this breeding region. 
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SUPPLEMENTARY MATERIAL 

The following supplementary material is saved on a CD (attached to this thesis). The files are 

stored in folders sorted and named according to the chapters: 

 

General supplementary information about bird captures 

 Table 1: Information on birds, capture date and transmitter performance for all red-throated divers 

tagged within the DIVER project between 2015 and 2017 

 Table 2: Information on data analysis of single birds and the conducted analyses. Grey cells 

indicate birds for which data were not used for the respective analyses. 

 Fig. 1: Capture positions of birds tagged in 2015, 2016 and 2017 and offshore wind farms 

approved, under construction or in operation at that time. 

 Table 3: Transmitter characteristics and duty cycles used in the different deployment years of the 

project 

 

Chapter 1:Electronic supplementary material 

 Specific information: Primer design 

 PCR amplification of fish and cephalopod prey DNA from faeces 

 PCR amplification of crustacean prey DNA from faeces 

 Specific information on bioinformatic analyses 

 Table 1 Working steps, commands and References performed during bioinformatics analysis 

 Table 2 Output of Illumina MiSeq sequencing and bioinformatic analysis. 

 Table 3 Quality criteria of MOTUs that were used for taxonomic assignment 

 

Chapter 2: Electronic supplementary material 

 Supplementary information A1: Timing of migration and geographic relations 

o Supplementary Figure A1: Breeding location (longitude/latitude) and temporal patterns of 

NW European red-throated divers. Figure axes have been transposed for a better 

visualisation of geographical relations (a) Duration spring staging in relation to breeding 

longitude (rs= 0.0974 n = 27, p = 0.629) and latitude (r= - 0.158 n = 27, p = 0.431), (b) 

Departure date from breeding grounds (day 1 = 1 January) (in north-eastern direction from 

capture site) in relation to breeding longitude (rs= -0.169 n = 20, P= 0.476) and latitude 

(r=0.251, p= 0.285), (c) Distance spring migration in relation to duration spring staging (r 
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= 0.297, n = n = 31, p = P 0.111) and duration spring 10 migration (r = 0.288, n = 31, p = 

0.117). 

o Supplementary Figure A2: Breeding location (longitude/latitude) and temporal patterns of 

NW European red-throated divers. Figure axes have been transposed for a better 

visualisation of geographical relations. (a) Traveling time in spring after capture (duration 

of spring migration) in relation to breeding longitude (longitude: r = 0.407, n = 29, p = 

0,027; 8 ) and latitude (latitude: r = 0.384, n = 29, p = 0.039), (b) Date of arrival (day 1 = 1 

January) on breeding grounds (in north-eastern direction from capture site) in relation to 

breeding longitude (rs = 0.695, : n = 29, p < 19 0.001) and latitude (r = 0.373, n = 29, p= 

0.078), (c) Date of departure (day 1 = 1 January) from the wintering grounds in relation to 

breeding longitude (r = 0.335, n = 9, n= 9, p = 0.344) and latitude (r = 0,714, n = 9, p = 21 

0.020). 

o Supplementary Figure A3: Duration of spring staging of NW European red-throated 

divers migrating north-west. Above: Duration of spring staging in relation to traveling 

time in spring after capture (duration of spring migration) (r= 0.643, n = 27, p < 0.001); 

below: Duration of spring staging in relation to number of utilised fuelling sites (staging 

sites) (rho= 0.468, n = 27, p = 0.014). 

 Supplementary information A2: Spring staging stops 

o Supplementary Figure A4: Proportions of 41 spring staging stops (> 5 days) of red-

throated divers migrating along the eastern route (n= 23) in per cent. Place names are 

indicated in a central map and labelled by numbers. 

 Supplementary Information A3: Comparative methodological approach to calculate Repeatability 

o Supplementary Figure A5: Estimates (±SE) of repeatability (R) of phenology and 

locations utilised by red-throated divers in successive years. Asteriks indicate significant R 

values. 

o Supplementary Table A1: Individual repeatability (R, RA) of red-throated diver phenology 

and visited locations between two successive years, obtained by two comparative 

methodical approaches. On the left repeatability results (R) obtained by the LMM based 

approach and on the right repeatability results (RA) obtained by the Anova based 

approach. 

 Supplementary information A4: Data output after applying filter algorithms 

o Supplementary Table A2: : Defined ARGOS position quality classes (CLS 2013) and 

distribution of received data to the different classes before and after data filtering. 

 Supplementary information A5: Kernel density estimates 
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o Supplementary Table A3: List of bird ID (Argos ID), home range size, calculation 

characteristics, region and time spent when and where home ranges were calculated. 

Home ranges were calculated using utilisation density estimation (grid=100 cells) and 

seasons in this analysis includes the full period a bird stayed in the area. 

 Supplementary information A6: Specific Information about treatment of stable isotope samples 

and running the analysis 

 Supplementary information A7: Genetical sexing of captured birds 

 Supplementary information A8: Additional information Data analysis and Statistics 

Supplementary information A8: Additional information Data analysis and Statistics 

Chapter 3: Electronic supplementary material 

New lineages identified in the 3rd chapter and corresponding requested GenBank records are withheld and 

will be added officially after the publication is accepted.  

 Table 1: Specific information of new lineages submitted to MalAvi 

 Table 2: Specific information of sample locations of birds infected with new lineages 

 Table 3 List of positively tested red-throated divers for blood parasite infections, with ID 

(ARGOS-ID), parasite genera and identity match  
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