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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.



Deutsche Zusammenfassung

Informationen iiber das Verhalten und die Okologie von Tieren liefern wichtige Grundlagen um die
Auswirkungen von Verdnderungen in ihrem Lebensrdumen besser einordnen und entsprechend
Schutzstrategien entwickeln zu konnen. Der Sterntaucher Gavia stellata briitet in arktischen Regionen und
ist auBerhalb der Brutzeit in kiistennahen marinen Gebieten zu finden. Die deutschen Gewésser beinhalten
eine Reihe von wichtigen Rastgebieten flir diese Art, mit zum Teil international relevanten Bestédnden, wie
unter anderem in der Deutschen Bucht (Nordsee). Diese Gebiete sind gleichwohl auch von hoher
anthropogener Nutzung gepragt, was bei dieser Art zu Meide-Distanzen von {iber 10 km und deutlichen
Anderungen der Verteilungsmuster in beeintrichtigen Bereichen fiihrt. Inwieweit sich diese Reaktionen auf
Populationsebene langfristig auswirken konnen ist noch unklar da grundlegende Informationen zu
verhaltens-0kologischen Aspekten fehlen. Daher wurden in dieser Dissertation relevante Fragen zu
bestehenden Wissensliicken in Bezug auf Ernéhrungs-, Bewegungs- und Krankheitsokologie untersucht.

Die hier préasentierte kumulative Disseration ist in drei Kapitel gegliedert, welches je ein verhaltens-
Okologisches 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 bestitigen andere Studien aus z.B. der Ostsee.
Die kontinuierliche Prasenz von energiereichen Beutefischen in der Nahrung erklirt die Bedeutung der
Deutschen Bucht aufgrund der hohen Verfiigbarkeit dieser Beutefischarten. Das Migrationsverhalten und die
Standortnutzung im Jahresverlauf, wurden anhand von Satellitentelemetric und der Analyse von
Isotopensignaturen aus Federproben untersucht (Kapitel 2). Von den Individuen, die die Deutsche Bucht
nutzen, wurden erfolgreich Brut-, Mauser- und Uberwinterungsplitze bestimmt. Das Zugverhalten war durch
regelmafige Zwischenstopps gekennzeichnet, wahrscheinlich um Energiereserven aufzutanken. Individuen
die in Nordrussland briiteten zeigten eine geringe Migrationskonnektivitit, 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 Phinologie der Zugbewegungen
und dem Standort des Brutgebietes. Ein moglicher 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 Pravalenz sowie der Identifizierung
von jeweils einer neuen Leucocytozoon und einer neuen Plasmodium Linie nachgewiesen werden. Die
geringe Privalenz deutet auf eine eher insignifikante Beeintréchtigung hin.

Zusammenfassend fiillen die Ergebnisse der in dieser Dissertation bearbeiteten
verhaltensokologischen Aspekte bis dato bestehende Wissensliicken in Bezug auf eine

storungsempfindliche Seevogelart. Damit stellen sie eine verbesserte Bewertungsgrundlage der durch

II



anthropogene Beeintrachtigungen verursachten Vertreibungseffekte dar. Der hier gezeigte integrative
Ansatz von Eréhrungs-, Bewegungs- und Krankheitsokologie verdeutlicht dass bei migrierenden Arten
Beeintrachtigungen, die im Jahreszyklus auftreten, kumulativ und nicht isoliert betrachtet werden sollten.
Entlang ihrer Migrationsroute sind Sterntaucher, wie auch andere Seevogelarten von einer Reihe von
Beeintrichtigungen betroffen, welche einzeln betrachtet gegebenenfalls noch ausgleichbar sind, in der

Summe aber zu Auswirkungen auf Populationsebene fiihren konnen.
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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 (BMWI2021).
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 Hiippop 2004,
Bellebaum et al. 2006, Dierschke et al. 2006, Petersen et al. 2006, 2012, Burger et al. 2019, Mendel et al.
2019, Heinédnen 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
arepresentative 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:
e Secabirds are all species directly associated with the marine environment, generally divided into
pelagic or coastal species
o  Shorebirds (or Waders) are all species commonly found along the shorelines of wetlands and coastal
systems
o 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, Heinénen 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 Hiippop 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.

Gavia stellata

Gavia arctica

- Gavia pacifica

Gavia immer

— Gavia adamsii

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/km? 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
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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 (Heinénen 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 (Zydelis 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 (Zydelis et al. 2013). In this context, Morkiinas 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
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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 (Matgorzata 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 (Zotowska 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,
Heinénen 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.
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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, Strehm 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, Strehm 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 (Strehm 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).
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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).
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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, Ochm 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 Backman 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, Gonzales-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 (Mgller and Erritzee 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 (Valkitinas 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 acrobic 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-Pefiuela (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 (Anton Pérez-Rodriguez 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, Valkitinas &
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 (Valkitinas & 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 parasitacmia, 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:

e Dietary ecology: Document diet composition (Chapter 1)

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

e Disease ecology: Detection and identification of haemosporidian parasites (Chapter 3)
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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 Strom et al. 2021.
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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 (5'*C) 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. [ 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 (OKkill 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
etal. 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, Gonzalez-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 (Ilgiinas et al. 2016, Martinsen
etal. 2017, Valkitinas 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, parasitaecmia 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

In Europe, the German Bight is one of the most important non-breeding areas for protected red-throated divers (Gavia stel-
lata). It is unclear what attracts the birds to this area, especially as the food composition of seabirds outside the breeding
season is notoriously difficult to study. To obtain information on prey species composition of red-throated divers in this area,
faecal samples from 34 birds caught alive were analysed using DNA metabarcoding. Prey DNA was detected in 85% of the
samples with a mean number of 4.2 +0.7 taxa per sample (n=29). Altogether, we found a broad prey spectrum with 19 fish
taxa from 13 families dominated by five groups: clupeids, mackerel, gadoids, flatfish and sand lances with clupeids being
the most frequently detected prey. Our results indicate that red-throated divers are generalist opportunistic feeders in the
German Bight, but pelagic schooling fish that aggregate at frontal zones and have a high energetic value might be favoured.
Atlantic mackerel appears to be a more important prey for red-throated divers in this area than previously thought. The preci-
sion achievable using metabarcoding has revealed a number of prey species that are consumed by red-throated divers in the
German Bight, which helps to explain the selection of this area by divers in winter and spring.

Responsible Editor: V.H. Paiva. Introduction

Reviewed by R. Lopes, D. Rizzolo and undisclosed experts. Understanding resource utilisation is fundamental for man-
aging wildlife populations. Data on diet composition and
feeding strategies are essential for understanding habitat
selection and for predicting the ecological consequences of
habitat change (Davoren et al. 2003). Predator abundance
is often regulated by bottom-up effects of prey abundance
(Engelhard et al. 2013). Thus, the availability of prey may
affect not only predator distribution and abundance but also
foraging strategies (Fauchald et al. 2011; Lynam et al. 2017).

Diet composition of seabirds outside the breeding season,
when they remain at sea, is notoriously difficult to study.
This is especially true for protected species where only non-
invasive methods are applicable. In the past, various tech-
niques have been developed to analyse seabird diet. These
include visual observations, morphological identification of
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regurgitates or gut contents, or biochemical methods such as
the analysis of fatty acid and stable isotope concentrations
(Barrett et al. 2007; Meier et al. 2017; Quillfeldt et al. 2017,
Quinn et al. 2017). A highly efficient alternative approach
is to use DNA metabarcoding (Deagle et al. 2005, 2007;
Pompanon et al. 2012; Vesterinen et al. 2013; Alonso et al.
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2014). This involves amplification of DNA from faecal mate-
rial and assignment of taxonomical information using next
generation sequencing (NGS) and DNA barcode databases.

Our study focused on the prey spectrum of the red-
throated diver (Gavia stellata), a protected marine bird
species, in its wintering and spring staging areas in the
German Bight (eastern part of the North Sea). During the
non-breeding season about 84,200-186,000 individuals
stay in the Baltic Sea, the North Sea and the NE Atlantic
(Dierschke et al. 2012; BirdLife International 2018). Around
20% of the NW European wintering population occurs in the
German Bight (Garthe et al. 2007; Mendel et al. 2008; Dier-
schke et al. 2012) classifying it as an internationally impor-
tant staging area for these birds, especially in spring before
migration starts (Garthe et al. 2012, 2015). To date, three

studies have been published on the prey composition of non-
breeding red-throated divers in the North Sea and the Baltic
Sea, which analysed gut contents using morphological tools
(Table 1). However, information is not available from the
German Bight (Fig. 1). Red-throated divers feed on a wide
range of fish species and, given that the energy content of
prey fish varies with size and season, they appear to choose
prey of high energetic value (Pedersen and Hislop 2001)
such as gadoids (Madsen 1957) or clupeids (Durinck et al.
1994; Guse et al. 2009). Additionally, cephalopods were
found in one of these studies (Durinck et al. 1994) in four
of eight birds. Small specimens of polychaetes, crustaceans,
copepods, bivalves and gastropods were reported in all stud-
ies although these were considered to be secondary prey (i.e.
prey in the guts of the fish eaten by the divers). The German

Table 1 Main fish prey species of red-throated divers detected in previously published studies using morphological methods (Madsen 1957;
Durinck et al. 1994; Guse et al. 2009) and this study using molecular tools listed as FO for the corresponding areas where birds were examined

Prey item (group) Prey item (family) Prey taxa (genus/spe-  Madsen (1957) (North Durinck et al. Guse et al. (2009) This study
cies) Sea/inner Danish (1994) (North (Baltic Sea)
waters) Sea) n=82
n=173 n=38
Gadiformes Gadidae Common cod (Gadus 54% - - -
callarias)
Gadiformes Gadidae Whiting (Merlangius - 25% - 6.9%
merlangus)
Gadiformes Gadidae Blue whiting - 37.5% - -
(Micromesistius
poutassou)
Gadiformes Gadidae Gadoids indet. - 50% - 31%
Perciformes Gobiidae Common goby (Poma- — - Winter 38.2%/spring ~ —
toschistus microps) 10.4%
Perciformes Gobiidae Gobies (Gobius sp.) 14% - Winter 41.2%/spring ~ 13.8%
20.8%
Clupeiformes Clupeidae Atlantic herring (Clu- 12% 87.5% Winter 23.5%/spring ~ 55.2%
pea harengus) 95.8%
Clupeiformes Clupeidae European sprat (Sprat- — 75% Winter 14.7%/spring ~ 58.6%
tus sprattus) 27.1%
Clupeiformes Clupeidae (Clupea sp./Sprattus - 37.5% Winter 14.7%/spring ~ —
sp.) 22.9%
Gasterosteiformes Gasterosteidae Sticklebacks (Gaster- 11% 62.5% Winter 52.9%/spring  10.3%
osteus sp.) 39.6%
Osmeriformes Osmeridae Smelt (Osmerus eper- — - Winter 44.1%/spring ~ —
lanus) 4.2%
Perciformes Percidae Zander (Sander lucio- - - Winter 91.2%/spring -
perca) 10.4%
Perciformes Percidae European perch (Perca — - Winter 17.6%/spring ~ —
Sfluviatilis) 2.1%
Perciformes Percidae Ruffe (Gymnocephalus — - Winter 38.2%/spring ~ —
cernuus) 20.8%
Perciformes Ammodytidae Lesser sandeel (Ammo- < 1% 12.5% Winter 8.8%/spring 31%
dytes tobianus) 12.5%
Perciformes Scombridae Atlantic mackerel <1% - - 552%
(Scomber scombrus)
Pleuronectiformes Pleuronectidae Flatfish indet. 5% 37.5% Winter —/spring 2.1%  51.7%
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Fig. 1 Study site where red-throated divers were captured and sam-
pled in the German North Sea. The German Economical Exclusive
Zonc (EEZ) and 12 nautical miles arc indicated (grey linc). Red-
throated diver capture positions for both sampling years are summa-

Bight is characterised by an estuarine frontal system, created
by the Jutland coastal current (JCC) that is primarily driven
by discharges from the Elbe river and other rivers further
south (Skov and Prins 2001). Red-throated divers have been
shown to concentrate at the productive frontal zone, where
prey fish aggregate (Skov and Prins 2001). The area is also
suitable for the development of offshore wind farms as it
has extensive areas of shallow waters (<40 m). To date, 17
wind farms have been installed in German North Sea waters.
Thus, there is potential overlap between offshore wind farm
sites and the preferred habitat of non-breeding red-throated
divers (Garthe et al. 2015; Heinénen et al. unpubl data).
Red-throated divers have been shown to strongly avoid both
shipping traffic and wind farms (Garthe and Hiippop 2004;
Bellebaum et al. 2006; Petersen et al. 2006; Dierschke et al.

T
15°0°E

rised as a black dot. Large symbols indicate the locations of previous
dietary studies on red-throated diver in adjacent waters; star presents
Durinck ct al. (1994), triangle presents Madsen (1957), and squarc
presents Guse et al. (2009)

2006, 2012; Mendel et al. 2019; Heininen et al. unpubl data;
Burger et al. unpubl data). To understand the environmental
importance of the German Bight for red-throated divers, to
assess the possible impacts arising from displacing divers
from substantial parts of their staging areas, and to analyse
whether alternative staging areas might be available, it is
crucial to understand what resources these birds rely on.

In this study, we had the unique opportunity to collect
a small number of faccal samples from red-throated divers
captured in the German North Sea in 2015 and 2016 in
both winter and spring. We applied DNA metabarcoding
as a non-invasive technique to analyse diet composition,
and thus to provide a detailed overview of recent meals of
these birds in the German Bight. Specifically, we aimed to
document the diversity of prey species eaten by the birds
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in this particular staging area when red-throated diver
abundance is highest. Additionally, we aimed to compare
data for two consecutive sampling years to determine if
the prey species consumed is consistent between years.
By comparing dietary data with published data on local
fish distribution, we aimed to 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.

Methods
Sample collection and study site

This dietary study was part of a satellite telemetry project
on red-throated divers. A total of 36 red-throated divers
were captured in March and April 2015, and in February
and March 2016 in the German Bight (Fig. 1). Sampling
was focused on late winter and spring when red-throated
diver abundance is highest in the German Bight (Mendel
et al. 2008; Dierschke et al. 2012; Garthe et al. 2015). The
capture area was approximately 30 km offshore in water
depths of around 20 m, which is approximately in the
centre of the staging area for red-throated divers (Fig. 1).
Birds were captured from a rigid inflatable boat using a
hand net and the “night lighting technique”, where the sea
is searched for resting divers with a spot light. If a bird is
sighted, it often becomes disoriented by the bright light
and can be captured with a net (Whitworth et al. 1997;
Ronconi et al. 2010). In 2015, captured birds were kept
in boxes for an average time of 18.3 h (min 6.3 h, max
27 h) and in 2016 for an average time of 9.2 h (min 7 h,
max 13 h). After release the boxes were searched for scat.
The boxes were cleaned and disinfected after every use
with bleach (1% hypochlorite solution), water and etha-
nol (70%) to prevent cross-contamination. During the
two field seasons, a total of 34 faecal samples were col-
lected (2015 n=15;2016 n=19, Table 2). Samples were

Table 2 Timing and sample size of analysed faecal samples of red-
throated divers from the German Bight

Sampling year 2015 2015 2016 2016
Time period March  April  February March
Sample size (captured birds) 10 6 8 12
Sample size (faecal samples) 10 5 8 11
Positive samples 9 4 8 8
Total of positive samples 13 16

One sample per bird was taken for analysis
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preserved in absolute ethanol and stored at —20 °C until
further analysis.

DNA extraction

Faecal DNA was isolated using the QIAamp DNA Stool
Mini Kit (Qiagen) following the manufacturers protocol
with the following modifications: (1) the samples were
resuspended in the storage ethanol by vortexing before mov-
ing 200 pL of the ethanol-scat slurry to a new clean 2-mL
Eppendorf tube and centrifuging for 30 s at 4000xg (Deagle
et al. 2005); (3) the lysis step was extended by adding 1.4 mL
buffer ASL instead of 1.6 mL to each sample and incubating
at 70 °C for 10 min and then for 1.5 h at room temperature to
improve lysis output; (3) the digestion step was extended by
adding 20 pL instead of 25 pL proteinase K and incubating
samples at 70 °C for 30 min prior to an increased incubation
time at a lower temperature (56 °C for 1.5 h). All remaining
steps followed the manufacturer’s instructions except that
buffer volumes were cut down to reduce the risk of cross-
contamination by minimizing the number of pipetting steps
and by reducing the volume of liquid loaded into spin col-
umns and tubes (Deagle et al. 2005). The final elution step
used a total elution volume of 100 uL (as recommended by
the manufacturer’s protocol), but was divided into two steps
with each elution using 50 uL Buffer AE.

Primer design and preparation for sequencing

Three separate PCR primer pairs were used to comprehen-
sively target all the major potential prey species of red-
throated divers in this area (Table 3). These prey species are
widespread in the North Sea and were informed by previous
diet studies on red-throated divers (Table 1; Madsen 1957,
Durinck et al. 1994; Guse et al. 2009).

Primers for each prey group were tested in silico, using
ClustalX 2 (Larkin et al. 2007) and MEGA7 (Kumar et al.
2016). Conserved primer binding sites were tested against
a DNA barcode database of barcode-sequences extracted
from GenBank. Sequences of 16S DNA of 28 representa-
tive fish species from seven orders and 15 families as well
as 12 cephalopod species from 5 families were aligned for
these tests. For crustaceans, COI barcode sequences of
potential prey species from six orders and eight families
of shrimp and krill were aligned and tested. Furthermore,
primers for each prey group were tested in vitro on DNA
from tissue samples of corresponding potential prey spe-
cies occurring in the German Bight (clupeids, perciformes,
gadoids, flatfish, octopus, squid, cuttlefish and shrimp) to
optimise PCR conditions. Multiplex identifier (MID) tags
were added to the primer sequences and used to assign
DNA sequences to their respective samples (n = 34). MID
tags were added to each of the three tested primer sets
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Table 3 Sequences of primers used to amplify red-throated diver faecal samples for next generation sequencing Modifications from original
primers (Waap 2015) in bold

Target amplification Gene Primer name Sequence (5"-3") Approximate product size Annealing
incl. primer sequence (bp) temperature
(°O
Fish (chordata) mtDNA 16S FISH2_16S_F CGAGAAGACCCTDTGRAG  ~264 58
CT (20)
Fish (chordata) mtDNA 16S  modifiedChord_16S_R1 GCTGTTATCCCTRGRGTAA
19
Cephalopod (molluscs) ~ mtDNA 16S  Ceph_16S_R AGGGACGARAAGACC ~ 244 56
CTANTGAGC (24)
Cephalopod (molluscs) ~ mtDNA 16S  Ceph_16S_F ACSCTGTTAYCCCTATG
an
Crustacean (invertebrate) mtDNA COI mICOlint_F GGWACWGGWTGAACW ~332 50
GTWTAYCCYCC (26)
Crustacean (invertebrate) mtDNA COI Nancy R CCCGGTAAAATTAAAATA
TAAACTTC (26)
Blocking probe - - GTGGA ACTTAAAAATCA - -

GCAGCCACCA[SpcC3]

(fish, cephalopods and crustaceans). For each of the three
primer sets, we used 24 forward primers/MID and two
reverse primer/MID combinations, and all in vitro testing
was performed using primer pairs first without and then
with the MID tags to ensure amplification was not affected.

To amplify DNA from fish and cephalopods, we used
primers targeting the 16S region originally published
by Waap (2015) and modified from Chord_16S_F/
Chord_16S_R (Deagle et al. 2009). We further modified
the primer sequence to comprehensively match the range
of potential prey species (Table 3). To amplify fish DNA,
the forward primer has additional CT bases at the 3’ end
for NGS sequencing to improve the blocking probes (see
below), so that the mismatch was not located at the last
base pair (Waap, pers comm.). To amplify cephalopod
DNA, we modified the forward primer by one base and
the 5" end of the reverse primer. Both primer pairs tested
positive in silico and in vitro for potential prey of red-
throated divers.

To amplify crustacean DNA, a primer combination tar-
geting the cytochrome oxidase I region (COI) was used that
was likely to amplify crustaceans and molluscs (Stockdale
2018, Table 3). The forward primer (Leray et al. 2013) was
designed to amplify arthropod DNA, including crustaceans
and molluscs. The reverse primer (Simon et al. 1994) was
also designed to amplify arthropods including crustaceans.
The primers tested positive in silico and in vitro for potential
prey of red-throated divers and provided a good coverage
of our target species and a good coverage with reference
sequences available in public databases. This primer set
amplified a product size of 332 bp and thus represents a
good compromise as it is long enough to provide good taxo-
nomic information and short enough to survive digestion.

Blocking primer

The primers chosen to amplify fish prey were universal chor-
date primers that could also amplify other chordates, includ-
ing predator DNA. To prevent the amplification of predator
DNA, we developed a blocking probe using a C3 spacer
(Table 3; Vestheim and Jarman 2008). However, the block-
ing probe reduced amplification success and a second ampli-
fication of samples was performed excluding the blocking
probe. Gel electrophoresis (see below) was used to visu-
ally monitor the amplification of predator and prey DNA,
assisted by the inclusion of red-throated diver (300 bp) and
fish (264 bp) reference samples. This differential in PCR
product size allowed for predator amplicons to be easily
identified (Fig. 2).

PCR amplification of DNA from faeces

PCR amplifications were performed in single reactions using
Multiplex PCR Kits (Qiagen) and a 20 uL PCR reaction
volume. Thermal cycling conditions for fish and cephalopod
prey were 95 °C for 15 min followed by 45 cycles of: 94 °C
for 30 s, a primer specific annealing temperature (Table 3)
for 90 s, and 72 °C for 45 s, followed by a final extension at
72 °C for 5 min. Thermal cycling conditions for crustaceans
were 95 °C for 15 min followed by 45 cycles of: 94 °C for
30 s, a primer specific annealing temperature (Table 3) for
90 s, and 72 °C for 90 s, followed by a final extension at
72 °C for 15 min.

All PCR products were visualised by gel electropho-
resis on 2% agarose gels stained with SYBR®Safe (Ther-
moFisher Scientific, Paisley, UK) and compared to a stand-
ardised 1000-bp ladder. The PCR product concentration in
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Fig.2 Agarose gel electrophoresis of 16S mtDNA fragments ampli-
fied from faecal samples with fish (chordate) primers. M 1000-bp
ladder, F fish DNA control, B red-throated diver DNA control and N
negative control

successful reactions was quantified with a Qubit fluorometer
(Thermo Fisher) and subsequently pooled into two equimo-
lar libraries of individually tagged amplicons (PoolA using
a blocking probe and PoolB without a blocking probe). To
remove primer dimer, we ran a magnetic clean-up (AMPure).
Concentrations of DNA and primer dimer were measured on
a tape station (D1000 Screen Tape; Tape Station Analysis
Software A.01.05 SR1, Agilent technologies), and a Qubit
before and after the magnetic clean-up.

Next generation sequencing

NGS library preparations were performed at the NERC Bio-
molecular Analysis Facility—Sheffield (NBAF-S), Sheffield,
UK, using the NEBNext Ultra DNA Library Prep Kit for
Illumina (New England Biolabs, Ipswich, MA). To char-
acterise the diet content of the individually tagged ampli-
cons, the libraries (PoolA and PoolB) were sequenced at the
Sheffield Diagnostics Genetics Service (Children’s Hospital,
Sheffield, UK) using 250-bp paired-end reads on a MiSeq
desktop sequencer (Illumina, San Diego, CA).

Bioinformatics

We performed eight steps to transform the raw Illumina
sequence data into a list of molecular operational taxo-
nomic units (MOTUs) with assigned taxonomy. These
steps included assessing sequence quality, trimming
sequences (Bolger et al. 2014), aligning paired reads
(Magoc and Salzberg 2011), matching sequences to MID

@ Springer

tags and amplicon primers (Schloss et al. 2009), and
demultiplexing sequences into files for each amplicon. We
used USEARCH (Edgar 2010) to dereplicate the sequence
file, to detect and to remove chimeric sequences and to
cluster into MOTUs based on 97% identity. Clustering is
an important step in metabarcoding analysis to group simi-
lar sequences into distinct taxonomic units, but remains
one of the central challenges. If the clustering threshold is
too conservative, e.g. 5% sequence divergence, the dietary
richness could be underestimated due to a high mean over-
lap of MOTUs. Conversely, a less conservative decreased
threshold, e.g. 2% sequence divergence, could overesti-
mate species richness (Clare et al. 2016). Here, we applied
the established clustering threshold of 97% similarity
(Edgar 2013, 2016) using the ‘cluster_fast’ function in
USEARCH (Edgar 2010). We applied the BLASTn algo-
rithm (Altschul et al. 1990) to match MOTU sequences
to reference sequences in the NCBI GenBank nucleotide
database, using a cut-off of 90% minimum sequence iden-
tity and a maximum e-value of 0.00001. For detailed infor-
mation about options, parameters and values, please see
Table 1 in the supplementary material.

We subsequently manually performed further filtering
steps to produce robust taxonomic assignments. We dis-
carded MOTUs (sequence clusters 97%) that corresponded
to contaminants that can occur regularly in faecal samples,
such as bacterial, human or predator DNA. MOTUs were
retained in a sample only if they contained a minimum of
five sequences. Taxonomic assignment was based on the per-
centage similarity of the query and the reference sequences.
Since short fragments are less likely to contain reliable
taxonomic information, we only retained sequences with
a minimum length of 190 bp and a BLASTn assignment
match greater than 98%, following Deagle et al. (2009) and
Vesterinen et al. (2013).

Finally, we combined both pools (PoolA with a blocking
probe and PoolB without a blocking probe) together for final
analyses. To avoid overrepresentation, we excluded prey spe-
cies of samples from PoolB that were also present in PoolA.

Analysing the blast output

We used MEGAN Community Edition version 6.8.8 to
visualise the accession number identifiers on the NCBI tax-
onomy (Huson et al. 2016). We imported the blast output
and used the default LCA parameters to assign a taxon name
to each MOTU (Huson et al. 2007). If all retained hits of a
MOTU with the same quality criteria (sequence identity,
sequence length, e-value) matched the same species, then we
have a species-level assignment, otherwise the MOTU was
assigned to the lowest shared taxonomic level, e.g. genus
or family.
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Fig. 3 Proportions of MOTUs in percent for fish, contamination (bac-
teria, human and others) and for bird assignments amplified with the
fish primer set. On the left with the blocking probe (PoolA) and on

Statistical analysis

We analysed prey range by determining the presence of
prey items, their frequency of occurrence (FQ) (Barrett
et al, 2007, Tollit et al. 2009), and species richness, FO
was calculated as FO = (n/ff) X 100, where n is the number
of samples in which the specific prey item appeared and
t is total number of samples containing prey. FO reveals
the percentage of sample units in which each prey item
occurred (Barrett et al. 2007). The number of MOTUs
(defined by 97% clustering threshold, n=169) assigned
for each prey taxa was additionally presented as percent
occurrence in faecal samples (n=29) to visualise the
sequencing cutput in Fig. 4. No further quantitative analy-
ses were done with these data due to a range of possible
biases and as interpretation of sequence proportions gener-
ated via high-throughput sequencing requires careful data

the right without the blocking probe (PoolB) for both sampling ycars
(2015 and 2016) combined

analysis (Deagle and Tollit 2007; Pompanon et al. 2012;
Deagle et al. 2013, 2018).

Whether or not there is consistency in prey consumption
by red-throated divers over time informs our understand-
ing of prey selection in this particular area. We tested this
by comparing FO of prey items in 13 samples from 2015
with FO of prey items in 16 samples from 2016. Statisti-
cal tests suitable for small sample sizes were performed in
Remdr (Fox and Bouchet-Valat 2018). We used Pearson’s
Chi squared test to compare the frequency of occurrence
between years for each prey group when sample sizes ful-
filled the minimum requirements for this test (7> 5). When
sample sizes were small (n <5), we implemented the Fish-
er’s exact test for count data. To compare the number of prey
detections per sample between sampling years, the T test
for independence was used. Small sample sizes precluded
further analyses (e.g. comparing seasons) or to use other

Fig.4 Percent occurrence of
MOTUs (n=169) in all fae-
cal samples (n=29) assigned
for fish prey: blue—clupeids,
orange—gadoids, grey—hake,
brown—sticklebacks, violet—
mackerels, red—salmonids,
beige—sand gobies, black—
scabass, grey—light-brown

flatfish and green—sand lances.

Scomber scombrus

Gasterosteus spp.

Merluccius
merluccius

Salmo trutta

4%
Pomatoschistus
minutus
2%
Dicentrarchus labrax
1%
oter s ——— (e

Gadidae
13%

Captions of prey groups with 4% Clupea harengus
highest proportions (> 5%) are ;
Pl tidae _—"
highlighted puronectcne
Limanda sp.
10%
Sprattus spraftus
16%
Ammodytidae
10%
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statistical tests. Considering the sample size and the tempo-
ral scope of faccal DNA sampling, only marked differences
were expected to be identified.

Results
Overview of sample quality and prey species found

Neither cephalopods nor crustaceans were detected in the
diet, despite successful in vitro PCR amplification using
reference tissue samples from potential prey items from
the German Bight (octopus, squid, cuttlefish and shrimp
samples).

The fish primer set produced more than 800,000
sequences from both pools combined, for specific informa-
tion on number of sequences during bioinformatics analysis,
see Table 2 in supplementary material. Of 34 screened sam-
ples 29 samples gave positive PCR amplifications (PoolA:
n=21; PoolB n=29). Both pools had ~50% of MOTUs
assigned to prey fish (PoolA =56%; PoolB =48%), plus with
other MOTUs being from the predator DNA (red-throated
diver) and contaminants such as bacteria and human DNA
(Fig. 3). Using the blocking probe, we still amplified preda-
tor DNA but the amount of MOTUs assigned to the predator
was slightly lower in PoolA (9%) than in PoolB (17%).

After filtering for contaminants, sequence length and
mapping to reference sequences, 20 and 24 faecal sam-
ples remained for PoolA and B, respectively. After merg-
ing both pools, the final sample set consisted of 29 samples
(PoolA n=20, PoolB n=9) which corresponds to 85% of all
samples collected (Table 2). Four samples were discarded
(PoolB) as they contained only contaminants and preda-
tor DNA, and two samples were discarded as the amplicon
length criteria were not met (1 X PoolB, 1 X PoolA).

Clustering the sequences by 97% similarity to each other
and subsequent filtering resulted in 169 MOTUs that were
used for further analyses. A list of a representative query
sequences of each MOTU and its quality criteria is listed
for each prey assignment in Appendix (Table 5) and for all
MOTUS in Table 3, supplementary material. For the two
sampling periods, 19 taxa from 13 families were identified
in 29 faecal samples (Fig. 4, Table 4). In 2015, we detected a
slightly higher number of taxa in comparison with 2016 (18
and 13 taxa assigned to species, respectively; Table 4). The
prey species spectrum was similar between the 2 years with
12 matching taxa and no significant differences (y*= 1.004,
p=0.316). European anchovy (Engraulis encrasicolus), tur-
bot (Scophthalmus maximus), European pollock (Pollachius
pollachius), cod (Gadus sp.), European bass (Dicentrar-
chus labrax) and sand lances of the genus Ammodytes were
detected only in 2015, and whiting (Merlangius merlangus)
only in 2016 (Table 4).
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Prey detection

Of the samples where prey were detected, the mean number
of taxa found was 4.2 +0.7 per sample (n=29) with mini-
mum and maximum values of 1 and 16, respectively. There
was no significant difference (r=1.58, p =0.135) between the
number of prey items detected in 2015 (mean 5.3) and 2016
(mean 3.1).

Clupeids were the most frequently detected prey group (FO
of 65.5%, Table 4). Within this group, Atlantic herring (Clu-
pea harengus) and European sprat (Sprattus sprattus) occurred
most frequently (FO of 55.2% and 58.6%, respectively). No
significant differences were found between years for clupeids
(#*=0.030, p=0.863), European sprat (y*=0.283, p=0.595),
or for Atlantic herring (*=0.005, p=0.945).

The Atlantic mackerel (Scomber scombrus) was the
only species of mackerel detected (Table 4), with a total
FO of 55.2% and no significant differences between the
two sampling years (FO 53.8% in 2015, FO 56.3% in 2016;
£2=0.005, p=0.945).

Flatfish were recorded with a total FO of 51.7% (Table 4)
and no significant difference between the two sampling years
(61.5% in 2015, 43.8% in 2016; *=0.287, p=0.592). Most
taxonomic assignments were at the family or genus levels.
Righteye flounders (Pleuronectidae) were dominant and
where MOTUs were assigned at the species level the com-
mon dab (Limanda limanda) was the most frequent species
detected.

Gadoids (Gadidae) were recorded with a total FO of
37.9% and high similarity between sampling years (38.5%
in 2015, 37.5% in 2016;;{2=O.001, p=0.972, Fishers exact
test p=0.976). Most MOTUs could only be assigned to the
family level, but of those assigned to species cod (Gadus
sp.), European pollock (Pollachius pollachius), whiting
(Merlangius merlangus) and haddock (Melanogrammus
aeglefinus) were detected at least once. Detections of these
species varied between years but sample sizes were too small
for statistical tests.

Sand lances had a total FO of 31%, with a similar pro-
portion of greater sand eel (Hyperoplus lanceolatus; FO
of 13.7%) and sand lances of the genus Ammodytes (FO of
20.7%). There were significantly more sand lances detected
in 2015 (61.5%) in comparison with 2016 (6.3%; y*=5.394,
p=0.020; Fishers exact test p =0.026).

Other prey species infrequently occurred and are detailed
in Table 4 and Fig. 4.

Discussion

The aim of this study was to analyse prey species composi-
tion in faecal samples from red-throated divers caught in the
German Bight, using high-throughput sequencing. In our
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Table 5 Best blast results for each of the 21 detected taxa and corresponding accession number, the identity with the blast reference sequence,
the sequence length and the bitscore from data of both sampling years (2015 and 2016) combined

Order Family Genus/species ~ Common name  Accession Ident % (blast) Sequ. length E-value Bit-score
number
Clupeiformes Clupeidae Clupea haren-  Atlantic herring KJ128741 100 210 1.94E—104 388
gus
Clupeiformes Clupeidae Sprattus sprat-  European sprat  KJ128910 100 210 9.04E—103 388
tus
Clupeiformes Clupeidae Sardina pilchar- European pil- FR849599 100 205 1.14E-101 379
dus chard
Clupeiformes ~ Engraulidae Engraulis European KJ128765 100 211 5.93E-105 390
encrasicolus anchovy
Pleuronecti- Pleuronectidae  — Right eye floun- KU936350 99.1 224 7.49E—-109 403
formes ders
Pleuronecti- Pleuronectidae  Limanda Common dab KJ128862 100 224 3.78E—112 414
formes limanda
Pleuronecti- Scophthalmidae = Scophthalmus ~ Turbot EU410416 100 217 2.60E—108 401
formes maximus
Pleuronecti- Soleidae Solea solea Common sole  KJ128906 99.1 224 7.49E—109 403
formes
Salmoniformes ~ Salmonidae Salmo trutta Sea/brown trout KT633607 100 213 4.25E—-106 394
Gadiformes Merlucciidae Merluccius European hake =~ KJ128826 100 208 2.49E—103 385
merluccius
Gadiformes Gadidae Pollachius pol-  European pol-  FR751400 99.5 208 2.50E-98 379
lachius lock
Gadiformes Gadidae Merlangius Whiting KJ128825 100 208 2.49E-103 363
merlangus
Gadiformes Gadidae Melanogram- Haddock KJ128822 100 208 2.49E-103 385
mus aeglefinus
Gadiformes Gadidae Gadus sp. Cod AP017650 99.52 208 1.16E-101 379
Gadiformes Gadidae - Codfishes/true  AP017650 99.5 208 2.49E-103 379
cod
Gaster- Gasterosteidae ~ Gasterosteus sp. Stickleback K1627974 100 208 1.16E-101 379
osteiformes
Perciformes Moronidae Dicentrarchus ~ European bass  KJ168065 99.5 211 2.53E-103 385
labrax
Perciformes Ammodytidae - Sand lance KJ128795 99.1 211 2.53E-103 379
Perciformes Ammodytidae  Hyperoplus Greater sand eel KJ128795 100 211 2.53E-103 390
lanceolatus
Perciformes Ammodytidae ~ Ammodytes sp.  Sand eel AF315121 100 211 1.18E-101 390
Perciformes Gobiidae Pomatoschistus ~ Sand goby KJ128870 100 207 8.89E—-103 383
minutus
Perciformes Scombridae Scomber scom-  Atlantic mack-  KJ128898 100 217 1.21E-106 396

brus erel

dataset, we found an exclusively piscivorous diet, with no
evidence of cephalopod or crustacean consumption and a
similar prey spectrum between two consecutive sampling
years.

Application of high-throughput sequencing to study
diver diets

The DNA metabarcoding methodologies utilised in this
study have previously been applied in diet studies on other

marine predators (Deagle et al. 2005, 2007; Pompanon et al.
2012). However, this study is the first application of this
approach to analyse the diet of red-throated divers in the
German Bight or elsewhere. Using reference sequences, we
found high taxonomic coverage for both the COI and 16S
barcode primers. Because of their commercial importance in
the German Bight, many fish species (e.g. Atlantic herring),
alongside some cephalopod species, are well studied and the
majority of these species appear in the Genbank database
(Dickey-Collas et al. 2010; Engelhard et al. 2013).
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Sequences were clustered at 97% identity and represented
consistent taxonomical units (MOTUs). Some prey species
were represented by multiple MOTUs, suggesting that the
clustering threshold could have been lower. However, a
lower threshold would have increased the risk of clustering
two closely related species into a single MOTU and thus
reduced taxonomic discrimination. In practice, it is difficult
to apply an ‘average’ threshold when diet is diverse and the
prey are likely to have differing evolutionary rates. On bal-
ance, we deem the clustering threshold applied as appropri-
ate and this method provided a good estimate of species
richness with distinct taxonomic units.

We obtained sufficient sequencing data from 85% of the
analysed faecal samples using universal primers. The species
richness was higher in 2015 but individual variances may be
due to sampling conditions, sample quality and amplification
success. The use of a blocking probe proved to be of little
advantage, with sufficient prey DNA amplified using both
approaches (Fig. 3). The use of a blocking probe reduced
the amplification of predator DNA but also amplification
success in general since the output of prey-positive samples
was higher when the blocking probe was omitted.

The detection rate of prey species can be biased by the
method applied. For example, Tollit et al. (2009) found
some prey (Ammodytidae, Cottidae and Gadidae) were
more reliably detected with morphological tools, whereas
other prey (Salmonidae, Pleuronectidae, Elasmobranchii
and cephalopods) were only detected with molecular tools.
However, the overall results did not dramatically differ. In
general, molecular methods have been shown to identify
more trophic links (number of taxa identified) with higher
rates of taxonomic discrimination in comparison with mor-
phology (e.g. Soininen et al. 2009; Alonso et al. 2014; Berry
etal. 2015; Waap et al. 2017). Using molecular methods, we
found a similar prey composition to conventional morpho-
logical methods applied in previous studies on red-throated
diver diet. Using faecal samples coupled with DNA meta-
barcoding is now an established non-invasive approach for
dietary studies. However, it is debatable whether or not this
method can provide quantitative (read number) in addition to
qualitative (presence and absence) estimates of diet (Deagle
and Tollit 2007; Pompanon et al. 2012; Deagle et al. 2013,
2018). In this study, we applied a conservative approach of
using only qualitative data. However, if quantitative data
are required, we recommend combining DNA metabarcod-
ing and morphological methodologies, where the latter can
provide quantitative information as in Alonso et al. (2014)
and Waap et al. (2017).

A faecal sample, for most species, will represent an indi-
vidual’s most recent meals. Other methods, including fatty
acid composition and stable isotope analyses, can provide
information over a longer time frame (Meier et al. 2017).
Although our sample size is small, samples were collected
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from birds caught in two consecutive years at dispersed
intervals encompassing late winter and spring (Febru-
ary—April), when red-throated diver abundance is highest
in the German Bight. Thus, this dataset provides dietary
information from a time period when this area is particu-
larly attractive to these birds. Wintering home ranges of red-
throated divers can cover several connected sites, includ-
ing sites outside the German Bight, such as the Baltic Sea
(Kleinschmidt et al. unpub data). The German Bight also
represents an important staging area in spring when some
birds have already started migration (Garthe et al. 2015)
and the availability of suitable prey types is probably one
of the main determinants of habitat quality for these birds.
In this context, the time frame over which a faecal sample
provides dietary information helps to reflect the situation in
the particular area of interest for this study.

Fish availability in the German Bight, red-throated
diver diet and comparison to previous studies

Potential prey availability is an important factor affecting
habitat choice and diet selection. We searched the species
factsheets (ICES 20064, b), reports and publications (ICES
2008,2011,2016,2017a, b; 2018a, b, c¢; DFS 2016) to com-
pare fish distribution (a proxy for potential prey availability)
with the diet of red-throated divers in our study in addition
to previous studies. In our dataset, red-throated divers con-
sumed a wide range of fish prey species consisting of both a
pelagic and a benthic component. We found mainly clupeids,
mackerels, flatfish, gadoids and sand lances in the diet of
red-throated divers but no clear dominance of a single spe-
cies or species group could be identified. A similarly wide,
although slightly different range of prey species was found
in previous studies on red-throated diver diet. For example,
Madsen (1957) found a broad prey spectrum but the major-
ity of analysed birds (82%) fed exclusively on cod, gobies,
sticklebacks and herring with varying intensities. Guse et al.
(2009) found 11 species from nine families with clupeids,
zander, European smelt, ruffe, lesser sand eel, three-spined
stickleback and common goby being dominant species. Sim-
ilarly, Durinck et al. (1994) identified clupeids and gadoids
as the most frequent prey items.

Clupeids, specifically sprat and herring occurred most
frequently in both sampling years of our study. These spe-
cies are typically high in lipid content and energy density
(Pedersen and Hislop 2001; Ball et al. 2007). Sprat and juve-
nile herring are also two of the most abundant pelagic spe-
cies in the German Bight in spring (ICES 2006a, b), which
coincides with our sampling period. The size of available
prey fish is also important for prey selection. In general,
herring occurs in the North Sea with a size of 20-30 cm
but in our sampling period smaller (juvenile) herring with a
size <20 cm are the most abundant and widely distributed in
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the German Bight and the Kattegat (ICES 2006a; Trueman
et al. 2017). Sprat is a pelagic species abundant in frontal
areas of the North Sea with a size of <16 cm (Kanstinger
and Peck 2009). We also found European sardine (Sardina
pilchardus) and European anchovy (E. encrasicolus) in the
diver diet but less frequently, which is consistent with the
distribution of both these clupeid species. They originate
from the Mediterranean Sea (Motos et al. 1996) and since
2003 are expanding into the North Sea (Kanstinger and Peck
2009). Like sprat, sardine occurs in frontal areas, whereas
anchovy is primarily found in near-shore areas. The distri-
bution of clupeids is in good agreement with red-throated
diver distribution, which appears to be attracted by frontal
zones (Skov and Prins 2001; Goyert et al. 2016; Heinénen
et al. unpubl data). Hence, these areas provide a source of
energetically valuable species for red-throated divers. The
high detection rate of clupeids is in line with two earlier
studies on red-throated diver diet and reinforces their impor-
tance as red-throated diver prey (Durinck et al. 1994; Guse
et al. 2009).

Atlantic mackerel is widespread throughout the North Sea
and is one of the most commonly exploited species (ICES
2011, 2016, 2017a, b). Due to its high energetic value,
mackerel is an attractive fish for seabirds (Montevecchi
et al. 1984, 1988; Garthe et al. 2014). Overfishing triggered
a population collapse in the North Sea in the 1970s but since
2000 the stock has increasing again (ICES 2011; Jansen
et al. 2012a, b, 2015; Jansen and Gislason 2013; Jansen
2014; van der Kooij et al. 2016). These changes in mackerel
availability may explain why both Madsen (1957) and the
current study detected mackerel in the diet, while Durinck
et al. (1994) did not. Mackerel appeared in our samples in
considerable numbers indicating that it may now be a more
important prey than previously thought.

Most flatfish were identified to family level, but of those
identified to species level, common dab was the most
common in both years. Flatfish have been recorded in low
numbers in red-throated diver diet (Madsen 1957; Durinck
et al. 1994; Guse et al. 2009), possibly due to their wide-
bodied shape making adult flatfish an unfavourable prey
item (Reimchen and Douglas 1984; Guse et al. 2009).
Dietary studies in the adjacent Wadden Sea have shown
that juvenile flatfish are selected as important food items
by other water birds such as benthic feeding cormorants
(Nehls and Gienapp 1997). The Wadden Sea and adjacent
waters are an important nursery ground for several flatfish
species (DFS 2016) and juvenile common dab is highly
abundant in spring within the German Bight over a wide
depth range (Beek et al. 1989; Bolle et al. 1994; Campos
et al. 1994; Hufnagl et al. 2013; DFS 2016; ICES 2017a,
b). Prey size cannot be deduced from metabarcoding but
red-throated divers may be preying on juvenile flatfish.
Although flatfish are considered to have a low energy

content (Ball et al. 2007), the probable high encounter
rate may explain the high detection rate in our samples.

Gadoids, particularly cod, were described by Madsen
(1957) as the most important prey group for red-throated
divers in the Kattegat and Belt Sea. In the current study,
gadoids were infrequently present in the diet. This is in
line with findings of Durinck et al. (1994) from the south-
western part of the Skagerrak. Juvenile gadoids (<20 cm)
are more likely than adults to be prey for red-throated
divers. Recordings of this size class of gadoids are mostly
restricted to the eastern inshore water of the Skagerrak
and Kattegat, with low abundances in the German Bight
(Munk et al. 1999; Munk 2014; André et al. 2016). Thus,
gadoids may be a favoured prey item but low availability
at the study site limits feeding on these species.

Sand lances are an important prey for seabirds in gen-
eral, particularly in the North Sea (Harris and Wanless
1991, 2013; Mendel et al. 2008; ICES 2011; Engelhard
et al. 2013; ICES 2016). Sand lances appeared at a high
frequency in 2015 but were less common in 2016 in our
dataset. This pattern is reflected in commercial catch rates
for sand lances in the central and south-eastern North Sea
ecoregion (Division 4b—c): average catch rates and a low
recruitment in 2015, and low catch rates and high recruit-
ment in 2016 (ICES 2018a, b). Previously, sand lances
have been recorded at both high (Guse et al. 2009) and
low (Madsen 1957, Durinck et al. 1994) frequencies in
red-throated diver diet. These patterns suggest that the
frequency of sand lances in the diet is determined by their
availability.

Smelt (Osmerus eperlanus) was not detected in this study
but has been highlighted as an important prey species for
red-throated divers in the Baltic Sea (Zydelis 2002; Guse
et al. 2009). Smelt occurs in parts of the Wadden Sea with
low salinity and close to the coast. Here, it forms dense
spawning aggregations in estuaries and anadromous migra-
tions in late winter and early spring (DFS 2016). The Ger-
man Bight is further away from river mouths, the lack of
smelt in our dataset could probably be explained by the low
abundance of this species here.

Sea trout (Salmo trutta), European hake (Merluccius
merluccius), sticklebacks (Gasterosteus sp.), European
bass (D. labrax) and sand goby (Pomatoschistus minutus)
were recorded in our dataset at low frequencies. These spe-
cies are widely distributed in the North Sea with varying
densities. Some, such as gobies, are known to be important
prey items for other marine predators (Haelters et al. 2012;
Méheust et al. 2015; Andreasen et al. 2017) and were previ-
ously recorded as prey items of red-throated divers (Madsen
1957, Durinck et al. 1994, Guse et al. 2009). Sticklebacks
were frequently found in all previous studies. However, the
current study suggests that these species are of low impor-
tance for red-throated divers in the German Bight.
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In contrast to our study, Guse et al. (2009) found zander
as one of the most important prey items of red-throated
divers wintering in the Baltic Sea. This fish species pre-
fers freshwater or brackish habitats and, therefore, is almost
absent in the saline waters of the German Bight.

Non-fish prey such as insects, polychaetes, molluscs or
crustaceans were detected in small amounts in all previ-
ous studies. Cephalopods were detected in a single previ-
ous study (Durinck et al. 1994). We found no evidence that
non-fish prey were consumed by red-throated divers in the
German Bight and thus our results reinforce previous con-
clusions that these taxa are not an important part of the diet.

In summary, prey species of red-throated divers identi-
fied in this study occur in the study area as both adult (e.g.
clupeids, sand lances) and juvenile fish (e.g. gadoids, flat-
fish, mackerels). Thus, the area seems to be a good foraging
ground for red-throated divers. There is an overlap between
the prey fish of red-throated divers and commercial fish
species, such as herring and mackerel (ICES 2011, 2016,
2017a, b). This overlap increases the risk of gill-net mortal-
ity, which is a conservation issue in other regions such as the
Baltic Sea. In the German Bight, there is a lower potential
for such conflicts because trawls are more commonly used
to fish as opposed to gill-nets. The oceanographic condi-
tions [sea surface temperature (SST), salinity and chlo-
rophyll a, NAO] were similar between the two sampling
years and no important changes in prey community can be
expected within such short timeframe, with the exception of
the observed fluctuations in sand lance abundance. For this
prey group, detections in the diet and reported catch rates
(ICES 2018a, b) showed a similar trend. Reasons for this
are unclear but sand lance productivity in the North Sea is
known to fluctuate. Such fluctuations depend on a combina-
tion of several regulating factors including fishing, climate
effects, density dependence and food availability (Wright
et al. 2017; Lindegren et al. 2018). Although we present
data from only two sampling years, the consistent pattern of
prey species suggests a relatively stable diet that is likely to
reflect the availability of these fish species in the study area.
There are long-term increases in sea temperature and species
usually associated with warmer waters are expanding their
range to include the North Sea. Such species include Euro-
pean sardine and European anchovy (Kanstinger and Peck
2009). The diet of red-throated divers in the German Bight
includes these expanding species and also recovering species
such as mackerel, indicating that the dietary data may reflect
changes in the fish community and some flexibility in prey
consumption. However, a larger sample size across a broader
temporal scale is required to fully support this conclusion.

The samples analysed here were collected in late winter
and early spring, shortly before the migration to the breed-
ing grounds. For non-breeding red-throated divers, little is
known about energy expenditure, resource partitioning and
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energy requirements during wintering, staging and migra-
tion. Schmutz (2014) suggested that marine conditions could
affect adult survival of red-throated divers with indications
of a higher risk of mortality during the non-breeding sea-
son. Red-throated divers are medium-sized birds with weight
varying between 1400 g and 2000 g (own observations), and
with high wing loading (Storer 1958; Lovvorn and Jones
1994). Despite this, these birds often need to cover long
distances to their breeding grounds (http://www.divertrack
ing.com; McCloskey et al. 2018), with some individuals
travelling as far as 850 km or 1300 km in a single flight
(Kleinschmidt et al. unpubl data). Weber and Houston
(1997) showed the importance of resting sites for refuel-
ling. Consequently, migration represents periods of high
energetic demand and adequate energy reserves seem to be
essential. If prey of rich calorific value becomes unavailable
due to displacement effects, red-throated divers may fail to
balance their energy budgets. In general, these birds winter
in temperate marine waters with low ambient temperatures,
consequently reliable and sufficient energy intake is likely to
be a necessity and influences prey consumption.

Conclusion

Opverall, our results demonstrate that the use of faecal sam-
ples coupled with DNA metabarcoding and NGS is a valid
and appropriate approach to non-invasively study the diet
composition of red-throated divers.

Our results provide important dietary data for red-throated
divers in the German Bight, which is needed for a good
understanding of their habitat preferences during wintering
and spring staging. This baseline information can be used to
evaluate changes associated with human developments in the
offshore environment, changes in oceanography, or popu-
lation declines. The results for the German Bight comple-
ment other dietary studies on red-throated divers that show
a somewhat different composition of fish species, reflecting
regional differences in fish fauna. Among a generalised prey
spectrum, bentho-pelagic schooling fish seem to dominate
the diet of red-throated divers (Cramp et al. 2004; Guse et al.
2009). In our study, five species groups are concluded to
be major dietary components for red-throated divers in the
German Bight. We found clupeids, mackerels, flatfish, and
gadoids occurring in substantial proportions in both sam-
pling years, and the frequency of sand lances varied between
the two sampling years. Hence, the diet consistently includes
some common species with a high nutritional value (Hislop
et al. 1991; Ball et al. 2007), indicating the importance of
these fish groups as prey items for red-throated divers in
the German Bight. Red-throated divers stage in a specific
habitat, mostly influenced by frontal zones in coastal areas
in the German Bight (Skov and Prins 2001; Heinidnen et al.
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unpubl data). The preferred feeding at frontal zones may
also explain the higher abundance of pelagic fish among the
red-throated diver prey, where these species aggregate, while
demersal species depend mainly on suitable sediments. Con-
sidering the effects of disturbance, displacement or barrier
effects arising from anthropogenic activities such as ship
traffic and offshore wind farms (Mendel et al. 2019), the
broad prey spectrum that we found could indicate resilience
of red-throated divers against changes in community com-
position of available fish or resilience against displacement
from suitable habitat. However, if alternative sites of high-
quality habitat are not sufficiently available, displacement
may result in a decreased energy intake and subsequently
poorer body condition. Thus, altered food accessibility as
a result of disturbance or displacement could have severe
effects on red-throated divers. In general, the availability
of some prey species may explain, at least to some extent,
the preference of this area as wintering and staging habitat.
Further studies could aim to discern whether the birds use
this area because of a high abundance of suitable and energy
rich prey or if they simply feed on the most abundant prey.
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Abstract

In this study, the annual movements of a seabird species, the red-throated diver (Gavia stellata), were investigated in space
and time. Between 2015 and 2017, 33 individuals were fitted with satellite transmitters at the German Bight (eastern North
Sea). In addition, stable isotope analyses of feathers (8'°C) were used to identify staging areas during the previous moult.
The German Bight is an important area for this species, but is also strongly affected by anthropogenic impacts. To under-
stand how this might affect populations, we aimed to determine the degree of connectivity and site fidelity, and the extent
to which seasonal migrations vary among different breeding locations in the high Arctic. Tagged individuals migrated to
Greenland (n=2), Svalbard (n=2), Norway (n =4) and northern Russia (n=25). Although individuals from a shared breed-
ing region (northern Russia) largely moved along the same route, individuals dispersed to different, separate areas during
the non-breeding phase. Kernel density estimates also overlapped only partially, indicating low connectivity. The timing of
breeding was correlated with the breeding longitude, with 40 days later arrival at the easternmost than westernmost breeding
sites. Repeatability analyses between years revealed a generally high individual site fidelity with respect to spring staging,
breeding and moulting sites. In summary, low connectivity and the distribution to different sites suggests some resilience to
population decline among subpopulations. However, it should be noted that the majority of individuals breeding in northern
Russia migrated along a similar route and that disturbance in areas visited along this route could have a greater impact on
this population. In turn, individual site fidelity could indicate low adaptability to environmental changes and could lead to
potential carry-over effects. Annual migration data indicate that conservation planning must consider all sites used by such
mobile species.
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Migratory connectivity - Site fidelity - Anthropogenic pressure
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Background

Migratory birds are increasingly affected by environmental
changes, disturbances and threats along their migration
routes (Wilcove and Wikelski 2008). Therefore, infor-
mation about annual movements is important for effec-
tive conservation and management (Marra et al. 2018;
Johnston et al. 2020). Many species, such as seabirds, are
long-lived with delayed sexual maturity and low annual
reproductive rates (Schreiber and Burger 2001). Survival
of adult birds, as well as reproductive success, therefore,
influence their population growth rates (S@ther and Bakke
2000). Different migratory strategies, including different
winter locations, can influence fitness differently, through
variable energy costs and winter habitat conditions (Alves
et al. 2013). Altered environmental conditions in the sta-
tionary non-breeding periods can affect migratory timing
or carry-over to affect survival and reproduction in the
breeding areas (Marra et al 1998; Harrison et al. 2011;
Winkler et al. 2014; Rushing et al. 2016). Information
about the site use of migratory birds throughout the whole
annual cycle and their ability to respond to environmental
change is, therefore, important to conserve such long-lived
and mobile species (Moore et al. 2005; Runge et al. 2014).

Migratory connectivity, i.e. the degree to which indi-
viduals from one breeding or wintering population stay
together and use similar sites along the annual cycle, pro-
vides essential information to assess the impact of envi-
ronmental change in habitats along the migratory route
(Webster et al. 2002; Martin et al. 2007). The degree of
migratory connectivity determines to which extent differ-
ent breeding populations experience similar non-breeding
conditions (Esler 2000; Taylor and Norris 2010; Cress-
well 2014; Finch et al. 2017). Migratory connectivity is
defined along a continuum from strong connectivity (low
interpopulation spread and use of population-specific non-
breeding areas) to a low or diffuse connectivity (high inter-
population spread) (Webster et al. 2002; Newton 2008;
Finch et al. 2017). In a low connectivity scenario, indi-
viduals from a given breeding population may mix with
individuals from other breeding regions during the non-
breeding season (Finch et al 2017). Recent studies (i.e.
Gilroy et al. 2016) introduced further terms such as migra-
tory diversity which expresses the within-population vari-
ability in migratory movements and suggest that migra-
tory diversity may help to facilitate species responses to
environmental change.

To understand how migrants might be affected by envi-
ronmental change in breeding and non-breeding sites, we
need to understand the migratory pattern in space and
time such as the variation in migration duration, number
of staging stops and temporal pattern among the different

@ Springer

migration routes and breeding sites. These baseline meas-
urements are necessary to monitor future shifts in tim-
ing or to identify carry-over effects (Gordo 2007; Studds
et al. 2008; Duijns et al. 2017). Migratory movements
and their timings can be linked with geographic position,
resource allocation or climatic variables on the breeding
areas (Conklin 2010). Climatic conditions on the winter-
ing grounds can also affect migratory timing, with some
species responding to milder winters with earlier arrival
on the breeding grounds (Gunnarson and Témasson 2011).
The total duration of migration and thus the arrival time
at the destination may also depend on the conditions at
stop-over sites, which influence the decision to stay or
continue (Weber and Houston 1997; Klinner et al. 2020).
Local resource availability and competition at moulting,
wintering or stop-over habitats are important for migra-
tory movements (Kokko 1999; Moore 2005; Kolzsch et al.
2016; Fayet et al. 2017). Reduced habitat quality at these
locations could result in delayed or extended stays and
altered timing of annual movements (Marra et al. 1998).

Individual fidelity towards sites used throughout the year,
as well as temporal repeatability, could also be important
for predicting the response of migrants to environmental
change. Individual behavioural consistency might deter-
mine how individuals respond to environmental change
and how much populations could be affected by habitat
changes and possible carry-over effects (Reed et al. 2009;
Dias et al. 2010). Individuals with a high site fidelity may
be less flexible to voluntarily change sites and more sensi-
tive to displacement caused by disturbance. Consequently,
less flexible individuals might adapt more slowly to a new
environment, than an individual that is familiar with mul-
tiple sites and can use flexible strategies (Catry et al. 2004;
McFarlane et al. 2014; Merkel et al. 2021). Individual site
utilisation and movements within and between years are,
therefore, important to consider in conservation decisions
(Croxall et al. 2005; Gonzalez-Solis et al. 2007).

In this study, we analysed the migratory behaviour of a
seabird species, the red-throated diver (Gavia stellata), that
is increasingly influenced by human activities in one of their
most important winter and spring staging areas in Europe,
the German Bight (eastern North Sea) (Garthe et al. 2007,
2015; Dierschke et al. 2012; Burger et al. 2019; Mendel
et al. 2019; Heinénen et al. 2020). In this winter population,
strong avoidance of offshore wind farm areas was observed
(Mendel et al. 2019; Heinénen et al. 2020; Vilela et al. 2021)
but, so far, no decline in wintering population numbers of
this long-lived species (Vilela et al. 2021). Red-throated
divers are listed in Annex II of the Bern Convention, Annex
I of the EU Birds Directive and as critically endangered on
the HELCOM (Helsinki Commission) convention (BirdLife
International 2022). The species is widespread in the Holarc-
tic, with breeding areas in the Arctic tundra regions north of
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60° latitude and wintering areas in temperate coastal ocean
waters. Breeding populations in Shetland, Sweden, Finland
and Greenland have been linked with wintering areas such as
the Baltic Sea, Skagerrak, the North Sea and further south to
the Bay of Biscay (Cramp and Simmons 1977; Okill 1994;
Wetlands International 2019). Ring recoveries suggest that
younger birds move further south during winter than older
birds (Okill 1994).

Moult is one of the three main energy-demanding events
in the annual cycle of birds and usually occurs at a different
time from breeding and migration (Newton 2009, 2011).
Information about space use in this sensitive period of the
year is important for conservation measures, but little is
known about the temporal and spatial patterns of moult in
red-throated divers. To date, it is known that red-throated
divers moult their wing feathers simultaneously, render-
ing them temporarily flightless. Wing moult takes place in
autumn (August to November, Stresemann and Stresemann
1966), in an area that is visited after leaving the breeding
area. Recoveries of dead birds washed up on the coast in the
North and Baltic Sea have shown that the birds moult their
wing feathers in this period and also change from breeding
to winter plumage (Berndt and Drenckhahn 1974, Mendel
et al. 2008). In the following spring, birds moult their body
feathers back into the breeding plumage (Stresemann and
Stresemann 1966).

We used satellite telemetry which has been shown to
be highly suitable to study migratory movements and spa-
tial-temporal patterns of red-throated divers within and
between years (Schmutz 2014; Paruk et al. 2015; Spiegel
et al. 2017; McCloskey et al. 2018). Additionally, we used
carbon stable isotope analyses of neck feathers in combi-
nation with satellite tracking data to infer moulting areas
used prior to capture. Stable isotope values of a predator are
related to those of its prey and the area where the predator
foraged. Stable isotope values of prey vary with its trophic
position and geographic region. Nitrogen stable isotope val-
ues (8'°N) increase with trophic position, while carbon sta-
ble isotope values (3'°C) depend more on the carbon uptake
by the primary producer and thus differs among habitats
(Peterson and Frey 1987; Frey 1988; Hobson 1999; Cherel
and Hobson 2007).

We aimed to describe the annual cycle of red-throated
divers captured in the eastern German Bight. We focussed
on migratory connectivity, how the breeding location influ-
ences the temporal pattern of annual movements and on indi-
vidual site fidelity between years. In particular, we aimed to
test the following hypotheses: (1) in accordance with ring
recoveries of individuals from Sweden, Britain and other
regions in the capture area (Okill 1994; Hemmingson and
Eriksson 2002) red-throated divers display a low degree of
migratory connectivity, in particular: (1a) individuals from
one or more breeding region mix in one non-breeding area

(capture site) and (1b) individuals from one breeding region
spread during migration and their stationary non-breeding
home ranges do not overlap, (2) the location of the breed-
ing area (longitude/latitude) affects the timing and pattern
of annual movements, (3) similar to the high site fidelity to
their breeding areas (Okill 1992), individual red-throated
divers repeatedly utilise the same areas during their key life
history stages between years.

Methods
Fieldwork

We obtained positions of 33 red-throated divers equipped
with Argos satellite transmitters (platform transmitter termi-
nals, PTTs) in late winter to early spring (February—April)
of 2015 to 2017. Birds were captured in the eastern part of
the German Bight (North Sea), approximately 20 km west
of the islands of Sylt and Amrum. We captured divers using
the night-lighting technique (Whitworth et al. 1997; Ronconi
etal. 2010). For a detailed description of tagging, see Burger
et al. (2019), Kleinschmidt et al. (2019), Heininen et al.
(2020) and www.divertracking.com. We used implantable
PTTs manufactured by Telonics, Inc. (40 units) and Sirtrack,
Ltd (5 units). Transmitters were programmed using vary-
ing duty cycles with 3 or 4 transmission hours and 12-24 h
intervals during winter and 60-68 h intervals between trans-
missions during the breeding season. Blood samples were
taken and stored on Whatman FTA cards (Whatman FTA
card technology, Sigma Aldrich) to sex the birds geneti-
cally. As the proportion of male birds (6 out of 33) was
clearly underrepresented, we did not pursue further analyses
regarding sex-specific differences, but combined male and
female data for further analyses. A detailed description on
the genetic sex determination is provided in the supplemen-
tary material (A9).

Data filtering

The tracking data were filtered to reduce noise from location
fixes with low or unknown accuracy. Filtering followed the
approach in Dorsch et al. (2019), Burger et al. (2019), and
Heinénen et al. (2020) and was conducted using the package
‘argosfilter’ (Freitas et al. 2008) in R (R Core Team 2018).
First, the sdafilter Filter (lat, lon, dtime, Ic, vimax =20) was
applied. Then, all locations with unrealistic swimming/fly-
ing speeds were removed, using the McConnell algorithm
(McConell et al. 1992), unless the point was located at less
than 5 km from the previous location. Second, ArcGISv.10.1
(ESRI 2012) was used to further inspect the filtered data-
set and any remaining obvious outliers, such as unrealistic
positions were removed from the dataset. Finally, positions
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recorded during the first 2 weeks after the transmitter
implantation were excluded from the data set due to possi-
ble impacts of capture and surgery on the behaviour during
recovery period.

Altogether we received 29,053 satellite transmitter posi-
tions. After filtering, 22,744 positions were left for further
analyses. Considering the quality of the data, we found that
39.4% (n=8,962) of the positions were categorised in loca-
tion classes 3—1 and 60.6% (n=13,782) of positions were
assigned to location classes 0-B (Table A2, CLS 2013).

Data collection and definition of terms and seasons

We used the migratory pattern observed in this dataset to
define seasons within the annual cycle (Fig. 1, Table 1).
The timing of site use varied from individual to individual
and from year to year (Fig. 1). Therefore, we decided to
define each season by the months in which at least one diver
showed activity consistent with that season (i.e. migratory
movements, or settlement during breeding, moulting or win-
tering season, Table 1). After spending some time on inland
lakes, presumably for nesting, some red-throated divers
moved to adjacent marine waters. Depending on the time
period, they spent for nesting, these individuals are likely

failed breeders or non-breeders. We did not consider these as
staging periods as long as the diver stayed in the presumed
breeding area.

Autumn moult takes place in areas located along the
migration route between breeding and wintering areas
(Berndt and Drenckhahn 1990; Mendel et al. 2008) and is
assumed to involve a stationary period of > 21 days, includ-
ing a flightless period. Hence, we divided the autumn migra-
tion from breeding to moult and from moult to wintering
(Table 1).

We defined staging sites along migration routes as
areas where an individual diver spent>5 days. Short stop-
overs <5 days were not considered in separate analyses. This
classification of staging and stop-over behaviour followed
Warnock (2010).

Analysing tracking data

PTTs were deployed over three separate years so ordinal date
(day of the year) was used as the temporal variable allowing
comparisons to be made across years.

We used ArcGISv.10.1 (ESRI 2012), QGISv2.18 (QGIS
Development Team 2018) and two projections (Lambert
Azimuthal Equal Area projection: ETRS89/ETRS-LAEA
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Fig.1 Longitudinal migration pattern of all tracked red-throated
divers (n=33) during three consecutive years. Important regions uli-
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Table 1 Definition of terms and seasons and corresponding data collection used in this dataset
Season Spring Arrival breeding Departure ~ Moult Arrival in Depar- Autumn Arrival Departure
migration breeding migration  potential ture from  migration  winter winter
moult potential
moult
Definition  Trajectory  Ist position Ist position Trajectory  1st position Ist posi- Trajectory  1st positionin st position
from after a long- outside from after a long-  tion out- from an area after  outside
capture/ distance flight  the breed-  breeding distance side the moulting  a long-dis- the winter
winter (>100 km), ing site site to flight moulting  site to tance flight site,
site to min. moulting (> 100 km), site wintering (> 100 km),
breeding stay > 31 days site min. stay site min. stay
site (Direc- >21 days) (Direc- >31 days
(Directional tional tional
move- move- move-
ments) ments) ments),
Phenology ~ March— June—September August— September—December October—  December —May
June Septem- January
ber
Number of N=33 N=31 N=19 N=19 N=19 N=13 N=13 N=13 N=10
indi-
viduals
analysed
for the Ist
year
Number of N=9 N=17 N=4 N=3 N=3 N=1 N=1 N=1 N=0
indi-
viduals
analysed
for the
2nd year

(EPSG: 3035), North Pole Azimuthal Equidistant projec-
tion (EPSG: 102016)) to inspect migratory patterns and to
quantify migratory movements. We calculated migratory
distances between capture and breeding sites by summing
the length of all vectors created from point to point of the
PTT locations from the first day of departure from a site
to first day of arrival at the new site. We did not include
movements within staging areas and sites into the distance
calculation.

We used R (v 3.6.1) (R Core Team 2018) to analyse and
plot longitudinal migratory patterns, home range estimates
and repeatability of site use between 2 consecutive years. We
used the R package stats4 (R Core Team 2018) to calculate
correlations. A Pearson's correlation was run to determine
the relationship between spatial (breeding longitude/lati-
tude) and temporal variables (arrival/departure/time of stay).
Additionally, we tested if the distance moved between cap-
ture area and breeding sites affected the duration of migra-
tion and staging behaviour.

For analysing migratory connectivity, we first defined
the breeding regions to determine the extent to which indi-
viduals from a wintering area head to the same breeding
region and use similar migratory routes. We divided breed-
ing regions either by distance (> 700 km), or if separated by
a large body of water (as breeding is constrained to land).

Migratory routes were then assigned to the respective breed-
ing region, namely Greenland, Scandinavia (Norway and
Svalbard) and northern Russia. We analysed migratory con-
nectivity between the breeding and non-breeding sites by
quantifying the number of individuals of which positions
were located along the same path using three analytical sec-
tions of the migration route (i) from the same starting point
(capture site) to the same breeding region (n=233), (ii) from
one shared breeding region to their moulting destination
(n=19) and (iii) from one shared breeding region to their
winter destination (n=13). We analysed migratory connec-
tivity during autumn migration (ii and iii) only for birds
breeding in northern Russia (Siberian Arctic) as sample
sizes from other regions were too small for further analy-
ses. In addition, we assessed the strength of connectivity
by calculating the Mantel correlation coefficient within the
R package ade4 (Dray and Dufour 2007; Ambrosini et al.
2009; Trierweiler et al. 2014; Cohen et al. 2018). Statisti-
cal significance was determined using 9999 permutations
(Trierweiler et al. 2014; Ambrosini et al. 2009). The Mantel
correlation coefficient (rM) was calculated between pairwise
(orthodromic) distance matrices of (i) individual positions at
capture and breeding (n=31 individuals with a fixed breed-
ing position), (ii) breeding and moulting (n =13 individuals
breeding in Siberian Russia), and (iii) breeding and winter
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(n=9 individuals breeding in Siberian Russia). Mantel cor-
relation coefficient values range from O to 1, and indicate
the strength of a population’s migratory connectivity. Val-
ues <0.25 suggest no spatial structure, values 0.26 to 0.50
indicate a weak structure, values 0.51 to 0.70 indicate a rea-
sonable structure, and values > (.71 indicate strong structure
(Ambrosini et al. 2009).

We compared home range estimates for an overlapping
site use during moult and winter (after the first breeding
season) and between individuals from shared and non-shared
breeding regions within the same season. We calculated 95%
and 50% kernel density contours using the adehabitatHR
package (Calenge 2011) in R, using h="LSCV/h-ref” as the
smoothing parameter. We used only data from individuals
that covered a full season and only one position of the best
location class per day to avoid overrepresentation of some
intervals. To calculate sizes of home ranges and core areas in
km?Z, we converted the area of kernels to UTM units and cre-
ated a new kernel (95% and 50%) based on the UTM coor-
dinates. The UTM zone was chosen individually depend-
ing in which zone the estimated area was located using the
WGS1984 datum.

We furthermore used these kernel density estimates to
compare consistency in site use and a potential spatial over-
lap of individual home ranges between 2 consecutive years.
When the same time period during winter (n=4) and moult
(n=1) in consecutive years was available, 50% and 95%
density contours were calculated. Consistency and flex-
ibility of individual migratory movements, phenology and
site utilisation between the 2 years was calculated using an
ANOVA-based repeatability index (also called the intra-
class correlation coefficient R) as an agreement of measure-
ments between consecutive years (Nakagawa and Schielzeth
2010). The repeatability index offers information about the
proportion of the total variation that is reproducible among
repeated measurements of the same subject or group (Les-
sells and Boag 1987). The repeatability index is based on
variance components derived from a one-way analysis of
variance (ANOVA). This ANOVA-based method is one of
the most commonly used methods to calculate repeatabil-
ity in behavioural and evolutionary biology (Nakagawa and
Schielzeth 2010) and has been applied in several studies
on shore- and seabirds (Battley 2006; Vardanis et al. 2011;
Conklin et al. 2013; Ruthrauff et al. 2019). The F table of an
ANOVA, with the individual identities treated as factorial
predictors, were used to calculate ANOVA-based repeatabil-
ity estimates (R ). The repeatability (R,) was calculated by
the formula introduced by Lessels and Boag (1987), where
the mean between individual sum of squares (MS,), the
mean within-individual (residual) sum of squares (MSw)
and the sample size for each individual (2 years’ data) are
considered. We considered all repeatabilities with 0 as no
repeatability, all repeatabilites =1 as total repeatability, all
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repeatabilities < 0.5 as low repeatability and all relatabili-
ties> 0.5 as medium-high repeatability. The applicability
of the method was confirmed in comparison with Linear
mixed-effects model (LMM)-based methods (Stoffel et al.
2017), as both methods showed identical results (Appendix
A3, Table A1). The utilisation of sites between 2 consecutive
years was compared during spring staging (n=9 individuals
and 13 locations utilised in both years), breeding (n=7 indi-
viduals) and moulting (n =3 individuals by tracking data,
n=19 individuals by isotope data). We estimated repeatabil-
ity between 2 consecutive years using Gaussian distributed
data of position information, such as longitude/latitude on
a small scale or isotope value on a broad scale (only for
moult location) and the phenology (arrival/departure) using
ordinal dates as the response variable and ID as the explana-
tory variable of the ANOVA (see Table 1, Al). Additionally,
individual tracks were mapped where two seasons of each
spring (n="7) and autumn migration (n = 3) were available.

All estimates of averages are provided with standard
deviations.

Stable isotope analyses

Stable isotope ratios are used in studies of the foraging
ecology of seabirds, because they are proxies for the origin
of resources (stable carbon isotope ratios 8'>C) and rela-
tive trophic levels (stable nitrogen isotope ratios 8"°N, e.g.
Bedolla-Guzman et al. 2021). Feathers are used for stable
isotope analyses, because feather proteins, formed during
moult, reflect the stable isotope values of the diet at the time
of their synthesis and can thus provide information on dis-
tribution and diet at the time of moult (Hobson and Clark
1992; Oppel and Powell 2008). Once grown, feathers are
metabolically inert (Hobson 1999; Atkinson et al. 2005) and
if potential moulting areas differ in their stable isotope val-
ues, it is possible to infer from 8'*C values where the feather
was grown (Hobson 1999).

We sampled the white neck feathers that are characteristic
for the winter plumage and are grown during the autumn
moult area (Streseman and Streseman 1966, Berndt and
Drenckhahn 1974, Mendel et al. 2008) from all red-throated
divers tracked during this project (n=33). We used these
feathers to determine the area where these feathers are grown
and thus, the autumn moulting sites in the season previous to
capture on a broad scale using stable isotope analyses. The
white neck feathers of red-throated divers are particularly
suitable for this purpose as they are easy to distinguish to
ensure that this feather sample and its stable isotope values
are representative of the autumn moult.

We linked isotope values to moulting regions for birds
tracked with satellite transmitters, assuming that birds are
faithful to regions between years. We used a sub-sample
set of individual data (n=10) provided by the satellite
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transmitters and determined the moult location of each bird
to relate the isotopic information of feathers to geographic
regions (North Sea vs. Baltic Sea). Then, we used these val-
ues to assign moult locations for the remaining birds tracked
with satellite transmitters (n=9) and for birds where no
information from tracking data was available (n=14). The
feathers we sampled from satellite tracked birds were grown
in the year before and thus tracking data collected in this
study did not include the time when the sampled feathers
were grown. Therefore, additionally literature of isotope val-
ues in the North and Baltic Sea were incorporated to confirm
the classification. We revised carbon isotope values from
muscle, eggshells and feathers of piscivorous vertebrates
whose diets overlap with that of the red-throated divers (Das
et al 2004, Céline Mahfouz et al. 2017, Corman et al 2018,
Kleinschmidt et al. 2019, St John Glew et al. 2019, Christie
2021, Table 2) to obtain information on differences in carbon
stable isotope values between the two seas. Stable isotope
values were finally compared (North Sea vs. Baltic Sea)
using the Wilks’ Lambda test and a One-way MANOVA
(Bartlett Chiz) and the package rrcov (Todorov and Filz-
moser 2009) to reveal if they statistically differ.

The isotope data were used to assign pre-capture moult
locations to all birds tracked in this study (n=33). When
information about utilised moulting sites after capture was
given by the tracking data (n=19), it could be compared
with the moulting sites assigned by isotope data. Therefore,
moulting areas could be identified on a broad scale through-
out the year and between years.

Samples were analysed at LIENSs Stable Isotope Facility
at the University of La Rochelle. The treatment of feather
samples and information about running the stable isotope
analyses followed the approach described in Dorsch et al.
(2019) and is provided in the supplementary material (A8).

Results
Migratory routes and utilised sites
Breeding destinations of red-throated divers captured

in the eastern German Bight (n=33) covered the whole
breeding range of the NW European wintering population

(65°W-98°E) specified by Wetlands International (2018,
2022). The breeding areas included destinations in Green-
land (n=2), Svalbard (n=2), Norway (n=4) and northern
Russia (n=25) (Fig. 2). Divers from one capture site dis-
played both, a longitudinal migration (eastern direction to
Russia, n=25; western direction to Greenland, n=2) and
a latitudinal migration (central direction to Norway, n=4,
Svalbard, n=2). Consequently, migratory directions are in
the following termed as the Greenland direction, the Scan-
dinavian direction (Svalbard and Norway) and the Russian
direction. Of birds with a settlement in a breeding site in
northern Russia (n=24), 79% of breeding positions (n=19)
were located in the Siberian Arctic (Yamal, Gydan and Tai-
myr peninsulas and West Siberian Plain) (65°E-98°E) and
21% (n=15) in the European part of northern Russia (Kola
Peninsula, Kanin Peninsula, Pechora Sea (Tobseda Island)
and Novaya Zemlya) (40°E-55°E). The migratory pathways
of single individuals from all breeding areas were mixed on
the route towards the Scandinavian direction (east Green-
land n=1, Svalbard n=2, Norway n =4, and northern Rus-
sia n=1) and overlapped spatially from 54°N (capture site)
till 68/70°N before leading to the final migration direction
(Fig. 2).

Along the route to northern Russia (n=25), we identified
12 staging sites of which 7 were located within the Baltic
Sea. High frequented staging sites were the Skagerrak-Kat-
tegat (7%), the Pomeranian Bight (10%), the Gulf of Bothnia
and in particular the Gulf of Riga (24%, n=9, Fig. 1, A4).
In this context, the following winter showed that the cap-
ture area itself (eastern German Bight) served as a staging
area (40%, n=10) if individuals spent the winter elsewhere
(Fig. 4).

In autumn, on the way back from the breeding areas, most
red-throated divers followed the directions and pathways
they have already used during the spring migration with 77%
of red-throated divers performing a step-wise migration with
separate moult and winter migrations (Figs. 2 and 6).

All birds moulting in the North Sea according to track-
ing data had 8'3C > -18%o, while birds that moulted in the
Baltic Sea had 8'3C <-18%. This threshold was confirmed
by the literature values. We thus applied this classification
to all birds tracked through the annual cycle (n =33) and
assigned moulting regions in the Baltic Sea and the North

Table 2 Isotope values from

5'3C North Sea

8'3C Baltic Sea References

N . Organism Tissue
North and Baltic Sea assigned
by published data and data from Harbour porpoise ~ Muscle
this study Herring gull eggs ~ Eggshell
Puffin Feather
Razorbill Feather

Common Guillemot Feather
Red-throated diver ~ Feather

Average — 16.5 %o
—16to (= 19) %o

—15.87 (0.38) to —16.81 (0.72) n.a
—16.47 (0.71) to — 16.48 (0.68) n.a
—16.77 (0.91) n.a
>— 18 %o to (— 15.5)

Average — 18.25%¢ Das et al 2004

— 21%0 Corman et al. 2018
Glew et al. 2019
Glew et al. 2019
Christie 2021
<—18 %o — (= 22) Our study
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Fig.2 1Ist year spring and autumn migration tracks of red-throated
divers (n=31, n=19) from the capture location in the German Bight
to their breeding areas (above) and from potential breeding locations
to potential moulting locations and to wintering sites (below). Col-
ours of migration tracks indicate different breeding regions (violet
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to Greenland; light blue to Svalbard; orange to Norway, black to the
castern arctic of northern Russia; grey to the Siberian arctic of north-
ern Russia). Individual time of stay in spring staging areas along the
migration route to Northern Russia for 32 staging stops performed by
n=23 individuals is visualized as zoom included in the map
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Sea to a similar number (51% and 49%, respectively). The
isotope values from red-throated divers probably indicated a
split between moulting in North Sea and Baltic Sea (Fig. 3).
Clusters of SI were significantly different between samples
(Wilks' Lambda=0.084, x*=76.61, DF=2.00, p <0.001)
that would, based on literature on other species (Table 2), be
considered to come from the Baltic Sea or from the North
Sea.

Tracking data revealed that wintering sites were distrib-
uted in the Baltic Sea, North Sea (eastern German Bight and
southern Bight) and Irish Sea with the highest proportion
using the eastern German Bight (60%, n= 10, Fig. 4) either
during the complete season or temporarily.

Migratory connectivity

Starting on the capture site, red-throated divers spread out
over a large geographic range for breeding (Figs. 2 and
5). Considering connectivity among individuals from one
breeding region, only individuals from northern Russia
were included as the sample size for the other regions were
too small to show meaningful results. Individuals breeding
in northern Russia used mainly routes via the Baltic Sea
to migrate to and from breeding sites, with one exception
that moved along the Northern Cape (Fig. 2). During spring
migration individuals breeding in northern Russia showed no
consistent pattern with varying staging stop locations, stag-
ing stop durations and travel times (Fig. 2, Table 3). These
individuals spread out to several moulting sites (stationary
period from September to December > 21 days) in the North
and Baltic (38% and 62%, respectively, Figs. 2, 4 and Fig. 5).
Within the Baltic Sea, the majority of birds (n=67%) spent
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Fig.3 Stable isotope values of 33 red-throated diver feather samples
assigned to the region where they were moulted. Data points show
feathers of 16 individuals moulted in the Baltic Sea and 17 individu-
als that moulted in the North Sea

the potential moulting time in the Gulf of Riga. During
winter, 50% of the tracked birds breeding in northern Rus-
sia utilised the German Bight, whereas the other 50% dis-
tributed elsewhere (25% in the southern Bight, 8% in the
Irish Sea and 17% in the Baltic Sea), (Figs. 4 and 5). Kernel
density estimation of individuals from one breeding region
showed only partly overlapping home ranges but these indi-
viduals mixed with individuals from other breeding regions
(northern Russia n =4, Svalbard n =1, Fig. 4). The distance
between individual areas within the moulting period as well
as within the winter period was up to 1000 km. Combina-
tion of tracking data (n=19, Figs. 4 and 5) and additional
birds determined by stable isotopes (n=13) revealed that
individuals that moulted in the Baltic Sea (n=15) migrated
all from northern Russia but red-throated divers that moulted
in the North Sea (n=17) were composed of individuals from
several breeding regions, northern Russia (52.9%), Norway
(23.5%), Svalbard (11.8%) and Greenland (11.8%). Migra-
tory patterns varied between individuals with the majority
performing a separate moult and autumn migration and a
few individuals performing a direct migration (migration to
a site that was utilised during moult and winter).

Quantification of migratory connectivity between indi-
viduals captured in the German Bight (eastern North Sea)
indicated no relation between individuals from one breeding
region (i) to moulting or (ii) wintering sites. Calculation of
a Mantel correlation coefficient indicate no spatial structure
and a low connectivity but gave no significant results: cap-
ture site to breeding: tM; =0.069, n=31, p=0.202; breed-
ing to moult (Siberian ind.): tM=0.135, n=13, p=0.215;
breeding to winter (Siberian ind.): tM=0.274, n=9,
p=0.103.

Thus, individuals from northern Russia spread out to sev-
eral winter sites with no uniform pattern of individuals from
this breeding region and various utilisation areas and mix
with individuals from other breeding regions (Figs. 4 and 5).

Timing of migration and geographic relations

Migration distances can only be given as minimum esti-
mates assuming straight flight paths between consecutive
Argos positions. Referring to Cox (2010) and Rappole
(2013), the majority of red-throated divers in this study
migrated > 1000 km and can be considered as long-distance
migrants (87.9%) and just a small number of birds moved
short distances < 1000 km to Norway (12.1%) (Table 3).
Breeding location was significantly correlated with dura-
tion of migration (longitude: r=0.407, n =29, p=0.027;
latitude: r=0.384, n=29, p=0.039). Overall, individuals
breeding at a higher longitude in Russia needed a longer trav-
elling time (Fig. A2a). The longest travel time during spring
migration was 65 days and this bird headed to Taymir Pen-
insula in northern Russia. Departure date (ordinal date-day
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Fig.4 Arcas used by red-throated divers during moult (above) and
during winter (below). The legend on top informs about individual
colours and corresponding breeding region. Estimated Kernel densi-
ties 95% and 50% for utilised areas in Baltic and North Sea during
moult season (n=13) and in Baltic, North and Irish Sea during win-
ter season (n=10) for a time period that lasts from the first date in
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the area (arrival) until last date (departure). Individual maps are dis-
played when birds utilised the same arca and their home ranges are
not distinguishable, (moult: Eastern German Bight n =2, Bay of Riga
n=6, winter: Eastern German Bight n=5). 95% kernel density con-
tours are displayed with 70% transparency and 50% kernel density
(core habitat use) with 50% transparency
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Fig. 5 Population spread and interpopulation mixing of red-throated
divers from the NW European winter population starting at the cap-
ture site (castern German Bight) heading to breeding regions and
from breeding regions to moult and winter sites. From capture site
to breeding data are based on tracking data, from breeding to moult
data are combined of tracking and additional birds determined by

of year) from wintering sites was significantly correlated
with breeding latitude but not with breeding longitude (lon-
gitude: r=0.335, n=9, p=0.344; latitude: r=0.714, n=9,
p=0.020). More northerly located breeders departed later
from their wintering site than southerly located breeders,
suggesting a latitudinal gradient (Fig. A2c). Arrival date to
breeding areas (ordinal date-day of year) was significantly
correlated with a higher breeding longitude but not with
a higher breeding latitude (longitude: r=0.695, n=29,
p<0.001; latitude: r=0.373, n=29, p=0.078). More east-
erly located breeders arrived later at their breeding sites than
westerly located breeders with up to 40 days later arrival,
suggesting a longitudinal gradient (Fig. A2b). Departure
date from breeding sites was neither correlated with breed-
ing longitude (n=20, p=0.941) nor with breeding latitude
(n=20, p=0.285, Fig. Alb).

We observed no correlation between breeding positions
(long/lat) and duration of staging (n=25, p=0.852, Fig.
Ala) but a significant correlation between a longer travel-
ling time and a longer duration of staging (r=10.643, n =27,

stable isotopes and from moult to winter data are based on tracking
data. Each breeding region is presented in a specific colour consist-
ent with the with the division made in Fig. 1 (violet=Greenland,
orange =Norway, light blue= Svalbard and dark blue =Northern Rus-
sia) and Boxes show number of individuals using this region

p<0.001, Fig. A3) that was correlated with a higher num-
ber of staging stops (rs=0.468, n=27, p=0.014, Fig. A3).
Although staging time was positively correlated with travel-
ling time, the distance itself had no effect on either staging
time (n=25, p=0.986, Fig. Alc) or travelling time (n=31,
p=0.116, Fig. Alc).

Repeatability of year-round movements and site
utilisation between consecutive years

Not all birds caught in the German Bight in winter and
spring returned to this location during the following winter.
32% of the tracked birds used this area for moult and 54%
for wintering. Individuals that did not use this area during
moult or wintering used this area as a staging site or a short
stop along migration.

The temporal pattern and repeated site utilisation
with regard to spring staging sites, breeding and moult-
ing areas showed high individual consistency between
years (Fig. 6, Table Al). Visual inspection of individual

@ Springer

66



Chapter 2

114 Page 12 0f 19

Marine Biology ~ (2022) 169:114

Table 3 Temporal pattern and distances within the first year moved of red-throated divers from different breeding regions during spring and

autumn migration (mean + SD)

Breeding Migration Migration Travel time Staging stop Duration per  Breeding: Moult: Winter:
region route distance (km) (days) No staging stop  arrival/ arrival/ arrival/
(>5 days) (days) departure departure departure
date +days  datet+days date+days
Spring  Northern Russian 4015+751  42.30+12.6 1.5+0.8 13.21+744  09.06.+13 na na
Russia direction (n=24)
(n=24) 07.09.+£13
(n=20)
Norway Scandina- 1403 + 641 31+24.8days 13+1.2 11.2+975 25.05.+6 n.a na
(n=4) vian direc- n=3)
tion na
Greenland ~ Greenland — 4,457+1213 34.5+10.6 2+0 9.75+303 22.06+5 n.a na
n=2) direction n=2)
31.08.+0
Svalbard Scandina- 2,303 +301 125+1.4 0,5+0,5 3+3 27.05.+£2 n.a na
(n=2) vian direc- (n=2)
tion 14.09.£0
Autumn Northern Russian 3,830+£668  97+23.76 Moult 53.67+1422 na 05.10+12  20.12+17
Russia direction (n=18) (n=12)
(n=18) 24.11+16  08.04.+£22
(n=13) (n=10)
Svalbard Scandina- 2090.6 22 Moult 43 na 07.10.+£0 25.11+0
(n=1) vian direc- 18.11.+0 08.05.+0
tion
migratory pathways between consecutive years showed Discussion

similar movements in six of seven individuals, however,
one individual (146,444) used different pathways between
two spring migrations (Fig. 6). Kernel density estimates
from individuals for which tracking data were available
from an overlapping period during moult and winter in
consecutive years showed that home ranges overlapped or
were close, indicating consistent site use in consecutive
years (Fig. 6).

Repeatability (Table A1) towards number of indi-
vidual spring staging stops was moderate between
years (R, =0.407, Fg =2, p=0.161). The repeatability
towards individual spring staging longitudes (R, =0.954,
F 1513=42.9, p<0.001) and spring staging latitudes
(Ry=0.982, F|, 3=107.8, p<0.001), that appeared in
both years, was high. High repeatability’s were also found
for breeding longitudes (R, =1, Fg ;=24,945, p <0.001),
breeding latitudes (R, =1, Fg;=9125, p<0.001) and
moulting locations by isotope analyses (R, =0.785,
Fi5.19=8.278, p<0.001). Between year repeatability
of migratory timing indicated a less consistent pattern
for arrival times in spring staging times (R, =0.604,
F513=4.1, p=0.009), departure times from spring stag-
ing sites (R, =0.751, Fy, 13=7.0, p=0.001), arrival times
in breeding areas (R, =0.552, F¢;=3.5, p=0.064), depar-
ture times from breeding areas (R, =0.408, F; ,=2.4,
p=0.211) and arrival times in moulting areas (R, =0.876,
F,;=15.11, p=0.027).

@ Springer

Based on tracking data and stable isotope analyses, we
obtained a comprehensive dataset on annual movements of
NW European red-throated divers that addressed our hypoth-
eses as outlined below. Tracking data lasted for up to 2 con-
secutive years and thus allowed to assign individual site uti-
lisation within and between years. Stable isotope analyses
added information about moulting sites where no tracking
data were available. Isotopic values in our study seem to be
clearly separable between North and Baltic Sea and in line
with the locations determined by the tracking data. Although
matching of isotope data and tracking data without tempo-
ral overlap may have some uncertainties, published isotopic
values from the North and Baltic Sea backed up our assign-
ment of moulting sites. This approach has previously been
used successfully by Oppel and Powell (2008) to determine
winter locations of eiders (Somateria spectabilis). They also
used information from satellite tracked birds to isotopically
delineate regions and assigned feathers of birds not tracked
with satellite transmitters to regions using their stable iso-
tope values.

Do red-throated divers have a low degree
of migratory connectivity?

Considering ring recoveries in coastal areas around the
North Sea (Okill 1994), we expected a mix of individuals
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A- Capture site, X = Potential breeding site; Il = Potential wintering site, @P= Potential moulting site
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Fig. 6 Migration routes of individuals during two subsequent years
(first year=solid line, second year=dotted line, the black arrow
indicates the direction of movement). The left side shows individual
spring migration tracks marked by colour (n=7) from capture site
to potential breeding sites in the first year and from wintering site
to potential breeding sites in the second year. The right side shows

from several breeding regions in this area and thus a low
degree of connectivity. We found individuals from four
different breeding regions captured in one local area dur-
ing late winter and early spring. The distances and water
bodies between these breeding regions indicates a delimita-
tion of these regions. We captured red-throated divers in
one relatively local wintering/spring staging site and not in
the breeding area, as most other studies analysing migra-
tory connectivity do. A possible bias could have been that
the connectivity would have been overestimated if all birds
would have headed from the same winter region to the same
breeding region and back. In this case, individuals from a
shared breeding region that use other winter regions, would
have been missed as they were out of our sample range. In
our case, however, we found a relatively high spread from
individuals heading to distant breeding regions and of indi-
viduals from one breeding region to several non-breeding

individual moult migration tracks marked by colour from potential
breeding sites to potential moulting sites (n=3) and to wintering
sites (n=1) for two consecutive seasons. Individual home ranges
when data transmission allowed for two overlapping time periods
during winter and moult in consecutive years are visualized as zoom
included in the map

regions and therefore this bias is unlikely to affect the results.
However, that individuals migrated along their routes to a
shared breeding area in northern Russia indicates some
degree of connectivity, as most of these individuals moved
along the Baltic Sea and used similar staging sites along
this route. In another study, McCloskey et al. (2018) tagged
red-throated divers in four breeding regions in Alaska. These
individuals also followed similar migration routes, indicating
some degree of connectivity, but did not display a discrete
use of population-specific non-breeding areas. The fact that
almost all red-throated divers in this study that bred in north-
ern Russia migrated along the Baltic Sea could also be due
to the fact, that they follow an established migration route
that is used by various species of waterfowl, the Northeast
Atlantic Flyway (BirdLife International 2010), rather than to
the fact that they exhibit community-specific patterns (Boere
and Straud 2006). On a smaller scale and considering site
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utilisation during the stationary non-breeding season (moult
and winter), red-throated divers in this study spread to dis-
tinct areas. Following the ‘weak—strong’ continuum defined
by Webster et al. (2002), this pattern would suggest that red-
throated divers displayed a low or diffuse connectivity with
individually variable movements and no specific or uniform
pattern of individuals from one site or migratory direction.
Statistical tests showed no significant correlation between
utilised breeding regions, moulting or wintering sites, which
supports the low connectivity indicated by Fig. 5. Also, ker-
nel density estimation during moult and winter in the season
after capture showed only partly overlapping home ranges
between individuals from a given breeding region (Fig. 4).
Our results are consistent with the study of Gray (2021) who
found low connectivity of red-throated divers in eastern
North America, indicating that red-throated divers display a
highly individual movement behaviour that is adapted rather
to individual qualities and environmental conditions than to
community-specific patterns.

Does the location of breeding area (longitude/
latitude) affect the timing and spatial pattern
of annual movements?

Like other species, red-throated divers seem to follow an
endogenous schedule of migration together with the strong
phenological gradient along the spring migration route to
Arctic breeding areas (Gordo 2007; McNamara et al. 2011;
Shariatinajafabadi et al. 2014; Smith et al. 2020). Arrival
dates in more westerly located Arctic breeding sites were
about 40 days earlier than arrival in more easterly Arctic
breeding sites, indicating a longitudinal gradient. We did
not find a correlation between departure from breeding sites
and breeding location, which could be related to variations
in breeding success. Birds from more northern breeding
areas departed later from wintering areas, consistent with
the pattern of later arrival at breeding areas. The temporal
pattern seems to confirm that timing of migration appears to
follow environmental conditions (e.g. growing seasons, ice-
free conditions and temperatures) in arctic breeding regions,
similar to other waterfowl and shorebirds (Schwartz 1998;
Shariatinajafabadi et al. 2014; Smith et al. 2020). Migratory
movements and breeding events of shorebirds and avian her-
bivores can be constrained by plant phenology and spring
salt marsh productivity (Shariatinajafabadi et al. 2014; Smith
et al. 2020). Winkler et al (2014) stated that migration strat-
egies can be seen as the mapping of actions (e.g. feeding,
departure) on cues (e.g. daylength, feeding or wind condi-
tions). Although red-throated divers are piscivorous seabirds
and do not directly depend on plant phenology, other factors
such as seasonal day length and temperatures could be indi-
cators that lead birds to hit the right time with suitable con-
ditions at breeding sites. In this case, a later arrival time at
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more easterly located breeding locations might also explain
why a longer travel time (duration of the spring migration)
was significantly correlated with a more easterly breeding
location, but not with distance travelled (Fig. Alc, A2a).
Another factor that should be taken into account here is the
individual need to refuel along the route (Weber and Hou-
ston 1997). We found a significant correlation between a
longer travelling time and a longer duration of staging and a
higher number of staging stops (Fig. A30). In this context, as
medium-sized birds with weight varying between 1400 and
2000 g (own observations) and high wing loading (Storer
1958; Lovvorn and Jones 1994) using flapping flight, the
energy expenditure of divers is relatively high (Pennycuick
1989). To refuel energy reserves, divers, travelling to more
distant areas (longitudes) may, therefore, need more and
longer staging stops, thus increasing the total travel time.
The high energy expenditure though might be counteracted
by the use of favourable wind conditions (tailwinds), or
very good foraging conditions at staging sites. However, our
results are in line with the finding of McCloskey et al. (2018)
and Gray (2021) who found red-throated divers to perform
long/slow migrations with many stop-overs.

Do individuals faithfully utilise areas during their
key life history stages between years?

Information about individual consistency between years
helps to understand the capacity to cope with habitat change
and selection pressures (Dias et al 2010, Conklin et al. 2013,
McFarlane et al 2014, Merkel et al. 2020). Based on a high
site fidelity observed in breeding areas (Okill 1992; Poessel
et al. 2020), we expected a similar high site fidelity for the
non-breeding sites. The sample size for individual site utili-
sation in two consecutive years was rather small with data of
(n=9) individuals for spring migration and of (n="7) indi-
viduals for breeding sites. The data set of (n=3) individuals
tracked for moulting sites could be enhanced by the isotopic
data (n=19). Although the sample size is rather small, the
results of the repeatability analyses of annual migratory
movements seem to confirm and extend previous studies on
site fidelity (Okill 1992; Poessel et al. 2020).

Similar to the strong winter site fidelity (85%) of com-
mon loons/ great-northern divers (Gavia immer) shown by
Paruk et al. (2015) red-throated divers exhibit a relatively
high fidelity towards the different areas visited during
the annual cycle: migration routes, staging, breeding and
moulting areas, however, with some variation for individu-
als and temporal pattern. Home ranges estimated by Ker-
nel densities in 2 consecutive years and during the same
time period in moult and winter could only be shown on
the basis of a few individuals (n=4), but revealed that
these individuals had either some home range overlap in
consecutive seasons, or the home ranges were located in
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the same area and close to each other. Home range estima-
tion and calculation of repeatability might indicate that
site selection is driven by macro-selection of a larger area
with sufficient frequency of opportunistic prey encounters.
Once such a profitable area with suitable feeding condi-
tions is found, it is used faithfully from year to year. In
this study, we only have 2 years of data and in the context
of fidelity and flexibility, it is equally plausible that red-
throated divers exhibit fidelity only until a site of use is no
longer suitable, in which case the flexibility of the divers
would be expressed. Skov and Prins (2001) have shown
that the eastern German Bight is known to be particularly
attractive to red-throated divers due to the frontal zone
and resulting favourable feeding conditions with suitable
prey species (Guse et al. 2009; Kleinschmidt et al. 2019).
If habitat selection is driven by a macro-selection, it could
be that habitat change has an effect on a smaller spatial
scale and displacement is a process happening at smaller
scales. However, in this context, results from studies on
red-throated diver distributions and displacement effects
in the eastern German Bight showed that red-throated
divers remained in the general area, but shifted their dis-
tribution and congregated outside disturbed areas (Men-
del et al. 2019; Vilela et al. 2021). Mendel et al. (2019)
analysed long-term datasets of aerial and ship based sur-
veys, whereas Vilela et al. (2021) analysed long-term
datasets of aerial surveys. However, no population decline
was observed (Vilela et al. 2021). Considering this, our
data based on the visualised tracks, single home ranges
(Fig. 6) and statistical analyses of individual repeatabil-
ity (Table A1) show an individual consistent site use in
consecutive years, considered over a broad scale. Com-
bined with the findings of Mendel et al. (2019) and Vilela
et al. (2021), these data suggest that red-throated divers
are somewhat flexible to change sites at small scales, but
may have limited flexibility to change sites at large scales
in response to large-scale habitat loss.

Arrival and departure times were more consistent at
non-breeding sites than at breeding sites. The high consist-
ency in arrival times in moulting areas might limit their
flexibility in responding to anthropogenic change during
that time period when birds are flightless. Similar to other
medium-to-large sized diving bird species, divers are
expected to perform a synchronous wing moult (Thomp-
son and Kitaysky 2004) rendering them flightless and thus
require undisturbed areas during this time. Arctic breed-
ing areas on the other hand are characterised by a short
arctic summer and thus a narrow seasonal window where
breeding can take place (Klaassen 2003). Therefore, this
Arctic breeding bird species may have adapted to a more
flexible timing of arrival to match optimal conditions in
breeding areas, triggered by colder or warmer winter or
spring temperatures.

Conclusions and implication for conservation

In agreement with prior research (e.g., Mendel and Garthe
2010; Dierschke et al. 2012; Mendel et al. 2019), our study
confirms the importance of the North Sea, in particular
the eastern German Bight, as a wintering area, staging site
before spring migration and moulting area for red-throated
divers. The consistent use of the Gulf of Riga in our study
in spring and autumn confirmed that this area is another
important site for red-throated divers migrating from north-
ern Russia and moving to the North Sea and adjacent waters
(Berndt and Drenckhahn 1990; Helcom 2013).

Low connectivity might indicate resilience to environ-
mental change on a population level, but the high fidelity
towards sites during the stationary non-breeding season indi-
cates a rather high consistency of annual movements which
may result in a low individual flexibility. These findings are
highly important to be considered for future appropriate con-
servation measures. All divers in this study were captured in
the eastern German Bight but migrated to separate breeding
areas and used this area with varying intensity in the fol-
lowing season. The observed low or diffuse connectivity of
individuals from one breeding region distributes the effect to
only a proportion of individuals from each breeding region.
Compared to a high connectivity, where all individuals
from one breeding region would experience the same non-
breeding conditions over the same time in this area, a higher
resilience can be suggested (Newton 2008; Rushing et al.
2016). Interannual movements of red-throated divers on the
other hand showed a relatively high individual repeatabil-
ity and consistent site use. Consistent use of high energetic
mobile prey species (Guse et al. 2009; Kleinschmidt et al.
2019) indicates that the occurrence of these prey species
seem to be an important habitat criteria. Considering the use
of multiple core areas during winter and the dependence of
divers on these mobile prey species in dynamic marine habi-
tats, could also indicate some flexibility. Regarding anthro-
pogenic pressures and altered environmental conditions, a
poor wintering habitat quality can carry-over to breeding
sites and influence reproductive success (Marra et al. 1998;
Moore 2005; Harrison et al. 2011; Rushing et al. 2016). The
winter population of red-throated divers shows strong avoid-
ance towards the increasing anthropogenic pressure (Garthe
etal. 2015; Mendel et al. 2019) but does not decline (Vilela
et al. 2021). The low connectivity could counteract a quick
population decline by having only small effects on popula-
tions of this long-lived species. If the impact always affects
only one number or a proportion, but not the entire popula-
tion, it may take longer for the impact to become apparent.
More research on reproductive success in the arctic breed-
ing regions is needed to link population estimates between
breeding and non-breeding areas. If a breeding population
experiences individually different travel times, caused by
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altered conditions in the non-breeding areas, this may result
in different arrival times at the breeding site and a possible
mismatch (Marra et al. 1998; Moore 2005; Rushing et al.
2016). It should also be noted here that, climate warming
can alter ice-free periods in Arctic breeding areas which has
the potential to alter the timing of migration (Walther et al.
2002; Catry et al. 2013; Wauchope et al. 2017).

Although anthropogenic pressures in the North Sea
appear to be distributed among individuals from multiple
populations, when considered cumulatively and taking into
account individuals breeding in northern Russia, multiple
threats during migration come together, such as gillnet fish-
ing and pollution of the Baltic Sea (Dagys and 2ydelis 2002;
Rubarth et al. 2011; 2ydelis 2013). When it comes to future
spatial planning, our data support the finding that all infor-
mation on species abundance and sites used along the migra-
tion route needs to be considered, regardless of whether they
are geographically or politically distant (Runge et al. 2014;
Johnston et al. 2020).
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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 GAVSTEOl and GAVSTEOQ2,

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 (Valkiiinas 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-Abrain 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 Mgller
1997, Sol D et al. 2003, Meller 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., Heindnen 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, Heindnen 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 NZY Gelpure columns (NZY Tech, 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 uL 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 25ul reaction
volume that contained 12.5pl 2x Dream Taq PCR Master Mix ready to use solution (Thermo Fisher
Scientific, Germany), 4 ul of template DNA, 0.6 uM of each primer (1,65uL of 10 uM) 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 > -CATATATTAA(;T,AGAAITATGGAG- Haemoproteus/Plasmodium/Leucocyozoon
5'-
HaemNR3 ATAGAAAGATAAGAAATACCATTC- Haemoproteus/Plasmodium/Leucocyozoon
3’
HaemF > -ATGGTGCTTT(;(,}ATATATGCATG- Haemoproteus/Plasmodium
5- ;
HaemR2 GCATTATCTGGATGTGATAATGGT-3’ Haemoproteus/Plasmodium
5"-ATGGTGTTTTAGATACTT
HaemFL ACATT-3’ Leucocyozoon
HaemROL 5 CATTATCTGG/é:l;(,}AGATAATGGIG 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 Clustal W 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 CIAEO02
146445 n.a. Leucocytozoon GAVSTE(2
146449 Norway Leucocytozoon GAVSTEO02
146441 n.a. Plasmodium GAVSTEO1
158325 Arctic Russia Leucocytozoon n.a
57332 Arctic Russia Leucocytozoon AMOO02
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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 GAVSTEO1 (n=1) and the most prevalent
Leucocytozoon lineage GAVSTEO2 (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
GAVSTEO2 (GenBank record OP007193) differed by one nucleotide in the cyt b fragment from the lineage
GAVIMO1 (GenBank No. EF077166), which was detected in the closely related diver species, Gavia immer
in North America. The novel Plasmodium lineage GAVSTEO1 (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.

JN164734

63,37% 1 TURDUS1
AF495576 Plasmodium

100% [
RTD146441

RTD146445

\ 100% 55,57%
RTD146449
100% =
GAVIMO1
EF077166

100%

Leucocytozoon
EF607287

CIAEO2

100%
KC962152

33,5%

RTD146441

\ KC754965_out_Babesia Outgroup

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 Host and country
Lineage

IN164734 Plasmodium TURDUSI Sylvia atricapilla (Spain)
circumflexum

AF495576 Plasmodium TURDUSI Turdus philomelos (Sweden)
circumflexum

KC962152 Leucocytozoon sp. CIAE02 Buteo buteo (Turkey)

EF607287 Leucocytozoon sp. CIAEQ02 Circus aeruginosus (Germany)

EF077166 Leucocytozoon sp. GAVIMO1 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 CIAEO2 is documented in Falconiformes,
Gruiformes, Charadriiformes, Strigiformes, Piciformes, Ciconiiformes, Cuculiformes, Coraciiformes and the
lineage AMOO02 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
GAVSTEOQ2, 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 AEMOO02 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 GAVSTEO1 (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, GAVSTEO02,
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, Waldenstrom et
al.,2002; Beadell et al. 2004, Dimitrov et al. 2010; Kimura et al. 2010, Jenkins and Owens 2011). The distinct
novel Leucocytozoon lineage GAVSTEQ?2 in our dataset has a 1bp difference from the Leucocytozoon lineage
GAVIMO1 that was previously found in Gavia immer, a closely related diver species. The Leucocytozoon
lineage GAVIMO1 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 llumina MiSeq sequencing and bioinformatic analysis.

Table 3 Quality criteria of MOTUs that were used for taxonomic assignment

Chapter 2: Electronic supplementary material

Supplementary information Al: Timing of migration and geographic relations

o Supplementary Figure Al: 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 (= - 0.158 n =27, p=10.431), (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), (¢) 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).

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).

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) (= 0.643, n= 27, p <0.001);
below: Duration of spring staging in relation to number of utilised fuelling sites (staging
sites) (tho= 0.468, n=27, p =0.014).

e 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.

e Supplementary Information A3: Comparative methodological approach to calculate Repeatability

O

Supplementary Figure AS: Estimates (£SE) of repeatability (R) of phenology and
locations utilised by red-throated divers in successive years. Asteriks indicate significant R
values.

Supplementary Table Al: 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 (R4) obtained by the Anova based
approach.

e 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.

e Supplementary information AS: 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.
e  Supplementary information A6: Specific Information about treatment of stable isotope samples
and running the analysis
e Supplementary information A7: Genetical sexing of captured birds

e 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 3™ chapter and corresponding requested GenBank records are withheld and

will be added officially after the publication is accepted.

e Table 1: Specific information of new lineages submitted to MalAvi

e Table 2: Specific information of sample locations of birds infected with new lineages

e 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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