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Zusammenfassung

Umweltschadstoffe haben bei vielen Prddatoren zu einem erheblichen Riickgang der
Populationen wéhrend des 20. Jahrhunderts gefiihrt. Insbesondere Greifvogel litten unter
Reproduktionsstorungen und erhohter Sterblichkeit aufgrund der Biomagnifikation persistenter
organischer Schadstoffe wie Dichlordiphenyltrichlorethan (DDT) und polychlorierten
Biphenylen (PCBs). Diese Auswirkungen auf Greifvogel fithrten in Kombination mit
schadlichen Folgen fiir die menschliche Gesundheit zu nationalen und weltweiten Verboten
dieser Stoffe. Infolgedessen begannen sich die Populationen vieler Greifvogelarten ab den
1980er Jahren zu erholen. Trotz dieser regulatorischen Fortschritte gibt es derzeit immer noch
Mingel in den Chemikaliengesetzen, die zu Emissionen gefdhrlicher Chemikalien in die
Umwelt fiihren. Einige dieser chemischen Klassen, wie z. B. antikoagulante Rodentizide (ARs),
bedrohen nachweislich Greifvogelpopulationen durch Sekundirvergiftungen in Europa. ARs
hemmen die Synthese von Gerinnungsfaktoren in der Leber von Vertebraten und werden auch
in Deutschland hdufig zur Kontrolle von Nagetierpopulationen eingesetzt. Fiir andere
Substanzgruppen, die im Verdacht stehen Greifvogel zu gefdhrden, wie beispielsweise aktuell
verwendete Pflanzenschutzmittel (PSM) oder Arzneimittel, liegen hingegen nur begrenzt

Informationen in Wildtierarten vor.

Da die europdische Chemikaliengesetzgebung in den Mitgliedstaaten der Europédischen Union
harmonisiert  ist, muss die  Uberwachung der Ergebnisse =z B. von
RisikominderungsmafBnahmen auf der gleichen raumlichen Ebene durchgefiihrt werden. Daher
untersuchte der erste Teil dieser Dissertation die Eignung europdischer Greifvogelarten fiir
europaweiteres Monitoring prioritirer Schadstoffe (Kapitel 2). Hierbei spielten neben der
Verbreitung auch 6kologische Kriterien wie Nahrung, Habitat und Zugverhalten eine zentrale
Rolle. Da in Deutschland die Gefahren fiir Greifvogel durch Umweltschadstoffe, wie
beispielsweise ARs, weitgehend unbekannt sind beschiftigte sich das Kernthema der
Dissertation mit der Identifizierung und Charakterisierung bekannter und unbekannter
Schadstoffe auf nationaler Ebene. Hierzu fokussierte ich mich zuerst auf die Lebern von
Greifvogel-Totfunden, da die Leber das zentrale Stoffwechselorgan ist und daher fiir die
Analyse von Chemikalien mit unterschiedlichen physikalisch-chemischen Eigenschaften
geeignet ist (Kapitel 3 und 4). Im nédchsten Schritt wurde das Blut von Greifvogel-Nestlingen
analysiert, um die rdumlich-zeitliche Auflosung der Schadstoffexpositionen zu verbessern
(Kapitel 5). In Kapitel 3 und 5 analysierte ich die Verteilung von prioritiren Schadstoffgruppen

wie ARs sowie ausgewidhlten PSMs und Arzneimitteln in Greifvogeln aus terrestrischen und

IX



aquatischen Nahrungsgilden. In Kapitel 4 fokussierte ich mich auf die Identifizierung von 2441
bekannten und neuauftretenden Schadstoffen in Seeadlern (Haliaeetus albicilla) als
Indikatorart fiir den Ostseeraum. Fiir die Analysen der Lebern (Kapitel 3 und 5) wurde sowohl
Fliissigchromatographie (LC) als auch Gaschromatographie (GC) mit Massenspektrometern
(MS)-Kopplung verwendet. Die Analysen im Blut konzentrierte sich hingegen auf polarere,

nicht volatile LC-Chemikalien (Kapitel 5).

Die Ergebnisse des zweiten Kapitels zeigten, dass sich die europaweite Artenauswahl fiir die
meisten der betrachteten Schadstoffe auf einige wenige Arten beschrinken ldsst. Der
Maiusebussard (Buteo buteo) und der Waldkauz (Strix aluco) waren aufgrund ihrer weiten
Verbreitung, ihrer breiten Lebensraumnische und Standorttreue die geeignetsten Arten fiir eine
Vielzahl der betrachteten Schadstoffe. Andere Arten konnen jedoch fiir bestimmte
Monitoringprogramme besser geeignet sein, wie beispielsweise der Steinadler (Aquila
chrysaetos) fur Blei oder der Habicht (Accipiter gentilis) fiir Programme, die auch
weitnordliche Regionen in Europa einschlieBen. Der o©kologisch basierte Ansatz zur
Identifizierung von Indikatorarten hat sich als robust erwiesen und kann leicht auf andere
Schadstoffgruppen und Kontinente ausgeweitet werden. Die Ergebnisse des nationalen
Greifvogel-Monitorings in Deutschland aus Kapitel 3 zeigten, dass ARs unter 30 PSMs und 7
Arzneimitteln die groffte Bedrohung fiir Greifvogel darstellen. Urbaner Habichte und
Rotmilane (Milvus milvus) wiesen ARs in >80 % der Lebern auf und iiberschritten mehrfach
Toxizititsschwellenwerte. Die hdufige Detektion im Habicht als iiberwiegend avivore
(vogelfressende) Art deutet auf eine weitreichende Nahrungsnetzkontamination im stadtischen
Gebiet hin. Die hédufige Detektion im Rotmilan als opportunistischem Kleinsdugerjager ist
hingegen vergleichbar mit der in anderen europdischen Léndern. Interessanterweise waren auch
38 % der tiberwiegend piscivoren (fischfressenden) Seeadler zu ARs exponiert. Rein piscivore
Fischadler zeigten hingegen keine Schadstoffexposition. Aufgrund der geringen
Stichprobenzahl der Fischadler werden weitere Studien empfohlen, um den Expositionspfad
von ARs in Seeadlern zu untersuchen. Unter den Arzneimitteln wurde Ibuprofen am héufigsten
in den Lebern von Seeadlern (24 %) nachgewiesen. Die Ergebnisse deuten auf eine aquatische
Exposition hin, die mit einer unzureichenden Abwasserbereinigung und hohen
Verbrauchsmenge zusammenhédngen konnte. Unter den PSMs wurde das Neonicotinoid
Thiacloprid sowie das nicht mehr zugelassenen Insektizid Dimethoat (und der Metabolit
Omethoat) in jeweils zwei Rotmilanen nachweisen. Die Konzentrationen von
Dimethoat/Omethoat deuten auf eine vorsétzliche Vergiftung hin. Zusammen mit einer AR-

Vergiftung eines weiteren Rotmilans ist folglich davon auszugehen, dass vorsitzliche
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Vergiftungen eine Bedrohung fiir Rotmilane in Deutschland darstellen. Neben der
Untersuchung chemischer Bedrohungen fiir drei prioritire Schadstoffklassen (ARs, PSM,
Arzneimittel), zeigten die Ergebnisse von Kapitel 4, dass insgesamt 85 der 2441 altbekannten
und neuauftretenden Schadstoffe in Lebern von Seeadlern nachgewiesen wurden. Die meisten
Schadstoffe waren Arzneimittel (einschlieBlich Transformationsprodukte), obwohl diese nicht
als persistent oder bioakkumulativ eingestuft wurden. Insgesamt waren 45% der 2441
Schadstoffe Arzneimittel, da sich die Auswahl der Analyten auf die aquatische Umwelt
fokussierte. Die  Ergebnisse demonstrieren jedoch, dass eine unzureichende
Abwasserbereinigung in Kliranlagen zu Expositionen in Spitzenprddatoren aquatischer
Nahrungsnetzen fiihrt. Altbekannte Schadstoffe wie PCBs und DDTs wurden in allen
Individuen nachgewiesen, allerdings unterhalb der Toxizitdtsschwellenwerte. Andere hiufig
nachgewiesene Schadstoffe waren Per- und Polyfluoralkylsubstanzen (PFAS), die veraltet auch
als PFC abgekiirzt wurden. Innerhalb der PFAS machte Perfluoroctansulfonsdure (PFOS) den
Hauptteil der Kontamination aus (96,8% von Y 10PFAS) und zeigte zusammen mit DDTs und
PCBs die insgesamt hochsten Konzentrationen in den Seeadlern. Die im Vergleich zur Literatur
hohen PFOS-Konzentration einiger Individuen im Einzugsgebiet der Elbe deutet auf eine
Emissionsquelle in Norddeutschland hin. Die am hdufigsten nachgewiesenen PSMs waren
Spiroxamin (zugelassenes Fungizid) und Simazin (nicht mehr zugelassenes Herbizid), die mit

erhohten Konzentrationen in den Seeadlern aus Agrarlandschaften nachgewiesen wurden.

Bei der Analyse des Blutes der Greifvogel-Nestlinge wurde ein erweiterter LC-Ansatz des
dritten Kapitels angewandt, der sich auf ARs, 90 PSMs und 7 MPs fokussierte. Ahnlich wie in
Kapitel 3 waren Rotmilane besonders von der AR-Kontamination (22,6%) betroffen. Des
Weiteren wurden AR-Riickstinde auch in Méusebussarden (8,6%) nachgewiesen, wéhrend bei
Wiesenweihen (Circus pygargus), Seeadlern und Fischadlern keine Exposition im Blut zeigten.
Die bodenbriitende Wiesenweihe wurde in Getreidefeldern beprobt, was unterstreicht, dass AR-
Anwendungen als PSM im Untersuchungsgebiet nicht mehr relevant zu sein scheinen. Jedoch
ist die Halbwertszeit von ARs im Blut geringer als in der Leber, was die Detektion erschwert.
Die geringe Halbwertszeit im Blut ist in Kombination mit einer vermutlich geringeren AR-
Kontamination (basierend auf Kapitel 3) fiir die Abwesenheit von ARs im Blut der Seeadler
verantwortlich. Fischadler hingegen scheinen generell nicht belastet zu sein. Es zeigte sich, dass
die Konzentrationen von ARs in terrestrischen Greifvogeln aus Nordrhein-Westfalen im
Vergleich zu denen in Nordostdeutschland hoher sind. Dies hédngt vermutlich mit der
vermehrten Biozidanwendung in Regionen mit hoher Bevolkerungsdichte und intensiver

Viehzucht zusammen. Das am hédufigsten im Blut der Nestlinge nachgewiesene PSM war das
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Herbizid Bromoxynil (14%). Neben ARs wurde das Herbizid Bromoxynil in 14% der
Nestlinge nachgewiesen. Die Median-Konzentrationen in der Wiesenweihe waren
dhnlich hoch (Rotmilan) bzw. niedriger (Mausebussard) im Vergleich zu den baumbriitenden
terrestrischen Greifvogeln. Daraus wird geschlussfolgert, dass Uberschneidungen in ihrer
Nahrung fiir die beobachtete Exposition ausschlaggebend sind und nicht die direkte
Exposition auf dem Feld. Ahnlich wie bei den ARs waren die Bromoxynil Konzentrationen in
terrestrischen Greifvogeln aus Nordrhein-Westfalen hoher als in Nordostdeutschland, was

vermutlich mit dem intensiven Maisanbau in der Region zusammenhéngt.

Zusammenfassend zeigen die Ergebnisse dieser Dissertation, dass Greifvogel in Deutschland
einer Vielzahl verschiedener Chemikalien ausgesetzt sind. Insbesondere persistente und
bioakkumulierende Schadstoffe wiesen die hochsten Konzentrationen auf. Neben den
momentan zugelassenen ARs zeigte sich, dass verbotene Schadstoffe wie DDTs, PCBs und
PFOS einen Hauptteil der Schadstoffbelastung ausmachen. Insbesondere ARs haben sich in
stadtischen Gebieten und Regionen mit intensiver Viehhaltung als Bedrohung fiir terrestrische
Greifvogel erwiesen. Um die Auswirkungen auf besonders gefihrdete Arten wie urbane
Habichte und den Rotmilan zu verringern, werden zusétzliche Hygienemaflnahmen in
Viehzuchtbetrieben und Stéddten sowie die Beschrinkung der Verwendung besonders toxischer
ARs im Freien empfohlen. Aufgrund der Komplexitit der Bewertung toxischer Wirkungen
unter Feldbedingungen empfehle ich aulerdem sich zum Schutz von Greifvogeln in erster
Linie auf die Persistenz und Bioakkumulation zu konzentrieren. Dieser Ansatz wiirde es
erlauben, Expositionen zu beenden, sobald zusdtzliche Informationen iiber schédliche
Wirkungen bekannt werden. Neben persistenten und bioakkumulierenden Stoffen wurden auch
eine Vielzahl an Arzneimitteln sowie aktuell zugelassene und bereits verbotene PSMs
nachgewiesen. Diese Beispiele demonstrieren, dass chemische Exposition von
Spitzenpradatoren komplex sind und nicht nur mit den Stoffeigenschaften zusammenhéngen.
Es zeigte sich, dass beispielsweise die Nahrungsdkologie, die verwendeten Habitate (z.B.
urban, landwirtschaftlich) sowie das Verwendungsmuster der jeweiligen Chemikalien eine
wichtige Rolle fiir die Expositionen von Greifvogeln spielen. Auf der Grundlage der Ergebnisse
dieser Dissertation wird empfohlen, dass Monitoringdaten, Okologische Faktoren (z. B.
Fiitterungsokologie) und der landschaftliche Kontext von Expositionen bei behordlichen
Risikobewertungen besser beriicksichtigt werden. Zusammen mit einer priméren Fokussierung
auf Persistenz und Bioakkumulation wird erwartet, dass diese Maflnahmen Greifvogel und
andere Wildtierarten schiitzen, bevor sich negative Auswirkungen auf Individual- oder

Populationsebene bemerkbar machen.
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Summary

Environmental contaminants have caused substantial population declines of many predatory
species during the 20th century. Especially raptors suffered from reproductive impairments and
increased mortality due to the biomagnification of persistent organic pollutants such as
dichlorodiphenyltrichloroethane (DDT) and polychlorinated biphenyls (PCBs). These
deleterious effects on raptors, in combination with adverse effects on human health, resulted in
national and global bans of these substances. As a result, populations of many predator species
began to recover from the 1980s onwards. Despite these advances, regulatory frameworks still
have shortcomings that result in the environmental emissions of hazardous chemicals. Some of
these chemical classes, like anticoagulant rodenticides (ARs), have been shown to threaten
European raptor populations through secondary poisoning. ARs inhibit the synthesis of
coagulation factors in the liver of vertebrates and are also used in Germany to control rodent
populations. However, for other substances that are suspected of threatening raptors, such as
plant protection products (PPPs) or medicinal products (MPs), only limited information is

available in wildlife species.

As chemical legislations are harmonised across the member states of the European Union,
monitoring the outcome of e.g. risk mitigation measures needs to be conducted at the same
spatial scale. Therefore, the first part of this dissertation aimed to identify the most suitable
species for pan-European biomonitoring of priority contaminants. Candidate species were
shortlisted using a scoring scheme based on distribution and ecological criteria such as diet,
habitat and migration (chapter 2). In contrast to other European countries, threats to birds of
prey from environmental contaminants such as ARs are largely unknown in Germany.
Therefore, the core topic of the dissertation dealt with the identification and characterisation of
legacy and emerging chemical threats on a national scale. In the first step, the analysis focused
on the livers of deceased birds as the liver allows for analyses of chemicals with different
physicochemical properties (chapters 3 and 4). In the next step, blood from nestlings was
analysed to increase the spatiotemporal resolution of contaminant signals (chapter 5). Chapters
3 and 5 investigated the distribution of priority substance groups such as ARs as well as selected
PPPs and MPs in birds of prey of different feeding guilds. In contrast, chapter 4 focused on the
identification of 2,441 legacy and emerging contaminants in white-tailed sea eagles (Haliaeetus
albicilla) as an indicator species for the Baltic Sea region. For the analyses of livers (chapters

3 and 4), both liquid (LC) and gas chromatography (GC) coupled to mass spectrometry was
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used. In contrast, the analyses of the blood focused on more polar, non-volatile LC amendable

contaminants (chapter 5).

The results of chapter 2 demonstrated that the selection of candidate species for pan-European
species can be reduced to only a few species. The common buzzard (Buteo buteo) and tawny
owl (Strix aluco) were the most suitable sentinel species for most of the considered
contaminants due to their wide-spread distribution, large habitat niche and residency. However,
other species may be better sentinels for specific monitoring schemes, such as the golden eagle
(Aquila chrysaetos) for lead (Pb) or the northern goshawk (Accipiter gentilis) for studies
including far northern European regions. The applied trait-based approach for identifying raptor

biomonitors has proven to be robust and can be extended to other continents and contaminants.

When focusing on the national monitoring of birds of prey from Germany, the results from the
third chapter demonstrated that ARs pose the most severe threat among 30 PPPs and 7 MPs.

Urban northern goshawks and red kites (Milvus milvus) showed ARs residues in >80% of the
individuals, and concentrations frequently exceeded toxicity thresholds. The frequent detection
of ARs in the northern goshawk as mainly avivorous (bird-eating) species indicates extensive
food web contamination in urban areas. In contrast, the high detection rate of red kites as rodent-

predating species is comparable to that in other European countries. It was shown that 38% of
the mainly piscivorous (fish-eating) white-tailed sea eagles were also exposed to ARs at lower
concentrations. In contrast, the purely piscivorous osprey showed no contaminant exposure.

Due to the small sample size of ospreys, further studies are recommended to investigate the
exposure pathway of ARs in white-tailed sea eagles. Among the MPs, ibuprofen was most
frequently detected, with the highest detection rate in the livers of white-tailed sea eagles (24%).

The large prescription volume and incomplete wastewater removal might be responsible for the
observed exposures. Among the PPPs, only the neonicotinoid thiacloprid and the expired
insecticide dimethoate (and its metabolite omethoate) were detected in two red kites each. The
concentrations of dimethoate/omethoate were considered to be a result of deliberate poisoning.

Together with acute AR poisoning in another red kite, deliberate poisoning is expected to

threaten red kites in Germany. In addition to investigating chemical threats by three classes of
priority contaminants, chapter 4 identified 85 legacy and emerging contaminants in the livers
of white-tailed sea eagles. Most contaminants were MPs (including transformation products),
even though they were not predicted to be persistent or bioaccumulative. Their frequent
detection is expected to be influenced by the large representation of MPs among the target

analytes (45%). Nevertheless, the results demonstrate that MPs enter aquatic food webs and
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that removal rates in wastewater treatment plants seem to be insufficient. Legacy contaminants
such as DDTs and PCBs were detected in all individuals but below toxicity thresholds. Other
frequently detected contaminants were per- and polyfluoroalkyl substances (PFAS), commonly
known as forever chemicals. Perfluorooctanesulfonic acid (PFOS) accounted for most of the
PFAS contamination (96.8% of ) 10PFAS) and showed the highest concentrations in the white-
tailed sea eagles, together with DDTs and PCBs. The relatively high PFOS concentration of
some individuals in the catchment area of the river Elbe indicates the presence of point pollution
in northern Germany. The most frequently detected PPPs were spiroxamine (approved
fungicide) and simazine (expired herbicide), which showed increasing concentrations in white-

tailed sea eagles from agricultural landscapes.

The blood analysis from nestlings applied an extended LC method to chapter 3 by focusing on
ARs, 90 PPPs and 7 MPs. Similar to chapter 3, red kites were particularly impacted by AR
contamination (22.6%). In addition to red kites, AR residues were also detected in common
buzzards (8.6%), while no residues were detected in Montagu’s harriers (Circus pygargus),
white-tailed sea eagles and ospreys. The ground breeding Montagu’s harriers were sampled in
cereal fields, which indicates that AR applications as PPPs do not seem to be a relevant exposure
pathway in the sampling region anymore. However, the half-life of ARs in the blood is shorter
than in the liver, which complicates their detection. The low half-life, in combination with the
generally lower AR concentrations in white-tailed sea eagles, is expected to be responsible for
non-detects in their blood. Ospreys did not show AR residues in their liver or blood, which
indicates that the species is not at risk for exposure. In general, ARs residues were higher in
terrestrial raptors from North-Rhine Westphalia compared to North-Eastern Germany, which
was expected to be related to the increased biocidal application of ARs in regions of high
population density and intensive livestock farming. The most frequently detected PPP in the
blood of nestlings was the herbicide bromoxynil (14%). The median concentrations in
Montagu’s harrier were similar (red kite) or lower (common buzzard) compared to the other
terrestrial tree-nesting raptors. Therefore, overlaps in their dietary niche are expected to be most
influential for the observed exposure rather than direct exposures in cereal fields. Similar to
ARs, bromoxynil concentrations in terrestrial raptors from North-Rhine Westphalia were higher
compared to North-Eastern Germany, which might be related to the intense field agriculture in

the region.

In summary, the results of this dissertation demonstrate that birds of prey are exposed to a large

cocktail of chemicals across different regulations. In addition to the currently approved ARs,
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banned persistent and bioaccumulative contaminants such as DDTs, PCBs and PFOS showed
the highest concentrations. ARs have especially been shown to threaten birds of prey in urban
areas and regions with intensive livestock farming. To reduce the impact of ARs on species
that are particularly threatened, such as urban northern goshawks and red Kkites,
additional sanitary measures in livestock farms and urban areas are recommended in
combination with limiting the outdoor use of particularly toxic ARs. Due to the complexity
of assessing toxic effects under field conditions, it is further recommended to
primarily focus on persistence and bioaccumulation for protecting apex predators. This
approach allows for the termination of exposures once additional information on
adverse effects become apparent. In addition to persistent and bioaccumulating
substances, many MPs and currently approved and expired PPPs have also been
detected. These examples show that chemical exposures of apex predators are complex
and do not solely rely on chemical properties. For example, the feeding ecology, the
habitat uses (urban, agricultural), and the use pattern of the respective chemicals have
been shown to play an important role for exposure. Based on the result of this
dissertation, I recommended that monitoring data, ecological factors (e.g. feeding ecology)
and the landscape context of exposures need to be better taken into account in
regulatory risk assessments. Together with focusing on environmental persistence and
bioaccumulation, these measures are expected to protect birds of prey and other

wildlife species before adverse effects in individuals or populations manifest.
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Chapter 1 — General introduction

1.1 Still impacted by the past - persistent organic pollutants and the

beginning of ecotoxicological research.
Environmental chemical pollution has caused substantial population declines and local
extinctions of many species during the 20" century and is considered to represent an
underestimated threat to biodiversity (Groh et al. 2022; Kohler and Triebskorn 2013; Shore and
Taggart 2019). Ecotoxicological research started with the observation of population declines of
insectivorous farmland birds and broken eggshells of peregrine falcons (Falco peregrinus)
during the 1950s (Carson 1962; Newton 2004; Ratcliffe 1958). The book Silent Spring by
Rachel Carson brought the topic to a broader public interest and discussed a link between the
observed avian population declines to the application of certain pesticides (Carson 1962). It
soon became apparent that especially avivorous (bird-eating) raptors such as the peregrine
falcon and Eurasian sparrowhawk (Accipiter nisus) were suffering from the decreased eggshell
thickness and increased mortality (Ratcliffe 1967). Continuous research efforts led to the
identification of organochlorine insecticides, particularly dichlorodiphenyltrichloroethane
(DDT), as the major cause of the observed adverse effects (Blus et al. 1972; Ratcliffe 1970;
Wiemeyer and Porter 1970). DDT was widely used after the second world war against
arthropods in agriculture and forestry, as well as for preventing the spread of vector-borne
diseases such as malaria. The major environmental problems of DDT and its metabolites were
related to its persistence, reproductive toxicity and endocrine disruption (Padayachee et al.
2023). Especially higher trophic level species suffered from adverse effects due to
biomagnification of DDT within food webs (Padayachee et al. 2023). Adverse effects were not
restricted to avivorous trophic transfers as raptors feeding on the aquatic food web, such as the
bald eagle (Haliaeetus leucocephalus) and white-tailed sea eagle (Haliaeetus albicilla),
suffered from population declines during the 20™ century as well (Grier 1982; Helander et al.
1982). Together with threats from industrial contaminants such as polychlorinated biphenyls
(PCBs), it soon became apparent that many organohalogenated compounds share similar
hazardous properties (Risebrough et al. 1968). As a consequence, many of these compounds
were classified as persistent organic pollutants (POPs) and were banned during the 1970s and
1980s in the USA and many European countries (Padayachee et al. 2023). On a global scale,
the United Nations Stockholm Convention on POPs initially banned 12 compounds (“Dirty
Dozen”) in 2004 and continuously extends the list based on scientific evidence (UNEP 2001).
The hazardous properties of POPs are usually associated with persistence, bioaccumulation,
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toxicity (PBT), and the potential to undergo long-range transport (Boethling et al. 2009). As
these compounds are hardly biodegradable, certain POPs still threaten apex predators through
biomagnification today (e.g. Desforges et al. 2018; Williams et al. 2020). On a European scale,
this 1s particularly well documented for regions that were heavily impacted by agricultural and
industrial pollution, such as the Baltic Sea region (e.g. de Wit et al. 2020). As a consequence,
particularly sensitive species such as the white-tailed sea eagle were included as sentinel species
for anthropogenic pressures in current European environmental legislation such as the Marine

Strategy Framework Directive (MSFD) (Zampoukas et al. 2014).

1.2 Current regulatory frameworks for phasing out hazardous chemicals in

the European Union
Because of the deleterious effects of POPs on biodiversity and human health, the European
Union (EU) defined cut-off values for PBT properties before registering or approving a
chemical on the European market. The persistence is usually defined by the degradation half-
live of a chemical (and known transformation products) in air, soil, water or sediment
(Boethling et al. 2009). The tests for assessing B and T are usually based on controlled
laboratory experiments using lower trophic level species such as algae, fish or daphnia as
model organisms (Badry et al. 2022a; Treu et al. 2022). For apex predators, especially
persistent and bioaccumulative substances have shown to represent a threat as these substances
often magnify in food webs and thereby have a potential to exceed toxic thresholds (de
Wit et al. 2020; Padayachee et al. 2023). The bioaccumulation potential of a chemical
is, for example, determined by the partitioning coefficient between water and 1-octanol (test
no. 123) (OECD 2022) or between fish and its surrounding media (bioconcentration) or diet
(biomagnification) (test no. 305) (OECD 2012). Toxicity tests are usually also carried out on
lower trophic level model organisms such as, e.g. northern bobwhite quail (Colinus
virginianus) or Japanese quail (Coturnix japonica) in case of the avian toxicity test no. 223
(Moreau et al. 2022; OECD 2016). In general, such toxicity tests aim to derive a toxicity
threshold value (e.g. half maximal effective concentration, ECso) in a controlled laboratory
environment but do not consider the ecological (e.g. different sensitivities of species and
their ecosystem functions), management (e.g. application patterns of pesticides), and
landscape context (e.g. land use and other co-occurring stressors) of chemical exposures

(Moreau et al. 2022; Schifer et al. 2019).

Prominent examples of legal frameworks that apply these endpoints and criteria are, e.g. the
regulation on industrial chemicals (REACH - Registration, Evaluation, Authorisation and

Restriction of Chemicals, Regulation EC 1907/2006), plant protection products (Regulation EC
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1107/2009) or biocides (Regulation EU 528/2012) (Scholz et al. 2013). After determining
hazard endpoints, a second step for approving a chemical usually requires a tiered
environmental risk assessment, where a predicted environmental concentration (PEC) is
supposed to remain below a predicted no-effect concentration (PNEC) to protect the
environment from harmful effects (Scholz et al. 2013). However, there are many uncertainties
in predicting a PEC and PNEC, which is why a safety factor is applied as a precautionary
measure for field conditions. These advances in chemical legislations resulted in the
restriction/ban of many chemicals with similar hazardous properties as the POPs mentioned
above. Despite these advances, a recent study indicates that we are currently exceeding the
planetary boundary for novel entities (i.e. new substances, new forms of existing substances
and modified life forms), including chemical and anthropogenic mobilisation of naturally
occurring elements (Persson et al. 2022). The following paragraph will address shortcomings
in current chemicals legislations, which may have contributed to environmental emissions of

hazardous chemicals and wildlife exposures.

1.2.1 Differences among chemical regulations — drawbacks of a fragmented approach

In general, information on (eco-)toxicological data, including hazard endpoints (e.g. PBT) of
chemicals, are provided in Europe by the chemical manufacturer in a registration dossier, which
represents the basis for marketing a chemical in the EU. Whereas plant protection products
(PPPs) and biocides require an authorisation step, industrial chemicals regulated under REACH
are marketed directly after registration. Industrial chemicals only require authorisation once a
chemical is classified as substance of very high concern (e.g. PBT or carcinogenic, mutagenic
or reproductive toxicity). A general issue related to the registration dossiers under REACH is
that many dossiers are non-compliant and only up to 20% are checked for compliance by EU
member states and EU agencies (Springer et al. 2015; van Dijk et al. 2021a). Currently, the
sheer quantity of produced and imported chemicals outpaces the capacities of hazard and risk
assessments. Thus, in silico tools become increasingly important for predicting hazardous
properties (e.g. for estimating PBT properties) (Johnson et al. 2020; Treu et al. 2022). Data on
bioaccumulation for chemicals regulated under REACH are only required for substances that
are produced or imported in the European Economic Area at more than 100 tonnes (t) per year
(European Commission 2006, Annex IX). For many chemicals, registration dossier information
is often outdated as updates are only required for PPPs and biocides (after 10 years) but not for
industrial chemicals (van Dijk et al. 2021a). As a consequence, many registration dossiers do
not reflect on the latest scientific findings, which calls for closer collaboration between

academia, regulators and policy (Topping et al. 2020; van Dijk et al. 2021a; Wang et al. 2021a).
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In particular, chemicals tested prior to 2012 (and the updated OECD 305 guideline) or those
tested using non-experimental studies are considered to underestimate the bioaccumulation
potential as these studies only take into account the total concentration in water rather than the
bioavailable fraction (Gliige et al. 2022). In general, the hazard and risk assessments focus on
single substances, whereas the exposure to chemical mixtures under field conditions is currently
not adequately addressed in chemicals legislations (Drakvik et al. 2020; Kortenkamp and Faust
2018; Treu et al. 2022). Providing information on chemical exposure under field conditions is
therefore crucial for developing models that accurately predict chemical risks in ecosystems.
On the other hand, the feedback of policy-relevant scientific questions to the scientific
community is crucial, e.g. for selecting relevant target chemicals and appropriate sentinel

species.

1.2.2 Recognising the need for action — chemical pollution as a driver of biodiversity loss
Currently, phasing out or substituting a hazardous chemical in the EU takes several years and
is often accompanied by the replacement with structurally similar chemicals (van Dijk et al.
2021a). This process has been shown to lead to continuing environmental problems, and so-
called regrettable substitutions as potential hazards of replacement products are often less
studied (Maertens et al. 2021; Zimmerman and Anastas 2015). Furthermore, actions against
environmental pollution usually become effective only after considerable damage has occurred,
which is especially problematic for persistent compounds (Conrad et al. 2021). Such practices
show an urgent need to make the chemical market safer and more sustainable for protecting the
environment. Therefore, the Chemicals Strategy for Sustainability was implemented as part of
the European Green Deal (European Commission 2020b). The European Green Deal represents
a package of policies and initiatives that addresses chemical pollution in its environmental
strategies and action plans (European Commission 2019). Aside from aiming to increase the
sustainability of the European chemicals market, the European Commission also set out a Zero
Pollution Ambition for a toxic-free environment along with specific action plans for reducing
the impacts of environmental pollution (European Commission 2021). Such measures were
proposed to include, e.g. the continuous monitoring of all environmental media, including
selected organisms and humans (Conrad et al. 2021). Whereas there 1s a discussion on whether
the term “toxic-free environment” is a scientific or rather political term (van Dijk et al. 2021b),
it generally reflects the ambition of the European population, which considers pollution the
most important environmental issue behind climate change (European Commission 2020a).
Apart from the Chemicals Strategy for Sustainability and the Zero Pollution Ambition, the EU
Biodiversity Strategy for 2030 specifically recognises that pollution is among the key drivers
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for biodiversity loss and that greater efforts have to be made for reducing negative impacts
caused by pesticides, pharmaceuticals and other harmful chemicals (European Commission

2020c).

1.3 Continuous wildlife exposure to hazardous chemicals under current

regulatory frameworks
European environmental legislations generally focus on the chemical monitoring of a restricted
number of known environmental contaminants in abiotic matrices or lower trophic-level species
of the aquatic environment (Badry et al. 2022a). As a consequence, monitoring data from
wildlife species are not routinely considered for identifying emerging contaminants and
environmentally relevant chemical mixtures (Treu et al. 2022). There are numerous examples
of chemicals that entered the environment and for which environmental concerns have been
raised recently, which are generally referred to as contaminants of emerging concern (CECs)
(Sauvé and Desrosiers 2014). CECs are often identified in the aquatic environment,
as analytical methods for identifying CECs, such as suspect and non-target screening (NTS),
were first developed for abiotic aquatic matrices (e.g. Schymanski et al. 2015). Recent
research efforts led to the expansion of detected contaminants in biota (Barrett et al. 2021;
Diirig et al. 2020; Liu et al. 2018). However, exposures to CECs in wildlife are still poorly
characterised, especially for species of higher trophic levels (Gonzalez-Rubio et al. 2020).
The following parts will give four examples of substances (i.e. PPPs, biocides, industrial
chemicals and medicinal products) that are or were registered under current European

chemical legislations and caused substantial problems for wildlife species.

1.3.1 Plant protection products — toxicity of neonicotinoids

Due to the history of ecotoxicology and the detection of DDT, the focus of wildlife monitoring
has traditionally been on PPPs. One of the most widely used classes of insecticides in recent
years were the neonicotinoids, which have been marketed in the EU since 1991 (Auteri et al.
2017). In 2013, the European Commission started to restrict the use of three neonicotinoids and
subsequently banned them in 2018 due to high toxicity for non-target invertebrates, in particular
wild bees (Auteri et al. 2017; European Commission 2022). It also became apparent that avian
wildlife species, such as farmland and gamebirds, were exposed to neonicotinoids (Lennon et
al. 2020a; Lennon et al. 2020b; Millot et al. 2017). This is of particular interest since farmland
bird populations are declining, and neonicotinoids were suspected to aggravate the declines of
some species (Hallmann et al. 2014; Lennon et al. 2019; Millot et al. 2017). Yet, population

level impacts are difficult to link to chemical exposures as standardised long-term wildlife



monitoring programs are lacking and precise information on use patterns of PPPs is generally

not publicly available (Johnson et al. 2020).

1.3.2 Biocides — secondary poisoning by anticoagulant rodenticides

Anticoagulant rodenticides (ARs) are used in Germany as biocides to control rodent populations
in urban areas, livestock farms, and sewer systems, whereas their approval as PPP expired
(Regnery et al. 2019). Despite their classification as PBT compounds, ARs are currently still
authorised, mainly due to the lack of suitable alternatives (Hohenberger et al. 2022). Adverse
effects of ARs are caused by inhibiting the blood clotting system in vertebrates, which results
in the delayed death of exposed individuals (Rattner et al. 2014b). The first-generation ARs
(FGARs) require multiple feeds to cause death in exposed rodents and were continuously
replaced in the 1970s by second-generation ARs due to increasing resistance in rodents
(Thomas et al. 2011). Second-generation ARs (SGARs) are more persistent and potent (i.e. a
single feeding event can be sufficient) than FGARs, which results in an increased risk for
secondary poisoning (Rattner et al. 2014b). Research efforts have shown that ARs cause
exposures numerous non-target exposure, such as to legally protected rodents (Geduhn et al.
2014), songbirds (Walther et al. 2021b) and fish (Kotthoff et al. 2018). Their wide-spread
contamination in various food webs, together with their bioaccumulating properties, also
resulted in secondary poisoning of predatory species such as red foxes (Vulpes vulpes) (Geduhn

et al. 2015) and raptors (Lopez-Perea and Mateo 2018).

1.3.3 Industrial chemicals regulated under REACH - global per- and polyfluoroalkyl
substance contamination
Among the industrial compounds, per- and polyfluoroalkyl substances (PFAS), also publicly
known as ‘forever chemicals’, cause the most severe environmental problems (Cousins et al.
2022). PFAS are for example used in firefighting foams, paints, outdoor clothing, or Teflon
production due to their thermal stability and water-repellent properties (Gliige et al. 2020).
Adverse effects were linked to, e.g. developmental toxicity, immunotoxicity and cancer (Briels
et al. 2018; Sunderland et al. 2019). Depending on the definition, the group of PFAS comprises
more than 4,700 substances from which only a fraction is currently regulated under REACH
(Wang et al. 2021b). Among these substances, perfluorooctanesulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA) were voluntarily phased out by their main producer in the early
2000s and subsequently included in the Stockholm Convention in 2009. Both PFOS and PFOA
are classified as PBT substances and have, together with other PFAS, shown to be ubiquitously

distributed in food webs around the world, including the Arctic and Antarctica (Gao et al. 2020;



Muir et al. 2019). However, monitoring data are currently only available for 40-50 non-volatile
substances from the PFAS subgroup perfluoroalkyl acids (PFAA) due to the lack of chemical
reference standards (De Silva et al. 2021). In biota, PFAAs are generally associated with
protein-rich tissues such as the liver, blood or kidney by binding to serum albumin or fatty acid-
binding proteins (Armitage et al. 2012; De Silva et al. 2021). Especially PFOS and long-chained
perfluorinated carboxylic acids (PFCAs) (> Cg) have been shown to accumulate in food webs

and reach particularly high concentrations in apex predators (Chen et al. 2021).

1.3.4 Medicinal products — incomplete wastewater removal and diclofenac toxicity for
Gyps vultures
Among medicinal products (MPs), the environmental occurrence of antibiotics is associated
with developments of antimicrobial resistance, which is considered to be critically important
for the global public and animal health (WHO 2018). Emission sources for human medicinal
products (HMP), commonly referred to as pharmaceuticals, differ from those of veterinary
medicinal products (VMP). HMPs primarily enter freshwater via wastewater treatment plant
effluents due to incomplete removal, whereas veterinary medicinal products (VMPs) enter
terrestrial and aquatic compartments via manure fertilisation, agricultural run-off, or
aquaculture (Arnold et al. 2014; Shore et al. 2014). As a consequence, MPs such as antibiotics,
antidepressants or non-steroidal anti-inflammatory drugs (NSAIDs) were detected in fish and
freshwater invertebrates in Europe (Boulard et al. 2020; Miller et al. 2019; Miller et al. 2021).
Besides aquatic wildlife exposures, terrestrial exposures via livestock production and vulture
feeding sites are known to pose a risk for scavenging species in Spain (Herrero-Villar et al.
2020). The detrimental effects related to foraging on treated livestock were first observed for
Gyps vultures on the Indian subcontinent, where diclofenac (NSAID) caused population crashes
due to renal failure and visceral gout in exposed individuals (Oaks et al. 2004). Despite this
knowledge, diclofenac is currently registered for veterinary use in Spain, where it caused acute
poisoning of a cinereous vulture (degypius monachus) nestling (Herrero-Villar et al. 2021).
This example emphasises that little is known about the potential effects and environmental fate

of MPs in non-mammalian wildlife species (Shore et al. 2014).

1.4 Birds of prey and chemical pollution — between monitoring for species

conservation and being sentinels for contamination in food webs
Due to the described history of DDT and PCBs in raptors, biomonitoring initiatives in the 20th
century therefore mainly focused on species conservation and led to the identification of

population effects of persistent and bioaccumulative compounds (Helander et al. 2002; Roos et



al. 2001; Shore and Taggart 2019). These information were together with adverse effects on
human health, important drivers for the development of global treaties on chemical pollution
and early chemical legislations (UNEP 2001). It soon became apparent that certain predatory
species can be reliable sentinels for the identification and spatiotemporal assessment of
bioaccumulating substances in food webs (Desforges et al. 2022; Garcia-Fernandez et al. 2020).
Especially raptors have proven to be suitable indicators for assessing the wider ecological health
in food webs due to their high trophic level, relatively large home ranges and well-known
ecology (Goémez-Ramirez et al. 2014; Movalli et al. 2019; Sergio et al. 2005). Today,
the populations of many raptor species recovered, which allows for the development
of biomonitoring studies over large spatial scales, including pan-European biomonitoring
(Derlink et al. 2018; Ramello et al. 2022). Pan-European initiatives are crucial to assess,
e.g. risk mitigation measures or to provide data on substances that are currently under
assessment as chemical legislations are harmonised across the EU (Movalli et al. 2019; Treu
et al. 2022). The potential of raptors to act as sentinels for chemical contamination in food
webs resulted in the development of European research initiatives such as the European
Raptor Biomonitoring Facility (ERBFacility) (Movalli et al. 2019) and the LIFE APEX
project (Badry et al. 2022b; Treu et al. 2022)).

1.4.1 Birds of prey from Germany — known chemical threats

Similar to studies from other European countries and North America (e.g. Grier 1982; Helander
et al. 1982; Ratcliffe 1967), DDT and PCBs were also linked to substantial population declines
of raptor species in Germany (Denker et al. 2001; Scharenberg and Struwe-Juhl 2006; Wegner
et al. 2005). A particular focus of ecotoxicological research has traditionally been on the
peregrine falcon due to the described DDT-related population declines (Ratcliffe 1958;
Ratcliffe 1967). In Germany, the peregrine falcon population in Baden-Wiirttemberg declined
by 80% during the 20" century, which was related to the application of DDT and associated
eggshell thinning (Wegner et al. 2005). Another chemical stressor besides DDT and PCBs was
methyl mercury (methyl Hg), which was e.g. used in seed treatments in the German Democratic
Republic. (Schwarz et al. 2016; Wegner et al. 2005). Methyl Hg was, in combination with a
prolonged use of DDT, linked to local extinctions of peregrine falcons in the German

Democratic Republic (Wegner et al. 2005).

In general, POPs accumulated in almost all food webs, but population declines were most severe
in avivorous and aquatic raptors in Germany by causing population crashes of peregrine falcons,

sparrowhawks, ospreys (Pandion haliaetus) and white-tailed sea eagles (Denker et al. 2001,
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Kannan et al. 2003; Scharenberg and Struwe-Juhl 2006; Weber et al. 2003). Sparrowhawks are
specialised on avivorous prey (Gotmark and Post 1996), whereas ospreys forage exclusively on
piscivorous (fish-eating) food webs (Hikkinen 1978). In contrast, white-tailed sea eagles are
not specialised in their diet but feed mainly on fish and waterfowl, with smaller proportion of
(game) mammals (Nadjafzadeh et al. 2016). A negative effect on the shell-thickness of
peregrine falcons could not be observed anymore in eggs between 2001-2009, which was linked
to declining levels of the main DDT metabolite dichlorodiphenyldichloroethylene (DDE) and
PCBs (Schwarz et al. 2016). A similar decline was observed in the eggs of white-tailed sea

eagles from Schleswig-Holstein (Scharenberg and Struwe-Juhl 2006).

Apart from studies on eggs, feathers have proven to be reliable indicators for the internal
concentration of certain contaminants (Jaspers et al. 2019). A study on feathers from the 1990s
reported that especially white-tailed sea eagles and ospreys accumulated high Hg values
compared to other raptors from Germany (Hahn et al. 1993). Sampling eggs or feathers is
particularly valuable as a non-invasive sampling matrix for species that were close to (local)
extinction. Today, populations of many raptors have recovered since the mid-1980s due to the
ban of DDT in 1972 and PCBs in 1982 in Western Germany (Scharenberg and Struwe-Juhl
2006; Wegner et al. 2005). As a consequence, internal tissues from deceased raptors became
available for research collections and natural history museums (Ramello et al. 2022). Among
the internal tissues, the liver is the metabolic most competent organ and is particularly suitable
for detecting contaminants over a large range of polarities, while eggs cover mainly lipophilic

contaminants (Espin et al. 2016; Gkotsis et al. 2023).

Table 1 gives an overview of detected environmental contaminants in the livers of raptors from
Germany. Until now, only a few raptor species have been analysed for a limited number of
contaminants. In general, white-tailed sea eagles showed higher concentrations of toxic metals
and legacy POPs compared to northern goshawks (Accipiter gentilis), a species that mainly
forages on other birds and to a lesser extent on mammals (Tornberg and Reif 2007). In contrast
to the other contaminants, lead (Pb) is only threatening raptors foraging on game species due to
Pb-based hunting ammunition (Krone 2018). In Germany, this is especially relevant for white-
tailed sea eagles and golden eagles (Aquila chrysaetos) as they are the only raptor species that
are frequently foraging on larger game species. Apart from Pb, PFOS concentrations in white-
tailed sea eagles significantly increased over time (Kannan et al. 2002), which demonstrates
that the white-tailed sea eagle, as a mixed food web feeder, is exposed to a large variety of

chemicals. Studies on contaminants other than legacy POPs, PFAS and toxic metals are limited



to a single study on ARs in a small number of barn owls (7yfo alba) (Table 1). This is

particularly problematic since ARs are known to threaten raptors in Europe (Lopez-Perea and

Mateo 2018). For other classes of contaminants that are suspected to threaten wildlife, such as

currently used PPPs or MPs (see 1.3, chapter 1), there is little information available

on exposures in apex predators from Europe.

Table 1: Median concentration in pug g of Y PCBs, the main DDT metabolite DDE, ARs and
toxic metals (lead (Pb), mercury (Hg)) in livers of