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ARTICLE INFO ABSTRACT

Handling Editor: Marti Nadal Apex predators are good indicators of environmental pollution since they are relatively long-lived and their high
trophic position and spatiotemporal exposure to chemicals provides insights into the persistent, bioaccumulative

Keywords: and toxic (PBT) properties of chemicals. Although monitoring data from apex predators can considerably support

Pan-European biomonitoring chemicals’ management, there is a lack of pan-European studies, and longer-term monitoring of chemicals in

Contaminants of emerging concern

Top predator & prey specimens

Liquid Chromatography (LC)

High Resolution Mass Spectrometry (HRMS)

organisms from higher trophic levels. The present study investigated the occurrence of contaminants of emerging
concern (CECs) in 67 freshwater, marine and terrestrial apex predators and in freshwater and marine prey,
gathered from four European countries. Generic sample preparation protocols for the extraction of CECs with a
broad range of physicochemical properties and the purification of the extracts were used. The analysis was
performed utilizing liquid (LC) chromatography coupled to high resolution mass spectrometry (HRMS), while the
acquired chromatograms were screened for the presence of more than 2,200 CECs through wide-scope target
analysis. In total, 145 CECs were determined in the apex predator and their prey samples belonging in different
categories, such as pharmaceuticals, plant protection products, per- and polyfluoroalkyl substances, their me-
tabolites and transformation products. Higher concentration levels were measured in predators compared to
prey, suggesting that biomagnification of chemicals through the food chain occurs. The compounds were
prioritized for further regulatory risk assessment based on their frequency of detection and their concentration
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levels. The majority of the prioritized CECs were lipophilic, although the presence of more polar contaminants
should not be neglected. This indicates that holistic analytical approaches are required to fully characterize the
chemical universe of biota samples. Therefore, the present survey is an attempt to systematically investigate the
presence of thousands of chemicals at a European level, aiming to use these data for better chemicals man-
agement and contribute to EU Zero Pollution Ambition.

1. Introduction

Contamination of the environment with a “cocktail” of various and
dynamically changing anthropogenic chemicals, including persistent
organic pollutants (POPs) and contaminants of emerging concern
(CECs), remains a challenging environmental problem due to the
excessive production and consumption of chemicals, such as pharma-
ceuticals, personal care products, plant protection products, food addi-
tives, industrial chemicals and flame retardants, amongst others (Ali
et al., 2018; Badea et al., 2020; Reichert et al., 2019; Vargas-Berrones
et al., 2020). The term CECs has been established for a broad range of
non-regulated substances, which are candidates for future regulation
due to their consecutive detection in environmental compartments and
their potential hazardous properties (Dulio et al., 2018; Gavrilescu et al.,
2015; Thomaids et al., 2012). CECs are distributed in aquatic and
terrestrial ecosystems through various pathways and, some are bio-
magnified through the food web to higher trophic levels. Although CECs
are present at trace concentrations in the environment, their monitoring,
which is not systematic up to date, is highly recommended since they are
likely to be of major concern for biodiversity and human health (Badea
et al., 2020; Montesdeoca-Esponda et al., 2018).

Biomonitoring studies using wildlife are suitable to assess the
spatiotemporal distribution of chemicals, and their possible bio-
accumulative properties, if both predator and prey samples have been
analyzed (Badry et al., 2020; Crimmins et al., 2018; Espin et al., 2020).
Although the establishment of a pan-European biomonitoring survey is
of high importance, due to the harmonization of the chemicals man-
agement, though European legislation, it requires compliance of sam-
pling, processing, and chemical analysis (Garcia-Fernandez et al., 2020;
Movalli et al., 2017). Chemical trends in wildlife can expand the
knowledge on mixtures of bioaccumulative CECs in organisms and, thus,
provide insights into the current ecosystem quality, contribute to the
assessment of EU risk mitigation measures of CECs, and ultimately help
to underpin more effective regulatory actions and, thereby, protect
wildlife and human health from the adverse effects of CECs (Badry et al.,
2020; Movalli et al., 2019).

Apex predators have numerous characteristics which make them
particularly appropriate as sentinel species for monitoring of CECs,
especially for those which have toxic, persistent and bioaccumulative
properties. These characteristics include (i) their high trophic position in
terrestrial or aquatic food webs, (ii) their long lifespan over which they
might bioaccumulate contaminants, (iii) their diverse nutrition, (iv) the
availability of non-invasive sampling strategies for gathering samples
(for example carcasses, blood and feathers or deserted eggs in raptors),
(v) the high lipid content in selected matrices (e.g. liver) which allows
the accumulation of lipophilic CECs, (vi) the measurable responses to
exposure in chemicals, especially POPs, and (vii) the exposure over time
and relatively large spatial areas, enabling surveys of both spatial and
temporal distribution of chemicals (Badry et al., 2020; Briels et al., 2019;
Cossaboon et al., 2019; Espin et al., 2020; Li et al., 2018; Lgseth et al.,
2019; Lu et al., 2019; Munschy et al., 2020; Sanchez-Virosta et al., 2020;
Sham et al., 2020).

Over the last decade, several studies focused on the occurrence and
the potential bioaccumulation of chemicals in organisms through the
investigation of specific classes of micropollutants in the upper trophic
levels of food webs. The biomonitoring of less polar, semi-volatile and
thermally stable micropollutants, such as POPs and Halogenated
Organic Chemicals (HOCs), in marine mammals has been widely studied

within research projects and monitoring programmes (Aznar-Alemany
et al., 2019; Cossaboon et al., 2019; Kajiwara et al., 2008; Law et al.,
2013; Weijs et al., 2020). Similarly, widespread contamination with
legacy and emerging HOCs has also been reported in raptors (Guerra
et al., 2012; Yu et al.,, 2013) in an effort to assess the chemical
contamination in terrestrial food webs. Temporal trends of POPs have
been investigated in apex predators from the aquatic ecosystem (Bjurlid
et al., 2018; Rotander et al., 2012). The presence of GC-amenable
compounds in marine mammals belonging to other classes, such as
chlorinated paraffins (CPs), polycyclic aromatic hydrocarbons (PAHs)
and plasticizers, has been reported by Guan et al. (2019), Kannan and
Perrotta (2008) and Papachlimitzou et al. (2015). Per- and Poly-
fluoroalkyl Substances (PFAS) constitute a class of CECs, which is at the
forefront of scientific interest in recent years due to their wide distri-
bution in aquatic ecosystems and the bioaccumulative properties of
certain compounds which make them harmful for apex predators and
humans. Recent research has proven that PFAS are present at high
concentrations in organisms from both lower and upper trophic levels
(Androulakakis et al., 2022; Butt et al., 2010; De Silva et al., 2021; Muir
etal., 2019). The presence of PFAS in aquatic organisms of lower trophic
levels is well-reported (Catherine et al., 2019; Fliedner et al., 2020), and
recently the scientific interest has shifted to the investigation of their
occurrence at higher trophic levels of the terrestrial and aquatic food
webs (Fujii et al., 2018; Li et al., 2018; Sedlak et al., 2017; Spaan et al.,
2020; Wu et al., 2020). For example, through the target analysis of PFAS
in 140 liver samples of Eurasian Otters (Lutra lutra) gathered from
Scandinavia from 1972 till 2011, Roos et al. (2013) observed increasing
trends in nine PFAS and extremely high concentrations of Per-
fluorooctanesulfonic acid (PFOS) which supports the concern of trophic
magnification. Moreover, many recent studies focused on other classes
of CECs, such as pharmaceuticals, personal care products (Ali et al.,
2018; Bean et al., 2018; Montesdeoca-Esponda et al., 2018; Swiacka
et al., 2019; Ventura et al., 2002) and plant protection products
(Abrantes et al., 2010; Wiens et al., 2019). During the last years, there is
a continuously growing interest in the simultaneous investigation of
CECs’ occurrence in aquatic organisms of the lower trophic levels,
mainly fish and mussels, as model organisms of the current legislation.
Through the development and application of a multiresidue analytical
methodology, Mijangos et al. (2018) reported the occurrence of 41
multiclass organic micropollutants in mussels and fish tissues from
Spain. Pico et al. (2019) revealed the presence of 76 compounds,
including pharmaceuticals, pesticides, PFAS and endocrine disrupting
compounds (EDCs) in fish collected from four Spanish rivers. Moreover,
Omar et al. (2019) identified dozens of CECs, classified in four chemical
classes, in fish and mussels. Although there are plenty of studies focusing
on the determination of CECs in apex predators, their application is
mainly restricted to the analysis of specific classes of pollutants, the
presence of metabolites and transformation products (M&TPs) is usually
overlooked and typically only specimens collected from one selected
region or country are investigated. Therefore, there remains a high need
for a pan-European biomonitoring study of different classes of CECs and
their M&TPs in marine, freshwater and terrestrial apex predators, using
high resolution mass spectrometry techniques.

Established low resolution mass spectrometric (LRMS) methodolo-
gies have been developed for specific chemical classes and selected
analytes, providing sufficient sensitivity and allowing the reliable
identification of micropollutants in trace levels (Lee et al., 2019).
However, more recently, the evolution of hyphenated analytical
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chromatographic coupled with high resolution mass spectrometric
(HRMS) techniques has empowered the comprehensive screening of a
wide range of CECs, as well as their M&TPs that occur in the environ-
ment (Badea et al., 2020; Crimmins et al., 2018; Hollender et al., 2019;
Schymanski et al., 2015). For the simultaneous monitoring of thousands
chemicals, novel, comprehensive workflows, including wide-scope
target analysis, suspect and non-target screening methodologies, have
been recently developed (Badea et al., 2020; Crimmins et al., 2018;
Gago-Ferrero et al., 2020; Hollender et al., 2017; Krauss et al., 2010).

The EU funded LIFE APEX project (LIFE17 ENV/SK/000355,
https://lifeapex.eu/, 2018-2022) aimed to improve the systematic use
of chemical monitoring data from apex predators and their prey by
regulators towards better chemicals management, reducing, thereby,
the exposure to harmful substances and protecting the environment,
wildlife and the human health. The implementation of the project
included the target analysis of well-known pollutants including dioxins
and dioxin-like compounds, chlorinated alkanes, organophosphorus
flame retardants (OPFRs), mercury, PCBs, organochlorine pesticides
(OCPs), PBDEs and Hexabromocyclododecane, along with wide-scope
target and suspect screening for the simultaneous identification of
thousands of CECs and M&TPs, in order to demonstrate the chemicals’
occurrence at the higher trophic levels.

The primary objectives of the current study were (i) the application
of a novel analytical protocol for the simultaneous determination of
thousands CECs and their M&TPs in apex predators and prey species at a
European level, (ii) the evaluation of different apex predator species as
sentinels for biomonitoring studies and (iii) the investigation of poten-
tial CECs’ occurrence patterns in four countries. For this reason, 67
recent specimens of apex predator and their prey samples were gathered
from four countries of Northern Europe (United Kingdom, Germany, the
Netherlands, and Sweden) and analyzed for more than 2,200 organic
CECs and their M&TPs, classified in different groups of chemicals, using
wide-scope target analysis.
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2. Materials and methods

2.1. Sampling

Apex predators, which were found dead, were gathered together
with freshwater and marine prey species from four European countries -
United Kingdom, Germany, the Netherlands and Sweden. Samples were
provided by European Environmental Specimen Banks (ESBs), Natural
History Museums (NHMs) and other Research Collections (RCs). The
majority of the samples were pooled and constituted of 2-5 individuals
(in case of apex predators), collected in the same calendar year from
closely situated locations to obtain representative samples and gather
sufficient sample quantity to perform the required analyses. In total 67
apex predator and prey samples, collected during 2015-2019, were
analyzed through wide-scope target analysis. The selected matrix of
analysis for apex predator samples was liver since liver is the primary
organ of xenobiotic metabolism and a target organ of toxicity for many
CECs (Yeh et al., 2017), whereas for prey samples muscle tissue was
chosen, as a matrix which is most likely eaten by predator species. The
species used in the present study as well as their spatial distribution are
depicted in Fig. 1. The prey specimens were freshwater fish; Common
Roach (Rutilus rutilus, n = 5) and Common Bream (Abramis brama, n =
6), as well as marine fish; European Eelpout (Zoarces viviparous, n = 3)
and Atlantic Herring (Clupea harengus, n = 3). Five apex predator species
were selected, based on their different habitats and feeding strategies,
including one terrestrial raptor; Common Buzzard (Buteo buteo, n = 12),
one mainly freshwater mammal; Eurasian Otter (Lutra lutra, n = 20) and
three marine mammals; Harbour Porpoise (Phocoena phocoena, n = 5),
Harbour Seal (Phoca vitulina, n = 10) and Grey Seal (Halichoerus grypus,
n = 1). Common buzzards have been identified as suitable sentinel
species for pan-European biomonitoring (Badry et al., 2020), Eurasian
otters as indicators for freshwater environment contamination (Kean
etal., 2021) and marine mammals as ideal sentinels for assessing marine
ecosystem quality (Fossi and Panti, 2017; Sonne et al., 2020). Multiple
marine mammal species were included in the present study, due to their
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Fig. 1. Spatial distribution of the sampling locations of apex predators and their prey specimens across Europe. An on line version is also available [here].
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regional limited distribution across Europe. Furthermore, two eggs from
Herring Gull (Larus argentatus) were analyzed.

All samples were shipped on dry ice and delivered to the laboratory
within two days. Common buzzard, Eurasian Otter and Harbour Por-
poise specimens, included in the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES) lists, were shipped
under CITES permission and were delivered to the Zoological Museum,
National and Kapodistrian University of Athens, Faculty of Sciences,
Department of Biology, Panepistimioupolis Athens, which is a registered
institution. The samples were lyophilized upon receipt, homogenized
using a pestle with mortar or a laboratory blender, and stored at — 80 °C
until analysis. Detailed metadata on the samples of the current study was
collected by the samples’ providers: Center for Ecology & Hydrology, UK
Cetacean Strandings Investigation Programme and Cardiff University
(United Kingdom), German Environment Agency, Fraunhofer Institute
for Molecular Biology and Applied Ecology, University of Veterinary
Medicine Hannover, Foundation and Leibniz Institute for Zoo and
Wildlife Research (Germany), Naturalis Biodiversity Center and Wage-
ningen University & Research (the Netherlands) and the Swedish
Museum of Natural History (Sweden) and listed in the Supplementary
Material (SM-2).

2.2. Analytical methodology

A validated generic sample preparation protocol for the simulta-
neous determination of polar and semi-polar emerging contaminants in
liver (Badry et al., 2022) and muscle tissue was used in this study.
Briefly, the extraction of the analytes from the lyophilized biota matrices
was carried out by Accelerated Solvent Extraction (ASE) using a mixture
of methanol:acetonitrile (2:1 v/v) as extraction solvent. A two-phase
clean-up step of the extracts was conducted by Liquid Liquid Extrac-
tion (LLE) and Solid Phase Extraction (SPE). In particular, a defatting
step, using hexane, was applied before the SPE. Mixed-mode SPE car-
tridges consisted of Oasis HLB and a mixture of Strata-X-AW (weak
anion exchanger), Strata-X-CW (weak cation exchanger) and Isolute
ENV+ were used for the extraction of the analytes and the purification of
the extract. The final extracts were evaporated to dryness under a gentle
nitrogen stream (40 °C), reconstituted to a final volume of 250 pL, using
a mixture of methanol:milli-Q (1:1 v/v) and filtered through a 0.22 pm
Regenerated Cellulose (RC) membrane filter into a 2 mL vial, before the
analysis by liquid chromatography coupled with high resolution mass
spectrometry. A detailed description of the analytical methodology, as
well as the analytical performance details, are included in Supplemen-
tary Material (SM-3).

2.3. Instrumental analysis

The analysis of the final extracts of biota samples was conducted
using an ultra-high performance liquid chromatographic system
(UHPLC, Dionex UltiMate 3000 RSLC, Thermo Fisher Scientific) coupled
with a hybrid Quadrupole Time-of-Flight (QToF) mass spectrometer
(Maxis Impact, Bruker Daltonics). The chromatographic separation was
achieved on a reversed-phase (RP) chromatographic system using an
Acclaim RSLC C;g column (2.1 x 100 mm, 2.2 pm) from Thermo Fisher
Scientific, connected to an ACQUITY UPLC BEH Cyg 1.7 pm, VanGuard
pre-column from Waters, and thermostated at 30 °C. The QToF-MS
system was equipped with an electrospray ionization interface (ESI)
source, operating in both positive and negative ionization modes. The
detailed description of the instrumental analysis is included in Supple-
mentary Material (SM-3).

2.4. Data treatment
Wide-scope target analysis was performed using an in-house devel-

oped database of 2,273 contaminants of emerging concern of high
environmental significance, including compounds from different
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chemical classes, having a broad spectrum of applications, use, physi-
cochemical properties and extent of production. The database (https://d
oi.org/10.5281/zenodo.6012778, last visit: 21,/06,/2022, version 2019)
is available as S21 UATHTARGETS in NORMAN Suspect List Exchange
(https://www.norman-network.com/nds/SLE/, last visit 21/06/2022).
The post-acquisition data treatment was conducted using TASQ Client
2.1 and DataAnalysis 5.1 (Bruker Daltonics, Bremen, Germany) soft-
ware. The HRMS data processing workflow was described in previous
publications in detail (Gago-Ferrero et al., 2020; Nikolopoulou et al.,
2022). Specifically, the detection of the target compounds was based on
strict screening thresholds of mass accuracy (<2 mDa), retention time
shift (+0.2 min), isotopic fitting (only for the verification of the positive
findings) and the presence of qualifier ions (adduct and fragment ions),
which confirmed the detection of the analytes.

2.5. Quality assurance — Quality control

As described in Badry et al. (2022) and Gago-Ferrero et al. (2020) a
smart validation was performed for the tested matrices using a mix of
CEGCs, including representative compounds of the wide-scope target
database. The quantification of the detected compounds was performed
using the standard addition method and representative structurally
related isotope-labeled compounds (Internal Standards, IS). Matrices
with the lowest detected compound number and concentration levels
used for the quantification experiments, as contaminant-free biota are
not commercially available for chemical analysis purposes. Linearity
was calculated and evaluated, whereas % Recoveries and % Factors of
Matrix Effects were calculated in different concentration levels using
standard solutions, spiked and matrix-matched samples (analytes were
spiked prior to extraction and prior to instrumental analysis, respec-
tively). Method limits of detection (LODs) were calculated from stan-
dard addition curves (using relative peak areas of spiked samples) with
the following equation: LOD = 3.3*(Sb/S), where S is the slope of the
calibration curve and Sb is the standard deviation of the response. The
contaminants that were detected in traces below the limit of quantifi-
cation (LOQ) were reported as Below Quantification Limit (BQL). For
the statistical treatment of the results, the substitution of BQL with LOQ/
2 has been performed, as indicated by Directive 2009/90/EC.

Quality Control was conducted by the simultaneous process and
monitoring of solvent blanks, procedural blanks, standards, and spiked
samples during the analysis of all samples. The detected compounds in
procedural blanks, which indicate potential contamination throughout
the analytical procedure and instrumental analysis, were subtracted
from the samples, but the majority of analytes was not present in the
blanks. Two mixes (for positive and negative ionization mode respec-
tively), each containing 18 known substances (Retention Time Indices
-RTI- calibrant compounds), were injected in the sequence for the
assessment of retention time shift (Aalizadeh et al., 2021) and for
additional data treatment of the chromatograms following suspect and
non-target screening workflows. The acquired HRMS data have been
digitally stored in the NORMAN Digital Sample Freezing Platform
(DSFP) for retrospective suspect screening purposes (Alygizakis et al.,
2019). A QC sample, including a representative number of CECs
included in the target list, was injected every ten injections for the
evaluation of good operation and high sensitivity of the instrumentation.

3. Results and discussion

Overall, 145 CECs were detected in the analyzed apex predator and
prey samples through wide-scope target analysis, indicating the wide-
spread exposure of wildlife, notably in apex predator species. The
determined compounds belonged to different categories, based on their
use, application, or chemical class. As depicted in Fig. 2, the majority of
the detected compounds were pharmaceuticals (37%), followed by
pesticides (plant protection products and biocides) (28%) and PFAS
(13%). Detailed occurrence data on the presence of CECs in the apex
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Fig. 2. Chemical classes and sub-classes of the
detected contaminants of emerging concern though
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predators and their prey samples is included in the Supplementary
Material (SM-4, Table SM-5).

3.1. Pharmaceuticals, personal care products, M&TPs

The increasing use of pharmaceuticals and personal care products
has resulted in their widespread presence in the environment. In the
framework of the current study 56 pharmaceuticals and personal care
products were determined through wide-scope target analysis. The
detected compounds belong to different drug classes. The dominant
categories were analgesics (21%), antihypertensives (14%), antipsy-
chotics (14%) and antibiotics (13%). A considerable percentage (27%)
of the detected compounds were M&TPs, formed through biotic or
abiotic processes, indicating their simultaneous presence in the envi-
ronment alongside to the parent compounds. Therefore, the simulta-
neous monitoring of CECs, their M&TPs is crucial to conduct a reliable
risk assessment, considering the potential harmful effects of both the
parent compounds, their M&TPs.

Among personal care products, galaxolide, a synthetic musk and the
organic UV-absorbing compound, 2-hydroxy-4-methoxybenzophenone
(benzophenone 3) were determined in the tested samples. Galaxolide,
used as synthetic musk in washing and personal care products, was
present in substantially higher concentration levels in predator samples
(mean concentration 491 ng/g w.w.) compared to prey samples (mean
concentration 4.97 ng/g w.w.). The occurrence of galaxolide in fish and
raptor samples from Germany has been previously reported and it has
been characterized as bioaccumulative and toxic but not considered as
persistent compound (Badry et al., 2022; Subedi et al., 2012). Benzo-
phenone 3, which is an organic ingredient of many sunscreen lotions
(UV filter), was detected in three roach samples from the rivers Lee
(Wheathampstead), Thames (Standford-Abington) and Welland (Stam-
ford Meadows) in United Kingdom (prey_UK 2, 4 and 5 respectively),
with a mean concentration at 11.5 ng/g w.w. The occurrence of
benzophenone 3 in marine organisms from lower trophic levels, mainly
fish and crustaceans, has already been reported by Balmer et al. (2005),
who revealed the presence of benzophenone 3 in roach from three lakes

Pesticides, M & TPs

27.6%

(Hiittnersee, Greifensee, Ziirichsee) in Switzerland at concentrations
ranging from 66 to 118 ng/g lipid weight, whereas the concentration
levels in freshwater fish collected from Norway (Langford et al., 2015)
and Germany (Meinerling and Daniels, 2006) were up to 182 and 21 ng/
g d.w., respectively.

Among pharmaceuticals, the highest % Frequency of Appearance (%
FoA) and concentration levels were observed for 4-acetamido-antipyrine
(4-AAA), a metabolite of the widely used analgesic drug metamizole.
The presence of 4-AAA in the various environmental compartments has
previously been reported in ground and surface water, as well as
wastewater samples (Diamanti et al., 2020; Hernandez et al., 2015;
Huntscha et al., 2012). The highest cumulative concentration of the two
metamizoles’ metabolites, 4-AAA and 4-formylamino-antipyrine, was
observed in an otter from Bosdorf, Germany (predator_GE_11), whereas
the parent compound, metamizole, was not detected, which may be
attributed to the rapid metabolism of metamizole in the living organisms
(Gomez et al., 2008).

Analgesics represented the 22% of the total number of the detected
pharmaceuticals making them the dominant sub-class of pharmaceuti-
cals. Residues of tramadol, which has already been reported in other
environmental compartments, such as in wastewater, leachates and fish
samples, (Fabunmi et al., 2020; Grabicova et al., 2017; Nika et al.,
2020), along with five tramadol’s M&TPs (listed in Table SM-4) were
present in marine apex predator and prey species. Specifically, the
parent compound was determined only in fish samples with a mean
concentration of 0.344 ng/g w.w., whereas the concentrations of its
M&TPs ranged from 1.20 to 15.6 ng/g w.w. in the apex predators, which
may be attributed to the different matrices of analysis. The pattern of
higher concentration levels of tramadol’s M&TPs in contrast with the
parent compound has previously been reported in fish samples from
Germany (Boulard et al., 2020).

The occurrence of eight antipsychotic drugs, their M&TPs confirms
the extensive consumption of such pharmaceuticals within the European
Union (OECD, 2014). The highest total concentrations were observed in
the United Kingdom, confirming the high consumption pattern and an
incomplete removal during the processes that are applied in wastewater
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treatment plants (WWTPs). It is worth highlighting that for a roach
sample (prey_UK_2) from the river Lee (Wheathampstead), almost all the
detected antipsychotic drugs (total concentration 3.65 ng/g w.w.,n = 7)
were found. The commonly prescribed selective serotonin re-uptake
inhibitor (SSRI) fluoxetine, which has been characterized as a persis-
tent and bioaccumulative compound, due to its stability in hydrolysis
and photolysis in the aquatic environment (Fabunmi et al., 2020;
Weinberger and Klaper, 2014), was detected only in the aforementioned
roach sample at concentration levels comparable to those reported in the
literature (Chu and Metcalfe, 2007). Moreover, citalopram and ven-
lafaxine were determined with the highest %FoA, among the other
antipsychotic drugs, in the tested samples.

3.2. Pesticides, M&TPs

In total 40 pesticides (plant protection products, biocides, M&TPs)
were detected in the biota samples, classified in three main subclasses;
herbicides (40%), insecticides (35%) and fungicides (25%), as illus-
trated in Fig. 2. The total concentration of the detected pesticides was
considerably higher in apex predator versus the prey samples, which
may be attributed to the different matrices of analysis. The highest
concentration levels among predators were observed in otters and
harbour porpoises. The fungicide spiroxamine, which has been mar-
keted in the EU since the late 1990s, was detected with the highest %FoA
(27% in predators, 21% in prey) among the determined pesticides.
Metolachlor-OXA, a metabolite of the herbicide metolachlor, was the
most abundant compound among the detected pesticides, determined
only in freshwater apex predator liver samples (Eurasian otters) from
Germany and Sweden with a mean concentration of 117 ng/g w.w.
(range: 15.8-428 ng/g).

Atrazine, a priority substance of the Water Framework Directive, was
detected only in the UK specimens, collected between 2014 and 2019
with a detection frequency of 55%, indicating its ubiquitous presence in
the UK freshwater, marine and terrestrial ecosystems, despite the ban on
its total use in the EU in 2004. The concentration levels in freshwater
apex predator specimens (mean concentration 5.78 ng/g w.w.) were 10-
fold higher than those detected in roach samples (mean concentration
0.584 ng/g w.w.), indicating a possible biomagnification at the higher
trophic levels, although the matrices of analysis were different. It is
remarkable that the chloro-s-triazine metabolite of atrazine,
desisopropyl-atrazine, was detected (4.74 ng/g w.w.), along with the
parent compound, in an otter (predator_UK_8), collected from Hert-
fordshire, United Kingdom. Furthermore, aldicarb sulfoxide, a metabo-
lite of the carbamate insecticide aldicarb, was detected in a buzzard
(predator NL_2) from the province of Friesland the Netherlands. The
high concentration of aldicarb sulfoxide (99.3 ng/g w.w.) depicts a
potential biomagnification through the terrestrial food webs, since
buzzards mainly feed on small mammals, birds, insects and reptiles
(Badry et al., 2020). The herbicide dinoterb was determined with high %
FoA (42%) in the fish samples. The presence of dinoterb has been re-
ported in other environmental matrices, such as river water samples
from Dniester, Ukraine (Diamanti et al., 2020) and landfill leachates
from Greece (Nika et al., 2020).

3.3. Per- and polyfluoroalkyl substances (PFAS)

The presence of 19 PFAS was observed in the analyzed apex predator
and prey samples. The majority of the detected PFAS were per-
fluoroalkyl carboxylic acids (PFCA) (n = 10), whereas eight per-
fluoroalkyl sulfonic acids (PFSA) and perfluorooctanesulfonamide
(PFOSA) were determined through wide-scope target analysis. Despite
the higher number of PFCA compared to PFSA, the cumulative con-
centrations of PFSA (3 gPFSA(prey) = 0.294-111 ng/g w.w. and
> 8PFSApredators) = 4.19 ng/g-17.0 pg/g w.w.) were 10-fold higher than
the respective concentrations of PFCA (3 10PFCAprey) = 0.469-10.9 ng/
g w.w. and > 10PFCA predators) = 0.556 ng/g-1.48 yg/g w.w.). However,
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it should be highlighted that this trend is mainly attributed to PFOS
contribution. Furthermore, the cumulative PFSA and PFCA concentra-
tions were higher in freshwater and marine apex predator than the
respective prey samples, confirming that PFAS are biomagnified through
the food web, as illustrated for freshwater apex predator and prey
samples from the United Kingdom in Fig. 3.

PFOS was by far the dominant substance of the present bio-
monitoring study, with the highest detection frequency (100%) and the
highest concentration (16.7 pg/g w.w. in an otter (predator_NL_3) from
Overijssel, the Netherlands), although PFOS has been voluntarily phased
out by industry in the early 2000 s. Moreover, the mean concentration of
the tested fish samples (20.4 ng/g w.w.) exceeded the respective Envi-
ronmental Quality Standard (EQS, 9.1 ng/g w.w.) established for fish
(DIRECTIVE 2013/39/EU), demonstrating the extensive production in
former decades and the bioavailability of legacy PFOS in the environ-
ment (Wu et al., 2020). These results denote that, although PFOS use is
restricted under the REACH regulation and Stockholm Convention,
additional mitigation measures should be established for the protection
of environment and human health. Accordingly, PFOS was most domi-
nant compound among PFAS in the organisms from the higher trophic
levels, which is in accordance with the findings of other studies (Geb-
bink et al., 2016; Roos et al., 2013; Sedlak et al., 2017; Wu et al., 2020).
On the contrary, the detected substitutes for the long-chain Per-
fluoroalkyl Sulfonic Acids, such as perfluorobutane sulfonic acid (PFBS)
and perfluoropentane sulfonic acid (PFPeS), were rarely reported in
apex predator and prey samples, indicating their recent production
history, their insignificant presence in the aquatic ecosystem and their
low bioaccumulation potential in food webs. Linear PFOS and the sum of
mono- and di-substituted branched isomers of PFOS were chromato-
graphically separated and quantified in the majority of the samples,
whereas the sum of branched isomers of Perfluorohexane sulfonic acid
(PFHxS) was also determined in a few samples. PFAS cumulative con-
centrations observed in the freshwater apex predator species (otter)
were considerably higher compared to marine (pinnipeds) and terres-
trial (buzzard) apex predator species as depicted in Fig. 4, in which the
concentration levels for the different apex predator samples from the
Netherlands are illustrated, as well as in the Figure SM-4, indicating
that organisms in freshwater ecosystems seem to be more exposed to
PFAS. PFOSA was not detected in the majority of marine apex predator
samples, probably due to its possible biotransformation to PFOS in
pinnipeds (Sedlak et al., 2017). Perfluorodecanoic acid (PFDA) was the
second most abundant substance among the PFAS and the dominant
PFCA with concentrations ranging from 3.59 to 3.73 ng/g w.w. in prey
specimens and between below quantification limit (BQL) (<9.78 ng/g)
and 930 ng/g w.w. in apex predators. The concentrations of the rest
PFCA decreased with increasing chain length from the PFDA to per-
fluorotetradecanoic acid (PFTeDA), which is in line with PFCA pattern
reported by Roos et al. (2013). However this finding is in contrast with
the common behavior of PFCA, where concentrations of the odd chain-
length PFCA were higher, in most cases, compared to those of their
adjacent even chain-length homologues (Sedlak et al., 2017), which may
be attributed to the different studied ecosystem and/or year of sampling.

3.4. Industrial chemicals

Among Industrial Chemicals, eight compounds (benzenesulfona-
mide, bisphenol A, 2,4-dinitrophenol, nonylphenol, benzotriazole, tol-
ytriazole; the sum of 4- and 5-methyl-benzotriazole, 2-amino-
benzothiazole, and 2-hydroxy-benzothiazole) were detected in at least
one of the samples. 2-hydroxy-benzothiazole (2-OH-BTH) and benzo-
triazole were determined with the highest %FoA (31% and 16%,
respectively) among Industrial Chemicals. Although a “cocktail” of six
industrial chemicals was observed with high detection frequency in
freshwater prey samples gathered from the United Kingdom, this trend
was not followed in the respective predator (otter), as none of the
screened industrial chemicals was detected (Figure SM-6).
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Fig. 3. Concentration levels (ng/g w.w.) of PFAS in freshwater apex predators and their prey samples, gathered from the United Kingdom. Grey tiles in the heatmap
refer to concentrations below the limit of detection (LOD) for muscle tissue and liver respectively.
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Fig. 4. Comparison of the PFAS concentrations in apex predators from different trophic webs, collected across the Netherlands. Concentration levels (ng/g ww.) of
PFAS are provided as a heatmap, where grey tiles refer to concentrations below the limit of detection (LOD).

Furthermore, it is worth highlighting that 2-OH-BTH and 2-amino-ben-
zothiazole (2-NH,-BTH) were ubiquitous in Swedish freshwater and
marine predator species (mean concentration 84.8 ng/g w.w. and BQL
(<6.73 ng/g w.w.), 90% and 40% FoA, respectively), indicating that
Swedish freshwater and marine (Baltic Sea) ecosystems are heavily

impacted by anthropogenic activities. The chemical 2-OH-BTH was
determined in 21 of the samples at concentrations ranging from BQL
(6.95 ng/g w.w.) to 206 ng/g w.w., observed in freshwater fish and
predator species respectively. The presence of 2-OH-BTH and 2-NHj-
BTH has been reported in aquatic organisms from the lower trophic
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levels. Trabalon et al. (2017) reported the presence of benzothiazole and
four of its derivatives in different aquatic biota samples from Tarragona,
Spain; 2-NH,-BTH was detected in 80% of the tested samples at con-
centrations up to 70 ng/g d.w., whereas 2-OH-BTH was determined at
concentrations below the quantification limit (50 ng/g d.w.). Chen et al.
(2020) reported the presence of 2-OH-BTH at concentrations ranging
from 15.4 to 26.1 ng/g d.w. in fish from Taiwan, while Jia et al. (2019)
calculated concentrations for 2-OH-BTH (FoA 89%) and 2-NH,-BTH up
to 512 and 15.7 ng/g d.w., respectively, in molluscs from the Bohai Sea,
China. The endocrine disrupting compound Bisphenol A was detected
only in three roach samples from the United Kingdom in concentrations
below the quantification limit (<3.25 ng/g w.w.). These low levels are
in accordance with the literature where up to 5.79 ng/g (average 2.54
ng/g) have been reported in fish samples from Klang River estuary,
Malaysia (Omar et al., 2019). However, high levels of bisphenol A up to
200 ng/g d.w. have been detected in molluscs from the Bohai Sea, China
(Liao and Kannan, 2019).

3.5. CECs of other chemical classes

The wide-scope target analysis revealed the presence of eight coffee
and tobacco related CECs in apex predator and their prey samples.
Residues of nicotine were detected in a quarter of the organisms from
higher (25% FoA) and lower (26% FoA) trophic levels, but the con-
centrations in predators (mean concentration 26.4 ng/g w.w.) were
considerably higher than those in prey (mean concentration 3.03 ng/g
w.w.). Furthermore, as illustrated in Figure SM-7, three M&TPs of
nicotine (cotinine, hydroxy-cotinine, nor-nicotine) were determined
with higher detection frequency and concentration levels in freshwater
apex predator samples than in the respective fish samples from Ger-
many, which may be attributed to the different matrices of analysis
(liver vs muscle). Cotinine, the predominant metabolite of nicotine, was
omnipresent in half of the analyzed apex predator samples in concen-
trations ranging from 5.03 to 309 ng/g w.w. In general, the detection
rate and the reported concentrations of the M&TPs were higher
compared to the parent compounds in biota from the upper trophic
levels, a trend which has been previously reported in other studies (e.g.
Badry et al., 2022). Caffeine and its M&TPs had a lower detection fre-
quency than tobacco related CECs in the samples. Caffeine concentra-
tions ranged from BQL (<3.07 ng/g w.w.) to 3.83 ug/g w.w. It should be
emphasized that in a buzzard sample (predator GE_3) collected in
Baden-Wiirttemberg, Germany, the highest concentration of caffeine
was observed, as well as of theobromine and theophylline, two M&TPs
of caffeine (concentrations 32.4 and 38.7 ng/g w.w. respectively),
indicating the importance of simultaneous monitoring of both parent
compounds, M&TPs for a comprehensive risk assessment.

Residues of nine Drugs of Abuse, M&TPs (amphetamine, codeine,
dihydro-codeine, nor-fentanyl, 3-methylnor-fentanyl, ketamine, nor-
ketamine, methamphetamine, and sulpiride) were determined in the
tested samples. Ketamine, a drug with anesthetic effects, and its main
TP, nor-ketamine, were detected only in one buzzard sample (preda-
tor_GE_2) from Lower Saxony, Germany. This, along with the presence
of a mixture of medicinal products in elevated concentrations (e.g., the
nonsteroidal anti-inflammatory drug meloxicam, concentration 104 ng/
g w.w.) in the same sample may be the result of drug administration as
one individual in the pooled sample received veterinary treatment prior
to death. Similarly, the opioid analgesic codeine along with dihydro-
codeine were detected in a roach (prey_UK_2) from river Lee (Wheat-
hampstead, United Kingdom). The highest drugs of abuse detection
frequency was observed in specimens collected across the United
Kingdom, reflecting a high human consumption rate. The detection of
numerous drugs of abuse in lower trophic level organisms from the
United Kingdom has been reported in the literature (Miller et al., 2021,
2019), whereas the knowledge on for the presence of such compounds in
apex predators from the United Kingdom is limited. Moreover, the TP of
the opioid analgesic fentanyl, 3-methylnor-fentanyl, pointed out the
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highest concentration (177 ng/g w.w.) among the other drugs of abuse
in the same samples. The detection of amphetamine and methamphet-
amine in apex predator and prey specimens was expected, since traces of
such compounds have previously been reported in wastewater samples
from Sweden (Ostman et al., 2014), the Netherlands (Bijlsma et al.,
2012) and the United Kingdom (Kasprzyk-Hordern et al., 2009;
Kasprzyk-Hordern and Baker, 2012; Mwenesongole et al., 2013), as well
as in white-tailed eagles (Haliaeetus albicilla) from Northern Germany
(Badry et al., 2022). The presence of drugs of abuse, such as amphet-
amine, methamphetamine and codeine, in organisms from the lower
trophic levels has been included in research findings of previously
published monitoring studies (Malev et al., 2020; Yin et al., 2019). Yin
etal., 2019 determined amphetamine and codeine in fish collected from
Beijing urban rivers, with a high detection frequency at concentrations
up to 6.1 and 5.3 ng/g, respectively.

Residues of four artificial sweeteners (acesulfame, cyclamic acid,
saccharine, and aspartame) were reported in the tested biota samples,
indicating a potential incomplete removal by WWTPs’ technologies and,
thus, their continuous accumulation in the aquatic ecosystem (Scheurer
et al., 2009). The high concentration levels of saccharine and cyclamic
acid may be attributed to wastewater discharges, since these artificial
sweeteners have been characterized as ideal chemical tracers or in-
dicators, due to their stability during the WWTPs’ processes. The highest
frequency of appearance was observed in apex predators, in particular in
terrestrial, marine and freshwater predators from the Netherlands,
which points out a possible biomagnification at higher trophic levels. All
the aforementioned artificial sweeteners were detected at extremely
high cumulative concentration (2.84 pg/g w.w.) in an Eurasian otter
sample (predator_UK_7), gathered from North-East England.

3.6. Prioritization of the detected CECs

The prioritization of detected CECs is of significant value for regu-
latory authorities in identifying the substances for which mitigation
measures may be required to protect environment, wildlife and human
health in a One Health approach (Dulio et al., 2018). In an effort to
prioritize the substances of the greatest concern in the apex predator and
prey samples, a scoring system was designed using risk-relevant pa-
rameters. A score of 0 to 100 was assigned to each of two occurrence
data values (maximum detected maximum concentration, frequency of
appearance for apex predator and prey specimens) producing a cumu-
lative score of 0 to 200 for predators, and a score of 0 to 200 for prey, and
a total predator-prey score of 0 to 400 (Table SM-6). The 50 top
prioritized CECs, based on their %FoA and their maximum detected
concentration, are summarized in Table SM-7. To exclude from the list
compounds with extremely high concentrations in selected samples, a
threshold of 30% in FoA (in one of the tested subsets; prey and predator
samples) was applied, resulting in the 33 top CECs that are listed in
Table SM-8. Prey and predator samples were considered separately
when applying FoA threshold, due to the different matrix of analysis and
different profile of detected chemicals. Fig. 5 illustrates the presence of
these compounds in the apex predator and prey specimens, analyzed in
the current biomonitoring study.

One-third of the prioritized compounds were PFAS, indicating their
widespread presence in the environment, while another one-third were
pharmaceuticals and their M&TPs. While almost all PFAS detected in the
samples included in the EU Directive 2020/2184 on the quality of water
intended for human consumption (DIRECTIVE (EU) 2020/2184), 11
PFAS were on the list with the compounds of high priority, indicating
the importance of implementing mitigation measures for PFAS at a
European level. Moreover, five of the prioritized compounds (benzo-
triazole, PFOS, PFOA, PFNA, PFDA) were also reported among the 13
priority compounds in a study investigating the occurrence of emerging
contaminants in South Korean effluent wastewaters through suspect and
non-target screening methodologies (Choi et al., 2021). Additionally,
the simultaneous occurrence of parent compounds and M&TPs
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Fig. 5. Box-whisker plots of the observed concentration levels of the 33 top prioritized CECs, determined through wide-scope target analysis, in the apex predator (n
= 48) and prey samples (n = 19). The maximum concentrations are indicated in the upper part of the figure, whereas below each box the number (n) of samples with
concentrations above LOQ is provided. The abbreviated compound names are listed in Table SM-8.

(tramadol, lidocaine and their M&TPs) in the list of the prioritized In an effort to understand the physicochemical properties of the top
compounds, as well as the elevated concentration levels in apex preda- prioritized compounds, their lipophilicity was investigated, as illus-
tors (liver) compared with the prey (muscle tissue) samples, supported trated in Fig. 6. The majority of the prioritized substances in the biota
the aforementioned statement that parent compounds and M&TPs samples had a strong lipophilic character (logP > 2), reinforcing the
should be monitored for a comprehensive risk assessment. necessity for continuous monitoring of such substances in apex
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Fig. 6. Lipophilicity (logP) of 33 prioritized CECs. The most frequently detected substances and highest concentrations were observed for CECs with high lipophilic
character (log P > 2, marked square in the figure). The logP values of the chemicals used for this figure are provided in the Table SM-8.
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predators for the assessment of the potential harmful effects in the
environment and human health. However, based on the outcome of the
current study, the presence of (semi)polar substances should not be
neglected, since, for example, some PFAS are binding to proteins or
amino acids (Maso et al., 2021), instead of lipids, and, consequently, low
Kow values may result in high exposure concentrations in organisms. A
holistic analytical approach for the simultaneous determination of CECs
with a broad range of physicochemical properties is, therefore, crucial to
reveal the overall chemical fingerprint of CECs in the various environ-
mental compartments. Moreover, additional orthogonal analysis by gas
chromatography (GC) coupled to HRMS is required to capture non-polar
contaminants as well, while the presence of lipophilic compounds that
can be determined by both LC and GC analysis will be verified.

Prioritization scores and rankings may vary significantly based on
prioritization parameters. Although uncertainties may exist in the pre-
sent prioritization scheme (e.g. fish from riverine systems are constantly
exposed to persistent and pseudo-persistent compounds due to effluent
wastewater emissions), it does highlight compounds with high envi-
ronmental significance based on their occurrence and/or high concen-
trations in organisms from various trophic levels. In the context of the
LIFE APEX project, all CECs determined through wide-scope target
analysis were examined for potential (v)PBT properties and prioritized
under REACH by the Janus tool (https://www.vegahub.eu/portfolio-it
em/janus/), an in silico (Q)SAR model designed by the German Envi-
ronment Agency (UBA) (Benfenati et al., 2016).

4. Conclusions

In the current biomonitoring study, which was part of the EU-funded
LIFE APEX project, 67 freshwater, marine and terrestrial apex predator
and prey samples from four European countries were analyzed by LC-
ESI-QToF MS. The acquired HRMS data were screened for the pres-
ence of more than 2,200 contaminants of emerging concern through
wide-scope target analysis. Therefore, the present survey is an attempt
to systematically investigate the presence of thousands of chemicals at a
European level, aiming to use these data for better chemicals manage-
ment and contribute to EU Zero Pollution Ambition. The results indicate
that apex predators and their prey are exposed to a diverse “cocktail” of
contaminants of emerging concern. Specifically, wide-scope target
analysis revealed the presence of 145 chemicals belonging to different
categories, based on their main use, application or chemical class. The
concentration levels for the majority of the detected CECs through wide-
scope target analysis were lower compared to the concentrations of
legacy pollutants, monitored in the context of LIFE APEX project, which
are part of another publication. The majority of the determined com-
pounds were pharmaceuticals, while pesticides and per- and poly-
fluoroalkyl substances were also omnipresent in the samples. The results
of the current study also highlight the presence of considerably higher
concentrations of chemicals in apex predators compared to their prey,
although these samples were not co-located in time and space. In future
biomonitoring studies in order to receive more reliable results on the
bioaccumulative properties of CECs, organisms from different trophic
levels, gathered from the same ecosystem and region, should be ob-
tained. Furthermore, a large variety of metabolites and transformation
products were determined, demonstrating the capabilities of HRMS in
revealing the current state of environmental pollution. The simulta-
neous monitoring of CECs, along with their metabolites and trans-
formation products is crucial since many compounds may be
metabolized in high extend after their uptake from the organisms. The
experience of human biomonitoring can support the screening of me-
tabolites since it may reveal main metabolic pathways that can be used
to predict additional metabolites of frequently detected CECs in apex
predators to be investigated in future studies through suspect screening.
Compounds included in the Stockholm Convention, such as PFOS and
PFOA, were widespread in the samples, despite the established EU-wide
mitigation measures, indicating that additional measures for the
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restriction of their use should be implemented. Moreover, all detected
compounds observed in both apex predator and prey samples were
prioritized based on their detection frequency and maximum concen-
tration. Among the top prioritized compounds, the most ubiquitous
chemicals in the samples had a strong lipophilic character, whereas the
presence of more polar substances, underlines the power of HRMS
techniques for revealing the “fingerprint” of the chemical pollution in
the organisms. Additional orthogonal analysis by GC is required to
capture non-polar contaminants, whereas the application of suspect and
non-target screening workflows in the already acquired chromatograms
will allow a comprehensive chemical characterization of the samples.

The obtained HRMS data are stored in a well-organized database
system (NORMAN network DSFP), in order to be used by EU regulators
and, thus, support the “zero-pollution” policy by restricting, where
necessary, the production, use, or import of chemicals endangering
Europe’s environment. Furthermore, the chemicals detected in this
study will be prioritized, based on their (v)PBT properties, using the
Janus in-silico tool to inform better chemicals’ management through the
implementation of effective risk mitigation measures. The data reported
here will be supported by additional studies providing time series data
(1996-2018) to reveal time trend patterns of chemicals’ emission in the
environment and their uptake by biota. Finally, the current state of
chemical contamination in apex predators, in Europe will be expanded
by the analysis of samples from additional 19 countries across Europe, to
identify which chemicals should be systematically monitored and/or
further restricted. Overall, an integrated approach for monitoring and
evaluation of chemicals was applied through the LIFE APEX project to
link the environment, wildlife and humans together.
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