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Abstract
Female sex hormones, i.e., estrogens, belong to the messenger substances of organisms.
In addition to endogenous steroidal estrogens such as estrone (E1), 17β-estradiol (E2) and
estriol (E3), there are substances mimicking the estrogen function (xenoestrogens) such
as genistein (GEN), daidzein (DAI) or zearalenone (ZEN), which are produced by plants
or fungi. Other known xenoestrogens are synthetically produced estrogens such as 17α-
ethinylestradiol (EE2) or chemical substances whose hormonal activity was not intended
and has only been proven in retrospect. It has been observed that the increased occurrence
of these substances can have a lasting (adverse) effect on aquatic organisms. Estrogen-active
substances can lead to the disturbance of the hormone balance and thus belong to the en-
docrine disruptors.

The present thesis addresses the analysis of estrogenic substances as well as the analysis
of the estrogenic activity in marine systems since the majority of existing studies focused
on the inflows and outflows of sewage treatment plants or river waters. In order to detect
estrogenic substances, an instrumental analysis method using LC-MS/MS technology was
first established. Furthermore, a effect-based bioassay was used to determine estrogenic
activity in the marine system.

It was found that estrogenic substances and estrogenic activity are present in the Baltic
Sea (BS) as well as in the northern South China Sea (SCS) around the Pearl River Estuary
(PRE). It was also shown that natural estrogens and synthetic estrogens were found in both
systems. Seasonal variability and regiospecific distribution patterns were revealed by the
analysis of annual cycles in the BS as well as from the analysis of surface water samples
from the SCS. A risk assessment was performed based on the method of risk quotients to
classify the measured estrogen concentrations. It was shown that there is a high potential
risk for marine organisms due to the presence of the synthetic estrogen EE2 in both the BS
and the SCS.



Kurzfassung
Weibliche Sexualhormone (Östrogene) gehören zu den Botenstoffen des Körpers. Neben
den körpereigenen steroidalen Östrogenen Estron (E1), 17β-Estradiol (E2) und Estriol (E3)
gibt es östrogene Substanzen, welche die Wirkung von Östrogenen nachahmen (Xenoestro-
gene). Dazu gehören beispielsweise von Pflanzen und Pilzen produzierte Substanzen wie
Genistein (GEN), Daidzein (DAI) und Zearalenon (ZEN). Ebenfalls bekannte Xenoestro-
gene sind synthetisch hergestellte Östrogene wie 17α-Ethinylestradiol (EE2) sowie weitere
chemische Substanzen, deren hormonelle Aktivität nicht beabsichtigt und erst im Nachhinein
nachgewiesen worden ist. Durch das vermehrte Auftreten dieser Substanzen in aquatischen
Ökosystemen können die darin lebenden Organismen nachhaltig beeinflusst werden. Östro-
gen aktive Substanzen können zur Störung des Hormonhaushaltes führen und zählen somit
zu den endokrinen Disruptoren.

Die vorliegende Arbeit befasst sich mit der Analyse von östrogenen Substanzen sowie
mit der Analyse der östrogenen Aktivität im marinen System, da sich die Mehrzahl der be-
reits existierenden Studien auf die Analyse von Zu- und Abflüssen von Kläranlagen oder
auf Flüssen fokussierten. Um östrogene Substanzen zu detektieren, wurde zunächst eine
instrumentelle Analysemethode mittels LC-MS/MS Technik etabliert. Weiterhin wurde ein
effektbasierten Bioassay genutzt, um die östrogene Aktivität im marinen System zu bestim-
men.

Es konnte gezeigt werden, dass östrogene Substanzen und östrogene Aktivität sowohl
in der Ostsee als auch im nördlichen Südchinesischem Meer rund um das Perlflussästuar
präsent sind. Es zeigte sich hierbei ebenfalls, dass sowohl natürliche Östrogene als auch
synthetische in beiden System zu finden waren. Aus der Analyse von Jahresgängen in der
Ostsee und der Analyse von mehreren Proben innerhalb des Südchinesischen Meeres gehen
sowohl saisonale als auch regionsspezifische Verteilungsmuster hervor. Es wurde eine Risi-
koabschätzung mittels Risikoquotienten durchgeführt, um die gemessenen Konzentrationen
der östrogenen Substanzen einzuordnen. Dabei zeigte sich, dass sowohl in der Ostsee als
auch im Südchinesischem Meer ein hohes potentielles Risiko aufgrund des Vorkommens
des synthetischen Östrogens EE2 für marine Organismen besteht.
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1. Introduction

1.1. Endocrine disrupting compounds

The Anthropocene era is synonymous with the influence of humankind on the environment
and its living beings. Today, over 7 billion people live on earth, and about 60 % of them
live in coastal areas, thereby pressuring the marine ecosystem (UN, 2019). In recent years,
our oceans have become increasingly polluted. For example, high nutrient inputs have led
to strongly eutrophicated waters, and elevated nitrate levels are already observed in drinking
and groundwater. Oceans and the organisms living in them are recipients of microplastic
due to the increasing use of plastics and the insufficiently regulated recycling processes.
In addition to this, pollution is caused by the ongoing input of chemicals, which are often
transported into the oceans via the river system. These include heavy metals, industrial
chemicals, pharmaceuticals and chemicals used in daily life. Another anthropogenic stressor
to the marine ecosystem is the continuous input of carbon dioxide, which results in ocean
acidification (Wilhelmsson et al., 2013). Yet, the consequences to the marine environment
and its response to the anthropogenic pressure in the long-term perspective remain to be
elucidated.

Environmentally relevant pollutants such as polycyclic aromatic hydrocarbons and poly-
chlorinated biphenyls have long been the subject of regular monitoring programs (El-Shahawi
et al., 2010; HELCOM, 2018). However, there is a continuous rise in studies that report on
substances whose harmfulness to the environment has only lately been discovered or which
are simply of new origin. These substances are referred to as contaminants of emerging
concern (CECs), and the list of CECs continues to grow. CECs comprise, for example, phar-
maceuticals and personal care products (PPCPs) as well as other products of daily use (Dulio
et al., 2018; UNESCO and HELCOM, 2017). Among them are substances that have been
observed to profoundly distress the hormone system (endocrine system) of living organisms
in short-term and long-term perspectives, which are therefore named as endocrine disrupting
compounds (EDCs): "An endocrine disrupting compound is an exogenous substance or mix-

ture that alters function(s) of the endocrine system and consequently causes adverse health

effects in intact organism, or its progeny, or (sub)populations" (IPCS, 2002).
This category includes all substances that, due to their structural resemblance to the mes-

sengers of the endocrine system (hormones), bind to the specific hormone receptors. The
interaction and interference with the reproduction system can be in form of an estrogen-
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agonist, estrogenic-antagonist, androgen-agonist or androgen-antagonist (Bergman et al.,
2013). Interfering EDCs can lead to amplification of the receptor response or inhibition by
competing or occupying the receptor’s binding sites. The list of EDCs comprises mainly ex-
ogenous and, thus, mainly synthetic substances. Recently, however, natural substances such
as plant- and fungi-derived compounds have also been added as they were shown to interact
with hormone receptors and potentially result in endocrine disruption (Diamanti-Kandarakis
et al., 2009). Furthermore, steroidal estrogens have been included as well despite their natu-
ral occurrence and command of regulatory functions of the endocrine system. It was shown
that increased estrogen concentration in the environment can also impair the hormone bal-
ance of exposed organisms (Sumpter & Johnson, 2005).

1.2. Estrogenic compounds

1.2.1. Estrogens

Sources

Natural estrogens, together with progestogens, are primarily female sex hormones and be-
long to the class of steroid hormones (Beck, 2006). The most important endogenous estro-
gens are 17β-estradiol (E2), estrone (E1) and estriol (E3; Fig. 1.1).

Figure 1.1.: Molecular structures of the natural estrogens (E1, E2 and E3), synthetic estrogen (EE2),
phytoestrogens (DAI, GEN) and mycoestrogen (ZEN) in focus of this thesis.

They are also present in male bodies, however, to a lesser extent (Table 1.1, Johnson et al.,
2000; Ying et al., 2002). The primary function of estrogens is the regulation of the reproduc-
tion system. Furthermore, they control the postnatal development, the cardiovascular system
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and contribute to fat and bone metabolism. Their biosynthesis occurs in ovaries or testicles
of vertebrates as well as in their adrenal glands and fatty tissue (Beck, 2006). Estrogens
are transported within the body via the bloodstream to the target organ, where they can pass
easily through the cell membranes due to their lipophilic character. Estrogens bind to spe-
cific estrogen receptors (estrogen-α, estrogen-β) in the cells of vertebrates and invertebrates.
Hormones leave the body as conjugates via urine and bile. For example, E2 is oxidized in a
first step to E1. A subsequent hydroxylation reaction turns E1 into E3. Eventually, estrogens
are metabolized and excreted as glucuronic acid and sulfonic acid conjugates (Adeel et al.,
2017; Shore & Shemesh, 2003; Tsuchiya et al., 2005).

Another important steroid hormone is the synthetic 17α-ethinylestradiol (EE2), in which
an ethynyl group has been introduced at the 17-C position of E2 (Fig. 1.1). This modifica-
tion improves the oral bioavailability of this hormone. EE2 is the main active ingredient in
contraceptive pills. The daily dose of EE2 in these pills is between 10–50 µg d−1 (Table 1.1).
Within the body, EE2 is partially deacetylated into E2, but the majority is metabolized and
excreted as a conjugated analogous of the natural estrogens (Adeel et al., 2017; Beck, 2006;
Shore & Shemesh, 2003). It has been estimated that the human population excretes over
30 000 kg of natural hormones (E1, E2 and E3) annually. The consumption of contraceptive
pills containing EE2 is assumed to cause 700 kg of EE2 discharges per year (Adeel et al.,
2017).

Table 1.1.: Daily excretion of steroidal estrogens, adapted from Johnson et al., 2000; Johnson &
Williams, 2004; Kostich et al., 2013; Ying et al., 2002.

E1 [µg d−1] E2 [µg d−1] E3 [µg d−1] EE2 [µg d−1]

Female (cycling) 8–9.3 3.5–6.1 4.8–17.4 -
Female (menopausal) 2.9–4.0 1.5–2.3 1–3.9 -
Female (pregnant) 600–787 259–277 6000–9850 -
Contraceptive pill - - - 4.5–13.1
Males 3.9 1.6 1.5 -

Transportation into the aquatic environment

The majority of estrogenic substances is released into the aquatic environment via wastewater
treatment plants (WWTP) because of insufficient removal rates during the clean-up process
(Tang et al., 2021; Ying et al., 2002, 2008). As a consequence, estrogenic compounds have
been observed worldwide in influents and effluents of WWTP and also in the receiving river-
ine waters (Fig. 1.2). Further sources of estrogenic compounds are improper disposal of
industrial and household waste as well as recreational activities (Jiang et al., 2020; Xu et al.,
2014). For example, Jin et al. (2008) compared the inflows and outflows of WWTPs and
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reported removal rates below 77 % for E1 and 97 % for E2. In most of the studies concern-
ing removal rates, E3 is removed more sufficiently (85–99 %; Jin et al., 2008; Johnson &
Sumpter, 2001; Ying et al., 2002). Among the steroidal estrogens, EE2 was observed to be
far more resistant to removal (−58–85 %, Baronti et al., 2000; Jiang et al., 2020). Jiang et al.
(2020) assumed that low or negative removal efficiency occurred due to the breakdown of
conjugated estrogens into their natural form during wastewater treatment. Thus, disregarding
estrogen conjugates removal rates may lead to overestimating and underestimating the actual
removal or both. The supposedly low degradation rate of E1 can be explained by the fact
that it is produced by the degradation of E2 in WWTPs (Svenson et al., 2003; Ternes et al.,
1999). Furthermore, improper disposal of industrial and domestic waste, river run-off from
agricultural fields with livestock as well as the application of manure can contribute to the
release of estrogenic substances into the aquatic environment (Adeel et al., 2017; Jiang et al.,
2020; Kolodziej et al., 2004; Xu et al., 2014). Concentrations of natural estrogens in aquatic
environments have been subject to many research campaigns and were observed worldwide
(Du et al., 2020; Jin et al., 2008; Wang et al., 2011, 2012). In this regard, Pawlowski et al.
(2004) detected up to 5.6 ng L−1 of E2, 19 ng L−1 E1 and 1.5 ng L−1 of EE2 in effluents of a
WWTP located at the river Rhine (Germany).

E1
E2

EE2

Figure 1.2.: Exemplary regions for the detection of estrone (E1), 17β-estradiol (E2) and 17α-
ethinylestradiol (EE2) in surface waters. Pie charts show the proportions of E1, E2 and EE2 de-
termined in the samples from the respective sampling sites. A detailed overview of the concentrations
and the corresponding literature is summarized in the appendix (Table A.1).

Next to river system, studies focused on the presence of estrogens in estuaries and coastal
areas (Atkinson et al., 2002; Singh et al., 2010; Saeed et al., 2017). Beck et al. (2005)
reported E1 and EE2 concentrations in the western Baltic Sea of 0.53 and 17.2 ng L−1, re-
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spectively. In the Pearl River Estuary (PRE; China), Xu et al. (2014) observed E1 and E2
with high concentrations at the estuary’s head and low concentrations at its mouth. Although
it has been shown that estrogens are released into the marine environment, data on their
occurrence in the open seas are scarce. Zhang et al. (2014) gave a first overview of the situa-
tion in the northern South China Sea and reported up to 11.4 ng L−1 of E1, 3.7 ng L−1 of E2,
21.6 ng L−1 of E3 and 3.99 ng L−1 of EE2.

Natural steroids were shown to undergo degradation within hours up to a few days in the
aquatic environment. However, the synthetic EE2 was shown to be more stable, and half lives
of 4-80 days were reported. The higher half-lives reflect the resistance of synthetic hormones
to biodegradation, resulting in environmental concentrations as high as natural hormones
despite the lower input (Aris et al., 2014; Adeel et al., 2017; Duong et al., 2010; Ying et al.,
2002). To the best of the author’s knowledge, half-lives of estrogenic substances have not yet
been determined for the marine system in particular. However, from the detection of these
substances in rivers, estuaries, coastal areas as well as in remote regions, it can be concluded
that they are not completely degraded during transport and may be more persistent than
previously assumed.

Toxicological concerns

Although estrogens take over regulatory functions in many organisms, additional exogenous
exposure can result in adverse health effects (Czarny et al., 2017). For instance, Morthorst
et al. (2014) observed abnormalities in embryos of the viviparous eelpout, and Lu et al.
(2010) reported elevated E2 plasma concentration as well as induction of vitellogenin (egg
yolk precursor) in adult male goldfish after exposure to E1 and E2.

Furthermore, first incidences of vitellogenin induction in rainbow trouts were reported
arising from EE2 concentrations of 0.1–1 ng L−1 (Purdom et al., 1994). It was also shown
that chronic exposure to EE2 at concentrations of 5–6 ng L−1 causes high vitellogenin levels,
impacts gonadal developments and has almost led to the near extinction of a fathead minnow
population (Kidd et al., 2007). Almeida et al. (2020) recently summarized that EE2 accumu-
lates in mussels exposed to this estrogen. Among the steroidal estrogens, EE2 was reported
to be the most effective estrogen, followed by natural E2, while E1 and E3 are classified as
estrogens with low estrogenic activity (Czarny et al., 2017). Concerns about human and an-
imal health effects in combination with the presence of estrogenic substances in the aquatic
environment have been the reason for the implementation of E1, E2 and EE2 on the 2nd
Watch-List (European Commission Decision 2018/840) to be monitored within the Water
Framework Directive (WFD, 2008/105/EC, amended by 2013/39/EU) (Loos et al., 2018).
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1.2.2. Plant- and fungi-derived estrogenic compounds

Sources and transportation into the aquatic environment

As mentioned above, there are other natural substances that can act as agonists and antag-
onists of the estrogen receptor due to their structural resemblance to hormones. So-called
phyto- and mycoestrogens are derived from plants and fungi (Benassayag et al., 2002).

Phytoestrogens are substances from secondary metabolism that protect plants from preda-
tors. The main representatives are steroidal phytoestrogens and the more ubiquitous phenolic
phytoestrogens, to which isoflavones, coumestans and lignans belong. The most important
representatives of isoflavones are genistein (GEN) and daidzein (DAI; Fig. 1.1). Both are
mainly associated to legumes such as soy and clover. In addition, they have been observed
in algae and cyanobacteria species and their exudates (Gong et al., 2014; Jarošová et al.,
2015; Procházková et al., 2017; Sychrová et al., 2012). Pathways of DAI and GEN are re-
lease from human and animal excretion and were thus detected in influents and effluents
of WWTP (Bacaloni et al., 2005). Furthermore, they were observed in effluents of wood
processing industries (paper and pulp mills) as well as in drainage water and surface run-
off from agricultural fields with cultivated crops (Erbs et al., 2007; Kiparissis et al., 2001;
Kolpin et al., 2010). Rocha et al. (2014) examined surface water samples obtained from the
Mondego Estuary (Portugal), amongst others, for GEN and DAI. Both phytoestrogens were
present at all stations in the estuary, and concentrations were up to 5.1 µg L−1 for GEN and
11.9 µg L−1 for DAI at the estuary’s mouth.

Mycoestrogens (or mycotoxins) are produced by the Fusarium species, which infect crops
such as maize, wheat and barley. An important representative of this group is zearalenone
(ZEN; Fig. 1.1). In the human body, it is rapidly metabolized into the major breakdown
products α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL), which are reported of being even
more estrogen active that ZEN (Jarošová et al., 2015; Laranjeiro et al., 2018; Molina-Molina
et al., 2014). In the past, α-ZEL has been widely used as growth promoters for cattle, but
its application has been banned in the European Union since the late 1980s (Bucheli et al.,
2008; Jarošová et al., 2015). ZEN was found in WWTP and receiving river waters up to
60 ng L−1. It was assumed that ZEN is primarily released by excretion from cattle treated
with growth promoters. However, later on, it was concluded that the occurrence of ZEN in
the environment rather occurs due to run-off from Fusarium infected fields (Hartmann et al.,
2007). An investigation of surface water samples from the Douro River (Portugal) revealed
the presence of ZEN and its metabolites in the estuary (Ribeiro et al., 2016). Consequently,
the determination of GEN, DAI and ZEN in river waters and estuaries implies the transport
pathway of these substances into the marine system.
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Toxicological concerns

Phytoestrogens and mycoestrogens have been shown to be less estrogenic active than steroid
hormones by a factor of 102 − 106, but it has already been proven that they can affect the
reproduction system of organisms (Gong et al., 2014; Jarošová et al., 2015). Meanwhile, it
is being discussed whether phytoestrogens have a beneficial effect, for example, on cancer
treatment, the cardiovascular system and the treatment of menopausal symptoms, or if they
actually may provoke cancer (Erbs et al., 2007). An extensive study conducted between 1940
and 1970 could show that cattle, sheep and rodents displayed adverse effects in their repro-
duction system after ingestion of high levels of clover (Benassayag et al., 2002; Humfrey,
1998). In addition, exposure to phytoestrogens may lead to higher egg production, gonadal
abnormalities, embryo mortality or a reduced number of oocytes of aquatic organisms (Clot-
felter & Rodriguez, 2006; Kiparissis et al., 2003; Rearick et al., 2014; Sarasquete et al., 2020;
Shao et al., 2019).

It has been observed that the exposure of fish to ZEN led to intersex in males, decreased
sperm production and motility as well as decreased fertilization success. In addition, im-
paired gonadal development, testicular degeneration and induction of vitellogenin were as-
sociated to ZEN exposure (Bakos et al., 2013; Schwartz et al., 2010; Woźny et al., 2020).

1.3. Analysis of estrogenic substances and

estrogenic activity in the environment

Environmental concentrations of estrogenic substances and estrogenic activity can be de-
termined by instrumental analytical methods or effect-based bioassays. The focus of the
instrumental analysis methods is on the determination of the concentration of known estro-
gens selected in advance of the analysis (Barreiros et al., 2016; Tomšíková et al., 2012). In
contrast, effect-based bioassays can be used to evaluate the cumulative effect of all com-
pounds present in the sample. Thus, this type of analysis takes into account known as well as
unknown substances in the environmental sample (Hettwer et al., 2018; Kunz et al., 2015).

1.3.1. Instrumental analysis

The instrumental analytical methods for determining hormones in waters are versatile, but
the most commonly applied methods are reverse-phase liquid chromatography (LC-MS/MS)
and gas chromatography coupled to tandem mass spectrometry (GC-MS/MS; e.g, Barreiros
et al., 2016; Locatelli et al., 2016; Tomšíková et al., 2012, see Table 1.2). Here, the mixture
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of target analytes is separated on a chromatography column by interactions of the compound
between the stationary and the mobile phase.

An advantage of LC-MS/MS is the direct processing of the sample extract, whereas the
GC-MS/MS method requires a derivatization step prior to chromatographic separation due
to the insufficient volatility of steroidal estrogens. Numerous methods have already been
published, with limits of detection (LOD) and quantification (LOQ) usually in the ng L−1-
range (Table 1.2). However, such detection limits can only be achieved by a preceding
enrichment step such as solid phase extraction (SPE). In this process, estrogenic substances
are retained from the water sample by interaction with a hydrophobic adsorbing material and
are afterwards eluted with a lower volume of a solvent in which the target analytes are highly
soluble.

In addition to the most common combination of mass-selective detection of hormones by
MS or MS/MS and LC or GC, hormones and other estrogenic substances are also detected
by flame ionization. The photoactive phenolic group also permits the application of diode
array, ultraviolet detectors (UV) and fluorescence detectors (FLD). However, these methods
are not as specific compared to MS coupling methods, making them less suitable for trace
analysis of estrogenic substances in environmental samples (Barreiros et al., 2016).

1.3.2. Bioassays

As mentioned above, instrumental analysis only determines the concentrations of individual,
known analytes. Neither the analysis by LC-MS/MS nor by GC-MS/MS consider the inter-
action mechanisms between the targeted substances or their combined effects and, thus, on
the estrogenic activity potentially acting on any living organism. In order to test the actual
effect of mixtures on organisms, in vivo tests are often carried out involving living organ-
isms. For example, the occurrence of vitellogenin in the blood plasma of male fish serves
as a reliable indicator for estrogenic activity. The disadvantage, however, is that the tests
are cost and time-consuming and additionally involve animal testing (Purdom et al., 1994;
Sumpter & Johnson, 2005).

Alternatively, combined effects can be investigated with in vitro techniques, which usually
involve recombinant single cell or whole-cell organisms. For example, ligand binding assays
mainly measure the affinity of a ligand to the estrogen receptor. Receptors used in this kind of
assay are usually derived from human or animal cells, animal tissues or genetically modified
bacteria. However, ligand binding assays do not observe whether the receptor is activated
or not (Streck, 2009). The advantages of these tests are that they do not involve animal
testing and that they are comparably inexpensive and fast (Giesy et al., 2002). A second type
of assay measures only cell proliferation induced by estrogen active compounds versus cell
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proliferation in a positive control (Demirpence et al., 1993).
The most commonly used bioassays are receptor-reporter assays, which utilize recombi-

nant yeast strains, mammalian or fish cells. Here, DNA sequences for the human estrogen
receptor and the estrogen response element located within a promoter region for a reporter
gene are transfected into the yeast cells (Streck, 2009). Examples include the yeast estro-
gen screen (YES) developed by Routledge & Sumpter (1996) based on the Saccharomyces

cerevisiae strain (S. cerevisiae) and the A-YES test (Hettwer et al., 2018) based on the salt-
tolerant yeast Arxula adeninivorans (A. adeninivorans). Upon the binding of a suitable lig-
and (estrogenic substance), a receptor response is induced, leading to the reporter gene’s
transcription and ultimately to the production of the reporter protein. In case of the A-YES
test system, the amount of reporter protein produced can be followed spectrophotometrically
and correlates with the amount of ligands present in the sample. The estrogenicity of a sam-
ple is expressed relative to the effect of the natural estradiol in the same testing, thus, as
estradiol equivalent quotient (EEQ).

Although detection levels of such bioassays are in the low ng per liter range, they are often
not sensitive enough to detect estrogen activity levels in environmental samples. Therefore,
a preceding enrichment step such as SPE is required for these tests as well. It should also be
emphasized that the results derived from in vitro tests are not necessarily representative of
the response of living organisms, but they provide a first overview of the potential estrogenic
activity in the environment.

Both the instrumental analysis and the application of biological tests show disadvantages
regarding the complexity of their conclusions. Hence, the combined use of both types is
a helpful approach to obtain a comprehensive overview of estrogen load in environmental
samples. More precisely, instrumental analysis provides specific information about the com-
position of the sample, while analysis by bioassay represents the interaction of the targeted
analytes as well as other substances present in the sample. In this way, conclusions can be
drawn as to whether the analytes found are decisive for the estrogenic activity or whether
there are other substances (agonistic, antagonistic) influencing the estrogen receptor.
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Table 1.2.: Exemplary methods for the determination of single estrogenic compounds in environmen-
tal water samples.

Method Matrix LOD [ng L−1] Reference

HPLC-FLD Ground water E1: 11 Liu et al., 2015
E2: 0.41
EE2: 5.2
E3: 7.18

HPLC-UV River water E1: 290 Hu et al., 2013
E2: 280
EE2: 350

LC-MS/MS Sea water E1: 0.02 Beck et al., 2005
E2: 0.3
E3: 1.0
EE2: 0.45
DAI: 0.43
GEN: 0.61

LC-MS/MS River water E1: 2.5 Petrovic et al., 2002
E2: 5.0
E3: 0.25
EE2: 5.0

LC-MS/MS WWTP influents,
effluents and receiving
river water

E1: 0.1–1.2 Laganà et al., 2004
E2: 0.2–1.9
E3: 0.3–7.0
EE2: 0.4–1.6
DAI: 0.2–3.5
GEN: 0.7–4.3

LC-MS/MS river water ZEN: 0.3–29.0 Schenzel et al., 2010
WWTP effluent ZEN: 0.4–47.7

LC-MS/MS river water ZEN: 0.4–1.1 Hartmann et al., 2007
WWTP effluent ZEN: 0.8–12.4

GC-MSa River water E1: 1.5 Gong et al., 2016
E2: 1.1
E3: 3.2
EE2: 3

GC-MS River water, sea water E1: 0.97 Rocha et al., 2013
E2: 0.86
EE2: 1.34
DAI: 1.25
GEN: 1.14

a LOQ are presented here as LOD were not available.
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2. Aim of study
In 1991, participants of the Wingspread Conference concluded that there is evidence of man-
made chemicals and a few natural substances that can profoundly disturb the endocrine sys-
tem of animals and humans. As a result, this topic has come into focus of many research
studies over the past three decades, including the investigation of natural and synthetic es-
trogens as well as further substances with an effect on the estrogen receptor (Colborn et al.,
1993; Hotchkiss et al., 2008).

Since the primary input of estrogenic substances is the excretion from humans and an-
imals, the vast majority of the studies deal with the analysis of these substances in inland
water bodies such as influents and effluents of wastewater treatment plants, river systems
and lakes (Adeel et al., 2017; Aris et al., 2014; Barreiros et al., 2016; Czarny et al., 2017;
Jarošová et al., 2015; Du et al., 2020; Tomšíková et al., 2012). In contrast, data on the oc-
currence of estrogenic substances in marine ecosystems are still limited, although there is
evidence that marine organisms are prone to adverse health effects (Kidd et al., 2013; Laran-
jeiro et al., 2018; Schenzel et al., 2012), and little is known about the distribution patterns or
seasonal variability.

In this context, the aim of this thesis was
a) to quantify and assess the presence of natural and synthetic estrogenic substances as

well as estrogenic activity in the marine ecosystem,
b) to investigate the possible seasonal and regional distribution patterns and
c) to determine possible drivers of the observed distribution patterns.

In the first step, a suitable method for the analysis of water samples for estrogenic sub-
stances with the LC-MS/MS technique was established to identify substances of natural or
synthetic origin (Deich et al., 2021a,b, and Deich et al., not published).

The areas of interest were the western Baltic Sea (BS) and the northern shelf of the South
China Sea (SCS). The Baltic Sea has been in the focus of scientists for years. The limited
water exchange with the North Sea, the resulting high residence time of the water, and in
addition the input of large amounts of freshwater transporting industrial, urban, and agricul-
tural wastes, has led to the accumulation of various potentially hazardous pollutants in the
Baltic Sea (HELCOM, 2018). Furthermore, the investigation area is easily accessible and as
such a suitable test system for method development. The regular sampling experiments and
ongoing research cruises provided a good opportunity to investigate whether the distribution
patterns of estrogenic substances and estrogenic activity are prone to seasonal and regional
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variability (Deich et al., 2020, and Deich et al., not published).
The second sampling area was the northern shelf of the South China Sea, close to the Pearl

River Estuary. This area allows the study of the transport of estrogenic substances from an
estuary over the continental shelf towards the open, deep SCS. In addition, this sample area
is of interest due to its high population density and resulting high anthropogenic pressure.
Furthermore, two research cruises in two consecutive years allowed the investigation of dis-
tribution patterns within the summer East Asian monsoon (wet season) and the inter-annual
variability of the estrogenic substances. Eventually, the obtained data are used to identify
possible drivers to explain the observed distribution patterns of estrogenic substances in the
SCS (Deich et al., 2021a,b).
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3. Methodological approach

3.1. General sampling procedure

Water samples from the Baltic Sea were collected either with a pre-rinsed bucket (Heiligen-
damm Pier) or were obtained with a CTD SBE 911 rosette system operating on the R/V
Elisabeth Mann Borgese. The sampled water was collected in pre-rinsed polyethylene or
amber glass bottles. In the laboratory, samples were acidified directly with a 5 M HCl to a
pH of 2–3 and stored at 4 °C in order to prevent biodegradation. For instrumental analyses,
samples were spiked with 1 ng of E1-d4 and 2 ng of E2-d5 and EE2-d4 (see Deich et al., 2020
and Deich et al., not published).

Water samples from the PRE were collected using a towed CTD pumping system ("towed
fish") operating on board of the R/V Hai Yang Di Zhi Shi Hao (H10), and collected in pre-
rinsed amber glass bottles. Samples were acidified with 5 M HCl and stored at 4 °C if not
subsequently processed with SPE. Samples were spiked with 20 ng of E1-d4, E2-d5 and
EE2-d4 for instrumental analyses (see Deich et al., 2021b).

Water samples obtained from the SCS were collected using a CTD SBE 911 rosette sys-
tem operating on board of the R/V H10 and the R/V Sonne (SO269). Water samples were
collected with pre-rinsed amber glass bottles and acidified with a 5 M HCl. In 2018 (H10),
samples were spiked with 20 ng of E1-d4, E2-d5 and EE2-d4 for instrumental analyses, and
with 1 ng of E1-d4 and 2 ng of E2-d5 and EE2-d4 in 2019 (SO269). The samples were imme-
diately processed with SPE or stored at 4 °C until further processing (see Deich et al., 2021b
and Deich et al., 2021a).

3.2. General sample pre-treatment

In order to analyze estrogenic substances and estrogenic activity in the aquatic environment,
samples had to be enriched due to the fact that environmental concentrations of estrogenic
substances are usually below the detection limits of applied bioassays and instrumental meth-
ods. For the first annual cycle at Heiligendamm Pier 2017, a sample volume of 400 mL
of surface water was selected. For the second cycle, the sample volume was increased to
1000 mL due to the observed low levels of concentrations during the first annual course.
For Baltic Sea and South China Sea samples, a sample volume of 1000 mL was enriched
for samples examined by LC-MS/MS to determine the concentration of targeted estrogenic
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compounds. A volume of 2000 mL was enriched for samples examined with the A-YES
system to determine the pooled estrogenic activity.

The enrichment of estrogenic compounds was conducted by SPE. Samples were passed
through glass fiber filters (GF/F, 0.7 µm) to separate the particulate phase of the water sample
from the dissolved one and to avoid clogging of the SPE cartridge. Subsequently, the water
samples were passed through the SPE cartridge with a flow of approximately 10 mL min−1.
After loading of the SPE columns, they were washed with 2.5 mL of a 5 % aqueous methanol
solution and with 2.5 mL of analytical grade water. Subsequently, the cartridges were dried
gently with N2 and stored at −20 °C until further processing.

The analytes were eluted from the SPE cartridges with 10 mL and 15 mL of MeOH:EtOAc
(70:30, v:v) and dried under clean air in a 40 °C water bath. Then, the sample was redissolved
either in 1 mL of analytical grade water: ACN (70:30, v:v) for the analysis of the individual
estrogenic substances by LC-MS/MS or in 6 mL of analytical grade water for the assessment
of the estrogenic activity by the A-YES bioassay.

3.3. Analysis of estrogenic activity – A-YES® test

principle

Estrogenic activity was determined using the A-YES® bioassay, which had been success-
fully established at the Leibniz Institute for Baltic Sea Research Warnemünde by A. Schoop
within the framework of a master thesis (Schoop, 2016) and validated in an international
ring trial (Hettwer et al., 2018). A detailed description of the experimental work is given in
Hettwer et al. (2018) and in Deich et al. (2020) (Publication I), however, the test principle
is discussed briefly in the following.

The utilized bioassay is a receptor-based transactivation assay that is working with the
genetically modified yeast strain Arxula adeninivorans (Fig. 3.1). In this yeast strain, the
human estrogen receptor hERα is constitutively expressed by the TEF1 promoter. Upon the
presence of suitable agonists (ligand) of the estrogen receptor, the ligands bind to the es-
trogen receptor protein (receptor-ligand-dimers) and, subsequently, the transcription of the
reporter gene phyK is induced. PhyK is the reporter gene encoding the enzyme phytase.
The enzyme catalyzes the cleavage of the substrate p-nitrophenylphosphate (p-NPP) to p-
nitrophenol (p-NP) and phosphate. The reaction process of p-NPP (colorless) to p-NP (yel-
low) can be detected spectrophotometrically and its color intensity correlates to the amount
of ligands bound to the hERα (Hettwer et al., 2018).

The obtained data were evaluated using the software BioVAL®, which provides a statis-
tical assessment of the samples concerning outliers, method-specific limits of detection and

14



Methodological approach

Figure 3.1.: A Schematic of the A-YES test principle with promoter sequences (TEF1, GAA), human
estrogen receptor gene (hERα), human estrogen receptor (hERα), estrogen responding element (ERE),
reporter gene (phyK), adapted from A-YES® manual by new_diagnostics GmbH. B E2 sigmoidal
concentration curve, dilution level (DL) and an exemplary sample based on the spectrophotometric
measurements. C Examplary plate design of a deep-well and microtiter plate containing blanks, E2
standard calibration (E2, CL), sample dilutions, recovery samples and negative controls (NC).

quantification as well as quantification of EEQ based on an E2 sigmoidal calibration curve
(Fig. 3.1). For each test, a set of E2-standard dilution series was prepared as well as a series
of suitable dilution levels of the environmental samples to overcome potential matrix effects
on the human estrogen receptor, i.e., competitive inhibition, overloading of the receptor’s
binding site. For each test, the highest quantifiable sample dilution was selected to calculate
the EEQ (Fig. 3.1).
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3.3.1. Estrogenic activity of individual analytes as a function of
the receptor activation assay

Due to structural differences, hormones and hormone-like substances affect the hormone re-
ceptor differently compared to the female sex hormone estradiol. Also, it was shown that the
estrogenic potency expressed as estradiol equivalent factors (EEFs) differs between various
bioassays as well (Beck et al., 2006; Chen et al., 2016; Jarošová et al., 2015; Wang et al.,
2011; Yao et al., 2018). Therefore, it is necessary to determine the estrogenic potential of
the individual estrogenic compounds with the utilized A-YES test system. For this purpose,
dilution series of the target analytes E1, E2, E3, EE2, GEN, DAI and ZEN were prepared
in Milli-Q water. In the following, the dilution series were processed with the bioassay.
From the resulting sigmoidal four-parameter logistic function, the concentration at half of
the maximum response (EC50) was derived for each compound (Fig. 3.2).

Figure 3.2.: Sigmoidal concentration curves for the targeted analytes. Displayed are the arithmetic
means (n = 4) of each concentration level. The gray dashed line represents the EC50 of E2.

The estrogenic potential, i.e., efficiency relative to the female sex hormone E2, of the
target analyte (EEFi) is then calculated by the ratio of the EC50 value of estradiol (EC50; E2)
and the EC50 value of the respective compound (EC50; i) according to Eq. 3.1 (Table 3.1;
Deich et al., 2021b).

EEFi =
EC50;E2

EC50;i
(3.1)
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Table 3.1.: Molecular masses (M) of targeted estrogenic substances as well as calculated EC50 and
estradiol equivalent factors (EEFs) according to Eq. 3.1 obtained with the A-YES test system, adapted
from Deich et al. (2021b).

Compound (i) M [g mol−1] EC50;i [mol L−1] EEFi

E2 272.40 9.26×10−11a 1
EE2 296.40 9.68×10−11 0.97
E1 270.37 1.05×10−9 0.09
E3 288.38 2.02×10−8 4.47×10−3

ZEN 318.36 7.41×10−8 1.32×10−3

GEN 270.24 3.91×10−7 2.49×10−4

DAI 254.23 1.46×10−5 6.32×10−6

a EC50 for E2 = Arithmetic mean of all tests used to determine EEF (number of tests = 5, number
of replicates per concentration level = 3)

3.4. Instrumental analysis of estrogenic compounds

– Method development

In addition to the analysis of estrogenic activity, this study aims to detect single estrogenic
substances in marine water samples. Prior to this, a suitable method for the determination of
hormones and hormone-like substances using the liquid-chromatography coupled to tandem
mass spectrometry (LC-MS/MS) technique had to be established. The method was devel-
oped on the basis of already established procedures from the literature (e.g., Beck et al.,
2005; Kumar et al., 2009; Tomšíková et al., 2012). The following parameters were opti-
mized in order to obtain the highest possible signal intensity: Mass transitions as well as
mass spectrometer (MS) parameters, injection volumes, chromatographic separation includ-
ing solvent and stationary phase, resuspension solvent as well as enrichment and processing
of the environmental water samples. The final method is described in Deich et al. (2021b)
and Deich et al. (2021a) (Publications II and III).

Firstly, suitable mass transitions within the mass spectrometer were determined for each
estrogenic compound. Deuterated standards of E1, E2 and EE2 were used as internal stan-
dards for quantification purposes to counteract analyte loss during the sample’s clean up
procedure (see Table 2 in Deich et al., 2021b). In the following, ionization parameters (in-
terface voltage, temperature and desolvation line temperature, resolution of quadrupoles and
collision energies) were optimized.

Secondly, a chromatographic separation method using the LC was developed. For this,
different injection volumes (5 µL, 10 µL and 50 µL) of a solution of target estrogens were
tested on two reverse-phase columns: Gemini NC (3µm,150×2.0mm) and Kinetex Biphenyl

(2.6µm,150× 4.6mm). Based on signal intensities, 50 µL and the Kinetex Biphenyl were
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chosen. Furthermore, different analytical grade mobile phases (H2O, MeOH, ACN) and ad-
ditives (NH4CH3COO, NH4OH, NH4HCO3, NH4F) were tested in a gradient program to
separate the analytes. Of the solvents mentioned, the combination of H2O as solvent A,
ACN as solvent B and an aqueous solution of NH4F as solvent C showed the strongest in-
tensification of the peak areas of estrogens. Subsequently, the percentage of NH4F solution
was optimized, resulting in the gradient flow program (flow rate = 0.2 mL min−1): 69.3 % A,
30 % B and 0.7 % C for 1 minute, reduced to 9.9 % A, 90 % B and 0.1 % C within 7 minutes,
to 100 % B in 15 minutes, was held for 2 minutes and back to 69.3 % A, 30 % B and 0.7 %
C within 2 minutes with subsequent equilibration for 2 minutes (Deich et al., 2021a,b). Al-
though solvents mixed with organic acids (i.e., formic acid) and NH4CH3COO have been
reported in the literature as suitable for the analysis of hormones (e.g., Beck et al., 2005;
Tomšíková et al., 2012), these mixtures resulted in a significant reduction of peak areas of
the target analytes in this study.

3.4.1. Sample treatment

Different solvent mixtures for the resuspension of the residues were tested to minimize possi-
ble side effects in the LC such as tailing or fronting of peaks. Among the tested four different
aqueous solutions that contained 0 %, 10 %, 20 % and 30 % of ACN, the mixture with 30 %
ACN provided the most intense signal and best peak shape.

Studies showed that the determination of hormones by heated-electrospray-ionization cou-
pled to a tandem mass spectrometer (HESI-MS/MS) might be influenced by the presence of
other substances (Busetti et al., 2012; Białk-Bielińska et al., 2016; Petrovic, 2014; Trufelli
et al., 2011). Therefore, it was tested if an additional clean-up step during the sample treat-
ment can improve the signal intensity and reduce any potential influence by co-eluted sub-
stances. In a first approach, the eluate was loaded onto a second column which was packed
with combusted silica (400 °C for 15 h). In a second approach, a pre-packed NH2 Sep-Pak
cartridge was attached to the SPE cartridge (Kumar et al., 2009). Both materials were sup-
posed to retain co-eluted substances such as humic acids, while the target analytes were
eluted from the adsorbent with a mixture of EtOAc and MeOH in a second step. Both ap-
proaches revealed enhanced signal intensities in the MS. NH2 cartridges were employed
for the final method as they showed higher signals in the MS and were more convenient in
handling.

The group of Svahn & Björklund (2019) developed a method for easy determination of
estrogenic substances in the dissolved and particulate phase together (whole water sample)
as demanded by the 2nd Watch-List of the WFD. For this, SPE cartridges were equipped
with 2 g of sea sand (Merck AG, Darmstadt, Germany), which was previously heated for
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Figure 3.3.: Left side: Schematic of SPE with GF/F filter. Right side: Schematic of SPE with sea
sand.

15 h at 400 °C to remove any organic material. The sea sand supposedly retains any particles
within the water sample and hinders the clogging of the SPE material (Svahn & Björklund,
2019). To adapt this method, six water samples were collected from Heiligendamm Pier at
the Baltic Sea. The water samples were separated into two sub-samples. One sub-sample
was filtrated through a GF/F filter 0.7 µm, the other sub-sample was treated with the SPE
columns prepared with combusted sea sand (Fig. 3.3). The results show that there is no
significant difference between both filtration methods. This may result from the low particle
abundance and consequently from the resulting low amount of adsorbed estrogens. It should
also be considered that the overall amount of adsorbed estrogens may be only minor, and that
the elution step may not be sufficient to extract even small amounts of adsorbed estrogens.
The SPE columns packed with sea sand were employed for further analysis of samples from
the Baltic Sea to analyze the whole water sample. Table 3.2 provides an overview of the
sampling series and the applied methods.

3.4.2. Quantification and method validation

Internal standard calibrations with E1-d4, E2-d5 and EE2-d4 were utilized to quantify es-
trogenic substances in the water samples. Calibrations were prepared in Milli-Q water over
the concentration range of 0–0.8 ng L−1 for samples obtained in September 2018 from the
South China Sea (H10) and 0–1.0 ng L−1 for samples from Baltic Sea, Heiligendamm Pier
and South China Sea in August 2019 (SO269). Method detection and quantification limits
(LOD, LOQ) were calculated according to the standard DIN 32645:2008-11 (Table 3.3). Fur-
thermore, a calibration for assessing matrix effects was prepared with an environmental water
sample to assess the matrix influence on the detection of estrogens (matrix-matched calibra-
tion). For this, surface water was obtained from Heiligendamm Pier (S= 9.4,T = 19.9°C, 13
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Table 3.2.: Overview of the sampling series Heiligendamm Pier, Baltic Sea, Pearl River Estuary and
South China Sea as well as the applied methods to determine estrogenic substances and estrogenic
activity.

Region Analysis Sample Filter SPE Elution NH2 Resuspension
volume type material volume column solvent
[mL] [mg] [mL]

Heiligendamm Pier
2017a A-YES 400 GF/F 200 10 - H2O
2018a A-YES 1000 GF/F 1000 10 - H2O
2019 LC-MS/MS 1000 Sand 1000 10 + H2O:ACN (70:30)

Baltic Sea
2017a A-YES 2 x 1000 GF/F 2 x 1000 15 - H2O
2018a A-YES 2 x 1000 GF/F 2 x 1000 15 - H2O
2019 LC-MS/MS 1000 Sand 1000 10 + H2O:ACN (70:30)

Pearl River Estuary
2018b,c A-YES 1000 GF/F 1000 15 - H2O

LC-MS/MS 1000 GF/F 1000 10 + H2O:ACN (70:30)

South China Sea
2018b,c,d A-YES 2 x 1000 GF/F 2 x 1000 15 - H2O

LC-MS/MS 1000 GF/F 1000 10 + H2O:ACN (70:30)
2019d,e LC-MS/MS 1000 GF/F 1000 10 + H2O:ACN (70:30)

a in Deich et al., 2020
b in Deich et al., 2021b
c obtained on board of the H10 in September 2018
d in Deich et al., 2021a
e obtained on board of the SO269 in August 2019

August 2019) and spiked with estrogen concentrations between 0.05–1.0 ng L−1. It could be
shown that the matrix of the environmental water sample significantly reduces the sensitivity,
i.e., signal loss of internal standards, of the LC-MS/MS method, which has been emphasized
in other studies as well (Busetti et al., 2012; Białk-Bielińska et al., 2016; Petrovic, 2014).
Therefore, LOD and LOQ derived from the matrix-matched calibration were used for further
analyses (Table 3.3).

The method was validated using Milli-Q and environmental water samples, which were
spiked with 0.4 ng L−1 and 0.8 ng L−1 of each targeted estrogen (three replicates per con-
centration level). A detailed description is given in Deich et al. (2021a,b). Generally, the
accuracy (RE, deviation between spiked and measured concentration) of estrogenic com-
pounds in the environmental water samples was ±20%. Precision (RSD, deviation between
the measured concentration of the replicates) for steroidal estrogens was < 7%. RSD for
targeted phyto- and mycoestrogens were 15 % for DAI, 39 % for GEN and 14 % for ZEN.
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Based on these data, it was concluded that the method is specific for the analysis of steroidal
estrogens, but further consideration is needed for the phyto- and mycoestrogens. It appears
that the structural differences of steroidal estrogens and plant- and fungi-derived estrogens
affect the behavior during the clean-up procedure and the following LC-MS/MS measure-
ments significantly. As such, the use of the E1-d4 standard for quantification may result in
less precision for the phytoestrogens and mycoestrogens as for the steroidal estrogens. It
needs to be mentioned that the method was not sufficiently reliable for E3 since this estrogen
could not be detected in previously spiked environmental water samples with 0.4 ng L−1 and
0.8 ng L−1 of E3. Therefore, E3 was excluded from further evaluation of the data.

Table 3.3.: Limits of detection based on a calibration prepared with Milli-Q water (LODwater,
LOQwater), and detection and qualification limits based on the matrix matched calibration using an
environmental water sample (LODmatrix, LOQmatrix). Adapted from Deich et al. (2021a,b).

E1 E2 EE2 GEN DAI ZEN

[ng L−1]

LODwater 0.04 0.07 0.09 0.1 0.44 0.18
LOQwater 0.08 0.14 0.17 0.2 0.88 0.36
LODmatrix 0.13 0.17 0.31 0.36 0.26 0.1
LOQmatrix 0.25 0.34 0.62 0.73 0.51 0.21
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4. Results and Discussion

4.1. Occurrence of estrogenic compounds in

environmental water samples

This thesis focuses on the determination of estrogenic compounds and estrogenic activity in
the marine environment. For this purpose, the developed LC-MS/MS method and the A-YES
reporter gene activity assay were first applied in the Baltic Sea. Subsequently, samples from
the northern South China Sea around the Pearl River Estuary were analyzed for the estrogen
content.
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Figure 4.1.: Overview of sampling areas in the Baltic Sea (A) and northern South China Sea (B).
More details are presented in Deich et al. (2020, 2021a,b).

4.1.1. Baltic Sea

Gercken & Sordyl (2002) studied wild fish species in the Baltic Sea to assess the quality
of coastal waters. In that study, male species exhibited inter-sexuality characteristics which
implied the abundance of feminizing pollutants in the investigated coastal areas. Thereupon,
Beck et al. (2005, 2006) examined surface water samples from the same sampling sites for
estrogenic substances as well as for estrogenic activity. Their findings supported the con-
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clusions made by Gercken & Sordyl (2002) that male fish in the Baltic Sea were exposed
to estrogenic substances. Based on these studies, the Baltic Sea was selected as a sampling
and testing area for establishing a method for the determination of estrogenic substances
by instrumental analysis. The access to the Baltic Sea allowed the analysis of estrogenic
substances at sampling sites close to the coast (Heiligendamm Pier, western Baltic Sea) on
a regular basis, which also provided insights on seasonal distribution patterns as well as
inter-annual variability.

For this purpose, surface water samples were collected bi-weekly from 2016 to 2017 and
on a monthly basis from 2017 to 2018 at the coast of the Baltic Sea at Heiligendamm Pier.
All samples were tested for estrogenic activity using the yeast-based test system A-YES, and
the results are discussed in Deich et al. (2020) (Publication I).

Starting in November 2016, EEQs were below the LOQ and only started to rise at the end
of May 2017 to 0.2 ng L−1. After a short period of elevated EEQ, concentrations decreased
abruptly below the LOD within two weeks at the end of July of the same year. The same
pattern was observed for the second sampling period in 2018. A pronounced increase from
< LOD to 0.2 ng L−1 was also observed from May to June 2018, and the estrogenic activity
reached its maximum in August with 0.38 ng L−1. Shortly thereafter, EEQ decreased sharply
from September onward (< 0.1ngL−1).

In the same study (Publication I), additional samples were collected from the sampling
sites within the Baltic Sea during six cruises (August 2017 – July 2018) and analyzed for
estrogenic activity. Here, concentrations varied from < LOD to 0.11 ng L−1, which is com-
parable with EEQ detected by Beck et al. (2006) in the Baltic Sea (0.01–0.82 ng L−1; see
also Table 1 in Deich et al., 2020). Observed EEQs fluctuated strongly within the individual
sampling periods, and a regional pattern could not be derived. A comparison of the sampling
campaigns revealed a seasonal pattern for the Baltic Sea, which is comparable to the annual
cycle detected at Heiligendamm Pier.

Both sampling sites show a seasonal pattern and correlation to water temperature was sig-
nificant (R2 = 0.41, p < 0.001). This seasonal variability suggests that estrogenic activity in
the Baltic Sea might have been influenced by the onset of the vegetation period in spring and
increased touristic and recreational activities at the respective sampling sites in summer. A
similar behavior was previously described for Portuguese Rivers (Rocha et al., 2014, 2016).
The utilized yeast test in the study was shown to be suitable for providing a first insight into
the estrogenic activity that might act on marine organisms in the Baltic Sea. However, con-
clusions on the contributors to the estrogenic activity cannot be derived from this cumulative
parameter. A comparison to Beck et al. (2005, 2006) led to the assumption that the presumed
major contributors to the detected estrogenic activity in this study were the natural E1 and
the synthetic EE2. The presence of the synthetic estrogen also led to the conclusion that the
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respective area is under anthropogenic influence.
In a second study conducted in both coastal areas and the open Baltic Sea and also at

Heiligendamm Pier, surface water samples were investigated with the previously established
LC-MS/MS method (see Section 1.3) to identify major contributors to the estrogenic activity
(Deich et al., data not published).

Figure 4.2.: Concentration of single estrogenic compound (E1, E2 and EE2) as well as temperature
(T) and salinity (S) of samples obtained from Heiligendamm Pier, Baltic Sea in 2019, * LOD <
concentration < LOQ (Deich et al., data not published).

Twelve surface water samples were collected at Heiligendamm Pier between June 2019
and February 2020. Estrogen concentration rose in early summer, as it has been observed
for the estrogenic activity from 2016 to 2018 (Fig. 4.2). A second pronounced increase
was observed in early autumn. As already assumed by comparing the results obtained from
2016 to 2018 with the literature, the main contributors among the target analytes to the es-
trogenic activity were E1 and EE2. Concentrations reached up to 0.6 ng L−1 and 1.9 ng L−1,
respectively. Natural E2 was only observed once (August 2019). Analysis of the Baltic Sea
samples also determined E1 and EE2 with concentrations of 0.7 ng L−1 and 1.3 ng L−1, re-
spectively. Furthermore, a small tributary to the Baltic Sea was investigated for estrogenic
substances. Concentrations of E1 were elevated compared to samples from the coastal Baltic
Sea (1.7 ng L−1). In contrast to the coastal sampling sites, both phytoestrogens and the my-
coestrogen were detected (DAI: 4 ng L−1, GEN: 1.7 ng L−1, ZEN: 0.9 ng L−1, Deich et al.,
data not published).
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4.1.2. Pearl River Estuary and northern South China Sea

The results from the Baltic Sea showed that the utilized methods were able to detect indi-
vidual estrogens as well as estrogenic activity in the environmental samples. As part of this
work, the next step was to apply the established methods to samples from the northern South
China Sea close to the Pearl River Estuary. Here, it was aimed to investigate a marine system
that is influenced by the freshwater of the Pearl River, which has a highly urbanized catch-
ment area. This work contributed to the MEGAPOL project that focuses on the investigation
of pollutant fingerprints and dispersal in the South China Sea. Surface water samples were
obtained during a first sampling campaign in September 2018 on the Chinese R/V H10 and
during a second campaign on the German R/V SONNE in August 2019. The results of both
sampling campaigns are discussed in more detail in Deich et al. (2021b) and Deich et al.
(2021a) (Publications II and III).

Pearl River Estuary

During the first cruise, samples were collected along the salinity gradient of the PRE to inves-
tigate a possible origin of estrogenic substances in the SCS (see Fig. 2 in Deich et al., 2021b).
Within the estuary, E1 was the most frequently detected estrogen with peak concentrations
observed at the estuary’s head close to the city of Guangzhou, and concentrations of E1 de-
clined towards the estuary’s mouth (0.3–3.6 ng L−1). Synthetic EE2 was only detectable at
the station with the highest salinity (S = 25, PR-1).

Plant- and fungi-derived compounds were also detected within the estuary. Highest con-
centrations occurred upstream (DAI = 0–12 ng L−1, GEN = 0–13.6 ng L−1, ZEN = 0.2–
1.9 ng L−1) and generally followed the same declining trend as observed for E1. However,
station PR-1 showed a peak in phytoestrogen concentrations.

Generally, it was assumed that estrogenic substances are diluted within the estuary to-
wards the sea. Nevertheless, the PRE is fed by different waterways that may also influence
estrogenic substances’ occurrence and distributional patterns in the estuary due to varying
concentration levels. This could explain the varying, non-linear concentration trends. Addi-
tionally, heterogeneity or patchiness within water bodies should be considered.

It has been shown that some algae and cyanobacteria species can produce and release phy-
toestrogens (Gong et al., 2014; Jarošová et al., 2015; Procházková et al., 2017; Sychrová
et al., 2012). A Pearson correlation of estrogenic substances with chlorophyll a was sig-
nificant for DAI (R2 = 0.74, p < 0.01) and a relationship was observed for GEN as well
(R2 = 0.72, p = 0.07). This may indicate that the elevated phytoestrogen concentrations at
these stations (PR-1) result from increased algal growth (Deich et al., 2021b).
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Northern South China Sea

At the sampling sites located within the SCS, i.e., shelf towards open sea; SCS-1 – SCS-77,
E1 and EE2 were the most abundant estrogens in 2018 with maximum concentrations of
1.0 ng L−1 and 0.6 ng L−1, respectively (see Table 1 in Deich et al., 2021a). The natural E2
as well as the plant- and fungi-derived compounds were not observed at the marine sam-
pling sites. A similar pattern was observed in 2019. Maximum concentration of E1 and EE2
were comparable to the previous year (1.1 ng L−1 and 0.6 ng L−1, respectively), and E2 was
determined with up to 0.7 ng L−1. Although both sample sets were taken during the wet sea-
son and thus under the influence of the southwestern monsoon, significant differences were
found in the modeled surface currents and measured surface density (see Fig. 2,3 in Deich
et al., 2021a). While in September 2018 the Pearl River plume was directed westwards,
model surface currents indicated an eastwards directed plume in August 2019, which was
also partially entrained into the open sea towards the Dongsha Islands. In 2018, increased
concentrations were observed at the coastal stations and in the western part of the working
area. In comparison, the concentration pattern in 2019 showed a concentration maximum at
eastern stations and at those close to the coast. This implies an influence of the Pearl River
plume on the distribution pattern of estrogens since the observations correlate well with the
simulated sea surface currents and the sea surface density in both years.

DAI, GEN and ZEN occurred in the PRE, but were detected only once at a marine sam-
pling site during both sampling campaigns (see Table 1 in Deich et al., 2021a). It was as-
sumed that the compounds transported by the river water were below the detection limit due
to dilution within the SCS or by degradation during the transport. Except for the shelf, the
SCS is an oligotrophic system. Cyanobacteria or algae species that could produce phytoe-
strogens may be less abundant which results in low concentrations of phytoestrogens. Fur-
thermore, within this thesis, only surface water samples were investigated, but the maximum
primary production occurs at 50–60 m depth. Therefore, phytoestrogens may be less abun-
dant at the surface and more present at the chlorophyll maximum. Like steroidal estrogens,
phyto- and mycoestrogens are moderately lipophilic and can adsorb to particles. However,
as this thesis focused on the detection of estrogenic substances only in the dissolved phase
of the water samples, substances adsorbed to particles were not studied.

One aspect of this thesis was the determination of anthropogenic and natural input to the
estrogenic activity. At both sampling sites, the natural substances E1 and E2 were detected.
Yet, it could not be precisely determined to what extent the concentrations found correspond
to a natural signal, i.e., if the concentrations refer to the natural amount excreted by marine
organisms, or whether they are elevated due to an anthropogenic input. The presence of the
synthetic hormone EE2 suggests that the sampling sites themselves are anthropogenically in-
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fluenced and that the natural hormones in it could be of similar origin. For example, elevated
E1 concentrations, which were detected in samples from the PRE with decreasing concen-
tration towards the estuary’s mouth, may indicate a source in the city center of Guangzhou.
Comparable studies of the same sampling area by Gong et al. (2016) and Xu et al. (2014)
also show that the concentration of the natural hormone decreases along the PRE, and it was
assumed that they originate from local sewage treatment plants.

Indicators of (treated) sewage were detected in the Fisch et al. (2021) study. Here, the
focus was on the detection of pharmaceutical and personal care products (PPCPs) such as
caffeine (CAF), carbamazepine (CBM) and metoprolol (MET). All three were detected in the
PRE, while only CAF and MET were detected at the stations close to the coast of the SCS,
and significant correlations (Pearson) were found with E1, EE2 and DAI (see Table A.2).
The same study and a previously conducted one by Fisch et al. (2017) also investigated the
presence of pharmaceuticals (sulfonamide antibiotics) used in veterinary medicine. Residues
of these substances have been detected in the PRE, which could indicate an influence of live-
stock farming. However, no significant correlations between these substances and estrogenic
compounds were observed (Table A.2).

Accordingly, one could argue that the measured concentrations of the natural hormones
may be partially under an anthropogenic influence, and that they originate from similar
sources as PPCPs. Nevertheless, it should be emphasized at this point that a causal rela-
tion should not be derived from these considerations.

4.1.3. Risk assessment

The principle of risk quotients (RQs) was employed to estimate the ecotoxicological effects
of estrogenic substances (Publications I-III). Here, the measured environmental concen-
tration of a compound was considered in relation to its predicted no-effect concentration
(PNEC). Since it is assumed that the steroidal hormones cause the largest contribution to the
resulting estrogenicity (Jarošová et al., 2014), the risk assessment was carried out for E1,
E2 and EE2 in the following (Fig. 4.3). The respective PNECs are 6 ng L−1 for E1, 2 ng L−1

for E2 and 0.1 ng L−1 EE2 as determined by Caldwell et al. (2012) for long-term exposures
(> 60d).

A low risk for aquatic organisms is considered if RQ < 0.1, a moderate risk if 0.1 <

RQ < 1 and a high risk if RQ > 1 (Hernando et al., 2006). In this regard, RQs derived from
the Baltic Sea indicated a low to moderate potential risk for aquatic organisms arising from
natural steroids E1 and E2 (Fig. 4.3A). Calculated RQs based on EE2 concentrations were
significantly higher than 1 (RQEE2,median = 7.6) in most cases. These findings are comparable
to the study of Beck et al. (2005), where the highest RQs also arose from EE2 concentra-
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high
medium

medium
low

Figure 4.3.: Risk quotients for estrone (E1), 17α-ethinylestradiol (EE2) and 17β-estradiol (E2) calcu-
lated for A) the Baltic Sea including samples from Heiligendamm Pier (n = 19), B) the South China
Sea in September 2018 including samples from the Pearl River Estuary (n = 66) and C) the South
China Sea in August 2019 (n = 44), • represent outliers (Deich et al., 2021a,b, Deich et al., data not
published).

tions (RQEE2,median = 25). A similar behavior was observed for the samples obtained from
the SCS (Fig. 4.3B, C). RQ calculated for the PRE for E1 were slightly higher compared
to those arising at the marine sampling sites and potentially affect aquatic organisms at a
moderate level (Table 4 in Deich et al., 2021b, Fig. 5 in Deich et al., 2021a). It can be
concluded that all marine sampling sites are at high risk considering EE2 concentrations. A
comprehensive review of articles and review papers regarding estrogenic compounds (pub-
lished between 2015–2018) reported moderate to high risks arising for natural water bodies
of Asian countries (Du et al., 2020). That study also emphasized the important role of EE2,
of which derived RQs occasionally exceeded even 1 by one or two orders of magnitude.

The studies in the Baltic Sea as well as in the South China Sea and the Pearl River Estuary
indicate that the major part of the ecotoxicological risk arises from the presence of the syn-
thetic estrogen EE2. The ratio of PNECs indicates that EE2 poses a 20 to 60 times higher
risk to aquatic organisms than the natural substances E1 and E2, meaning that even the low-
est concentrations of the synthetic hormone could have negative consequences for aquatic
organisms.

However, it should be taken into account that living organisms are often exposed not only
to single substances in the environment, but rather to a mixture of various natural and chemi-
cal substances. In this context, cumulative risk ratios (RQcum.) were calculated for the estro-
gens E1, E2, and EE2 determined in this study and from studies around the world (Fig. 4.4).
The RQcum. corresponds to the sum of all RQs of the individual substances (according to
Gustavsson et al., 2017 and Posthuma et al., 2019).

In this study, RQcum. indicate occasionally high risks for aquatic organisms in the BS and
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RQcum. ≥ 0.1
RQcum. ≥ 1
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D this study

Figure 4.4.: Categorized cumulative risk quotients (RQcum.) calculated from estrogen concentrations
around the world and this study. RQcum. base on risk quotients of E1, E2 and EE2 at the respective
sampling site. RQcum. ≥ 0.1 indicates medium risk for aquatic organisms, RQcum. ≥ 1 and above
indicates high risk. A detailed overview of the concentrations and the corresponding literature is
summarized in the appendix (Table A.1).

SCS. For comparison, RQcum. even higher than 100 can be observed at sampling sites across
the globe. Based on the considerations above, the high risk results mainly from the presence
of the synthetic EE2. These high concentrations of EE2 responsible for the high RQcum. were
measured mainly in rivers, in particular in effluents of wastewater treatment plants.

By means of the (cumulative) risk quotient, the potential risk of individual substances
can be estimated. However, this approach does not provide information on the combined
effect of all substances since the PNECs used are only determined for individual estrogenic
substances and not for mixtures.

4.2. Assessment of the A-YES® test system and

instrumental analysis

In this work, two different methods have been used to investigate environmental water sam-
ples for estrogenic activity (Publications I–III). While the LC-MS/MS technique aims to
detect individual substances (target analysis), the A-YES test system regards all substances
in the water sample that have an affinity to the estrogen receptor and elicit a response, includ-
ing mixture effects between the substances. Hence, the estrogenic activity calculated from
the LC-MS/MS method may differ considerably from the activity determined by bioassay
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(Du et al., 2020).
Instrumental analysis is only as comprehensive as the list of targeted analytes. Therefore,

the calculation of an EEQ highly depends on the analyzed compounds and can only provide
an estimate of the estrogenic activity. Previous studies concluded that discrepancies could
arise from antagonizing effects of co-eluted compounds that interact with the binding sites
of the receptor or inhibit the yeast growth, which would thus result in reduced EEQA-YES

(Chen et al., 2016; Wang et al., 2011). Vice versa, a limited list of target analytes can result
in underestimates of the EEQcalc, as further agonists of the estrogen receptor may also be
present in the environmental sample (Könemann et al., 2018). Likewise, effects may differ
in varying mixtures of estrogens due to their affinity and estrogenic potency (Yao et al.,
2018).

Within this thesis, the estrogenic activity in the PRE and the SCS was determined on the
one hand with the LC-MS/MS technique and, on the other hand, measured with the A-YES
test system (EEQA-YES, see Deich et al., 2021b). With the data obtained from target analysis,
EEQs were calculated considering the concentrations of single compounds and their specific
estrogenic potency compared to E2 (EEQcalc, see Fig. 4.5).

Figure 4.5.: Calculated (EEQcalc) and measured (EEQA-YES) estrogenic activity in the PRE and SCS,
*LOD < concentration < LOQ, adapted from Deich et al. (2021b).

In the PRE, EEQA-YES could be quantified only at two stations up to 0.17 ng L−1 (PR-1,
PR-3). The analysis of the samples from the marine stations (SCS-1, -14, -19, -24, -29,
-42, -47 and -52) revealed similar EEQA-YES in the range of 0.04–0.18 ng L−1. In contrast,
the calculation of EEQcalc based on the measured individual components shows concentra-
tions from 0.1–0.7 ng L−1 (Deich et al., 2021b). At the investigated sampling sites, mea-
sured and calculated EEQ diverged from each other in both ways: EEQcalc > EEQA-YES
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and EEQcalc < EEQA-YES (Fig. 4.5). As already mentioned, the composition of the sam-
ple or the completeness of the target analytes list are of great importance. For example,
the samples in the SCS show that the EEQA-YES correlate significantly with the measured
E1 concentrations (R2 = 0.9, p < 0.01). In contrast, the combination of the detected estro-
genic compounds and the resulting EEQcalc do not correlate significantly with the EEQA-YES

(R2 = 0.12, p = 0.4). This is in line with the findings of Beck et al. (2006), whereas Wang
et al. (2011, 2012) reported that determined EEQsA-YES correlate significantly with EEQscalc

(R2 = 0.52, R2 = 0.85, p < 0.0001). They stated that estrogenic activity based on bioas-
say analysis was generally lower than the activity detected with instrumental analysis. This
raises the question to what extent other estrogenic compounds potentially influenced the
yeast-based assay. Also, it should be mentioned that only a small data set (n = 8) was re-
garded here. Thus, a more concise statement regarding the relationship between measured
and calculated activity could be achieved by evaluating a larger data set.

Moreover, it needs to be emphasized that the A-YES test used in this study was always
combined with a previous enrichment step (SPE). This clean-up procedure might have biased
the outcome of the assay since the chemical composition of a sample is altered by using
adsorption materials that were selected to be the most efficient for retaining the targeted
estrogenic substances. By this, other substances with an affinity to the estrogen receptor but
with different adsorption behaviors were neglected in further assessment of the estrogenic
activity. Thus, a prior SPE may result underestimating EEQs if the discarded substances
could cause a receptor response or overestimating EEQs if the discarded substances would
exert an anti-estrogenic or agonistic effect on the receptor. In either case, the actual mixing
effects present in the raw sample may not be fully displayed after SPE. Until now, however,
enrichment steps such as SPE are practically indispensable for environmental research since
concentrations in the environment are usually in the pg to ng L−1-range.

Non-proportional EEQ Another important aspect to consider by enriching environmen-
tal samples with SPE is non-proportional EEQs in the bioassay. More specifically, the EEQs
of the corresponding dilution levels are not linear (proportional) but increase despite higher
dilution. This was observed for both the Baltic Sea samples and those from the South China
Sea (Publication I and II).

It is assumed that non-linear responses within the bioassay result from a complex sample
composition. For example, a high amount of estrogenic substances can lead to overloading
and thus to competition for the binding sites of the receptor. Furthermore, masking effects
and competitive inhibition may result from the presence of anti-estrogenic compounds that
are co-enriched during the SPE procedure (Frische et al., 2009). Such interference could
eventually lead to an underestimation of the estrogenic activity (Jarošová et al., 2014; Neale
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et al., 2015). The non-proportional behavior can be mitigated using appropriate dilution
levels, thereby restoring the linear dependence between dilution level and the receptor’s re-
sponse (non-proportional EEQ in Fig. 4.6).

Figure 4.6.: Non-proportional EEQ at the prepared dilution levels for samples from Heiligendamm
Pier, Baltic Sea, Pearl River Estuary, South China Sea as well as Milli-Q water spiked with E2 (re-
covery). Gray symbols represent proportional EEQ and non-proportional EEQ, adapted from Deich
et al., 2020, 2021b.

In this work, non-proportional EEQ were predominately observed in the samples with el-
evated EEQ levels in both the Baltic Sea (Deich et al., 2020) and the Pearl River Estuary
samples (Deich et al., 2021b; Fig. 4.6). In comparison, Milli-Q samples spiked with an E2
concentration of 0.2 ng L−1 (recovery samples) showed less non-linear relationships. Hence,
it could be concluded that the samples’ dilution levels were partially insufficient to miti-
gate the effects arising from the sample composition, and that the herein determined EEQ
may have been underestimated. Furthermore, these data demonstrate that only a series of
appropriate dilution levels can assess the actual estrogenic activity. However the above men-
tioned, bioassays still provide a first overview of potential estrogenic effects, in particular
when applied simultaneously to target compound analysis.
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5. Summary and Outlook
This work aimed to determine estrogenic substances and estrogenic activity in the marine
environment for which only limited data sets are available, and further serves as a starting
point for future work in this field. Within this study, an LC-MS/MS method was established
in a first step to enable the analysis of single estrogenic compounds. It was shown that the
method is precise for the steroidal estrogenic substances E1, E2 and EE2, which are known
for their high estrogenic potential concerning their impacts on organisms. Furthermore, in
addition to single compound analysis, the A-YES reporter gene activation assay was selected
to determine the estrogenic activity that can act on marine organisms. The two methods
detected estrogenic substances and estrogenic activity in both the Baltic Sea and the South
China Sea around the Pearl River Estuary.

Among the targeted estrogenic substances in this thesis, the steroid hormones E1, E2,
and EE2 were more frequently detected in the Baltic Sea. According to their estrogenic
potential, they contributed the most to the observed estrogenic activity. The phytoestrogens
(GEN, DAI) and the mycoestrogens (ZEN) were not abundant in the BS, but were detected
in a small tributary to it. Analysis of two annual cycles showed that the concentration of
estrogenic compounds and the estrogenic activity increased in summer. This pattern may
be related to the beginning of the growing season at this time of year and the associated
agricultural use, the increase in tourist activities or both.

The application of both methods in the area around the PRE revealed traces of E1 and EE2
as well as of GEN, DAI and ZEN. Concentrations decreased from the head of the estuary
towards its mouth. The analysis of the SCS surface water samples showed that the substances
E1, E2 and EE2 were the most abundant. In the PRE and SCS, estrogenic activity was
determined both by yeast-based assay and by calculation based on single compound analysis.
It was found that the estrogenic activity of the investigated PRE stations were similar to those
measured at stations in the SCS close to the coast. The differences between measured and
calculated estrogenic activity implied the presence of other substances with an affinity to
the estrogen receptor or mixture effects between agonists and antagonists of the estrogen
receptor, which were not considered in the LC-MS/MS analysis.

In this study, estrogen concentrations were compared with modeled sea surface currents
from the SCS. Inter-annual variability affected the direction of major surface currents in the
SCS. The influence and intensity of the summer monsoon have resulted in different directions
of the Pearl River Plume. Based on literature data, the PRE is supposedly a major estrogen
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deliverer in this region. It was concluded that the current direction of the plume might be
responsible for the observed distribution patterns of estrogenic substances.

A first risk assessment revealed that a high potential risk should be considered for both
sampling sites. This is mainly dominated by the presence of EE2, a man-made estrogen that
could also profoundly disturb the endocrine system of organisms. Furthermore, it was shown
that the steroid hormones were frequently detected in the BS and in the SCS, whereas the
phyto- and mycoestrogens were rarely found in the marine system. As only the dissolved
phase of surface water samples was investigated, particle-bound hormones or hormones at
different depths of the water column were not considered.

This work showed that the respective analysis technique by LC-MS/MS is prone to the
influence of co-eluting substances with similar chemical behavior. Limits of detection and
quantification varied significantly if different sampling matrices, i.e., Milli-Q water and en-
vironmental water sample, were used. Overcoming this interference presumably lies in se-
lecting a representative calibration method with the respective water sample, in the analysis
of a standard addition sampling series and in further sample purification prior to LC-MS/MS
analysis. This is most important for sampling sites with a complex sample composition, i.e.,
river sites such as the PRE.

Furthermore, this study targeted the most important steroidal estrogens, two selected phy-
toestrogens and one mycoestrogen. Although the simultaneous detection of synthetic EE2
implies an anthropogenic influence, it is still challenging to attribute elevated concentrations
of natural substances such as E1 and E2 to their sources. Therefore, an essential aspect for
future research will be the distinction between natural and anthropogenic sources of estro-
genic substances. Implementing more substances may help to understand the distribution
patterns observed in this study and to further elucidate on their origin. Alternatively, an iso-
tope ratio analysis could provide further insights into the origin of estrogenic substances in
the marine environment. Besides the selected estrogens, there are additional substances that
also have the ability to elicit estrogenic effects in organisms and might therefore be added to
the target list. However, such multi-screening analyses must be selected with great care, as a
large number of analytes demand compromises regarding the accuracy, reproducibility, and
robustness of the method.

Based on the available studies, to date, no reliable conclusions can be drawn regarding
the long-term behavior of estrogenic substances in the marine environment. In addition to
regular monitoring of these compounds, which would provide information also on seasonal
and year-to-year variability, data on their persistence in the environment would be of great
importance. The degradation rates or half-lives in the marine system should be considered
in particular. In order to provide detailed information on the distribution of estrogenic sub-
stances in the marine system, it is necessary to further investigate coastal areas and estuaries
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as a major source of estrogen input to the oceans. The use of suitable models could pre-
dict their transport considering the degradation rates and surface currents within the marine
system, which might allow to estimate a possible risk for organisms even at remote locations.

In addition to the horizontal distribution of estrogens in the marine system, little focus
has been placed on their vertical distribution although the n-octanol:water partition coeffi-
cients of these substances (log KOW = 2.8–4.1, Adeel et al., 2017; Hansch et al., 1995) reflect
their potential to adsorb to suspended particulate matter. This could contribute to the vertical
transport within the water column, eventually resulting in the remaining of estrogenic sub-
stances in the sediment. Thus, not only would organisms at the surface be exposed to the
potential adverse effects that can arise from estrogenic substances, but also benthic organ-
isms. Therefore, examining the particulate phase of the water samples as well as sediments
for such substances should be considered. A prerequisite for future analysis of the partic-
ulate phase is a modified and optimized method that quantitatively extracts those estrogens
adsorbed to particles and sediment.
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Jarošová, B., Javůrek, J., Adamovský, O., & Hilscherová, K. (2015). Phytoestrogens and
mycoestrogens in surface waters–Their sources, occurrence, and potential contribution to
estrogenic activity. Environment International, 81, 26–44. doi:10.1016/j.envint.
2015.03.019.

Jiang, R., Liu, J., Huang, B., Wang, X., Luan, T., & Yuan, K. (2020). Assessment of
the potential ecological risk of residual endocrine-disrupting chemicals from wastewater
treatment plants. Science of The Total Environment, 714, 136689. doi:10.1016/j.
scitotenv.2020.136689.

Jin, S., Yang, F., Liao, T., Hui, Y., & Xu, Y. (2008). Seasonal variations of estro-
genic compounds and their estrogenicities in influent and effluent from a municipal
sewage treatment plant in China. Environmental Toxicology and Chemistry, 27, 146–153.
doi:10.1897/07-072.1.

Johnson, A., Belfroid, A., & Di Corcia, A. (2000). Estimating steroid oestrogen inputs
into activated sludge treatment works and observations on their removal from the effluent.
Science of The Total Environment, 256, 163–173. doi:10.1016/S0048-9697(00)
00481-2.

Johnson, A. C., & Sumpter, J. P. (2001). Removal of endocrine-disrupting chemicals in
activated sludge treatment works. Environmental Science & Technology, 35, 4697–4703.
doi:10.1021/es010171j.

Johnson, A. C., & Williams, R. J. (2004). A model to estimate influent and effluent con-
centrations of estradiol, estrone, and ethinylestradiol at sewage treatment works. Environ-

mental Science & Technology, 38, 3649–3658. doi:10.1021/es035342u.

46

http://dx.doi.org/10.1016/j.envint.2013.12.009
http://dx.doi.org/10.1016/j.envint.2015.03.019
http://dx.doi.org/10.1016/j.envint.2015.03.019
http://dx.doi.org/10.1016/j.scitotenv.2020.136689
http://dx.doi.org/10.1016/j.scitotenv.2020.136689
http://dx.doi.org/10.1897/07-072.1
http://dx.doi.org/10.1016/S0048-9697(00)00481-2
http://dx.doi.org/10.1016/S0048-9697(00)00481-2
http://dx.doi.org/10.1021/es010171j
http://dx.doi.org/10.1021/es035342u


Bibliography

Kidd, K. A., Becher, G., Bergman, A., Muir, D. C., & Woodruff, T. J. (2013). Human and
wildlife exposures to EDCs. In A. Bergman, J. J. Heindel, S. Jobling, K. A. Kidd, &
R. T. Zoeller (Eds.), State of the Science of Endocrine Disrupting Chemicals - 2012 (pp.
189–260). Geneva, Switzerland: WHO and UNEP.

Kidd, K. A., Blanchfield, P. J., Mills, K. H., Palace, V. P., Evans, R. E., Lazorchak, J. M., &
Flick, R. W. (2007). Collapse of a fish population after exposure to a synthetic estrogen.
Proceedings of the National Academy of Sciences of the United States of America, 104,
8897–8901. doi:10.1073/pnas.0609568104.

Kiparissis, Y., Balch, G. C., Metcalfe, T. L., & Metcalfe, C. D. (2003). Effects of the
isoflavones genistein and equol on the gonadal development of Japanese medaka Oryzias
latipes. Environmental Health Perspectives, 111, 1158–1163. doi:10.1289/ehp.5928.

Kiparissis, Y., Hughes, R., Metcalfe, C., & Ternes, T. (2001). Identification of the
Isoflavonoid Genistein in Bleached Kraft Mill Effluent. Environmental Science & Tech-

nology, 35, 2423–2427. doi:10.1021/es001679+.

Kolodziej, E. P., Harter, T., & Sedlak, D. L. (2004). Dairy wastewater, aquaculture, and
spawning fish as sources of steroid hormones in the aquatic environment. Environmental

Science & Technology, 38, 6377–6384.

Kolpin, D. W., Hoerger, C. C., Meyer, M. T., Wettstein, F. E., Hubbard, L. E., & Bucheli,
T. D. (2010). Phytoestrogens and mycotoxins in Iowa streams: an examination of un-
derinvestigated compounds in agricultural basins. Journal of Environmental Quality, 39,
2089–2099. doi:10.2134/jeq2010.0121.

Könemann, S., Kase, R., Simon, E., Swart, K., Buchinger, S., Schlüsener, M., Hollert, H.,
Escher, B. I., Werner, I., Aït-Aïssa, S., Vermeirssen, E., Dulio, V., Valsecchi, S., Polesello,
S., Behnisch, P., Javurkova, B., Perceval, O., Di Paolo, C., Olbrich, D., Sychrova, E.,
Schlichting, R., Leborgne, L., Clara, M., Scheffknecht, C., Marneffe, Y., Chalon, C.,
Tušil, P., Soldàn, P., von Danwitz, B., Schwaiger, J., San Martín Becares, M. I., Bersani,
F., Hilscherová, K., Reifferscheid, G., Ternes, T., & Carere, M. (2018). Effect-based and
chemical analytical methods to monitor estrogens under the European Water Framework
Directive. TrAC Trends in Analytical Chemistry, 102, 225–235. doi:10.1016/j.trac.
2018.02.008.

Kostich, M., Flick, R., & Martinson, J. (2013). Comparing predicted estrogen concen-
trations with measurements in US waters. Environmental Pollution, 178, 271–277.
doi:10.1016/j.envpol.2013.03.024.

47

http://dx.doi.org/10.1073/pnas.0609568104
http://dx.doi.org/10.1289/ehp.5928
http://dx.doi.org/10.1021/es001679+
http://dx.doi.org/10.2134/jeq2010.0121
http://dx.doi.org/10.1016/j.trac.2018.02.008
http://dx.doi.org/10.1016/j.trac.2018.02.008
http://dx.doi.org/10.1016/j.envpol.2013.03.024


Bibliography

Kumar, V., Nakada, N., Yasojima, M., Yamashita, N., Johnson, A. C., & Tanaka, H.
(2009). Rapid determination of free and conjugated estrogen in different water matri-
ces by liquid chromatography-tandem mass spectrometry. Chemosphere, 77, 1440–1446.
doi:10.1016/j.chemosphere.2009.08.052.

Kunz, P. Y., Kienle, C., Carere, M., Homazava, N., & Kase, R. (2015). In vitro bioas-
says to screen for endocrine active pharmaceuticals in surface and waste waters. Journal

of Pharmaceutical and Biomedical Analysis, 106, 107–115. doi:10.1016/j.jpba.
2014.11.018.

Laganà, A., Bacaloni, A., de Leva, I., Faberi, A., Fago, G., & Marino, A. (2004). Ana-
lytical methodologies for determining the occurrence of endocrine disrupting chemicals
in sewage treatment plants and natural waters. Analytica Chimica Acta, 501, 79–88.
doi:10.1016/j.aca.2003.09.020.

Laranjeiro, C. S. M., da Silva, L. J. G., Pereira, A. M. P. T., Pena, A., & Lino, C. M. (2018).
The mycoestrogen zearalenone in Portuguese flowing waters and its potential environmen-
tal impact. Mycotoxin Research, 34, 77–83. doi:10.1007/s12550-017-0301-2.

Lei, B., Huang, S., Zhou, Y., Wang, D., & Wang, Z. (2009). Levels of six estrogens in
water and sediment from three rivers in Tianjin area, China. Chemosphere, 76, 36–42.
doi:10.1016/j.chemosphere.2009.02.035.

Liu, N., Shi, Y.-e., Li, M., Zhang, T.-d., & Gao, S. (2015). Simultaneous determination
of four trace estrogens in feces, leachate, tap and groundwater using solid-liquid ex-
traction/auto solid-phase extraction and high-performance liquid chromatography with
fluorescence detection. Journal of Separation Science, 38, 3494–3501. doi:10.1002/
jssc.201500443.

Locatelli, M., Sciascia, F., Cifelli, R., Malatesta, L., Bruni, P., & Croce, F. (2016). Analytical
methods for the endocrine disruptor compounds determination in environmental water
samples. Journal of Chromatography A, 1434, 1–18. doi:10.1016/j.chroma.2016.
01.034.

Loos, R., Marinov, D., Sanseverino, I., Napierska, D., & Lettieri, T. (2018). Review of the

1st Watch List under the Water Framework Directive and recommendations for the 2nd

Watch List volume 29173 of EUR, Scientific and technical research series. Luxembourg:
Publications Office. doi:10.2760/614367.

Lu, G. H., Song, W. T., Wang, C., & Yan, Z. H. (2010). Assessment of in vivo estrogenic
response and the identification of environmental estrogens in the Yangtze River (Nanjing

48

http://dx.doi.org/10.1016/j.chemosphere.2009.08.052
http://dx.doi.org/10.1016/j.jpba.2014.11.018
http://dx.doi.org/10.1016/j.jpba.2014.11.018
http://dx.doi.org/10.1016/j.aca.2003.09.020
http://dx.doi.org/10.1007/s12550-017-0301-2
http://dx.doi.org/10.1016/j.chemosphere.2009.02.035
http://dx.doi.org/10.1002/jssc.201500443
http://dx.doi.org/10.1002/jssc.201500443
http://dx.doi.org/10.1016/j.chroma.2016.01.034
http://dx.doi.org/10.1016/j.chroma.2016.01.034
http://dx.doi.org/10.2760/614367


Bibliography

section). Chemosphere, 80, 982–990. doi:10.1016/j.chemosphere.2010.05.
038.

Molina-Molina, J.-M., Real, M., Jimenez-Diaz, I., Belhassen, H., Hedhili, A., Torné, P., Fer-
nández, M. F., & Olea, N. (2014). Assessment of estrogenic and anti-androgenic activities
of the mycotoxin zearalenone and its metabolites using in vitro receptor-specific bioassays.
Food and Chemical Toxicology, 74, 233–239. doi:10.1016/j.fct.2014.10.008.

Morthorst, J. E., Brande-Lavridsen, N., Korsgaard, B., & Bjerregaard, P. (2014). 17β-
estradiol causes abnormal development in embryos of the viviparous eelpout. Environ-

mental Science & Technology, 48, 14668–14676. doi:10.1021/es5046698.

Neale, P. A., Escher, B. I., & Leusch, F. D. L. (2015). Understanding the implications of dis-
solved organic carbon when assessing antagonism in vitro: An example with an estrogen
receptor assay. Chemosphere, 135, 341–346. doi:10.1016/j.chemosphere.2015.
04.084.

Pawlowski, S., Ternes, T. A., Bonerz, M., Rastall, A. C., Erdinger, L., & Braunbeck, T.
(2004). Estrogenicity of solid phase-extracted water samples from two municipal sewage
treatment plant effluents and river Rhine water using the yeast estrogen screen. Toxicology

in Vitro, 18, 129–138. doi:10.1016/j.tiv.2003.08.006.

Petrovic, M. (2014). Methodological challenges of multi-residue analysis of pharmaceuticals
in environmental samples. Trends in Environmental Analytical Chemistry, 1, e25–e33.
doi:10.1016/j.teac.2013.11.004.

Petrovic, M., Solé, M., López De Alda, M. J., & Barceló, D. (2002). Endocrine disruptors
in sewage treatment plants, receiving river waters, and sediments: Integration of chemical
analysis and biological effects on feral carp. Environmental Toxicology and Chemistry,
21, 2146–2156. doi:10.1002/etc.5620211018.

Posthuma, L., Altenburger, R., Backhaus, T., Kortenkamp, A., Müller, C., Focks, A.,
de Zwart, D., & Brack, W. (2019). Improved component-based methods for mixture risk
assessment are key to characterize complex chemical pollution in surface waters. Envi-

ronmental Sciences Europe, 31, 1204. doi:10.1186/s12302-019-0246-5.
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Abstract Compounds such as estradiol and ethinylestradiol belong to contaminants of
emerging concern, as they can disrupt the endocrine system of an organism with a hormonal
system. The determination of such compounds is still challenging due to required low detec-
tion and quantification limits. Bioassays have proved to be sensitive tools for investigating
the full potential of all compounds that can elicit an estrogenic response. In this study, surface
water samples from different sampling sites and seasons in the Baltic Sea were analyzed for
estrogenic activity with the Arxula adeninivorans yeast estrogen screen. Observed estradiol
equivalent concentrations were in the range of <LOD – 0.38 ng L−1. In general, a seasonal
trend was observed, i.e., with an increase in water temperature in late spring, estradiol equiv-
alent concentrations rose suddenly and decreased as abruptly when the temperature declined
in autumn. An initial risk assessment shows that observed estradiol equivalent concentrations
potentially affect organisms at a medium risk level based on determined risk quotients.
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� Two-year analysis of estrogenic activity in Baltic Sea surface water samples.
� Estradiol equivalent concentrations were up to 0.38 ng L�1 showing seasonal patterns.
� Observed concentrations at the coast might affect organisms at a medium risk level.
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a b s t r a c t

Compounds such as estradiol and ethinylestradiol belong to contaminants of emerging concern, as they
can disrupt the endocrine system of an organism with a hormonal system. The determination of such
compounds is still challenging due to required low detection and quantification limits. Bioassays have
proved to be sensitive tools for investigating the full potential of all compounds that can elicit an es-
trogenic response. In this study, surface water samples from different sampling sites and seasons in the
Baltic Sea were analyzed for estrogenic activity with the Arxula adeninivorans yeast estrogen screen.
Observed estradiol equivalent concentrations were in the range of < LOD e 0:38 ng L�1. In general, a
seasonal trend was observed, i.e., with an increase in water temperature in late spring, estradiol
equivalent concentrations rose suddenly and decreased as abruptly when the temperature declined in
autumn. An initial risk assessment shows that observed estradiol equivalent concentrations potentially
affect organisms at a medium risk level based on determined risk quotients.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over 40% of the world population is living in proximity to the
coast, and stresses the marine ecosystem by exploiting marine re-
sources, fishing, eutrophication and pollution through waste
disposal (Carpenter, 2005). Pollutants are transported into the
marine ecosystems and elicit adverse health effects in its organ-
isms, as these are often very sensitive to external influences.
Frequently investigated contaminants are, for example, persistent
organic pollutants such as polychlorinated biphenyls and polycyclic
aromatic hydrocarbons, and restrictions have been implemented to
reduce their abundance (El-Shahawi et al., 2010). However, new
compounds of emerging concern, e.g., personal care products and
pharmaceuticals, have not been included in routine monitoring

programs (Dulio et al., 2018). Nevertheless, it is not only syntheti-
cally produced substances that are now being viewed critically, but
also natural substances, such as steroidal hormones (Jaro�sov�a et al.,
2014), that are more intensively introduced into the marine envi-
ronment as a result of anthropogenic pressure.

Recent studies also focus on substances which have the poten-
tial to interact with and disrupt the endocrine system in humans
and wildlife, referred to as endocrine disrupting compounds (EDCs)
(Campbell et al., 2006; Deemoon et al., 2016; Xu et al., 2014; Yao
et al., 2018). The endocrine system is an essential part of wildlife
and human physiology. It regulates the development of organisms
and significantly influences biological processes, making this sys-
tem very vulnerable to external disturbances even in very low
concentration ranges.

In fact, it has already been shown that biological processes can
be influenced by EDC concentrations in the range of a few ng L�1. In
this regard, elevated vitellogenin levels were found in male trouts
after exposure to 17a-ethinylestradiol (EE2) at concentrations as
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low as 0:1 ng L�1 (Purdom et al., 1994). At present, several natural
and anthropogenic compounds are known for disturbing endocrine
systems. In some studies, it is assumed that the majority of endo-
crine potential in the environment is derived from natural and
synthetic hormones (Jaro�sov�a et al., 2014), which are estrone (E1),
17b-estradiol (E2) and estriol (E3), endogenous to and excreted
from all organisms harboring endocrine function. The synthetic
hormone, EE2, is mostly used in contraceptives (Adeel et al., 2017)
Additionally, plant-derived estrogens, known as phytoestrogens,
have also been shown to have an estrogenic effect (Benassayag
et al., 2002). Moreover, endocrine activity was shown for ubiqui-
tously distributed compounds, such as for alkylphenolic substances
or bisphenol A (e.g., Beck et al. (2006); Cespedes et al. (2004); Per�e-
Trepat et al. (2004); Petrovic et al. (2004)) commonly used in plastic
materials.

Potential EDCs are released into the aquatic environment
mainly through domestic wastewater treatment plants where
removal rates are not sufficient (Ying et al., 2002, 2008). EDCs
have been found in rivers and inland water bodies (Chen et al.,
2016; Pawlowski et al., 2004) but also in coastal areas (Atkinson
et al., 2002; Beck et al., 2005; Zhang et al., 2014) and sediments
(Wang et al., 2011, 2012). Therefore, the estrogens E1, E2 and EE2
are under observation and were also included in the 2nd EU-
Watch list under the Water Framework Directive (Loos et al.,
2018).

Although several investigations have focused on the determi-
nation of single compounds (Krein et al., 2012; Pojana et al., 2007),
organisms are affected by the entirety of endocrine active com-
pounds present (Kunz et al., 2017) and their combined agonistic
and antagonistic effects (Petrovic et al., 2004). The resulting es-
trogenic activity can either be calculated through the amount of
single compounds present and their estrogenic potency or deter-
mined by using in vitro tests sensitive to hormonal activity.
Receptor-based transactivation assays, such as the Arxula yeast
estrogen screen (A-YES), have presented themselves as a suitable
tool, as they are fast, comparably cost-effective and give a
comprehensive overview of estrogenic activity, since they consider
agonistic, antagonistic and competitive mechanisms as well (Giesy
et al., 2002; Hettwer et al., 2018; Routledge and Sumpter, 1996).

The Baltic Sea, one of the largest brackish seas (Snoeijs-
Leijonmalm et al., 2017), has an area of about 412,500 km2 and
stretches from the Kattegat to the Gulf of Bothnia (HELCOM, 2010).
Rivers transport large amounts of freshwater into the Baltic Sea,
where the residence time is about 30 years (Stigebrandt, 2001) due
to limited water exchange with the North Sea (HELCOM, 2010). As
the catchment area of the Baltic Sea is home to approximately 85
million people (HELCOM, 2010), industrial, urban and agricultural
waste is transported within rivers into the sea. This waste includes
chemicals which enter the marine environment and serve as a
potential threat for marine organisms. In this regard, in a study by
Gercken and Sordyl (2002) conducted in surface waters alongside
the coast of Mecklenburg-Western Pomerania, intersex character-
istics in the eelpouts Zoarces viviparus were observed. At the same
sampling sites, Beck et al. (2005) investigated surface waters for
estrogenic compounds in two sampling periods in 2003 and 2004
and observed concentrations of up to 17 ng L�1 of the strongly
estrogenic EE2. This concentration already exceeds the predicted-
no-effect-concentration (PNEC) of 0:1 ng L�1 for EE2 estimated by
Caldwell et al. (2012).

The present study focuses on the determination of estrogenic
activity in samples from thewestern Baltic Sea, where, to the best of
our knowledge, only one study by Beck et al. (2006) reports es-
trogen levels. We are interested in seasonal patterns of estrogenic
activity and the determination of the possible risk for marine or-
ganisms in this study area.

2. Experimental

2.1. Chemicals

17b-estradiol (E2) was purchased from Sigma Aldrich. Culture
medium as well as the recombinant yeast Arxula adeninivorans
were obtained from new_ diagnostics GmbH (Berlin/Dresden,
Germany) within the A-YES® test kit. Analytical grade water was
obtained from Merck KGaA (Darmstadt, Germany), and Milli-Q
water was prepared with Milli-Q® reference water purification
system from Merck Millipore (Darmstadt, Germany). The substrate
para-nitrophenyl phosphate (p-NPP) was obtained fromAppliChem
GmbH (Darmstadt, Germany). Ethylacetate and methanol LC-MS/
MS grade were purchased from Promochem (Wesel, Germany).
NaOH and HCl were obtained from VWR International GmbH
(Hannover, Germany).

2.2. Sampling area and sampling strategy

All sampling sites are located in the western part of the Baltic
Sea (Fig. 1), and samples were collected to estimate the annual state
of estrogenic activity in this area. Surface water samples were
collected at Heiligendamm pier (HD, Table S1) located at the
Mecklenburg-Western Pomeranian coast. This sampling site has
been chosen, as Heiligendamm pier is known for being influenced
by tourism, especially during the summer season. In close distance,
the small river Mühlenfließ flows into the Baltic Sea through the
Jemnitz-floodgate. There are nowastewater treatment plants in the
immediate vicinity. However, the Baltic Sea is mainly fed by rivers
which also transport wastewater. In the first sampling period be-
tween November 2016 and October 2017, samples were taken twice
a month, whereas only one sample per month was taken in the
second period between February 2018 and November 2018. Surface
water was collected via bucket sampling at approximately 0.5m
depth.

During six research cruises in the Baltic Sea from August 2017 to
November 2018 (Table S2), which are part of the regular Baltic Sea
monitoring program, surface water samples were collected at ten
different sampling sites (Fig. 1). Stations TF0040, TF0041 and
TF0046 are located in the Bay of Mecklenburg and represent the
eastern boundary in this study. Sampling sites TF0011, TF0012,
TFO5 and TF0022 are also located in the Bay of Mecklenburg. TFO5
is located close to the Warnow estuary, while TF0022 is located in
the Lübeck Bay influenced by larger cities such as Wismar and
Lübeck as well as the river Trave. TF0010 is located between the Bay
of Mecklenburg and Bay of Kiel at the Fehmarn Belt. TF0361 and
TF0360 lie in the Bay of Kiel and display thewestern border. Surface
water was collected with a CTD rosette system (SBE911) operated
on R/V Elisabeth Mann Borgese at 1e2.5m depth.

Sampled water was stored in pre-rinsed polyethylene bottles or
canisters and was acidified with 5M HCl to pH 2e3 directly on
board or after arriving at the laboratory. Samples were stored at
4�C. If samples needed to be stored longer than two weeks, they
were kept at �20�C.

2.3. Sample extraction

Extraction of the samples was conducted according to the pro-
cedure described by new_ diagnostics. In general, samples were
filtered (Whatman™GF/F filters 0.7m) and simultaneously
enriched through solid phase extraction (SPE) on Chromabond®
C18 ec from Macherey-Nagel (Dueren, Germany). Surface water
samples were passed through the SPE columns with a flow rate of
approximately 10mLmin�1. For the first sampling period at Heili-
gendamm pier, 400mL was passed on to SPE columns with 200mg
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of adsorbent material. SPE columns with 1000mg of adsorbent
material were used for the enrichment of 1 L sample volume from
the second sampling period. For Baltic Sea samples, a sampling
volume of 2 L was divided evenly, and each liter was passed
through a 1000mg SPE column separately to avoid overloading as
well as clogging of the column. The columns were washed after-
wards with 1.5mL of 5% MeOH in Milli-Q and 1.5mL of Milli-Q
(3mL each for 1000mg C18 ec). After the washing step, columns
were dried and then stored at 4 �C until further analysis the day
after.

Elutionwas conductedwith 10mL (15mL for 1000mg C18 ec) of
EtOAc:MeOH (30:70, v:v). For Baltic Sea samples, both extracts of
the two SPE columns were combined. Extracts were vaporized to
dryness under clean air in a 40 �C water bath and subsequently
reconstituted in 6mL of analytical grade water.

2.4. Biological analysis

The utilized receptor-based transactivation assay is working
with the genetically modified halo-tolerant yeast strain Arxula
adeninivorans, in which the human estrogen receptor hER is
constitutively expressed. Upon the presence of a suitable ligand in
the aqueous sample, i.e., estrogen affecting compound, the
expression of the reporter gene is initiated and the enzyme phytase
is produced. Substrate cleavage through phytase can be quantified
spectrophotometrically and correlates to the concentration of li-
gands. The estrogenic activity is expressed as estradiol equivalent
concentrations (EEQs), thus, in relation to the endocrine activity of
the 17b-estradiol (Hettwer et al., 2018).

The biological analysis was conducted as published in Hettwer
et al. (2018). The procedure will be described in brief in the
following. Lyophilized yeast was reactivated by incubation with
diluted culture medium for 1 h at 31 �C and 500 rpm on an incu-
bation shaker. 96-deep well plates were loaded with 400 mL of
sample extracts in appropriate dilution levels (1, 1.6, 2.5 and 3.2
fold) and four replicates each, seven calibration levels as triplicates
containing the 17b-estradiol standard in a concentration of 1, 2, 4, 8,
20, 40 and 80 ng L�1 as well as a negative control and blank

samples. All wells were inoculated with 100 mL of yeast suspension
except blanks containing pure medium only. The deep well plates
were incubated for 20e21 h at 31 �C and shaken simultaneously at
850 rpm.

After incubation, 50 mL of clear supernatant was transferred to
96-well cell culture plates. 50 mL of substrate solution (1 mgmL�1 p-
NPP in 0.5M citric buffer) was added to the supernatant and left for
incubation for 1 h at 37�C. For determination of the reporter gene
expression, the optical density (OD) of phytase was measured at
405 nmwith a microplate reader (Infinite M200, Tecan Trading AG,
Maennedorf, Switzerland) before and after addition of 100 mL of
3M NaOH to exclude the background signal. OD of yeast cell sus-
pension diluted to 1:20 Milli-Q water was measured at 630 nm to
ensure that observed reporter gene activity relies solely on the
estrogenic activity of the sample but not on different yeast growth
in the wells (Hettwer et al., 2018).

2.5. EEQ quantification and quality assurance

Evaluation of data, determination of method-specific detection
and quantification limits (LODm, LOQm) as well as quantification of
estrogen equivalent concentrations ðEEQmÞ were calculated with
the software BioVAL® provided by new_ diagnostics GmbH for each
individual test (Tables S3 and S4). The BioVAL® report contained a
statistical assessment for standard and sample outliers, the indi-
vidual sigmoidal calibration curve for 17b-estradiol based on a four-
parameter logistic function, LODm, LOQm and calculated EEQm. A
more detailed description can be found in Hettwer et al. (2018).

The highest dilution was selected to quantify the EEQm and
minimize the matrix effects of the SPE enrichment. EEQm below
LOQm concentrations were set to the referring LODm, whereas
concentrations below LODm were defined as “n.d.”. As calibration
curves and yeast growth differ between each biological test,
method-specific detection and quantification limits were
4:35±0:92 ng L�1 and 6:15±1:61 ng L�1. To obtain sample-specific
LOD, LOQ and the final concentrations of EEQ, the enrichment
factor (F) was taken into account (e.g., EEQm/F¼ EEQ). A compre-
hensive overview of the data is provided in Tables S3 and S4.

Fig. 1. Baltic Sea (insert) and the location of ten sampling sites in the western part of the Baltic Sea as well as the location of Heiligendamm pier (HD).
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For recovery analysis, Milli-Qwas spikedwith the E2 standard to
a final concentration of 0:2 ng L�1. Milli-Q water without E2 stan-
dard was used for SPE blank to determine the possible contami-
nation throughout the clean-up procedure. Standard samples were
also acidified with 5M HCl, followed by SPE and analyzed with the
biological test system as described above for the environmental
samples. For each test, two recovery samples were analyzed
simultaneously.

Analyzed SPE blanks showed no estrogenic response in the
bioassay or were below LOD. For the spiked Milli-Q water samples,
the mean recovery rate was 73:27±25:20 %.

3. Results

3.1. Heiligendamm pier

During the first sampling period at Heiligendamm pier from
November 2016 to October 2017, samples were taken every two
weeks in triplicate and analyzed for estrogenic activity (Fig. 2A,
S1A). Samples from November 2016 until the middle of May 2017
had EEQs below LOQ. However, from the end ofMay, EEQs suddenly
increased to quantifiable levels of 0:13±0:06 to 0:20± 0:04 ng L�1.
In the end of July 2017, EEQs suddenly decreased again below the
LOD.

Within the second sampling campaign from February 2018 until
November 2018, inwhich samples were takenmonthly in triplicate,
a similar pattern as for the previous year was observed (Fig. 2C,
S1B). EEQs between February and May 2018 were mostly below
< LOD and increased suddenly from June 2018 to quantifiable EEQs
ranging from 0:20±0:01 ng L�1 to 0:38±0:01 ng L�1. Like in 2017,
concentrations also decreased suddenly to 0:06±0:03 ng L�1 in
September. Thereafter, EEQs were below LOD until November 2018.

The data from both years shows that throughout the year, EEQs
rise and drop very suddenly with peak EEQs from May to August.

3.2. Baltic Sea

In investigated samples (n¼ 60) from six different cruises in the
Baltic Sea collected from August 2017 to July 2018, EEQs were
ranging from < LOD to 0:11 ng L�1, with a mean of 0:03 ng L�1 and
a median of 0:02 ng L�1 (Figs. 3 and 4).

Starting in August 2017, EEQs varied between < LOD e

0:11 ng L�1 with a mean of 0:06 ng L�1 and a median of
0:07 ng L�1. Concentrations in November 2017 decreased to < LOD
e 0:03 ng L�1 with a mean and median of 0:02 ng L�1 and did not

Fig. 2. Annual course for EEQs at Heiligendamm pier. Mean and standard deviation of estradiol equivalent concentrations (EEQs, � EEQ < LOD, + LOD < EEQ < LOQ, � EEQ > LOQ)
in ng L�1 of samples from Heiligendamm pier collected between November 2016 and October 2017 (A) and between February 2018 and November 2018 (C) with corresponding
water temperature in �C (B, D).

Fig. 3. Estradiol equivalent concentrations (EEQs) in ng L�1 for six different cruises
(n¼ 10 for each cruise, � representing outliers) investigated in the western Baltic Sea
from August 2017 to November 2018.
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rise significantly in March 2018 with EEQs up to 0:03 ng L�1 with
mean andmedian concentrations of 0:02 ng L�1. In May 2018, EEQs
increased slightly up to 0:05 ng L�1 with mean and median con-
centrations of 0:02 ng L�1. Elevated concentrations were observed
during the cruise in July 2018 displaying EEQs up to 0:09 ng L�1

with a mean and median concentration of 0:04 ng L�1. Samples
taken during November 2018 displayed concentrations in the range
of < LOD e 0:03 ng L�1 with mean and median concentrations of
0:01 ng L�1.

4. Discussion

In this study, we investigated samples taken at Heiligendamm
pier and from the western part of the Baltic Sea during six sampling
campaigns for estrogenic activity. For this, samples were enriched
by solid phase extraction and were analyzed with the yeast-based
test system sensitive to estrogen or estrogen-like substances.

4.1. Regional variability

Generally, observed EEQs within this study (< LOD e

0:38 ng L�1) are in good agreement with concentrations found in
literature summarized in Table 1 and are in the same order of
magnitude when compared to studies conducted in coastal envi-
ronments (0:01� 0:82 ng L�1 (Beck et al., 2005)). However, con-
centrations were much lower than in inland water bodies such as
rivers or in- and effluents of sewage treatment plants (11:81��

65:96 ng L�1 in the Rhine (Pawlowski et al., 2004)).
Elevated EEQs were found at times of high temperature as well

as at sampling sites near the coast, i.e., Heiligendamm pier. As the
study of Beck et al. (2006) indicates, high EEQs are much more
likely to be observed in enclosed areas, such as the Wismar Bay,
where dilution of riverine input may occur less than in the open

Fig. 4. Estradiol equivalent concentrations (EEQs) in ng L�1 (� EEQ < LOD, + LOD < EEQ < LOQ, � EEQ > LOQ) displayed for six cruises in the Baltic Sea in August 2017, November
2017, March 2018, May 2018, July 2018 and November 2018 at ten different sampling sites (n¼ 1).

Table 1
Comparison of estradiol equivalent concentrations (EEQs) of surface water samples
investigated in different regions.

Sampling Area Method EEQ [ng L�1] Reference

River Rhine, Germany YES 11.81 e 65.96 Pawlowski et al. (2004)
Chinese Streams, China YES 0.01 e 40.27 Yao et al. (2018)
Yundang Lagoon, China EEQcalc 4.56 e 13.79 Zhang et al. (2011)
Baltic Sea, Germany YES 0.01 e 0.82 Beck et al. (2005)
Pearl River Delta, China EEQcalc 0.2 e 4.5 Xu et al. (2014)
South China Sea, China EEQcalc 0.01 e 4.66 Zhang et al. (2014)
Florida Keys, USA YES 0.04 e 0.26 Singh et al. (2010)
Suruga Bay, Japan Y2H n.d. e 0.53 Hashimoto et al. (2007)
Tokyo Bay, Japan MVLN 0.34 e 2.52 Hashimoto et al. (2005)
Baltic Sea, Germany A-YES n.d. e 0.37 this study

A-YES: Yeast estrogen screen based on Arxula adeninivorans (Hettwer et al., 2018).
MVLN: Bioassay using MCF-7 human breast carcinoma cells (Demirpence et al.,
1993). Y2H: Yeast two-hybrid system using rat liver S9 (Shiraishi et al., 2000).
YES: Yeast estrogen screen based on Saccharomyces cerevisiae (Routledge and
Sumpter, 1996). EEQcalc: EEQs were calculated by multiplying single compound
concentrations with respective Estradiol Equivalent Factors (EEF) (Jaro�sov�a et al.,
2014). n.d. not detectable.
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Baltic Sea. In close distance to Heiligendamm pier, the small trib-
utary Mühlenfließ introduces riverine water including agricultural
waste to the coast and might cause the rise in estrogenic activity in
summer. Additionally, waters around the Heiligendamm pier are
influenced by tourism especially in summer, which potentially af-
fects estrogen concentrations as well (Statistisches Amt
Mecklenburg-Vorpommern, 2018). Interestingly, the sampling site
TFO5, although located close to the estuary of the Warnow River
flowing through Rostock, shows no permanently higher values
when compared to the other stations located further away from the
coast. There may be other mechanisms influencing estrogenic ac-
tivity in the Baltic Sea besides the indirect introduction of estro-
genic substances by terrestrial wastewater effluents (Gong et al.,
2014; Kolodziej et al., 2004; Ying et al., 2002).

4.2. Seasonal and interannual variability

Data obtained from sampling campaigns located in the Baltic
Sea as well as at Heiligendamm pier show a seasonal trend which
has already been observed in other studies, e.g., elevated estrogenic
activity occurred in summer in the Northern Mediterranean Sea
(Pinto et al., 2005). In this study, higher EEQs were most frequently
detected in months with higher temperature (May to September),
whereas comparably lower concentrations are more likely to be
observed in colder months (October to April). These findings are
comparable to a study of Krein et al. (2012) in Luxembourg Rivers.
Additionally, differences have been found in between sampling
years. In 2018 at Heiligendamm pier, a maximum EEQ of
0:38 ng L�1 was observed in August, while in 2017, the maximum
EEQ of 0:20 ng L�1 was determined in July. In contrast, highest
concentrations in the Baltic Sea were found in August 2017 and in
July 2018, presumably indicating that the annual increase of EEQ is
driven by different factors at the investigated sites. However, even
in comparably warmer months, not all samples showed quantifi-
able EEQ concentrations. Advection of different water bodies might
lead to changes in estrogenic activity levels, which might be the
result of biological activity or anthropogenic sources.

We observed that EEQs correlate with the water temperature
(R2¼ 0.41, p<0.001 (Fig. S2)). As the temperature rises, on the one
hand, the vegetation period begins, agricultural use increases and
livestock is brought to the fields. On the other hand, enhanced
summer tourism and the associated direct input of estrogens
through recreational activities might be a reason for elevated EEQs.
Furthermore, slightly increased rainfall during this season might
have led to enhanced river discharge potentially transporting es-
trogenic compounds into the Baltic Sea (Fig. S2). In addition, the
study of Beck et al. (2005) showed that estrogenic activity in this
part of the Baltic Sea was mainly caused by the endogenous E1 and
the synthetic EE2. Other studies demonstrated that phytoestrogens
produced by phytoplankton species might be a reason for elevated
estrogenic activity (Gong et al., 2014). However, no significant
correlation between EEQ and chlorophyll a has been observed in
this study.

During our investigations, we observed increased EEQs during
sample dilution in particular for samples with comparably high
EEQs (Fig. 5). We assume that estrogen activity might be sup-
pressed at lower sample dilutions which became dissolved upon
higher dilution, thus, leading to non-proportional EEQs during
sample dilution. Frische et al. (2009) and Jaro�sov�a et al. (2014)
emphasized possible masking effects which might arise upon the
presence of antiestrogenic compounds for in vitro assays which
could lead to underestimation of the estrogen activity in a sample.
In particular, when using enrichment methods, such as SPE used
within this study, fortification of the matrix might enhance anti-
estrogenic effects as well. Therefore, and based on our data, we

strongly believe that the de facto estrogen activity in a sample is
only accessible through analysis of a series of sample dilutions to
overcome eventual inhibitory effects due to antiestrogenic
compounds.

4.3. Risk assessment

As estrogens are released into the environment not only natu-
rally, their enhanced occurrence especially in marine waters may
be considered as a potential threat to aquatic organisms and serve
as an indicator for anthropogenic pressure (Adeel et al., 2017). To
assess the possible harm, risk quotients (RQ) were calculated using
the measured environmental concentration (MEC) divided by a
predicted-no-effect-concentration (PNEC). The RQs are categorized
in RQ <0.1 low risk, 0.1<RQ<1 medium risk and RQ>1 high risk
for aquatic organisms (European Commission, 2003). For E2,
Caldwell et al. (2012) suggested a PNEC of 2 ng L�1 based on a
species sensitivity distribution where fish were the most sensitive
species. However, in this current study, the EEQ was determined
and, consequently, the use of a PNEC based solely on E2 might
underestimate the toxicological risk for aquatic organisms arising
from estrogenic effects. In this regard, Caldwell et al. (2012) sug-
gested a PNEC of only 0:1 ng L�1 for EE2, as this synthetic estrogen
has strong adverse effects to aquatic organisms. As a result of the
different PNEC of the individual substances, a PNEC for EEQ of not
more than 1 ng L�1 for biological tests is often considered (Jaro�sov�a
et al., 2014). In this view, RQ of the investigated sites indicate an
intermediate ecotoxical risk for the coastal sampling sites, when
regarded for the temporarily elevated concentrations in summer
(Table 2, RQEEQ ). Baltic Sea samples show low to intermediate risk
level.

As the EEQ summarizes total estrogenic activity, the specific
composition is unknown. Therefore, assuming that total EEQ arises
solely from EE2 leads to high risk for the organisms with RQ up to

Fig. 5. Dilution dependent EEQ in ng L�1. Non-proportional EEQ during sample dilu-
tion for selected Heiligendamm pier samples (circle) and Baltic Sea samples (triangle)
in summer 2017 (black) and 2018 (white). Sample dilution factors were 1, 1.6, 2.5 and
3.2.
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3.8. If the whole sample is composed only of E2, low and medium
risk levels must be considered (Table 2, RQEE2=E2).

However, the chosen PNEC concentrations were obtained by
regarding certain aquatic species which aremost likely not the ones
present inwaters of the Baltic Sea at the investigated sampling sites
and, thus, the risks can only be roughly estimated. For a better
understanding of the mechanisms which might be induced by
means of estrogens in an organism, biological studies with present
species, in particular those living in the Baltic Sea, are necessary to
evaluate the potential risk of estrogenic activity properly. Moreover,
comprehensive information about the estrogenic composition is
important.

Finally, natural and synthetic estrogens exhibit high log KOW
(17b-estradiol: 3.94, 17 b -ethinylestradiol: 4.15, estriol: 2.81 and
estrone: 3.43 (Ying et al., 2002)), which highlights their potential to
enrich on solid matter, such as particles and sediments (Duong
et al., 2010). In this light, even temporarily elevated EEQs might
lead to endocrine impacts for aquatic organisms in the long-term
perspective, which cannot be specified at the current stage.

5. Conclusion

The used A-YES test in combination with SPE was successfully
applied and gave a first overview of the estrogenic activity in the
Baltic Sea. EEQs rose to quantifiable levels in late spring and
declined abruptly in autumn. A first risk assessment shows that
surface waters of the Baltic Sea may display an estrogenic effect at
an intermediate level during summer months, especially close to
the coast. Nevertheless, additional investigations are necessary to
further assess the estrogenic activity, especially for differentiation
between natural and anthropogenic origin. Therefore, single com-
pound analysis, e.g., through HPLC-MS/MS, combined with bio-
assays, such as the A-YES system used in this study, is needed to
give a comprehensive overview.
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Abstract Endocrine disrupting compounds and in particular estrogenic substances have the 
ability to interact with the hormone system of organisms. Among them are not only synthetic 
but also natural substances that potentially stress the aquatic ecosystem. High human popula- 
tion densities such as around the Pearl River Estuary (PRE) are suspected of exerting significant 
anthropogenic pressure onto coastal areas. In this study, natural and synthetic estrogens as well 
as estrogen-like substances derived from plants and fungi were investigated in the PRE and at 
the adjacent northern shelf of the South China Sea. Maximum concentration of 3.6 ng L −1 for 
estrone (E1), 0.7 ng L −1 for 17 α-ethinylestradiol (EE2), 12.9 ng L −1 for genistein (GEN), 11.9 
ng L −1 for daidzein (DAI) and 1.9 ng L −1 for zearalenone (ZEN) were observed. While E1 and 
EE2 were detected in fresh and saltwater samples, GEN, DAI and ZEN were observed only at 
freshwater sampling sites. During the investigations, the analysis of 17 β-estradiol (E2) and EE2 
indicated a strong matrix dependence. Additionally, an estrogen screen observation showed 
estrogenic activity in form of estradiol equivalent quotients up to 0.18 ng L −1 . 
© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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∗ Corresponding author at: Leibniz Institute for Baltic Sea Re- 
search Warnemünde, Seestraße 15, 18119 Rostock, Germany. 

E-mail address: carina.deich@io-warnemuende.de (C. Deich). 
Peer review under the responsibility of the Institute of Oceanology 
of the Polish Academy of Sciences. 

1. Introduction 1 

In general, estrogenic activity in the environment is mainly 2 

caused by natural and synthetic steroids, e.g., estrone (E1), 3 

17 β-estradiol (E2) and 17 α-ethinylestradiol (EE2) ( Adeel et 4 

al., 2017 ). E1 and E2 are the natural regulators of the fe- 5 

male reproductive mechanism. However, estrogen active 6 

substances have been linked to adverse health effects. For 7 

example, abnormal changes in embryos of the viviparus 8 

eelpouts ( Zoarces viviparus ) arose from exposure to 5.7 ng 9 

https://doi.org/10.1016/j.oceano.2021.08.001 
0078-3234/ © 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access 
article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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L −1 of E2 ( Morthorst et al., 2014 ). The synthetic EE2, which 10 

is the active ingredient in contraceptive pills, has been ob- 11 

served to act at doses as low as 0.1 ng L −1 to 1 ng L −1 12 

( Purdom et al., 1994 ) and induces a rise in the vitellogenin 13 

concentration in the three-spined stickleback ( Gasterosteus 14 

aculeatus ; Andersson et al., 2007 ) as well as deformities 15 

and increased mortality rate in Chinese rare minnow ( Gob- 16 

iocypris rarus ) and zebrafish ( Danio rerio ; Zha et al., 2008 ; 17 

Xu et al., 2008 ). 18 

In addition to steroidal estrogens, natural substances 19 

produced by plants and fungi (phyto- and mycoestrogens) 20 

were observed to induce adverse health effects as well 21 

( Benassayag et al., 2002 ; Jarošová et al., 2014 ; Sarasquete 22 

et al., 2020 ). These include, for instance, isoflavones such 23 

as daidzein (DAI) and genistein (GEN), which are mostly 24 

found in connection to soy products but also in algae and 25 

some cyanobacteria species ( Jarošová et al., 2015 ). In ad- 26 

dition, there is evidence that mycotoxins like zearalenone 27 

(ZEN), which can be found on contaminated cereal crops, 28 

can be associated with estrogenic effects such as impaired 29 

gonadal development, intersex observations and decreased 30 

sperm production in fish ( Bakos et al., 2013 ; Hartmann et 31 

al., 2007 ; Wo ́zny et al., 2020 ). Next to steroidal estro- 32 

gens and those derived from plants and fungi, chemicals 33 

such as bisphenol-A (BPA), nonylphenols and octylphenols 34 

were shown to elicit estrogenic effects on organisms as well 35 

( Campbell et al., 2006 ; Hotchkiss et al., 2008 ). 36 

Insufficient removal rates of wastewater treatment 37 

plants and the improper disposal of domestic and indus- 38 

trial wastewater are considered to serve as the main path- 39 

way for natural and anthropogenic estrogenic compounds 40 

to enter the aquatic environment ( Xu et al., 2014 ; Jiang 41 

et al., 2020 ). Furthermore, agriculture runoff, e.g., from 42 

rangeland grazing or the application of manure as fertil- 43 

izers ( Kolodziej & Sedlak, 2007 ), and the usage of estro- 44 

gens as growth promoters in aquaculture can contribute to 45 

their release ( Kolodziej et al., 2004 ). Once estrogenic com- 46 

pounds have entered riverine systems, they may end up in 47 

the oceans and potentially stress marine organisms. 48 

In order to analyze natural and synthetic estrogenic 49 

substances, pre-concentration and analysis with extremely 50 

sensitive instruments, such as liquid chromatography with 51 

tandem mass spectrometry (LC-MS/MS), are required to 52 

decipher the complex composition of environmental sam- 53 

ples. Complementary to instrumental analysis, in vitro 54 

biological assays, such as the Arxula yeast estrogen screen 55 

(A-YES), are used as they consider synergistic or antag- 56 

onistic effects possibly occurring through the variety of 57 

different compounds in the environmental samples. The 58 

Arxula adeninivorans yeast strain is genetically modified 59 

with an integrated human estrogen receptor sensitive to 60 

estrogens and estrogen-like substances. Compounds that 61 

fit to the non-specific receptor binding site can elicit 62 

a response in the test by either inducing or inhibiting 63 

reporter gene expression. This response is measured in 64 

relation to the response of E2 and is therefore expressed 65 

in estradiol equivalent quotients (EEQ). As a result, the 66 

overall estrogenic effect exerted by the substance mixture 67 

of a water sample is determined with this in vitro bioassay. 68 

In this regard, bioassays capture both the estrogens known 69 

by instrumental analysis and the unknown substances in 70 

the environmental samples with affinity to the estrogen 71 

receptor ( Hettwer et al., 2018 ; Kunz et al., 2015 ). Thus, the 72 

combination of instrumental analysis with bioassays may 73 

provide further insights into potential endocrine effects on 74 

organisms based on estrogenic compound compositions and 75 

their cumulative activity. 76 

The Pearl River Estuary (PRE) is known for harboring 77 

some of the largest cities in the world. Cities such as 78 

Guangzhou, Hong Kong and Shenzhen are densely popu- 79 

lated, which results in high discharge rates of domestic and 80 

industrial waste. Xu et al. (2014) reported estrogen concen- 81 

trations of 0.72 ng L −1 for E1 and 0.45 ng L −1 for EE2 in the 82 

PRE, where altered fish reproduction effects have already 83 

been observed ( Chen et al., 2016 ; Gong et al., 2009 ; Xie 84 

et al., 2019 ). Estrogens were also detected in the adjacent 85 

South China Sea (SCS) with concentrations of steroids up to 86 

11.38 ng L −1 ,3.7 ng L −1 and 3.99 ng L −1 for E1, E2 and EE2, 87 

respectively ( Deich et al., 2021 ; Zhang et al., 2014 ). 88 

Previous studies in the Pearl River have investigated pri- 89 

marily the freshwater influents of the estuary as well as 90 

the recipient river water of wastewater treatment plants 91 

mainly for steroidal estrogens ( Peng et al., 2008 ; Zhao et 92 

al., 2011 ; Yu et al., 2011 ). Moreover, the systems PRE and 93 

SCS were only regarded in separate studies, and, to our 94 

knowledge, data on estrogenic compounds in coastal ma- 95 

rine environments are still limited. Hence, in this study, we 96 

aim to investigate both systems simultaneously for naturally 97 

occurring E1 and E2, the anthropogenically derived EE2 and 98 

plant- and fungi-derived estrogens, namely DAI, GEN and 99 

ZEN. For this, we obtained water samples from the PRE 100 

and the northern shelf of the SCS and conducted a chem- 101 

ical analysis of the estrogenic compounds. In addition, the 102 

samples were tested for their cumulative estrogenic activ- 103 

ity. Based on these data, a complementary risk assessment 104 

for both systems was performed to evaluate the potential 105 

risk arising from current estrogen concentrations at the in- 106 

vestigated sites. 107 

2. Material and methods 108 

2.1. Study site and sampling procedure 109 

Samples were taken in the Pearl River Estuary and the 110 

coastal South China Sea during a research cruise on the 111 

Chinese R/V Hai Yang Di Zhi Shi Hao in September 2018 112 

( Figure 1 ) within the framework of the Sino-German project 113 

MEGAPOL financed by the State Oceanic Administration 114 

(SOA, P.R. China) and the Federal Ministry of Education 115 

and Research (BMBF, Germany, grand numbers 03F0786A and 116 

03G0269), respectively. Additional samples were collected 117 

during a second cruise a year later in the same season (Au- 118 

gust 2019) on the German r/v SONNE to assess the inter- 119 

annual variability on the seasonal scale. This study pre- 120 

sented here focuses only on the shallow shelf stations. Fur- 121 

thermore, eight samples were taken at station SCS-29 within 122 

26 h to investigate the influence of tides on the distribution 123 

pattern. The Pearl River Estuary is one of the largest and 124 

most complex river systems in the world. In recent years, 125 

the area near the mouth of the Pearl River has developed 126 

rapidly and harbors now high numbers of industries, fac- 127 

tories and animal farming together with a high population 128 

density (e.g., Guangzhou > 1,700/km 
2 ; UN, 2018 ). About 129 

2 
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Figure 1 A Sampling stations along the Pearl River Estuary and the northern shelf of the South China Sea collected in September 
2018 and August 2019. In 2018, surface water samples were taken during a research cruise with the R/V Hai Yang Di Zhi Shi Hao 
and in 2019 during a research cruise with the R/V SONNE (SO269). B Dongjiang River (DR), Zhujiang River (ZR), Beijiang River (BR), 
Xijiang River (XR) and Honqimen (HQ), Jiaomen (JM), Humen (HM) and Hengmen (HE) waterways, created with ArcMap® 10.7.1 
(Copyright © 1995—2014 Esri, CA, USA). 

3.4 × 10 11 m 
3 of river runoff are discharged annually into 130 

the adjacent South China Sea ( Ni et al., 2008 ; Gong et al., 131 

2009 ). In addition, this region is under the influence of the 132 

seasonally varying monsoon, leading to elevated discharge 133 

rates during the wet season (April-September; He et al., 134 

2016 ). 135 

Surface water of the Pearl River was collected through a 136 

towed CTD and pumping system called ”towed fish” ( Zhang 137 

et al., 2019 ) and was filled into 1 L amber glass bottles 138 

( Table 1 ). Along the PRE, the samples were taken at inter- 139 

vals of defined salinity levels (25, 20, 15, 10, 5, 0.5, 0) to 140 

examine estrogen concentration in freshwater and saltwa- 141 

ter. At the coastal sampling sites, surface water was col- 142 

lected with a CTD SBE911 rosette system ( Table 1 ). All sam- 143 

ples were acidified with 1 mL of 5 M HCl to prevent potential 144 

biodegradation ( Havens et al., 2010 ). Additionally, 1 mL of 145 

internal standard (E1- d , E2- d , EE2 -d ) was added to samples 146 

examined by LC-MS/MS to counteract the possible loss dur- 147 

ing the subsequent sample preparation ( Deich et al., 2021 ). 148 

Salinity and temperature were measured on board with 149 

a Seabird CTD SBE911 system. Samples for dissolved or- 150 

ganic carbon (DOC), particulate organic carbon (POC), sus- 151 

pended particulate matter (SPM) and chlorophyll a (Chl a ) 152 

were obtained simultaneously to water samples taken for 153 

estrogen analysis. DOC, POC, SPM and Chl a samples were 154 

frozen at −20 °C and transported frozen to the Leibniz Insti- 155 

tute for Baltic Sea Research Warnemünde (IOW) in Germany 156 

and were analyzed there using standardized procedures (see 157 

Supplementary following Grasshoff & Almgren, 1983 ). 158 

2.2. Chemicals 159 

Standards and internal standards for estrone (E1), 160 

17 β-estradiol (E2), 17 α-ethinylestradiol (EE2), estrone- 161 

2,4,16,16- d 4 (E1- d ), 17 β-estradiol-2,4,16,16,17- d 5 (E2- d ), 162 

17 α-ethinylestradiol-2,4,16,16- d 4 (EE2- d ) were purchased 163 

from Neochema GmbH (Bodenheim, Germany). Genistein 164 

(GEN), daidzein (DAI) and zearalenone (ZEN) were pur- 165 

chased from Sigma Aldrich (Taufkirchen, Germany). Inter- 166 

nal standard working solution (IS) was prepared in analytical 167 

grade water with a concentration of 20 ng L −1 E1- d , E2- d and 168 

EE2- d each (in 2019 1 ng L −1 of E1- d and 2 ng L −1 of E2- d and 169 

EE2- d ). Recombinant yeast Arxula adeninivorans and cul- 170 

ture medium were purchased from new diagnostics GmbH 171 

(Berlin/Dresden, Germany). Analytical grade water was ob- 172 

tained from Merck KGaA (Darmstadt, Germany), and Milli-Q 173 

water was prepared with Milli-Q® reference water purifi- 174 

cation system from Merck Millipore (Darmstadt, Germany). 175 

Acetonitrile, ethyl acetate and methanol LC-MS/MS grade 176 

were purchased from Promochem (Wesel, Germany). NH 4 F 177 

was purchased from Sigma Aldrich (Taufkirchen, Germany). 178 

HCl was obtained from VWR International GmbH (Hannover, 179 

Germany) ( Deich et al., 2021 ). 180 

2.3. Sample extraction 181 

Sample extraction was conducted as described in Deich 182 

et al. (2020 , 2021 ). Basically, 1 L of sampled water was 183 

loaded on pre-conditioned 1000 mg Chromabond® C18 ec 184 

cartridges (Macherey-Nagel, Düren, Germany) after pass- 185 

ing through a GF/F filter (0.7 μm, GE Healthcare Europe 186 

GmbH, Freiburg, Germany). After sample loading with a 187 

flow rate of approximately 10 mL min −1 , cartridges were 188 

washed with methanol and subsequently dried under ni- 189 

trogen. Loaded solid-phase extraction (SPE) columns were 190 

frozen on board at −20 °C; elution was conducted in the 191 

laboratory at IOW. For elution of analytes and direct pu- 192 

3 
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Table 1 Pearl River and South China Sea sampling stations occupied during the cruise in September 2018. 

Station No. Lat. [N] Long. [E] Date Time UTC S 

PR-1 22.08 113.85 26-Sep-2018 20:15 a 25.1 
PR-2 22.18 113.84 26-Sep-2018 21:32 b 19.9 
PR-3 22.21 113.83 26-Sep-2018 21:40 b 14.8 
PR-4 22.41 113.76 26-Sep-2018 23:06 b 9.6 
PR-5 22.52 113.73 26-Sep-2018 23:55 b 4.5 
PR-6 22.73 113.66 27-Sep-2018 01:06 b 0.5 
PR-7 22.82 113.59 27-Sep-2018 01:46 b 0.1 
PR-8 22.96 113.54 27-Sep-2018 02:55 c 0.1 
PR-9 23.02 113.52 27-Sep-2018 03:27 d 0.1 
SCS-1 20.52 112.17 2-Sep-2018 01:39 32.5 
SCS-14 20.90 112.60 13-Sep-2018 16:44 33.0 
SCS-19 21.09 113.13 10-Sep-2018 15:21 32.6 
SCS-24 21.35 113.61 13-Sep-2018 11:09 33.2 
SCS-29 21.45 114.16 21-Sep-2018 20:21 33.8 
SCS-42 21.63 114.67 8-Sep-2018 17:49 32.6 
SCS-47 21.82 115.19 8-Sep-2018 11:47 32.6 
SCS-52 22.00 115.70 7-Sep-2018 17:11 32.5 
a low water 
b flood tide 
c high water 
d ebb tide 

rification from the matrix, 10 mL of EtOAc:MeOH (30:70, 193 

v:v) was passed through the SPE cartridge to which a pre- 194 

conditioned Sep-Pak Aminopropyl (NH2) Plus cartridge (Wa- 195 

ters, Eschborn, Germany) was previously attached ( Kumar 196 

et al., 2009 ). Eluates for the yeast estrogen screen were not 197 

treated with NH2 cartridges. The eluate was evaporated to 198 

dryness in a 40 °C water bath under a gentle stream of com- 199 

pressed air. For LC-MS/MS analysis, the residue was redis- 200 

solved in 1 mL of analytical grade water:ACN (70:30, v:v) 201 

and subsequently filtered through a syringe filter (RC 0.45 202 

μm, Phenomenex). Samples processed with the yeast es- 203 

trogen screen were redissolved in 6 mL of analytical grade 204 

water only. For more details, see Deich et al. (2020 , 2021 ). 205 

2.4. Instrumental analysis 206 

Analysis was conducted on an LC-MS/MS system consisting of 207 

the LC Nexera-i and a triple mass spectrometer MS8060 (Shi- 208 

madzu, Berlin, Germany) as described in Deich et al. (2021) . 209 

A volume of 50 μL was separated on a Kinetex-Biphenyl col- 210 

umn (150 mm x 4.6 mm x 2.6 μm, Phenomenex, Aschaffen- 211 

burg, Germany) with analytical grade water as mobile phase 212 

A, ACN as mobile phase B and 15 mM NH 4 F as mobile phase 213 

C, with an oven temperature of 30 °C and a flow rate of 0.2 214 

mL min −1 . The elution gradient was as follows: 69.3% A, 30% 215 

B and 0.7% C for 1 minute, reduced to 9.9% A, 90% B and 216 

0.1% C within 7 minutes, to 100% B in 15 minutes, was held 217 

for 2 minutes and back to 69.3% A, 30% B and 0.7% C within 218 

2 minutes with subsequent equilibration for 2 minutes. 219 

The compounds were ionized by heated electrospray ion- 220 

ization (HESI) in the negative polarity and were detected in 221 

the multiple reaction monitoring (MRM) mode. For each es- 222 

trogenic compound, four to seven specific mass transitions 223 

were acquired, of which the mass transition with the high- 224 

est intensity was used for quantification, while the others 225 

were utilized for qualitative analysis ( Deich et al., 2021 ). 226 

Instrument operation and data evaluation were done with 227 

Lab-Solutions 5.9® and LabSolutions Insight Library Screen- 228 

ing 3.10® (Shimadzu, Berlin, Germany). 229 

2.5. Yeast estrogen screen 230 

The Arxula yeast estrogen screen (A-YES) was used as pre- 231 

viously described in Hettwer et al. (2018) and Deich et al. 232 

(2020) . In general, the 96-deep-well plates contained cali- 233 

bration levels of the 17 β-estradiol, sample dilutions (1, 1.6, 234 

2.5, 3.2, 5 and 8-fold) and negative controls, blank sam- 235 

ples as well as recovery samples. The wells were inoculated 236 

with a mixture of the reactivated yeast and medium, whilst 237 

blank samples were treated only with pure medium. Af- 238 

ter incubation (20—21 h, 31 °C), enzymatic substrate cleav- 239 

age was conducted in microtiter plates containing the clear 240 

supernatant and substrate solution (1 mg mL −1 p -NPP in 241 

0.5 M citric buffer). The plates were incubated for 1 h at 242 

37 °C. Subsequently, reporter gene activity was determined 243 

before and after adding 100 μL of 3 M NaOH at 405 nm 244 

on a microplate reader (Infinite M200, Tecan Trading AG, 245 

Männedorf, Switzerland). Optical density of the yeast cell 246 

suspension (1:20 with Milli-Q water) was measured at 630 247 

nm to examine the samples for different yeast growth be- 248 

tween each test. 249 

2.6. Quantification and quality assurance 250 

2.6.1. Instrumental Analysis 251 

E1- d , E2- d and EE2- d were utilized as internal standards for 252 

E1, E2 and EE2, respectively. For GEN, DAI and ZEN quan- 253 

tification, E1- d was used as internal standard compound (IS; 254 

see Deich et al., 2021 ). Prior to sample preparation, inter- 255 

nal standards were added to the water sample to a final 256 
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concentration of 20 ng L −1 of each IS (in 2019 1 ng L −1 of 257 

E1- d , 2 ng L −1 of E2- d and EE2- d ). For the internal standard 258 

calibration, Milli-Q was spiked with estrogen standards to fi- 259 

nal concentrations ranging from 0 ng L −1 to 0.8 ng L −1 , and 260 

the calibration samples were subsequently processed with 261 

SPE before detection with LC-MS/MS. Each sample was mea- 262 

sured twice and the mean was used for quantification. De- 263 

viation between both values ranged from < 1% to 30%, with 264 

an average of 9%. 265 

It was found previously that analysis of the target an- 266 

alytes is largely sensitive to the matrix and that the ana- 267 

lytical performance reduces particularly for riverine sample 268 

water comparing to marine sample water ( Petrovic, 2014 ). 269 

To account for this effect, assessment of LOD and LOQ were 270 

conducted using an environmental water sample (S: 15.9, T: 271 

4.8 °C) instead of using Milli-Q water for preparing a calibra- 272 

tion. This better reflects the detection capabilities in envi- 273 

ronmental water samples. These are 0.1, 0.2, 0.3, 0.4, 0.3 274 

and 0.1 ng L −1 for LOD and 0.3, 0.3, 0.6, 0.7, 0.5 and 0.2 ng 275 

L −1 for LOQ of E1, E2, EE2, GEN, DAI and ZEN, respectively. 276 

The procedure and calibration were validated using Milli- 277 

Q water and environmental water samples. Aliquots were 278 

spiked with 0.4 ng L −1 and 0.8 ng L −1 of the target analytes 279 

( Deich et al., 2021 ). The evaluation of the validation data 280 

shows high accuracy for the analysis of estrogens and phy- 281 

toestrogens in environmental samples, and deviations (RE%) 282 

of up to 22% must be considered. Very high precision could 283 

be obtained for the analysis of estrogens (RSD < 7%). The pro- 284 

cedure is less precise for the analysis of phytoestrogens with 285 

RSD% of up to 39%, which might be a result of utilizing E1- d 286 

as internal standard as it might not be ideal for the quan- 287 

tification of phytoestrogens. Regularly, blank samples were 288 

analyzed during sample preparation, and none of the target 289 

analytes were detected. 290 

2.6.2. Yeast estrogen screen 291 

A detailed description of estradiol equivalent quotient 292 

(EEQ A-YES ) quantification and quality assurance of the bioas- 293 

say can be found in Hettwer et al. (2018) and Deich et al. 294 

(2020) . During the bioassay, non-proportional EEQ may arise 295 

from matrix interference in the form of inhibitory or mask- 296 

ing effects and competitive inhibition of the estrogen recep- 297 

tor due to co-eluting compounds ( Frische et al., 2009 ; Neale 298 

et al., 2015 ). The effects are mitigated by using different di- 299 

lution levels. Quantification was conducted using the high- 300 

est quantifiable dilution to minimize dilution-dependent ef- 301 

fects. Recovery analysis was conducted three times with 302 

Milli-Q water spiked with E2 to a final concentration of 0.2 303 

ng L −1 . One blank sample was set up in Milli-Q water without 304 

E2 to examine possible contamination effects along the en- 305 

richment and clean-up procedure. Recovery analysis showed 306 

a mean recovery rate of 79% (n = 3), whereas the blank sam- 307 

ple showed no detectable reporter gene activity in the bio- 308 

logical assay. 309 

3. Results and discussion 310 

3.1. Distribution of estrogenic compounds 311 

Surface water samples from the Pearl River Estuary and the 312 

northern shelf of the South China Sea were analyzed for the 313 

target estrogenic compounds (dissolved E1, E2, EE2, DAI, 314 

GEN, ZEN). Along the estuary, E1 was observed at all nine 315 

stations ( Figure 2 A-C) with concentrations of 0.3 ng L −1 to 316 

3.6 ng L −1 . In general, E1 concentration decreased towards 317 

the South China Sea. The decrease between station PR-9 318 

and PR-7 may be attributed to mixing with river waters from 319 

different distributaries of lower E1 content. From station 320 

PR-6 to PR-1, the salinity increases towards the mouth of 321 

the estuary and mixing with seawater reduces the E1 con- 322 

centration here. However, at PR-4 and PR-6, concentrations 323 

slightly increased. At these points, the water from the rivers 324 

Dongjiang, Beijiang, Xijiang is channeled via the Honqimen, 325 

Jiaomen, Humen and Hengmen waterways into the estuary 326 

( Figure 1 B), which could explain the different non-linear 327 

concentration patterns. Interestingly, the synthetic estro- 328 

gen EE2 was only detected at the station located closest to 329 

the sea, PR-1 (0.7 ng L —1 ) and the natural estrogen E2 was 330 

not detected at any station. 331 

During this study, strong matrix interference in the form 332 

of signal suppression drastically reduced the the internal 333 

standard signal, especially in the upstream PRE water sam- 334 

ples. Therefore, it is assumed that if E2 and EE2 are present 335 

in the surface water samples, the detection of these com- 336 

pounds is strongly interfered due to high matrix loads of the 337 

sample in combination with environmental concentrations 338 

close to detection limits. Matrix components could interfere 339 

during SPE enrichment and during ionization for mass spec- 340 

trometric analysis, particularly if electrospray-ionization is 341 

used ( Busetti et al., 2012 ; Cotrim et al., 2016 ; Magi and 342 

Di Carro, 2018 ). Thus, consequences may include inefficient 343 

extraction during sample preparation and ion amplification 344 

or suppression in MS analysis of the target analytes. Those 345 

effects might derive from the dissolved organic matter as 346 

already stated by Trufelli et al. (2011) , Petrovic (2014) and 347 

Białk-Bieli ́nska et al. (2016) . 348 

The measured concentrations are in good agreement 349 

with the reported data. For example, Gong et al. (2009) in- 350 

vestigated water from PRE for estrogenic compounds and 351 

found concentrations up to 8.2 ng L −1 for E1. The study of 352 

Xu et al. (2014) in the PRE revealed estrogen concentra- 353 

tions in the riverine outlets during the wet season of up to 354 

1.2 ng L −1 for E1 and EE2. In contrast, sampling sites at the 355 

Mondego River estuary’s mouth (Portugal) showed highest 356 

E1 concentration of 15 ng L −1 , 13 ng L −1 for E2 and 9 ng L −1 357 

for EE2 ( Rocha et al., 2014 ). 358 

In samples from the northern shelf of the SCS, only the 359 

estrogens E1 and EE2 were detected ( Figure 3 ). E1 was 360 

present at all stations (0.2—1.0 ng L −1 ), while EE2 was 361 

detected only at five stations (0.4—0.6 ng L −1 , Figure 2 ). 362 

In contrast to the maximum values found by Zhang et al. 363 

(2014) in the coastal South China Sea for E1 and EE2 (11.16 364 

ng L −1 and 3.99 ng L −1 , respectively), concentrations of E1 365 

and EE2 observed in this study are comparably low. Inter- 366 

estingly, highest concentrations of E1 were found at the 367 

easternmost and westernmost stations, and the lowest con- 368 

centration was found at SCS-29, which can be regarded as 369 

an extension of the estuary. In addition, this station shows 370 

comparably high salinity and low water temperature ( Figure 371 

3 A,D), most likely because of horizontal advection of differ- 372 

ent water bodies. In general, seawater samples showed es- 373 

trogen concentration in the same order of magnitude as at 374 

PR-1. 375 
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Figure 2 Estrogenic compound concentration observed at the Pearl River sampling stations. A , D salinity (S) and temperature 
(T). B , E dissolved organic carbon (DOC) and particulate organic carbon (POC). C , F chlorophyll a (Chl a ) and suspended particulate 
matter (SPM). Error bars represent the results of the duplicate measurement, ∗LOD < concentration < LOQ. 

The mycoestrogen ZEN was detected at six out of nine 376 

sampling stations (n.d.—1.9 ng L −1 ), and highest concentra- 377 

tions were observed upstream at PR-8 and PR-6 ( Figure 2 D- 378 

F). This suggests that riverine inflow from tributaries into 379 

the estuary are loaded with ZEN to varying degrees, thereby 380 

locally increasing the concentration at these stations. 381 

The phytoestrogen DAI was detected in all nine water 382 

samples within the estuary (1.0—11.9 ng L −1 , Figure 2 D-F), 383 

whereas GEN was only detected at four stations close to the 384 

city of Guangzhou (PR-6 to PR-9) and at PR-1 (n.d.—12.9 ng 385 

L −1 ). Both phytoestrogens decrease with increasing salinity. 386 

However, they show comparably high concentrations at sta- 387 

tion PR-1, which was the only station where EE2 was ob- 388 

served as well. In comparison, the study of Rocha et al. 389 

(2016) showed concentrations of DAI and GEN in the Mira 390 

River (Portugal) of up to 20 ng L −1 and 69.2 ng L −1 , respec- 391 

tively, whilst the Mondego River estuary (Portugal) showed 392 

DAI and GEN concentrations of 11.9 μg L −1 and 5.1 μg L −1 393 

( Rocha et al., 2014 ). 394 

Based on the fact that the phytohormones were only 395 

found in PRE, we assume that they either result from land- 396 

based point sources such as food industries or were only 397 

produced by freshwater algae or cyanobacteria species or 398 

both ( Prochazkova et al., 2018 ). Also, surface waters of the 399 

SCS are oligotrophic, and most of the primary production 400 

occurs at the deep chlorophyll maxima. Therefore, phytoe- 401 

strogens during the study are most likely not detected in the 402 

nutrient-depleted surface waters of low productivity. 403 

The exact transport pathway of the estrogenic sub- 404 

stances from the PRE to the marine system is unclear. 405 

However, based on the herein determined estrogen com- 406 

pound concentrations at PR-6 and the annual discharge of 407 

3.4 × 10 14 L from the PRE into the SCS adds the annual mass 408 

transport of hormones up to 0.3 t, 1.3 t, 1.3 t and 0.5 t 409 

for E1, GEN, DAI and ZEN, respectively. Nevertheless, these 410 

mass transports must be viewed critically since the individ- 411 

ual measurements are merely snapshots. However, the mea- 412 

surements from the campaign in 2019 show that the variabil- 413 

ity on the seasonal scale is relatively low (Figure S1), as the 414 

concentration measured during both campaigns are in the 415 

same order of magnitude. Measurements over a tidal cycle 416 

(26 h) at a position close to shore did not indicate any sig- 417 

nificant changes in concentrations (Figure S2). This suggests 418 

that there is a continuous supply of estrogen-containing wa- 419 

ters into the SCS. 420 

Furthermore, only the dissolved phase of the water sam- 421 

ple was examined in this study. Estrogenic compounds as- 422 

sociated to the suspended particulate matter were not re- 423 

garded but might contribute to estrogen input into the ma- 424 

rine environment. This highlights the importance of regu- 425 

larly monitoring such hormonal substances in order to draw 426 

more precise conclusions. 427 
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Figure 3 Estrogenic compound concentration observed at the stations within the northern shelf of the SCS during September 
2018. A temperature (T), B dissolved organic carbon (DOC), C chlorophyll a (Chl a), D salinity (S), E particulate organic carbon 
(POC), F suspended particulate matter (SPM) and G estradiol equivalent concentrations (EEQ A-YES ). Error bars represent the results 
of the duplicate measurement, ∗LOD < concentration < LOQ. 

3.2. Correlation with environmental parameters 428 

Dissolved organic carbon (DOC), particulate organic carbon 429 

(POC), suspended particle matter (SPM) and chlorophyll a 430 

(Chl a ) samples were collected along the Pearl River and 431 

from the northern shelf of the South China Sea ( Figure 2 , 432 

3 ) In PRE, higher concentrations were observed upstream, 433 

while lowest concentrations were observed downstream 434 

where mixing with seawater occurred. However, linear re- 435 

gression revealed non-conservative mixing behavior of es- 436 

trogenic substances (Figure S4). Consequently, the concen- 437 

tration gradient in the PRE is not only influenced by mixing 438 

with seawater but also through permanent mixing of fresh- 439 

water with varying degrees of contamination merging into 440 

the estuary through the numerous outlets and waterways. 441 

Also, adsorption to suspended particulate matter and the 442 

resulting elimination from the water column should be con- 443 

sidered. 444 

Chl a concentrations rose from station PR-3 towards PR-1 445 

(Figure S7), correlating with GEN ( R 2 = 0.72, p = 0.07) and 446 

DAI concentrations ( R 2 = 0.74, p = 0.003), which could be 447 

attributed to a local source as well as to advection, patch- 448 

iness of the sample or both. High contaminant concentra- 449 

tions are often associated with high DOC concentrations 450 
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Figure 4 A Peak areas of internal standards E1- d , E2- d and EE2- d at PRE and SCS stations. B Yeast growth of A-YES samples 
relative to blank samples along the PRE (undiluted extracts). 

( Gong et al., 2016 ). Our study shows significant correlations 451 

between DAI and E1 with DOC (Fig. S5, R 2 = 0.61, p = 0.01 452 

and R 2 = 0.42, p < 0.01, respectively). 453 

During our analysis of samples taken along the PRE, we 454 

observed declining peak areas of internal standards from 455 

the estuary’s mouth towards the head of the estuary ( Figure 456 

4 A, Figure 5 , Figures S9-S10). At the same time, peak areas 457 

of internal standards correlate significantly with measured 458 

environmental parameters DOC, POC, SPM, Chl a and S. Re- 459 

duced signals of the internal standards might arise through 460 

loss of analyte during SPE as well as adsorption to suspended 461 

particulate matter and thus elimination from the water col- 462 

umn. Additionally, hampered ionization in the ESI-MS/MS 463 

by compounds with similar chemical behavior might lead 464 

to signal suppression ( Petrovic, 2014 ). Here, especially the 465 

presence of DOC seems to influence the determination of 466 

internal standards in the MS, the SPE procedure or both. 467 

Lowest relative peak areas of all three internal standards 468 

are observed at PR-9 to PR-6, i.e., at stations with high- 469 

est DOC concentrations. This supports the hypothesis that 470 

estrogenic substances are complexed by dissolved organic 471 

matter ( Figure 5 ). 472 

The relative decrease in the signals of the internal stan- 473 

dards in the MS is similar for E1- d , E2- d , and EE2- d . Never- 474 

theless, the analysis of E1- d is more sensitive than for E2- d 475 

and EE2- d , which allowed quantification of E1 even if peak 476 

areas were significantly reduced due to the influence of ma- 477 

trix components. This supports our previous assumption that 478 

matrix components in the sample water impede detection 479 

of particularly E2 and EE2. 480 

3.3. Biological response to estrogenic compounds 481 

To derive a cumulative estrogenic potential of a water 482 

sample, equivalent concentrations to the most estrogenic 483 

estradiol are often determined (e.g., Hettwer et al., 2018 ; 484 

Deich et al., 2020 ), which allows to assess potential adverse 485 

effects to marine organisms based on estrogenic activity. 486 

Herein, the Arxula yeast estrogen screen was utilized to ob- 487 

tain estradiol equivalent concentrations for the stations in 488 

the PRE and SCS (EEQA-YES, Table 2 , Figure 3 ). 489 

Estrogenic activity was observed at PR-1, PR-3, PR-7, 490 

PR-9 and all SCS stations. Quantitative estradiol equiva- 491 

lent concentrations in the PRE were only obtained for PR- 492 
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Figure 5 Correlation of relative peak areas of internal standards and A dissolved organic carbon (DOC) and B particulate organic 
carbon (POC). R and p-values are indicated, ● PR sampling stations, ◦ SCS sampling stations. Relative peak areas were calculated 
by the ratio of peak areas of samples to peak areas of calibration samples. 

Table 2 Contribution of estrogenic substances to the calculated estrogenic activity (EEQ calc ) as well as the determined 
estrogenic activity by yeast estrogen screen (EEQ A-YES ), n.d. = not detected, n.a. = not applicable. 

Station estrogen concentration [ng L −1 ] EEQ calc [ng L −1 ] contribution to EEQ calc [%] EEQ A-YES [ng L −1 ] 

E1 EE2 GEN DAI ZEN E1 EE2 GEN DAI ZEN 

PR-1 0.3 0.7 2.4 6.8 n.d. 0.7 4 96 < 1 < 1 n.a. 0.15 
PR-2 0.4 n.d. n.d. 1.4 n.d. < 0.1 100 n.a. n.a. < 1 n.a. n.d. 
PR-3 0.4 n.d. n.d. 0.9 0.2 < 0.1 99 n.a. n.a. < 1 1 0.17 
PR-4 0.5 n.d. n.d. 1.3 0.6 < 0.1 98 n.a. n.a. < 1 2 n.d. 
PR-5 0.4 n.d. n.d. 3.0 0.7 < 0.1 97 n.a. n.a. < 1 3 n.d. 
PR-6 0.9 n.d. 3.8 3.9 1.6 0.1 96 n.a. 1 < 1 3 n.d. 
PR-7 0.8 n.d. 9.3 11.9 0.4 0.1 96 n.a. 3 < 1 1 qual. a 

PR-8 1.7 n.d. 12.9 11.9 1.9 0.2 96 n.a. 2 < 1 2 n.d. 
PR-9 3.6 n.d. 9.9 11.4 1.2 0.3 99 n.a. 1 < 1 < 1 qual. a 

SCS-1 1 n.d. n.d. n.d. n.d. 0.1 100 n.a. n.a. n.a. n.a. 0.18 
SCS-14 0.6 0.6 n.d. n.d. n.d. 0.6 8 92 n.a. n.a. n.a. 0.10 
SCS-19 0.8 0.4 n.d. n.d. n.d. 0.5 16 84 n.a. n.a. n.a. 0.16 
SCS-24 0.6 0.4 n.d. n.d. n.d. 0.4 12 88 n.a. n.a. n.a. 0.10 
SCS-29 0.2 n.d. n.d. n.d. n.d. < 0.1 100 n.a. n.a. n.a. n.a. 0.04 
SCS-42 0.6 0.4 n.d. n.d. n.d. 0.4 12 88 n.a. n.a. n.a. 0.11 
SCS-47 0.5 n.d. n.d. n.d. n.d. < 0.1 100 n.a. n.a. n.a. n.a. 0.06 
SCS-52 0.8 0.4 n.d. n.d. n.d. 0.5 16 84 n.a. n.a. n.a. 0.17 

a qualitatively detected, but not quantitatively 

1 and PR-3 with EEQ A-YES of 0.15 ng L −1 and 0.17 ng L −1 493 

( Table 2 ). In the SCS, EEQ A-YES ranged from 0.04 to 0.18 ng 494 

L −1 ( Figure 3 ). Data analysis revealed non-proportional di- 495 

lution effects especially for the PRE sampling sites, i.e., in- 496 

creasing EEQ A-YES concentrations with increased sample di- 497 

lution within the biological test (Figure S11). This effect 498 

was previously discussed in connection with complex sam- 499 

ple compositions and resulting matrix effects which become 500 

alleviated upon increasing sample dilution within the test 501 

( Hettwer et al., 2018 ; Deich et al., 2020 ). In view of the 502 

sample enrichment on SPE within this current study, the 503 

obtained non-proportional dilution effects might also re- 504 
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sult from matrix enrichment during the sample preparation. 505 

Strongly reduced growth of the yeast cells in the undiluted 506 

samples compared to the control samples indicates the im- 507 

pact of the matrix on the test ( Figure 4 B). Therefore, it can- 508 

not be excluded that the final EEQ A-YES are above the herein 509 

presented data. For those sites at which no estrogenic ac- 510 

tivity was observed, matrix interference may have inhibited 511 

detection. 512 

The estradiol equivalent concentration of a water sample 513 

can also be obtained based on distinct relative potency of 514 

an estrogenic compound to estradiol and the observed envi- 515 

ronmental concentration ( Eq. 1 ) with EEQ calc = summarized 516 

estradiol equivalent concentration from chemical analysis, 517 

EEF i = estradiol equivalent factor of the individual estro- 518 

genic compound and C i = obtained concentration of the in- 519 

dividual estrogenic compound. 520 

E E Q calc = 

∑ 

E E F ( i ) x C ( i ) (1) 

Within this study, estradiol equivalent factors (EEF(i)) for 521 

the analytes E1, E2, EE2, DAI, GEN and ZEN were deter- 522 

mined with the A-YES bioassay (Table S2). However, based 523 

on an estradiol equivalent factor of 0.97 (Table S2), EE2 524 

largely contributes to the cumulative estrogenic activity of 525 

a water sample among the herein investigated analytes. In 526 

view of the conclusion that EE2 detection at PR-2 to PR- 527 

9 is impeded due to matrix interference, determination of 528 

EEQ calc and a comparison to EEQ A-YES is not reasonable for 529 

these sites. 530 

For the site PR-1, EEQ calc was determined with 0.68 ng 531 

L −1 ( Table 2 ), which exceeds the measured EEQ A-YES of 0.15 532 

ng L −1 . In those SCS samples where EE2 was detected, the 533 

determined EEQ calc is also higher than the EEQ obtained 534 

with the estrogen screen. This indicates that either derived 535 

EEQ calc is too high or that EEQ A-YES is underestimated. Chen 536 

et al. (2016) also observed higher EEQ calc than estrogenic 537 

activity and concluded on possible antagonizing effects of 538 

natural and synthetic compounds which interact with the 539 

receptor’s binding site and inhibit a response within the 540 

bioassay. Furthermore, Neale et al. (2015) reported that co- 541 

eluted DOC could reduce the bioavailability of E2, which 542 

led to suppression of E2 agonist levels within the bioassay. 543 

Vice versa , EEQ obtained from an in vitro bioassay might 544 

be higher than the one based on chemical analysis. In such 545 

cases, the difference may arise due to the fact that the in 546 

vitro bioassay regards the cumulative estrogenic activity in- 547 

cluding the entire substance mixture of a sample, whereas 548 

chemical analysis focuses only on a number of target an- 549 

alytes. In this regard, substances like BPA or nonylphenols 550 

and octylphenols are known for eliciting estrogenic effects 551 

on organisms ( Campbell et al., 2006 ; Hotchkiss et al., 2008 ). 552 

For example, Xu et al. (2014) detected BPA concentrations 553 

from 10 to 178 ng L −1 and 11 to 163 ng L −1 of nonylphe- 554 

nol in the PRE, which they suspected were associated with 555 

wastewater from nearby factories. 556 

Also, interference of co-eluting compounds with the 557 

yeast cells might lead to a discrepancy between EEQ calc and 558 

EEQ A-YES ( Wang et al., 2011 ). This corresponds to the find- 559 

ing within this study, i.e., inhibition of yeast cell growth 560 

in all samples from PRE ( Figure 4 B) and the derived non- 561 

proportional EEQ A-YES . Therefore, as stated above, the final 562 

EEQ A-YES at PR-1 is most likely higher than 0.15 ng L −1 . How- 563 

ever, these test results rely only on one estrogenic activity 564 

Table 3 Risk quotients (RQ) at Pearl River and South 
China Sea stations based on predicted no-effect concen- 
trations (PNEC) for estrone (E1) and 17 α-ethinylestradiol 
(EE2). RQ = environmental concentrations/PNEC, RQ < 0.1 
low risk, 0.1 ≤RQ < 1 medium risk and RQ ≥1 high risk. 
n.a. = not applicable. 

Station RQ E1 
a RQ EE2 

b RQ EEQ_A-YES 
c 

PR-1 0.1 7.0 0.15 
PR-2 0.1 n.a. n.a. 
PR-3 0.1 n.a. 0.17 
PR-4 0.1 n.a. n.a. 
PR-5 0.1 n.a. n.a. 
PR-6 0.2 n.a. n.a. 
PR-7 0.1 n.a. n.a. 
PR-8 0.3 n.a. n.a. 
PR-9 0.6 n.a. n.a. 
SCS-1 0.2 n.a. 0.18 
SCS-14 0.1 6.0 0.10 
SCS-19 0.1 4.0 0.16 
SCS-24 0.1 4.0 0.10 
SCS-29 < 0.1 n.a. 0.04 
SCS-42 0.1 4.0 0.11 
SCS-47 0.1 n.a. 0.06 
SCS-52 0.1 4.0 0.17 
a PNEC E1 = 6 ng L −1 ( Caldwell et al., 2012 ) 
b PNEC EE2 = 0.1 ng L −1 ( Caldwell et al., 2012 ) 
c PNEC EEQ = 1 ng L −1 ( Jarošová et al., 2014 ) 

test system. An extensive analysis with alternative bioassays 565 

could provide a more comprehensive picture and might be 566 

one way of resolving discrepancies between calculated and 567 

measured activity more thoroughly. 568 

The obtained data reflect previous findings that phytoe- 569 

strogens only marginally contribute to the estrogenic po- 570 

tential especially in oligotrophic surface waters, and that 571 

the estrogenic activity is mainly determined by natural and 572 

synthetic steroids ( Jarošová et al., 2014 ). Highest concen- 573 

trations of analyzed phytoestrogens were found at the sites 574 

PR-7 to PR-9, of more than 10 ng L −1 for GEN and DAI and 575 

about 2 ng L −1 for ZEN. Based on their estradiol equivalent 576 

factors (Table S2), their contributions to the EEQ calc were 577 

not more than 3% ( Table 2 ). These might be even lower in 578 

view of the impeded detection of EE2 in the PRE. This ob- 579 

servation agrees with Xu et al. (2014) , who reported that 580 

the predominant contributors to EEQ A-YES in the PRE are E1 581 

and EE2. 582 

3.4. Risk assessment 583 

To investigate if detected concentrations of endocrine sub- 584 

stances may exert risk to aquatic organisms, a risk as- 585 

sessment was conducted based on risk quotients (RQs) 586 

and organism specific predicted no-effect concentrations 587 

( Table 3 ). RQs were estimated by relating the environmen- 588 

tal concentration to the distinct predicted no-effect con- 589 

centration (PNEC) of a substance. RQs above 1 represent a 590 

high risk for the organisms, between 0.1 and 1 a medium 591 

risk and less than 0.1 low risk. Here, RQs were determined 592 
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based on determined E1 and EE2 concentrations ( Table 3 ). 593 

Among the herein analyzed compounds, they were reported 594 

to contribute the most to the estrogenic potential of the wa- 595 

ter samples. Also, RQs were calculated based on measured 596 

cumulative estrogenic activity EEQ A-YES . 597 

In the PRE, E1 concentrations increased towards the city 598 

of Guangzhou and reached a level at which medium risk to 599 

aquatic organisms might be considered for station PR-6 to 600 

PR-9 ( Table 3 ). The determined E1 concentrations in the SCS 601 

likely pose a medium risk to organisms. 602 

An EEQ concentration of not more than 1 ng L −1 is of- 603 

ten considered as PNEC for biological tests ( Jarošová et al., 604 

2014 ). Risk quotients derived from EEQ A-YES indicate medium 605 

risk already at PR-1 and PR-3 and six of the eight analyzed 606 

samples from the SCS. In contrast, the environmental con- 607 

centrations obtained for EE2 may pose a high risk to aquatic 608 

organisms throughout. 609 

It must be noted that the herein applied PNEC concen- 610 

tration for E1 and EE2 were derived from a species sensi- 611 

tivity distribution method based on mostly freshwater fish 612 

species ( Caldwell et al., 2012 ). Taking into account that ma- 613 

rine species are often more sensitive to environmental pol- 614 

lution than freshwater species, even higher risks must be 615 

considered for the SCS sites than concluded herein. 616 

3.5. Estrogenic substances in coastal areas 617 

A comprehensive study conducted by Lu et al. 618 

(2020) showed the presence of estrogenic substances 619 

along the Chinese coast from the Bohai Sea to the South 620 

China Sea. In that study, E1 was the main steroidal estro- 621 

gen with concentrations reaching 204.4 ng L −1 in winter 622 

(average: 87.2 ng L −1 ) and 9.8 ng L −1 (average: 2.7 ng L −1 ) 623 

in summer. It was concluded that the significant decrease 624 

of estrogen concentrations in summer arise mainly from 625 

the increased precipitation brought by the monsoon. In 626 

this regard, the E1 concentrations in the seawater of the 627 

South China Sea reported in this study were slightly lower 628 

compared to the findings of Lu et al. (2020) . 629 

In the Baltic Sea, Beck et al. (2005) showed that the 630 

hormones E1 and EE2 could be found with up to 0.53 ng 631 

L −1 and 17.2 ng L −1 , respectively. The phytoestrogens DAI 632 

and GEN could not be detected at the stations close to the 633 

coast, which corresponds to our findings. Estrogenic activ- 634 

ity in the Baltic Sea was detected up to 0.82 ng L −1 ( Beck 635 

et al., 2006 ; Deich et al., 2020 ). Pojana et al. (2007) inves- 636 

tigated surface waters from the Venice Lagoon, Italy, and 637 

detected concentrations up to 10 ng L −1 for E1, 175 ng L −1 638 

for E2 and 34 ng L −1 for EE2. It was concluded that the 639 

observed concentrations arise mainly from industrial and 640 

municipal wastewater, which is redistributed within the la- 641 

goon due to the tidal forces. Major contributors to the cal- 642 

culated estrogenic activity (1.1—191 ng L −1 ) were E2 and 643 

EE2. In contrast, another study in the Mediterranean Sea 644 

conducted in the Thermaikos Gulf, Greece, reported estro- 645 

gen concentrations below detection limits ( Arditsoglou and 646 

Voutsa, 2012 ). Griffith et al. (2016) investigated seawater 647 

in the Massachusetts Bay, United States of America, for es- 648 

trogenic substances and observed up to 0.5 ng L −1 for E1 as 649 

well as 0.09 ng L −1 for E2 and EE2. 650 

4. Conclusion 651 

Within this study, we measured natural and synthetic estro- 652 

genic substances in water samples along the Pearl River and 653 

the northern shelf of the South China Sea that potentially 654 

pressure marine organisms and act at high risk levels when 655 

considering EE2 concentrations. Whilst steroidal estrogens 656 

were found in the PRE and SCS, plant and fungi derived es- 657 

trogens were observed only at PRE sampling sites. 658 

The estimation of estrogenic activity is still problematic 659 

even with information about present compounds, as syner- 660 

gistic and antagonistic effects cannot be detected by instru- 661 

mental analysis. Therefore, biological assays were used to 662 

complement the instrumental analysis in their statements 663 

and to present a more comprehensive picture of the poten- 664 

tial harm exerted onto marine organisms. 665 

In this study, matrix interference largely impeded chem- 666 

ical and estrogenic activity analysis in the samples from the 667 

Pearl River. However, the complementary risk assessment 668 

based on chemical data and estradiol equivalent concen- 669 

trations depicts that medium risk must be considered for 670 

aquatic organisms along the Pearl River; even high risk for 671 

the SCS shelf region based on EE2 concentrations. 672 

Overall, this underlines the importance of effective anal- 673 

ysis tools to survey estrogenic substances. To estimate po- 674 

tential estrogenic sources, further research is needed to 675 

gather information about the seasonal and inter-annual dis- 676 

tribution patterns of estrogenic substances as environmen- 677 

tal conditions can change within weeks, and the measure- 678 

ments represent only results from a single quasi synoptic 679 

study. With regularly monitoring, it will be possible to ob- 680 

tain a holistic view of the anthropogenic fingerprint of es- 681 

trogenic substances in the northern South China Sea. 682 
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Abstract Estrogenic substances are today among the contaminants of emerging concern.
Besides naturally occurring estrogens, other natural and synthetic substances can mimic a
hormonal action due to their structural resemblance to hormones, possibly affecting the en-
docrine system of living organisms. Estrogens have been detected in inland water bodies
such as influents and effluents of waste water treatment plants as well as in rivers, but data on
their distribution and variability in the marine ecosystem are still limited. Surface water sam-
ples obtained during two research cruises on the northern shelf of the South China Sea (SCS)
near the Pearl River Estuary, in September 2018 and in August 2019, were investigated for
estrogenic substances, namely estrone (E1), 17β-estradiol (E2), 17α-ethinylestradiol (EE2),
genistein (GEN), daidzein (DAI) and zearalenone (ZEN). Among the target analytes, the nat-
ural hormones E1 and E2, as well as the synthetic EE2, were the most abundant with max-
imum concentrations of 1.1 ng L−1, 0.7 ng L−1 and 0.6 ng L−1, respectively. Of substances
produced by plants and fungi, GEN, DAI and ZEN, only GEN was detected (1.2 ng L−1).
High concentrations occurred predominantly close to the coast, which was also reflected in
the calculated estradiol equivalent quotients (up to 1.4 ng L−1). In general, the distribution
of estrogenic substances observed in both years shows a regional and inter-annual variability
consistent with the modeled surface current data for the SCS. Regarding single estrogenic
compounds and estradiol equivalents, marine organisms in the northern SCS might be ex-
posed to high potential risk.
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• Analysis of estrogenic substances in sur-
face waters from the northern South
China Sea

• E1, E2 and EE2 were detected with con-
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• Near-shore stations show the highest
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• EE2 concentrations might pose a high
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Estrogenic substances are today among the contaminants of emerging concern. Besides naturally occurring estro-
gens, other natural and synthetic substances canmimic a hormonal action due to their structural resemblance to
hormones, possibly affecting the endocrine system of living organisms. Estrogens have been detected in inland
water bodies such as influents and effluents of waste water treatment plants as well as in rivers, but data on
their distribution and variability in themarine ecosystem are still limited. Surfacewater samples obtained during
two research cruises on the northern shelf of the South China Sea (SCS) near the Pearl River Estuary, in September
2018 and in August 2019, were investigated for estrogenic substances, namely estrone (E1), 17β-estradiol (E2),
17α-ethinylestradiol (EE2), genistein (GEN), daidzein (DAI) and zearalenone (ZEN). Among the target analytes,
the natural hormones E1 and E2, as well as the synthetic EE2, were the most abundant with maximum concen-
trations of 1.1 ng L−1, 0.7 ng L−1 and 0.6 ng L−1, respectively. Of substances produced by plants and fungi, GEN,
DAI and ZEN, only GEN was detected (1.2 ng L−1). High concentrations occurred predominantly close to the
coast, which was also reflected in the calculated estradiol equivalent quotients (up to 1.4 ng L−1). In general,
the distribution of estrogenic substances observed in both years shows a regional and inter-annual variability
consistent with themodeled surface current data for the SCS. Regarding single estrogenic compounds and estra-
diol equivalents, marine organisms in the northern SCS might be exposed to high potential risk.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Endocrine disrupting compounds (EDCs) can adversely affect the
hormone system of humans and animals due to their structural resem-
blance to endogenous hormones. EDCs comprise several natural sub-
stances as well as industrial chemicals or pharmaceuticals. The female
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sex hormones estrone (E1) and 17β-estradiol (E2) are endogenous sub-
stances that regulate essential functions in the endocrine system of or-
ganisms. Despite their natural occurrence and regulatory functions,
increased concentrations of E1 and E2 can lead to negative effects on liv-
ing organisms (Sumpter and Johnson, 2005). Hence, they are consid-
ered as a subclass of EDCs by now (Campbell et al., 2006). For
example, Lu et al. (2010) observed feminization effects such as elevated
E2 plasma concentration and vitellogenin induction in adult male gold-
fish exposed to river water from the Yangtze River, China, in which E1
and E2 were present (3.8 ng L−1 and 0.97 ng L−1, respectively). In Dan-
ish streams, male brown trout also showed high vitellogenin levels
(Bjerregaard et al., 2006; Lu et al., 2010).

Next to E1 and E2, 17α-ethinylestradiol (EE2) is a particularly strong
estrogen, specifically designed for and used as the active ingredient in
contraceptive pills. Purdom et al. (1994) showed that 0.1 ng L−1 of
EE2 are sufficient to cause a rise in vitellogenin levels in male trout.
Kidd et al. (2007) showed that a whole lake population of fatheadmin-
now experienced induced vitellogenin levels in male species as well as
impacts on gonadal development after chronic exposure to EE2 levels
of 5–6 ng L−1, which ultimately led to the near extinction of this species.

Steroidal hormones mainly enter the river system via sewage treat-
ment plants and are consequently transported into the oceans (Xu et al.,
2014). For example, Jiang et al. (2020) have reported removal efficien-
cies of less than 30% of wastewater treatment plants for E1, E2 and
EE2 in China. Additionally, waste from livestock farming, the application
of liquid manure and thus, field leaching are also considered as a source
of hormones (Kolodziej et al., 2004; Kolodziej and Sedlak, 2007). More-
over, estrogens are known for being used in aquaculture as growth pro-
moters (Hoga et al., 2018).

In addition to steroidal hormones, other natural compounds in the
environment have a similar structure to hormones and hence, can
mimic their action. These are produced by plants or fungi, i.e., phyto-
and mycoestrogens (Benassayag et al., 2002). Phytoestrogens such as
genistein (GEN) and daidzein (DAI) are isoflavones and are associated
with soy products and clover. In addition, some freshwater and saltwa-
ter cyanobacteria species and algae also produce phytoestrogens (Gong
et al., 2014; Jarošová et al., 2015; Procházková et al., 2017; Sychrová
et al., 2012). The mycotoxin zearalenone (ZEN) is produced by the Fu-
sarium fungus, which infests maize, corn and soy (Hartmann et al.,
2007; Schenzel et al., 2012). Although their estrogenic effect is minor
compared to the steroidal hormones E1, E2 and EE2, they often occur
in the aquatic environment in concentrations up to 5.6 μg L−1 (Rocha
et al., 2014), and they have already been linked with adverse health ef-
fects as well. For example, a study of Shao et al. (2019) demonstrated
the influence of GEN on the embryo mortality of zebrafish. ZEN and its
metabolites were shown to induce a rise in vitellogenin levels
(Schwartz et al., 2010) and potentially cause intersex and decreased
sperm production in fish (Bakos et al., 2013). Woźny et al. (2020) also
observed abnormal development of rainbow trout gonads after feed-
borne exposure to ZEN.

For millennia now, people have been drawn to the seaside. As a re-
sult, large cities and megacities are spread along the coasts nowadays.
Such high population densities often lead to increased discharge of
waste, which ends up in the marine ecosystem and might disturb the
sensitive organisms there. However, there are still few studies on estro-
genic substances in themarine environment (Atkinson et al., 2002; Beck
et al., 2005; Deich et al., 2020; Singh et al., 2010; Zhang et al., 2014). The
Pearl River Estuary (PRE), located at the northern South China Sea (SCS)
coast, comprises a population of more than 42 Mio. people (Gong et al.,
2012). It has already been shown that the Pearl River Estuary transports
estrogenic substances into the ocean (e.g., Chen et al., 2016; Gong et al.,
2016; Xu et al., 2014). Studies in the South China Sea revealed concen-
trations of up to 11.4 ng L−1 for E1, 3.7 ng L−1 for E2 and 4.0 ng L−1

for EE2 (Deich et al., submitted; Zhang et al., 2014).
The aim of this study is to detect estrogens in the marine environ-

ment prone to be influenced by the seasonally varying monsoon and

the hereof resulting drastic change in river discharge. Furthermore,
this study aims to relate the observed distribution pattern to the pre-
vailing hydrographic conditions in the area spanning from the PRE
over the shelf and continental slope towards the deep SCS. Surface
water samples from two research cruises, in September 2018 and in Au-
gust 2019, were analyzed for the substances E1, E2, EE2, DAI, GEN and
ZEN. The analytes concentrations and distribution patterns were com-
pared between both years and related to the modeled surface currents
in the SCS. In addition, the estrogenic potential was calculated, and the
potential risk that might act on marine organisms was assessed.

2. Material and methods

2.1. Study site

This study was conducted as part of the Sino-German project
MEGAPOL funded by the German Federal Ministry of Education and
Research (BMBF, Germany) and the State Oceanic Administration
(SOA, China). The sampling area stretches from the northern continen-
tal shelf of the South China Sea across the continental slope to the deep
SCS (17–23°N, 112–117°E, Fig. 1A).

The South China Sea is a large marginal sea in the western Pacific
Ocean, with a size of approximately 3.5 × 106 km2 (Su, 2004). High riv-
erine outflows influence the coast of the northern South China Sea
(NSCS). The coastal area is home of a dense population, and its industri-
alization has undergone rapid development in recent years. This conse-
quentially leads to high quantities of domestic as well as industrial
wastewater draining into rivers and thereby into themarine ecosystem.
Midway along the coast of the sampling area lies the Pearl River, known
as one of China's largest rivers with a highly urbanized catchment area,
that drains into the SCS through the Pearl River Estuary. For example,
discharge rates of the PRE are up to 42,430 m3 s−1 with significant
hourly and daily changes (He et al., 2016), which add up to
3.4 × 1011 m3 of discharge per year (Gong et al., 2009; Ni et al., 2008).
As a consequence of the high riverine discharges, the coast of the
NSCS is nutrient-rich, whereas the wide basin of the northern South
China Sea remains oligotrophic (He et al., 2016).

The prevailing East Asia monsoon winds influence the SCS and its
circulation (Hu et al., 2000). In summer, the southwesterly monsoon
causes an anticyclonic surface circulation,while inwinter a cyclonic sur-
face circulation is observed. In the study area, large-scale surface cur-
rents in the NSCS are the Guangdong Coastal Current (GCC), the South
China Sea Warm Current (SCSWC) and the South China Sea Branch of
Kuroshio (SCSBK) (Fig. 1B).

The GCC is observed at the coast of the Chinese Guangdong province
and is affected by the strength of Pearl River discharge. The GCC itself is
divided by the PRE into the eastern GCC (EGCC) and western GCC
(WGCC; Fig. 1B). The EGCC flows with the monsoons and enters the
East China Sea through the Taiwan Strait in summer. The WGCC flows
southwesterly all year round along the coast and enters the Gulf of
Tonkin via the Qiongzhou Strait (Chen et al., 2019; Huang et al., 1994).
However, a strong prevailing summer monsoon might reverse the
WGCC into a northeastward direction (Huang et al., 1994). The Pearl
River Plume or Zhujiang River DilutedWater (ZRDW)might be directed
eastwards during a strong summer monsoon due to the resulting anti-
cyclonic surface circulation and the reversed, eastern directed WGCC
(Bai et al., 2015). However, easterly seasonal and inter-annual varia-
tions are observed and are directly correlated to the water discharge
of the Pearl River (Huang et al., 1994). For example, upon high riverine
discharge during the wet season and an existing cyclonic cold eddy oc-
curring near Dongsha Island (20.7°N, 116.7°E, Fig. 1B), the buoyant
plume might be entrained across the shelf into the oligotrophic basin
(He et al., 2016; Huang et al., 1994).

Further off-shore, the South China Sea Warm Current is observed at
100–200 m-isobath and is known as a northeastward bound current
throughout the year, which intensifies in summer and weakens during
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thewintermonsoon (Huang et al., 1994;Wang et al., 2014). South of the
SCSWC flows the South China Sea Branch of Kuroshio, which can be
regarded as a compensatory current (SCSBK, Fig. 1B). It is known as a
relatively stable (south-)westerly current that originates from the
Kuroshio Current, a north-flowing surface current in the northern Pa-
cific Ocean that flows east of the Philippines along the coast of Luzon
and Taiwan. It weakens during the winter monsoon and part of the
Kuroshio Current intrudes the SCS through the Luzon Strait (Huang
et al., 1994; Hu et al., 2000).

2.2. Chemicals

Target analyte standards of GEN, DAI and ZEN were obtained from
Sigma Aldrich (Taufkirchen, Germany). E1, E2, EE2 and the respective
internal standards E1-d, E2-d, EE2-d were obtained from Neochema
GmbH(Bodenheim,Germany).Working solutions of analytes and inter-
nal standardswere prepared in analytical gradewater suitable for liquid
chromatography-mass spectrometry (LC-MS grade; Merck KGaA,
Darmstadt, Germany). Further, LC-MS grade solvents ACN and MeOH
were obtained from Promochem (Wesel, Germany), and EtOAc was ob-
tained from Merck KGaA (Darmstadt, Germany). Calibration samples
were prepared with Milli-Q water (Milli-Q® water purification system,
Merck Millipore, Darmstadt, Germany). HCl and NH4F were purchased
from VWR International GmbH (Hannover, Germany).

2.3. Sample treatment

Water samples were taken in the wet season during a cruise on
board of the Chinese R/V Hai Yang Di Zhi Shi Hao in September 2018
and on board of the German R/V SONNE in August 2019 (Fig. 1A). Sur-
face water was collected with a CTD SBE 911 rosette system and stored
in 1 L amber glass bottles. The samples were acidified with 5 MHCl to a
pH of 2–3. 1mL of internal standard stock solution (IS)was added to the
samples. In 2018, the IS contained 20 ng mL−1 of E1-d, E2-d and EE2-d,
whereas it contained 1 ngmL−1 of E1-d and 2 ngmL−1 of E2-d and EE2-
d in 2019. Subsequently, samples were enriched over a filtration
unit with a glass fiber filter (WhatmanTM, 0.7 μm) attached to a
pre-conditioned C18 ec cartridge (Chromabond®, Macherey-Nagel,

Düren, Germany). After the enrichment step, the columnswere washed
with 2.5 mL of 5% aqueous MeOH solution and analytical grade water
each. The columns were then shortly dried under gentle vacuum. The
samples were kept at−20 °C until further analysis in the home labora-
tory at Leibniz Institute for Baltic Sea Research in Warnemünde,
Germany.

There, the analytes were eluted from the columns with 10 mL of
EtOAc:MeOH (30:70, v:v) over an attached Aminopropyl Sep-Pak Plus
cartridge (Waters, Eschborn, Germany) (Kumar et al., 2009). The extract
was blown until dryness under a gentle stream of clean air in a 40 °C
water bath, subsequently reconstituted in 1 mL of ACN:analytical
grade water (30:70, v:v) and passed through a syringe filter.

2.4. Instrumental analysis

Chromatographic separation of analytes was conducted on a
Nexera-i Shimadzu system (Shimadzu, Berlin, Germany) equipped
with a Kinetex Biphenyl column (150 mm × 4.6 mm × 2.6 μm,
Phenomenex, Aschaffenburg, Germany). Gradient separation was
performed with analytical grade water, ACN and 15 mM NH4F at
0.2 mL min−1. Detection of analyte masses was conducted on a heated
electro spray ionization coupled to a MS8060 tandemmass spectrome-
ter (Shimadzu, Berlin, Germany). Intensive mass transitions were se-
lected for each analyte. The most intensive mass transition was used
for quantification (quantifier), while the other transitions were used
for analyte qualification (qualifier, for more details see Supplementary
material). Samples were measured twice, and the mean was taken for
quantification.

Quantification was conducted using calibrations with internal stan-
dards in the range of 0–0.8 ng L−1 in 2018 and 0–1.0 ng L−1 in 2019.
Generally, calibration samples were prepared with Milli-Q water and
were subsequently filtered, enriched by solid phase extraction and
then analyzed with LC-MS/MS. Limits of detection (LOD) and quantifi-
cation (LOQ) were determined using a calibration containing all
targeted analytes, which was set up with an environmental water sam-
ple (for more details see Supplementary material). LOD and LOQ were
0.1 ng L−1 and 0.3 ng L−1 for E1, 0.2 ng L−1 and 0.3 ng L−1 for E2,
0.3 ng L−1 and 0.6 ng L−1 for EE2, 0.4 ng L−1 and 0.7 ng L−1 for GEN,
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Fig. 1. A Sampling stations in the northern South China Sea (NSCS). Stations sampled in September 2018 and August 2019 (●), only in September 2018 (○) and only in August 2019 ( ).
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0.3 ng L−1 and 0.5 ng L−1 for DAI and 0.1 ng L−1 and 0.2 ng L−1 for ZEN.
If the concentration was below the LOD, the sample was not considered
for further evaluation and is referred to as not detected (n.d.). One sam-
ple from 2018 (SCS-6) and two from 2019 (SCS-35, SCS-54) were ex-
cluded from further evaluation due to complete loss of internal
standard during the clean-up procedure.

2.5. Ocean model

In this study, we applied the regional 3D hydrodynamic Hamburg
Shelf Ocean Model, HAMSOM (Backhaus, 1985; Pohlmann, 2006) to
the northern South China Sea (13–24°N, 105–121°E). The horizontal
spatial resolution is 2′ (approximately 3 km) with 22 layers in vertical
direction. The numerical simulation was performed from 2017 to 2019
with a time step of 90 s, using the first year to spin-up the model. We
saved daily averaged values of sea surface height and current velocity
for the years 2018 and 2019 to subsequently drive the tracer model
(Hainbucher et al., 1987). The bathymetry data were derived from ma-
rine navigational charts.

Regarding the driving force of the ocean model, tides, atmospheric
forcing and river input were considered. The atmospheric forcing was
obtained from hourly ERA5 data (Copernicus Climate Change Service
(C3S), 2017) with a spatial resolution of 0.25°, and it comprises wind,

sea level pressure, air temperature, cloudiness, precipitation and rela-
tive humidity. The river input was extracted from the monthly climato-
logical WaterGAP model data (Müller Schmied et al., 2014), with a
horizontal resolution of 0.5°. The only exception was made for the
Pearl River, for which monthly observational data from the “Ministry
of Water Resources of the P.R. China” were utilized. Tides were added
to the open boundary sea surface height, using 13 tidal components ex-
tracted from the TPXO8-atlas_v1 dataset (Egbert and Erofeeva, 2002).
The open boundary and initial temperature and salinity fields were ob-
tained from the Mercator-Ocean dataset (https://resources.marine.
copernicus.eu/?option=com_csw&view=details&product_id=
GLOBAL_ANALYSIS_FORECAST_PHY_001_024). The open boundary sea
surface heights were derived from the same data set. However, in
order to obtain a reasonable Kuroshio intrusion, dynamic heights had
to be replaced by the ones calculated by HAMSOM.

The model results were validated using CTD profiles of temperature
and salinity at different positions within the working area and model
domain. An example of themodeled vertical distribution of temperature
and salinity at station SCS-39 is shown in the Supplementary material
(Fig. S2) for 2018 and 2019. Taking into account the limitations of the
simulation, the model results show a reasonable agreement with the
observations.

3. Results and discussion

3.1. Estrogen concentration in September 2018

Within the SCS, E1 is the predominant estrogen and was detected in
all surface water samples except for SCS-5 (Table 1, Fig. 2). Both high
and low E1 concentrations spread from the shelf to the deep sea
(0.2–1.0 ng L−1, Fig. 2A). Moderately higher E1 concentrations are lo-
cated primarily at the western sampling sites as well as at the near-
shore stations (up to 1.0 ng L−1). Besides E1, only EE2 was observed
as another estrogenic substance during this cruise in September 2018.
Highest EE2 concentrations were also present in proximity to the
coast and reached up to 0.6 ng L−1 (Fig. 2B). The observed estrogen con-
centrations are of the same order of magnitude as those observed by
Zhang et al. (2014), who as well determined estrogenic compounds in
the South China Sea during the wet season (Table 2).

Modeledmonthly mean surface currents for September 2018 (sum-
mer monsoon) show a comparably strong WGCC, whereas the EGCC is
comparatively weak. Also, a weak northwards directed SCSWC is

Table 1
Estrogen concentration in surface water samples from cruises in September 2018 and Au-
gust 2019,with detection frequency andnumber of sampleswith detectable estrogen con-
centrations versus the number of analyzed samples (in parentheses), n.d.= not detected,
n.a. = not applicable.

Compound Cruise Min Max Mean Detection
frequency [%]

[ng L−1]

E1 Sep 18 0.2 1.0 0.5 98 (56/57)
Aug 19 0.2 1.1 0.6 100 (44/44)

E2 Sep 18 n.d. n.d. n.a. 0 (0/57)
Aug 19 0.2 0.7 0.3 32 (14/44)

EE2 Sep 18 0.4 0.6 0.4 12 (7/57)
Aug 19 0.3 0.6 0.4 39 (17/44)

GEN Sep 18 n.d. n.d. n.a. 0 (0/57)
Aug 19 1.2 1.2 n.a. 2 (1/44)

DAI Sep 18 n.d. n.d. n.a. 0 (0/57)
Aug 19 n.d. n.d. n.a. 0 (0/44)

ZEN Sep 18 n.d. n.d. n.a. 0 (0/57)
Aug 19 n.d. n.d. n.a. 0 (0/44)

Fig. 2. Concentration of A E1 and B EE2 with modeled surface currents (→, HAMSOM), bathymetry (solid lines, from ETOPO1, Amante and Eakins, 2009), 200 m-isobath and sea surface
density from the cruise in September 2018 (color coded, calculated using temperature and salinity CTD data at surface, UNESCO, 1983). The size of ● is related to the detected
concentrations, n.d. = not detected (*). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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observed at the shelf, and a southwestwards directed SCSBK south of
the 200 m-isobath. The modeled surface currents show a southwest-
wards driven Pearl River plume that only partially affects the near-
shore sampling stations. It should be mentioned that we present
monthlymean currents together with quasi-synoptic discretemeasure-
ments, and therefore the temporal current variability is suppressed.

Generally, it is assumed that the targeted hormones enter the sea
mainly through freshwater inputs, which would result in a concentra-
tion gradient from the continental shelf towards the wide basin of the
South China Sea. However, changes in this concentration gradient
might arise through adsorption onto particles and subsequent sedimen-
tation as well as degradation during the transport. For example, E1 is a
major breakdown product of E2 and EE2 (Adeel et al., 2017), which
could account for the high abundance and high concentrations of E1.

In addition, horizontal and verticalmixing (e.g. cross-shelf transport,
eddies) should also be considered as a possible way of estrogen trans-
port into the open sea. In 2018, E1 concentrations increased towards
off-shore stations along the middle transect (SCS-29 to SCS-41,
0.2–0.7 ng L−1). Measured temperature and salinity, as well as the cal-
culated density at surface, indicate different water bodies in the study
area (Fig. 2A). Especially along the middle transect, the stations with
low concentrations are influenced by comparatively denser seawater
(σt ≥ 21 kg m−3). The stations SCS-29–41, 43–46, 49–51 were sampled
after the passage of the super-typhoon “Mangkhut”, which intensified
the mixing within the upper 20–30 m of the water column and subse-
quently led to density changes (Liu et al., 2020). However, we cannot
determine the exact influence of the typhoon on the estrogen concen-
trations and spatial pattern, as data from stations sampled before and
after are not available.

For this cruise, Pearson correlation coefficients were determined for
estrogen concentrations, temperature, salinity and chlorophyll a
(Table S3). A negative correlation was observed for E1 concentrations
and salinity (R = − 0.48, p < 0.01), which could indicate freshwater
input of E1. Furthermore, a positive correlation with chlorophyll a
(R = 0.33, p < 0.05) was observed for E1 concentrations.

3.2. Estrogen concentration in August 2019

In 2019, 44 stations were sampled and analyzed for estrogenic com-
pounds. As in 2018, E1was dominant at all stations with concentrations
ranging from 0.2 to 1.1 ng L−1 (Fig. 3A). In addition, the hormones EE2
and E2were detectedmore frequently during this cruise (Table 1), with
concentrations of 0.3–0.6 ng L−1 and 0.2–0.7 ng L−1, respectively
(Fig. 3B, C).

In contrast to 2018, comparably high estrogen concentrations of E1,
EE2 and E2were detected at eastern sampling sites, particularly at those
stations in proximity to the coast (Fig. 3). Less dense water (σt ≤ 18 kg
m−3) observed at western stations close to the coast (SCS-19, 24–25,
65–68) is attributed to the Pearl River plume. Interestingly, even though

potentially influenced by riverine water, those stations show low estro-
gen concentrations. Less dense water (18 kgm−3 ≤ σt ≤ 21 kgm−3) also
occurred at eastern stations close to the coast (SCS-29–30, 42–43,
46–50, 69–70), which is attributed to the Pearl River plume as well,
that has already drained into SCS and mixed with the surface seawater
brought by the SCSWC.

In 2019, the sampleswere also taken in summer, i.e., the sample area
was under the influence of the southwest monsoon as in 2018. The
modeled surface currents show a comparatively weak WGCC, while
the EGCC is comparatively strong. Also, the northeastwards SCSWC is
strong during this sampling period compared to the previous year. Con-
sequently, the Pearl River plume is deflected eastwards andwas present
west of Dongsha Island (20.7°N, 116.7°E). The comparatively less dense
water and the direction of the flow suggest that the high concentrations
of hormones are likely to be carried into the SCS via the Pearl River out-
flow.However, there is no significant correlation between estrogen con-
centrations and salinity in 2019 (Table S4). The significant positive
correlations between E1 and E2 (R = 0.66, p < 0.01) as well as E1 and
EE2 (R=0.62, p<0.01)might imply a similar source of these estrogens
and a similar distribution within the northern South China Sea.

Both sampling campaignswere conducted in thewet season, but the
spatial distribution of estrogen varied between both years. Themodeled
surface current data indicated inter-annual differences of surface cur-
rents. Also, the sea surface density showed different water bodies in
both years. In contrast to 2018, a buoyant Pearl River plume was ob-
served in 2019, which affects the coast near stations. The pronounced
influence of the Pearl River plumeand its direction could cause the vary-
ing estrogen concentrations in the northern South China Sea and could
explain the abundance of E2 in 2019. To the best of our knowledge, little
is known about the residence time of estrogenic substances in marine
systems. Therefore, the differences between 2018 and 2019 may arise
through the sampling of water bodies of different ages. In addition, it
is possible that a fresh input of estrogens was measured in 2019 and
E2 was not yet degraded to E1. In this regard, ratios of E1/E2 and E1/
EE2 were calculated. For example, the ratios at station SCS-68 show an
E1/E2 ratio of 1.9 and at station SCS-52 4.8. The ratio of E1/EE2 also in-
creases from SCS-68 to SCS-52 from1.6 to 2.4. However, a clear distribu-
tion pattern was not derived (data not shown). Thus, it cannot be
concluded that the share of E1 increases due to the degradation of E2
and EE2, or if rather horizontal and vertical mixing, adsorption and sed-
imentation are the major factors causing the observed distribution
patterns.

For comparison, Zhang et al. (2014) reported elevated estrogen con-
centrations in the SCS also at stations which are presumably influenced
by the Pearl River plume (Table 2). In that study, high concentrations of
EE2 (3.99 ng L−1) were detected at the estuary's mouth and decreased
towards the wide basin of the SCS. In a study of Xu et al. (2014) con-
ducted in the Pearl River Estuary, E1, E2 and EE2 were detected in the
receiving river water (Table 2). However, concentrations decreased

Table 2
Estrogen concentration in surface water samples determined in other studies, n.d. = not detected, n.a. = not applicable.

Region E1 E2 EE2 GEN DAI ZEN Time Reference

[ng L−1]

South China Sea n.d.–1.0 n.d. n.d.–0.6 n.d. n.d. n.d. Sep 2018 (wet season) This study
0.2–1.1 n.d.–0.7 n.d.–0.7 n.d.–1.2 n.d. n.d. Aug 2019 (wet season)

South China Sea n.d.–11.16 n.d.–3.71 n.d.–3.99 n.a. n.a. n.a. Aug 2012 (wet season) Zhang et al. (2014)
Pearl River Estuary, China n.d.–3.6 n.d. n.d.–0.7 n.d.–12.9 n.d.–11.9 n.d.–1.9 Sep 2018 (wet season) Deich et al., submitted
PRE, receiving water, China 3.2–14 <LOQ–0.42 1.3–4.2 n.a. n.a. n.a. June 2011 (wet season) Xu et al. (2014)
PRE, river outlets, China <LOQ–1.2 <LOQ <LOQ–1.2 n.a. n.a. n.a. June 2009 (wet season)

<LOQ–3.1 <LOQ <LOQ–1.56 n.a. n.a. n.a. Jan 2010 (dry season)
Maluan Bay, China 0.56–3.8 0.55–1.62 1.14–2.39 n.a. n.a. n.a. Nov 2015 (dry season) Wang et al. (2017)
Halifax Harbour, Canada n.a. n.d.–0.47 <0.14 n.a. n.a. n.a. July 2005 Robinson et al. (2009)
Coastal areas, Kuwait n.d. n.d.–6.6 n.d.–25.6 n.a. n.a. n.a. Oct 2015–Aug 2016 Saeed et al. (2017)
Mira River, Portugal 4.1±0.4 32.0±12.0 42.2±5.7 40.3±3.2 17.4±3.0 n.a. June/Sep 2011 Rocha et al. (2016)
Baltic Sea, Germany 0.1–0.53 n.d. n.d.–17.2 n.d. n.d. n.a. July 2003, 2004 Beck et al. (2005)
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towards the estuary's mouth, where only traces of E1 and EE2 (up to
1.2 ng L−1) were detected. Also, only E1 (up to 3.6 ng L−1) and EE2
(up to 0.7 ng L−1) were reported by Deich et al. (submitted) in the
Pearl River Estuary. Nevertheless, the existing studies reported variabil-
ity of the distribution of estrogenic substances of different degree.
Hence, the understanding of the distribution pattern is still limited
and does not allow a final conclusion regarding the occurrence or ab-
sence of individual estrogenic substances.

3.3. Plant- and fungi derived estrogens

Estrogen-like substances produced by plants or fungi are known to
elicit an estrogenic effect on organisms' endocrine systems. However,
only limited data are available regarding their presence in the marine

environment. Hence, their investigation is of increasing relevance. In
this study, we analyzed all samples taken in the NSCS for GEN, DAI
and ZEN. Among them, only GEN was detected with a concentration
of 1.2 ng L−1 at a single station close to the coast (SCS-14, 2019).

On the one hand, phytoestrogens and mycoestrogens are produced
on land by different plant or fungi species and can be introduced into
the marine system via river waters (Jarošová et al., 2015; Schenzel
et al., 2012). On the other hand, there is evidence of phytoestrogens in
cells of algae and cyanobacteria species, which can be released upon
cell death, as well as in their exudates (Gong et al., 2014; Sychrová
et al., 2012). Rocha et al. (2013) and Ribeiro et al. (2016) reported
that phytoestrogens occur more frequently in the Douro River
(Portugal) with the beginning of the vegetation period in the spring
and summer. In addition, Ribeiro et al. (2009) showed that the concen-
tration of GEN and DAI in the Douro River increased due to a prolonged
drought and becamediluted upon rainfall. GEN, DAI aswell as ZENwere
investigated in the Pearl River Estuary in a previous study (September
2018, wet season, Deich et al., submitted), and GEN and DAI were de-
tected at the estuary's mouth with concentrations of 2.4 ng L−1 and
6.8 ng L−1, respectively (Table 2). Hence, it is possible that the sub-
stances, which were transported via the Pearl River water, were
strongly diluted within the marine system, or that they might have de-
graded. Moreover, this study investigated only filtrated surface water
samples. Thereby, any estrogen-like substances adsorbed onto particles
were disregarded. Apart from the shelf, the NSCS is an oligotrophic sys-
tem with limited primary production and a chlorophyll a maximum at
depths of 50–60 m. Thus, the maximum of phytoestrogens produced
within the marine system may not have been considered.

3.4. Estrogenic activity

Estradiol equivalent quotients (EEQ) were calculated according to
Eq. (1) to estimate the estrogenic activity of each water sample (Beck
et al., 2006). The cumulative quotient indicates the estrogenic potential,
which can act on organisms in the aquatic environment in relation to
the natural hormone E2. The EEQ takes into account the distinct equiv-
alent factor of each estrogen (EEFi) as well as the measured environ-
mental concentration (Ci). Equivalence factors, i.e., the relative
potency of the target analyte compared to E2, of E1, E2 and EE2 are
0.25, 1 and 1.25, respectively (Beck et al., 2006) indicating that E1 is
less potent than E2, whereas EE2 has a stronger estrogenic effect on or-
ganisms compared to E2.

EEQ ¼ ∑EEF ið Þ � C ið Þ ð1Þ

In 2018, calculated EEQ in the SCS based on E1, E2 and EE2 concen-
trations ranged from <0.1–0.9 ng L−1. Comparatively high EEQs were
observed at sampling sites near the coast (Fig. 4). Although E1 was de-
tected ubiquitously in the SCS, elevated EEQs were mainly observed at
sampling sites where EE2was detected aswell. Because of its strong es-
trogenic potency, EE2 accounts for up to 82% of estrogenic activity at its
occurrence. During the cruise in August 2019, EEQs were in the range of
0.1–1.4 ng L−1. High EEQs were detected east of the PRE at near-shore
sampling sites mirroring the total amount of the estrogens detected in
this area. Where present, E2 and EE2 contributed up to 66% and 92%
to the estrogenic activity, respectively.

Overall, the observed EEQs in both years are in good agreementwith
those of Zhang et al. (2014) who detected elevated EEQ (up to
4.7 ng L−1) in proximity to the coast or estuaries of the SCS. Other stud-
ies have shown calculated EEQ in the range of 4.2–10.6 ng L−1 in the
Maluan Coastal Bay, China (Wang et al., 2017) and 5–13.8 ng L−1 in
the Yundang Lagoon, China (Zhang et al., 2011). However, when esti-
mating the estrogenic potential based on chemical analysis, it is impor-
tant to note that the calculations rely solely on the herein targeted
hormones. Thereby, other estrogenic substances are not included into
consideration and interactions such as synergistic or antagonistic effects

Fig. 3. Concentration of A E1, B EE2 and C E2 with modeled surface currents (→,
HAMSOM), bathymetry (solid lines, from ETOPO1, Amante and Eakins, 2009), 200 m
isobath and sea surface density from the cruise in August 2019 (color coded, calculated
using temperature and salinity CTD data at surface, UNESCO, 1983). The size of ● is
related to the detected concentrations, n.d. = not detected (*). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

C. Deich, H.C. Frazão, J.-S. Appelt et al. Science of the Total Environment 770 (2021) 145239

6



among the substances are not considered aswell. The results emphasize
the relevance of studies under the whole spectrum of environmental
conditions, taking into account environmental concentrations, but also
the full range of natural and synthetic substances in the water sample
that could potentially affect aquatic organisms.

3.5. Risk assessment

In order to estimate the potential risk arising from the observed es-
trogen compound concentration, a risk assessmentwas performed. This
considers observed environmental concentrations in relation to the pre-
dicted no-effect concentration of a particular estrogen (PNEC). If the ob-
tained risk quotient (RQ) is less than 0.1, low risk tomarine organisms is
considered. RQ between 0.1 and 1 is considered as medium risk, while
RQ above 1 depicts a high potential risk for the organisms in the envi-
ronment (Hernando et al., 2006).

Observed RQ based on E1 concentration and a PNEC of 6 ng L−1

(Caldwell et al., 2012) show a low tomoderate risk tomarine organisms
in both years (Fig. 5A, B). In 2018, no concise distribution pattern can be
identified for RQs based on E1 concentrations. A moderate risk is ob-
served sporadically at stations near the coast as well as at stations fur-
ther off-shore (Fig. 5A). In contrast to 2018, moderate risk based on E1
predominantly occurs at near-shore stations under the influence of
the Pearl River plume in 2019 (Fig. 5B). However, moderate RQs also
occur sporadically at stations further off-shore as well. Among the stud-
ied and detected estrogens, EE2 is the most potent and potentially
harmful estrogen, which is reflected in the comparably low PNEC of
0.1 ng L−1 (Caldwell et al., 2012). EE2 concentrations were present in
both years in surface waters mainly close to the coast, and the resulting
RQs could already pose a high potential risk to the marine organisms at
these stations (Fig. 5C, D). In 2018, E2 was not detected, and therefore a
RQ could not be derived. In 2019, E2was detected at stations close to the

coast, and the derived RQs indicate a medium risk to marine organisms
for this estrogen (Fig. 5E).

Overall, both years show that comparatively high RQs occur
mainly at near-shore stations under the influence of the Pearl River
plume. This leads to the conclusion that marine organisms at the
coast are at higher risk than those further off-shore. However, due
to the seasonal variability, the inter-annual variability and the
prevailing complex surface currents system in the SCS, estrogens
might be transported off-shore, where they might pose a potential
threat as well.

In addition, RQs can also be assessed for the estrogenic potential in-
stead of considering separate RQs for individual substances. For this, a
PNEC of 1 ng L−1 is suggested for EEQ (Jarošová et al., 2015). In this
case, EEQ levels observed in 2018 could result in a low to moderate
risk, while in 2019, EEQmight pose a high potential threat tomarine or-
ganisms (Fig. 4C, D). This is mainly dominated by the occurrence of EE2
in 2019 compared to 2018. In both years, comparatively high RQs were
present at stations near the coast, which are frequently influenced by
riverine waters that might contain estrogenic substances.

The risk quotients obtained from individual estrogenic compounds
differ from those related to the cumulative estrogenic potential. The dif-
ferences presumably derive from the cumulative PNEC value that is con-
sidered for the EEQ risk assessment. However, this value does not take
into account the different composition of the samples. Although the rel-
ative estrogenic equivalent factors of individual substances are included
in the calculated EEQ, it does not correspond to the cumulative PNEC.
Using station SCS-10 (2018) as an example, the RQ is <0.1 considering
E1 concentrations (Fig. 5A),while it is >0.1 considering the EEQ, despite
E1 being the only contributor to the calculated estrogenic potential at
that station (Fig. 4C). Thus, regarding only the risk quotient of EEQ
could lead to overestimation of the risk. However, the risk can be
underestimated as well, e.g., station SCS-52 (2019) reveals a moderate
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potential risk regarding RQ based on EEQ (Fig. 4D), while the EE2 con-
centration suggests that a high potential risk should be considered
(Fig. 5D).

In this regard, a cumulative RQ can be derived (Fig. 6), which results
from the addition of RQs obtained from individual substances
(Gustavsson et al., 2017; Posthuma et al., 2019). At station SCS-72
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(August 2019, Fig. 6A), the cumulative RQ shows a high risk as already
observed for the RQ based on EEQ values (Fig. 4D). In contrast, station
SCS-67 (August 2019, Fig. 6B) shows a high potential risk based on the
cumulative RQ as well, however the RQ based on EEQ indicates only a
moderate risk.

Overall, the risk assessment and the calculated EEQ must be
viewed critically, as they only consider the targeted estrogenic com-
pounds, which ultimately might not reflect the actual situation,
i.e., combinatory effects between substances, to which marine or-
ganisms in this area might be exposed. Furthermore, long-term ex-
posure effects cannot be assessed, as this would have to include
comprehensive monitoring of the sampling area as well as in vitro
and in vivo tests with the marine organisms from the respective
region.

4. Conclusion

In this study, surface water samples obtained from the northern
South China Sea were investigated for selected estrogenic substances
in September 2018 and August 2019. It was shown that high estrogenic
concentrations were mostly detected at stations under the influence of
the Pearl River plume which drained differently into the NSCS during
both cruises, i.e., comparably high concentrations for all estrogenic com-
pounds were detected at the northern shelf of SCS at the stations close
to the coast. The observed distribution patterns reflect the transport
pathway based on modeled monthly mean surface currents.

Although naturally occurring E1 was the most frequently detected
estrogen in this study, the NSCS is also anthropogenically pressured by
the synthetic EE2, which itself is supposedly the most potent steroidal
estrogen. In contrast to steroidal estrogens, both phytoestrogens DAI,
GEN and themycoestrogen ZENwere hardly detected in the surfacewa-
ters of the NSCS, leading to the assumption that those transported via
rivers into the marine environment have been removed from the
water column, and that the production of phytoestrogens might occur
at different depths in the water column. Furthermore, there is a need
for studies on the occurrence of plant- and fungi-derived estrogens
and their ecotoxicological effects on the marine environment, which
also require improved methods for their analysis.

Calculated estrogenic activity in the South China Sea arises mainly
from steroidal estrogens and could pose a medium to high potential
threat to marine organisms at coastal areas based on calculated risk
quotients. The risk assessment performed in this study provides a useful
tool for a first overview of the SCS's status. Nevertheless, combined test
systems, e.g., in vitro and in vivo biological test in combination with sin-
gle compound analysis, are indispensable in order to assess the poten-
tial risk to the marine organisms accurately.
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A. Appendix
Table A.1.: Literature referred to in Fig. 1.2, n.d. = not detected, n.a. = not analyzed.

Region Lon Lat E1 E2 EE2 Reference

[°E] [°N] [ng L−1]

Antarctic -60.76 -62.96 0.05 0.04 0.14 Esteban et al., 2016
Antarctic 166.35 -77.64 <7 n.d. <1.4 Emnet et al., 2015
Argentina -58.01 -35.64 n.d. 369 43 Valdés et al., 2015
Australia 152.83 -27.47 5.08 1.54 0.22 Ying et al., 2009
Brazil -47.58 -22.02 14.7 14.8 0.16 Campanha et al., 2015
Canada -72.86 46.19 6 38 n.a. Cathum & Sabik, 2001
Canada -63.58 45.70 n.a. 0.57 0.14 Robinson et al., 2009
China 117.49 39.18 49.8 21.2 24.4 Lei et al., 2009
China 114 20 11.38 3.7 3.99 Zhang et al., 2014
China 103.38 35 15.61 2.3 n.a. Wang et al., 2012
France 2.35 48.84 3 3 2.9 Cargouet et al., 2004
Germany 11.36 54.02 0.53 n.d. 17.2 Beck et al., 2005
Germany 8.49 49.57 19 5.6 1.5 Pawlowski et al., 2004
Indonesia 106.91 -6.69 77.5 6.4 9.1 Duong et al., 2010
Iran 48.57 34.57 9 10 2 Jafari et al., 2009
Italy 12.56 41.91 9.3 1 0.45 Baronti et al., 2000
Japan 140.1 35.94 6.6 1 n.d. Isobe et al., 2003
Kuwait 47.77 29.31 n.d. 6.6 25.6 Saeed et al., 2017
Laos 102.24 19.1 4.5 6.4 22.4 Duong et al., 2010
Malaysia 116.18 6.05 6.5 2.3 8.6 Duong et al., 2010
Mexico -99.16 19.54 0.17 0.02 0.06 Gibson et al., 2007
Netherlands 5.29 52.58 7.2 1 0.4 Vethaak et al., 2005
Norway 2.88 63.12 50 0.25 0 Tollefsen et al., 2007
Portugal -8.78 37.72 25.1 58.8 42.2 Rocha et al., 2016
South Africa 23.62 -33.95 1.06 0.135 n.a. Farounbi & Ngqwala, 2020
South Korea 126.77 34.96 12.2 5.6 4.5 Duong et al., 2010
Spain 1.88 41.58 8.1 7.6 5 Petrovic et al., 2002
Taiwan 121.04 25 31.1 14.5 14.1 Chen et al., 2007
Thailand 105.47 15.28 26.1 7.5 10.4 Duong et al., 2010
Uruguay -54.28 -34.68 n.d. 2.35 11.6 Griffero et al., 2019
USA -70.99 42.33 0.5 0.09 0.09 Griffith et al., 2016
USA -156.36 21.80 1.7 n.a. n.a. Atkinson et al., 2002
USA -80.39 25.11 5.2 1.8 n.d. Singh et al., 2010
USA -90.23 29.82 4.7 4.5 n.d. Zhang et al., 2007
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