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� Total Hg and Methyl-Hg were
analyzed in bream from five rivers
and one lake in Europe.
� Between 2007 and 2013 the

environmental quality standard for
Hg was exceeded at all riverine sites.
� Highest Hg levels were detected in

the Rhône (FR), Göta älv (SE) and
Western Scheldt (NL).
� Since 2007 THg and Methyl-Hg

significantly decreased in bream from
the Rhône estuary.
� The Methyl-Hg fraction of THg was

always >80% and comparable at all
riverine sites.
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Levels and trends of total mercury (THg) and methylmercury (MeHg) compounds in bream (Abramis
brama) from different European sites were compared. Bream were collected between 2007 and 2013
in the estuaries of the rivers Scheldt (Netherlands), Rhône (France), Göta älv (Sweden), Tees (United
Kingdom), and Mersey (UK), and in Lake Belau (Germany). A direct mercury analyzer was used to deter-
mine THg concentrations while MeHg was measured by gas chromatography/inductively coupled
plasma-mass spectrometry applying stable isotope dilution. THg and MeHg in annual pool samples of
bream ranged between 15.9 and 251 lg kg�1 wet weight (ww) with lowest concentrations found at
the reference site Lake Belau and highest in samples from the river Rhône. The EU environmental quality
standard (EQS) of 20 lg kg�1 ww was exceeded at all sites and in all years except at Lake Belau in 2012.
Significantly decreasing trends over time were observed only in bream from the Rhône, while THg
increased in bream from the Western Scheldt. The MeHg fractions of THg were always >80% and a signif-
icant difference between sites was detected only in one case (Rhône vs. Lake Belau).
� 2015 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

Mercury (Hg) is in the focus of environmental science since
many years because of its ubiquitous presence in the ecosphere
and its high toxicity. It exists in a large number of different
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physical and chemical forms of which elemental Hg and
monomethylmercury compounds (CH3HgX, here designated as
MeHg) are the most relevant. Especially MeHg is of great concern
because of its combination of high toxicity and high potential for
bioaccumulation and biomagnification (EQS substance data sheet,
2005; Merian et al., 2004).

A major part of the environmental Hg is of anthropogenic origin
and enters aquatic ecosystems via atmospheric deposition
(E-PRTR, 2014; Lepom et al., 2012; Merian et al., 2004; Pacyna
et al., 2009). Emission reduction is therefore of decisive impor-
tance. With the new Minamata Convention on Mercury (UNEP,
2013) a global treaty was agreed upon to protect human health
and the environment. It includes, e.g., a ban on new mercury
mines, the phase-out of existing ones and control measures on
air emissions.

The European Water Framework Directive (WFD, EC, 2000) sets
an environmental quality standard (EQS) for Hg at 20 lg kg�1 wet
weight (ww) in fish (EC, 2008, 2013). The EQS is intended to pro-
tect top predators against secondary poisoning and refers to total
Hg (i.e., the sum of inorganic and organic Hg species). However,
because of its special environmental relevance, speciation analysis
is worthwhile to determine the fraction of MeHg in fish samples
and study whether this fraction is constant or differs between
years and geographical sites. This approach allows a risk assess-
ment based on the actual present Hg species.

The aim of the present study is the comparison of different
freshwater sites in Europe regarding levels and trends of THg and
MeHg in fish. To enhance comparability, uniform methods of
chemical analysis were used for all samples. Moreover, the study
focused on one fish species, namely bream (Abramis brama) which
is abundant at all selected sites.
2. Materials and methods

2.1. Sampling

In order to ensure a high degree of continuity and consistency,
sampling and sample treatment were performed according to stan-
dard operating procedures developed for the German
Environmental Specimen Bank (ESB, German Federal Environment
Agency, 2014; Klein et al., 2012; Paulus et al., 1996; Rüdel et al.,
2008). Bream (A. brama) was sampled between 2007 and 2013 at
six European sites, i.e., in the rivers Scheldt (Netherlands), Rhône
(France), Göta älv (Sweden, no sampling 2009–2011), Tees (United
Kingdom, UK), and Mersey (UK, no sampling 2009–2011) and in
Lake Belau (Germany). The sampling was performed in the context
of a project designed to monitor changes of environmental concen-
trations of hexabromocyclododecane (Rüdel et al., 2012). Briefly,
about 15 fish were collected per site and year after the spawning sea-
son. After sampling and dissecting the muscle tissues were directly
cooled to �150 �C. Pooled annual samples were prepared by a cry-
omilling procedure (Rüdel et al., 2008) using a Palla VM-KT with tita-
nium milling cylinder and titanium milling rods (manufactured by
KHD, Cologne) cooled to <�150 �C with liquid nitrogen before usage.
The homogenized sample material was transferred into glass vials
and stored above liquid nitrogen.
2.2. Sampling sites

The river sampling sites are located near the river mouths or in
the estuary area, the respective geographical coordinates are sum-
marized in Table S1 (Supplementary material).

Scheldt: The River Scheldt flows through France, Belgium and
the Netherlands before it enters the North Sea. Its catchment area
is about 22,000 km2 with an average population density of 352
inhabitants km�2 (International Scheldt Commission, 2015). The
sampling site ‘Western Scheldt’ is located near Appelzak in the
industrialized estuary area of the Scheldt downstream of
Antwerp. The water quality here is poor and affected by industrial
and urban waste waters. Likely Hg sources are the chloralkali
industry, the nonferrous industry, PVC production and phosphate
industry located around the harbor of Antwerp or the tributaries
of the Scheldt (Baeyens et al., 1998). Sediment contamination is
high with reported Hg levels up to 1900 lg kg�1 in the early
1990s (Baeyens et al., 1998; Leermakers et al., 1993). In 2012, Hg
emissions in the adjoining river basin district ‘Scheldt in
Flanders’ amounted to 308 kg (air) and 4.05 kg (water) (E-PRTR,
2014, Supplementary material, Table S2).

Rhône: The Rhône originates in Switzerland and runs through
Lake Léman and southeastern France. At Arles, shortly before
entering the Mediterranean Sea the river divides into two
branches, the Grand Rhône and the Petit Rhône. The catchment
area of the French Rhône between Lake Léman and the
Mediterranean Sea encompasses about 91,000 km2 with an aver-
age population density of 98 inhabitants km�2 (Olivier et al.,
2008). The sampling site ‘Rhône’ is located in the Grand Rhône
downstream of Arles and is influenced by industrial and urban
waste waters as well as by the surrounding agriculture. In the river
basin district ‘Rhône and Coastal Mediterranean’ atmospheric Hg
emissions stem mainly from chemical and metal working industry
and added up to 758 kg in 2012. The majority of direct Hg emis-
sions are associated with urban waste water treatment plants
(WWTPs, E-PRTR, 2014).

Göta älv: The Swedish river Göta älv rises in Lake Vänern in
western Sweden and flows into the Kattegat at Gothenburg. Its
catchment area comprises approximately 48,000 km2 with an
average population density of about 21 inhabitants km�2

(Nilsson, 2006). The sampling site ‘Göta älv’ is located in the city
of Gothenburg shortly upstream of the harbor area. The atmo-
spheric Hg emissions in this area are mainly associated with chem-
ical industry and waste incineration and were relatively low in
2012 (i.e., 32.4 kg). The direct releases into the water were even
lower (i.e., 4 kg in 2012) and stem from urban WWTPs and from
pulp industry (E-PRTR, 2014, Supplementary material, Table S2).

Mersey: The River Mersey originates from the confluence of the
rivers Tame and Goyt in North West England and enters the Irish
Sea at Liverpool. Its catchment area covers approximately
4700 km2 and is densely populated (1070 inhabitants km�2, web-
site of the Mersey Basin Campaign). The adjacent city of
Manchester was one of the leading industrial cities in England in
the 19th and 20th century and its industrial activities had a major
impact on the environment. Heavy industry and textile industry,
however, have turned down in the 1960s and the large port of
Manchester closed in the 1980s. Since then the water quality of
the rivers Irwell and Mersey and of the Manchester Ship Canal have
greatly improved but a legacy of former times can still be found in
the sediments of the Mersey estuary where average Hg concentra-
tions of 0.84 mg kg�1 and 3.16 mg kg�1 were detected in the sur-
face sediment (0–10 cm depth) and the 10–50 cm layer,
respectively, in 2000–2002. The lower Hg concentrations in the
surface sediments are attributed to more stringent emissions con-
trols and diminution in manufacturing since the 1970s (Vane et al.,
2009). Nowadays atmospheric Hg emissions as well as direct
releases into the water are mostly caused by chemical industry
and waste management. Other contributors are mineral industries,
thermal power stations, gas and oil refineries and (for direct
releases) urban WWTPs. In 2012 atmospheric Hg emissions of
505 kg were reported compared to direct emissions into the water
of 42 kg (E-PRTR, 2014, Supplementary material, Table S2). The
sampling site ‘Mersey’ is located near Warrington about 20 km
upstream of Runcorn where the Mersey widens into its estuary.
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Tees: River Tees in the northeast of England rises in the Cross
Fell and enters the North Sea near Middlesbrough. Its catchment
area covers 1840 km2. The population density in the Tees valley
is about 840 inhabitants km�2 (JMP, 2010). The Tees sampling site
is situated near Stockton-on-Tees about 25 km upstream of the
Tees mouth. In the Tees area and the river basin district
Northumbria metal working- and mineral industries are responsi-
ble for most of the atmospheric Hg emissions while direct inputs
into the water are mostly caused by urban WWTPs and metal
working industry. Atmospheric emissions in 2012 amounted to
53 kg while releases into the water were only around 13 kg
(E-PRTR, 2014, Supplementary material, Table S2).

Lake Belau: Lake Belau was selected because of its location in a
rural area with little anthropogenic influence. The lake is located
approximately 30 km south of Kiel and 70 km north of Hamburg
and belongs to the river basin district Schlei/Trave. Atmospheric
Hg emissions in Kiel are mainly related to combustion in of ther-
mal power stations while emissions from industry and
coal-burning power plants are responsible for the majority of
atmospheric Hg emissions in the area around Hamburg (E-PRTR,
2014).

2.3. Stable isotope analysis for nitrogen

Cryo-milled muscle tissue samples were freeze-dried and ana-
lyzed raw. Baselines for d15N values, i.e., trophic level (TL) = 1, refer
to organic matter of suspended particulate matter (SPM) in rivers
(available for 1–3 sampling years) or sediment (upper 1–2 cm
layer) in Lake Belau (available for 2012). Sampling of SPM and sed-
iment was performed by M. Ricking, Institute for Hydrogeology
and Environmental Geochemistry, Freie Universität Berlin,
Germany, based on protocols by Schulze et al. (2007). It is assumed
that the d15N values of these matrices approximate that of primary
producers because their organic fractions are mostly composed of
detritus. They also represent a mixture of the potential food
sources available to primary consumers. TLs were computed using
data of fish and SPM or sediment from overlapping sampling
periods.

Analyses were realized using an elemental analyzer (Flash EA
1112, Thermo Scientific, Milan, Italy) coupled to an isotope ratio
mass spectrometer (Delta V Advantage with a Conflo IV interface,
Thermo Scientific, Bremen, Germany) at LIENSs stable isotope facil-
ity of the University of La Rochelle, France. Results are expressed in
the d unit notation as deviations from a standard (N2 in air) follow-
ing the formula: d15N = [(Rsample/Rstandard) � 1] � 103, where R is
15N/14N (McCutchan et al., 2003; Post, 2002). Reference gas was
calibrated against reference materials (IAEA-N2, IAEA-NO-3,
IAEA-600). The analytical precision, based on the analyses of acet-
anilide (Thermo Scientific) used as laboratory internal standards
interspersed among the samples, was <0.15‰ for d15N values.

2.4. Hg determination

Measurement of total mercury (THg) was performed with ded-
icated atomic absorption spectrometry (AAS) methods applying
Direct Mercury Analyzer (DMA) instruments (DMA-80 instruments
for solid and liquid samples, respectively; MLS GmbH, Leutkirch,
Germany). Measurements of dried solid samples were directly per-
formed by DMA-80 without any further pretreatment. About
50 mg of the dried samples were weighted into nickel combustion
vessels and decomposed thermally by controlled heating (300 �C
for 30 s – drying; 850 �C for 180 s – decomposition; 60 s – purge;
12 s – heating amalgamator; 30 s – measurement).
Decomposition products were carried by an oxygen flow to a cata-
lyst and through a mercury amalgamator which collects Hg0.
Afterwards the amalgamator was heated and Hg0 was released
and quantified. For liquid samples mercury was reduced by
tin(II)-chloride and ascorbic acid (20 g SnCl2 ⁄ 2 H2O, 20 mL 30%
hydrochloric acid, 1 g ascorbic acid, filled up to 1 L with ultrapure
water). Hg0 was cast out by a nitrogen flow and collected in a mer-
cury amalgamator from which is was released after heating and
quantified. The limits of quantification (LOQs) were 2.4 lg kg�1

for the solid sample DMA and 0.1 lg L�1 for the liquid sample
DMA, respectively. The recovery of certified reference material
(DORM-4, National Research Council Canada, Canada; 410 ± 55 ng
Hg g�1) was 96 ± 1% (n = 33) for solid samples and 115 ± 10%
(n = 21) for liquid samples. For the liquid sample DMA liquid certi-
fied reference material (NIST 1641d, National Institute of Standards
and Technology, USA, 1.557 lg Hg L�1) was measured along with
the samples. The recovery of this material was 107 ± 8% (n = 15).

Analysis of MeHg was performed with SID-GC/ICP-MS (stable
isotope dilution-gas chromatography coupled to inductively cou-
pled plasma-mass spectrometry). Pooled muscle tissue samples
were extracted by a microwave assisted procedure with tetram-
ethylammonium hydroxide (TMAH). After extraction, samples
were derivatized with sodium tetrapropylborate. Volatile mercury
species were then extracted in n-hexane and analyzed by
SID-GC/ICP-MS. For details see Davis et al. (2007) and Monperrus
et al. (2004). The respective LOQs were in the range of 0.02–
0.15 lg kg�1 (derived from blanks measured along with each set
of samples). All data are reported on a wet weight (ww) basis.
The recovery of certified reference material (DORM-4, 354 ± 31 ng
MeHg g�1) was 99 ± 1% (n = 35).
2.5. Data treatment

TLs were calculated according to the following formula:
TL = ((d15Nfish [‰] � d15Nfood source [‰])/3.4) + 1 (Post, 2002), where
d15Nfood source is the d15N value of the organic matter of SPM or sed-
iment sampled at the respective fish sampling site.

Statistical analysis of the data was performed applying tools
from the VassarStats website (http://vassarstats.net/index.html).
THg and MeHg levels, MeHg/THg ratios, mean condition factors
(CFs) and d15N values of fish from sites with continuous sampling
were compared by the two-sided non-parametric Mann–Whitney
U-test. Correlations were analyzed using Pearson’s correlation
coefficient.

Time series comprising at least four consecutive years were
analyzed for temporal trends with the two-sided non-parametric
Mann–Kendall test (Salmi et al., 2002) and a statistical program
retrieved from the Arctic Monitoring and Assessment Programme
homepage (Bignert, 2007).
3. Results and discussion

3.1. Comparability of fish

Biometrical data of the fish are summarized in Table S1
(Supplementary material). Mean fish size and age varied between
sites and years with generally smaller and younger fish sampled
in the Rhône and the Mersey. During the study period bream from
the Western Scheldt and Lake Belau slightly increased in age and
size (Mann–Kendall Test, a = 0.05) whereas no such trends were
observed elsewhere. Mean CFs of bream from all sites were in
the range of 1.0–1.4 g cm�3 with low standard deviations
(60.2 g cm�3). Differences in CFs between sites were not detected
(Supplementary material, Tables S1, S5), nor were temporal trends
of the CFs during the study period. Only bream from the Mersey
seemed to be in a better nutritional state in 2012/2013 compared
to 2007/2008, however, no trends were calculated here because
sampling was omitted between 2009 and 2011. A good nutritional

http://www.vassarstats.net/index.html
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state of bream corresponds to a CF of about 1.1 g cm�3 whereas
values below 0.9 g cm�3 indicate suboptimal life conditions.
Thus, all bream analyzed here were in a good nutritional state.

3.2. Trophic position of fish

The trophic position of bream was determined based on the
concept of continuous enrichment of the stable nitrogen isotope
15N between food source and consumer (McCutchan et al., 2003;
Minagawa and Wada, 1984; Post, 2002; Vander Zanden et al.,
1997). The d15N value can therefore be used as indicator for the
trophic position in the respective ecosystem, i.e., the higher the
d15N value the higher the trophic position of the organism.
Table 1
d15N values (mean ± standard deviation, range in parentheses) and trends in d15N deter
sampling sites and one lake in Europe. Data refer to annual pooled muscle samples. Also s
matter or sediment as baseline (assumed TL = 1; data only for single years 2008, 2010, 20

Sampling site Years n d15N (‰)

Western Scheldt 2007–2013 7 18.1 ± 1.6 (16.2
Rhône 2007–2013 7 11.6 ± 0.5 (10.9
Göta älv 2007, 2008, 2012, 2013 4 9.9 ± 0.1 (9.8–1
Tees 2007–2013 7 11.8 ± 0.2 (11.3
Mersey 2007, 2008, 2012, 2013 4 11.6 ± 0.7 (11.0
Lake Belau 2007–2013 7 13.8 ± 0.7 (13.0

– No calculation possible (no d15N data available for SPM or sediment).

Table 2
Concentrations of total mercury (THg) and methylmercury compounds (MeHg) in muscle o
and 2013. Data refer to pooled annual samples; given are means and standard deviations

Sampling location Sampling year Number of fish in pool sample

Western Scheldt 2007 7
2008 15
2009 15
2010 15
2011 15
2012 15
2013 9

Rhône 2007 15
2008 15
2009 15
2010 15
2011 15
2012 15
2013 15

Göta älv 2007 15
2008 15
2012 15
2013 15

Tees 2007 15
2008 15
2009 15
2010 15
2011 15
2012 14
2013 14

Mersey 2007 11
2008 15
2012 11
2013 10

Lake Belau 2007 15
2008 15
2009 15
2010 15
2011 15
2012 15
2013 15

n.a. – Not analyzed.
Especially when dealing with biomagnifying substances like Hg
and its compounds which may pose a serious risk to top predators,
the trophic position of the analyzed organism is of interest.

Mean d15N values of bream are summarized in Table 1. Values ran-
ged from 9.9‰ (Göta älv) to 18.1‰ (Western Scheldt) and differed
significantly between sites (p = 0.002, Supplementary material,
Tables S1, S3). The only exceptions were bream from the Rhône
and Tees which had quite similar d15N values. Due to lack of data,
Göta älv and Mersey were not included in the statistical analysis.

Calculation of trophic levels using the d15N value of the organic
matter of SPM or sediment as baseline was possible only for the
years 2008, 2010 and 2012. The calculated TL values differed
between sites and years and ranged mainly between 2.5 and 3.3
mined in bream (Abramis brama) collected between 2007 and 2013 at five riverine
hown are the calculated trophic levels (TL) using d15N data for suspended particulate
12). n: Number of pooled annual samples.

Trend TL (2008) TL (2010) TL (2012)

–20.0) No 3.0 3.9 3.3
–12.3) No 3.3 – 3.3
0.0) No 3.1 – –
–12.0) No 2.6 2.7 3.1
–12.6) No 2.5 – –
–14.8) No – – 2.7

f bream (Abramis brama) sampled in five European rivers and one lake between 2007
of replicate measurements.

THg (lg kg�1 ww) MeHg (lg kg�1 ww) MeHg fraction of THg (%)

103 ± 4 n.a. –
127 ± 4 134 ± 1 105
140 ± 2 148 ± 1 105
131 ± 1 138 ± 1 106
236 ± 5 213 ± 5 90
173 ± 2 154 ± 4 89
199 ± 6 197 ± 22 99

246 ± 1 251 ± 3 102
244 ± 3 248 ± 3 102
234 ± 3 235 ± 2 100
172 ± 3 175 ± 6 102
129 ± 2 130 ± 3 101
163 ± 1 161 ± 2 99
171 ± 3 163 ± 27 96

123 ± 1 126 ± 1 102
126 ± 4 122 ± 1 97
172 ± 2 171 ± 10 100
180 ± 2 211 ± 7 117

43.0 ± 0.6 35.4 ± 0.6 82
44.9 ± 0.5 41.5 ± 0.3 92
49.5 ± 0.9 47.2 ± 0.5 95
55.6 ± 0.7 57.8 ± 4.3 104
58.2 ± 1.0 58.7 ± 1.6 101
59.4 ± 0.9 58.9 ± 2.0 99
42.9 ± 1.2 34.6 ± 2.5 81

38.8 ± 0.5 36.1 ± 0.8 93
48.5 ± 1.8 46.6 ± 4.7 96
94.7 ± 2.9 91.0 ± 10 96
86.3 ± 1.0 88.5 ± 5.7 103

22.9 ± 0.5 21.7 ± 0.4 95
27.3 ± 0.6 25.7 ± 0.2 94
42.6 ± 0.4 39.4 ± 0.2 92
24.3 ± 0.4 22.7 ± 0.3 94
21.3 ± 0.5 20 ± 0.3 94
18.2 ± 0.3 15.9 ± 0.4 87
23.5 ± 0.7 19.2 ± 1.0 81
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Fig. 1. Levels of total mercury (THg) and methylmercury compounds (MeHg) in muscle of bream (Abramis brama) sampled between 2007 and 2013 in five European rivers
and one lake. Boxes defined by 1. and 3. quartile; red bar: median. Boxes of Göta älv and Mersey refer to four years only (2007, 2008, 2012, 2013). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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for bream, ranking them as primary to secondary consumers.
However, bream caught in the Western Scheldt in 2010 apparently
occupied a higher trophic position (TL 3.9) close to piscivorous
predators like pike, pikeperch or perch (all TL P 4). Based on diet
studies, TL values of 3.1 ± 0.1 are reported for bream (Froese and
Pauly, 2014) which is in good agreement with the majority of
our findings.
3.3. THg and MeHg levels

The results of the mercury analyses are summarized in Table 2
and illustrated in Fig. S1 (Supplementary material).

Levels of THg and MeHg were highest in bream from the Rhône,
the Western Scheldt, and the Göta älv. Bream from Lake Belau and
the Tees were the least contaminated. At all sites concentrations
of THg and MeHg were positively correlated (p < 0.005, Göta älv:
p = 0.04; Supplementary material, Table S4). MeHg accounted for
at least 80% of the THg concentration in all samples (Table 2, frac-
tions above 100% reflect the combined measurement uncertainty
of both analytical methods). A significant difference in MeHg/THg
ratios was detected only between Lake Belau and the Rhône with
a significantly lower ratio at Lake Belau (p = 0.002; Supplementary
material, Table S5).

The difference in Hg levels between the sites is illustrated by
the box plot diagram in Fig. 1 which integrates the data of the
whole studied period. All sites except Western Scheldt and
Rhône differed significantly (p 6 0.005) with respect to the THg
and MeHg contamination of bream (Supplementary material,
Table S6). Göta älv and Mersey were not included in the statistical
comparison because of discontinuous sampling.

The observed dissimilarity in Hg contamination between the
sites probably reflects true differences in environmental Hg levels.
Biases by age and trophic level are rather unlikely as no respective
correlations are noticeable (Tables 1 and 2, Supplementary material,
Table S1).
No comparative fish monitoring data are available for the river
sampling sites under investigation. However, high Hg concentra-
tions in Swedish freshwater fish have also been reported by
others (e.g., Åkerblom et al., 2014; Miller et al., 2013; Nyberg
et al., 2012) and are attributed mainly to atmospheric depositions
(Meili et al., 2003). For roach (Rutilus rutilus) which resemble
bream with respect to feeding behavior and trophic level (TL
3.0, Froese and Pauly, 2014), average Hg concentrations of
130 lg kg�1 ww (range 20–540 lg kg�1 ww) are reported in
Swedish lakes around Uppsala in 1991–1993 (Sonesten, 2001).
Åkerblom et al. (2014) report mean Hg levels of 270 lg kg�1

ww in roach sampled in Swedish lakes between 1975 and
2011. Even though these values are mostly higher than those
detected in our bream (i.e., 123–180 lg kg�1) they nevertheless
support our findings of high Hg levels at Göta älv.

Clearly lower levels are reported from the UK: Jürgens et al.
(2013) detected Hg concentrations of 17–49 lg kg�1 ww in whole
fish (roach and common bleak (Alburnus alburnus, TL 2.7) sampled
in 4 rivers in eastern England between 2007 and 2011. These data
are in good accordance to our finding at the east English site Tees
(43–59 lg kg�1 ww). No recent data are available for freshwater
fish caught in the Mersey. However, the area is known for high his-
torical inputs of Hg from chloralkali plants (website of the BGS).
Between 1999 and 2001 Hg levels up to 374 lg kg�1 ww were
reported for flatfish in the Mersey estuary (Marine Environment
Monitoring Group, 2004), and in a survey on the state of the UK
seas in 2007 highest Hg levels were detected in fish from the estu-
aries of Mersey and Thames (UKMMAS, 2010).

No fish monitoring data are available for the Rhône section
around Arles. In 2003, eel (Anguilla anguilla) caught in a near-by
lagoon and canal in the Camargue Nature Reserve had Hg concen-
trations of 160–610 lg kg�1 dry weight (Ribeiro et al., 2005).
Assuming a conversion factor dry mass to wet mass of 0.378 for
eel (Froese and Pauly, 2014) this would correspond to 60–
230 lg kg�1 ww thus being in the same range as our bream from
the Rhône (129–246 lg kg�1 ww).



Table 3
Temporal changes in levels of total mercury (THg) and methylmercury compounds (MeHg) in bream (Abramis brama) from European freshwater sites. For sites with continuous
annual sampling a trend analysis using the PIA program (Bignert, 2007) was performed.

Sampling site Sampling years Temporal trends

THg MeHg

Western Scheldt 2007–2013 Yes, increase (p < 0.02) No
Rhône 2007–2013 Yes, decrease (p < 0.04) Yes, decrease (p < 0.02)
Tees 2007–2013 No No
Lake Belau 2007–2013 No No

Changea

Mersey 2007, 2008, 2012, 2013 Significant increase (two-tailed t-test; p < 0.02) Significant increase (two-tailed t-test; p < 0.02)
Göta älv 2007, 2008, 2012, 2013 Significant increase (two-tailed t-test; p < 0.01) No

a Comparison of levels 2007 and 2008 vs. 2012 and 2013.
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For the Scheldt estuary, Baeyens et al. (2003) report THg levels
in roach (n = 5) of 71 lg kg�1 ww which is lower than what we
observed in bream (103–240 lg THg kg�1). This may be related
to our findings regarding the relatively high trophic position of
bream at this site which would go along with the uptake of higher
contaminated food (Table 1).

For the reference site Lake Belau comparative bream data are
available from the German ESB. Lepom et al. (2012) report mean
THg concentrations in bream of 30.2 lg kg�1 ww for the years
1993–2009 which is in good agreement with our findings.

All fish except those from Lake Belau in 2012 clearly exceeded
the European EQS of 20 lg kg�1 ww for THg by factors of up to
12. For the most recent study year (2013) the THg concentrations
in bream were 1.2–9.9 times higher than the EQS with especially
high values in bream from the Western Scheldt, the Göta älv and
the Rhône (Table 2). Accordingly, top predators in these areas are
assumed to be at risk of secondary poisoning. The requirements
for fish and fishery products intended for human consumption
are less stringent and allow a maximum of 500–1000 lg kg�1

THg ww in fishery products (EC, 2006). This value was not
exceeded in any of the samples analyzed here.

3.4. Temporal trends

The results of the temporal trend analysis are summarized in
Table 3, details are given in Table S7 (Supplementary material).

A decreasing temporal trend in Hg contamination was observed
only for bream from the Rhône (yearly decreases: THg 8.5%, MeHg
9.3%; Supplementary material, Table S7). This may be related to
decreasing atmospheric Hg emissions in the Rhône and Coastal
Mediterranean area since 2008 (E-PRTR, 2014, Supplementary
material, Table S2).

In contrast, THg in bream from the Western Scheldt increased
during the study period (12% yearly increase; Supplementary
material, Table S7) while no trend was detected for MeHg at this
site. The increasing THg trend in bream cannot be explained by
current emissions in the neighborhood since atmospheric emis-
sions in this area were more or less constant between 2007 and
2012 while direct releases to the water decreased (E-PRTR, 2014,
Supplementary material, Table S2). A possible explanation may
be that Hg from the contaminated sediment was remobilized dur-
ing dredging activities in the area around the Port of Antwerp and
taken up by bream (TIDE, 2013).

In bream from the Göta älv and the Mersey THg levels increased
significantly between 2007/2008 and 2012/2013 as did MeHg
levels in bream from the Mersey (Table 3, Supplementary material,
Fig. S1). Since sampling was discontinuous at these sites no trends
were calculated. Regarding bream from the Mersey the observed
increase may be related to the higher age and larger size of fish
sampled in 2012/2013 (Supplementary material, Table S1).
According to the E-PRTR (2014) atmospheric Hg emissions in
the area around Göta älv were higher in 2012 compared to
2007/2008 while direct releases to the water were generally lower
and decreased between 2008 and 2012 (Supplementary material,
Table S2). In contrast, decreasing atmospheric Hg emissions are
reported for the Mersey area while direct releases were more or
less constant (except for the year 2008 where emissions were
about 4–5 times higher than in the other years; Supplementary
material, Table S2).

No temporal trends were detected for bream from the Tees and
Lake Belau. For the Tees area decreasing emissions and releases are
reported between 2007 and 2011 which, however, slightly
increased again in 2012 (E-PRTR, 2014, Supplementary material,
Table S2).

Data on atmospheric emissions in the river basin district
Schlei/Trave which includes Lake Belau are scarce but emissions
appear to be low and more or less constant between 2007 and
2012. Clearly higher atmospheric emissions which seem to
increase in 2012 are reported for the areas Hamburg and
Schleswig–Holstein (E-PRTR, 2014, Supplementary material,
Table S2). However, it is unlikely that these emissions have major
influence on the Hg levels around Lake Belau. The approach to
determine atmospheric Hg levels by analyzing ESB samples of
spruce and beech sampled in the neighborhood of the lake gave
no clear results: THg levels in spruce needles (reflecting whole year
exposure) seem to decrease between 2007 and 2013 while concen-
trations in beech leaves (reflecting growing season exposure) var-
ied between years (www.umweltprobenbank.de).
4. Summary and conclusions

The design of the present study, i.e., a uniform method of anal-
ysis and usage of one common fish species, allowed a direct com-
parison between different European freshwater and estuarine sites
with respect to Hg contamination of fish. According to the results,
Hg levels in fish differed between sites but always exceeded the
European WFD EQS of 20 lg kg�1 ww except in one case (2012,
Lake Belau).

During the study period 2007–2013, Hg contamination of
bream seemed to increase at three of six sites (Western Scheldt,
Göta älv and Mersey) while decreasing Hg concentrations were
observed only in bream from the Rhône where initial contamina-
tion was highest. These findings indicate that further efforts are
required to reduce Hg emissions.

The analysis of MeHg in addition to THg in fish allows a more
specific risk assessment. However, in our study we found a signif-
icant correlation between MeHg and THg in fish and no differences
in MeHg fractions between sites except in one case (Rhône vs. Lake
Belau). Since at least 80% of THg in fish muscle was MeHg, THg is

http://www.umweltprobenbank.de
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an appropriate measure for MeHg levels. For compliance monitor-
ing and in view of precaution the measurement of THg is therefore
considered sufficient.
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