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Abstract

Purpose Contaminated sediments are an important exposure
pathway for the aquatic fauna in the Rhine River. We applied
bioassays with the aim to characterize the ecotoxicological
hazard potential of sediments of an oxbow lake of the Rhine
River, especially to fish. Potential effects on fish and water
flea were evaluated indirectly by applying in vitro and in vivo
bioassays in the laboratory. Results were compared with those
of the official German risk assessment of dredged sediments.
Materials and methods Sediments taken from 13 sites along a
600-m transect line were tested for acute toxicity to water flea
(Daphnia magna immobilization test), teratogenicity, and
embryotoxicity (sediment contact test with Danio rerio), as
well as for cytotoxicity (neutral red retention assay with
RTL-W1 cells) and estrogenic effects (lyticase-assisted yeast
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estrogen screen (L-YES) assay). The tests were conducted
using pore water, organic extracts, or native sediments.
Spatial patterns of the measured effects were also assessed.
Results and discussion Virtually all samples induced estro-
genic, teratogenic, embryotoxic, and cytotoxic effects, but
no acute toxicity on D. magna was observed. Cytotoxicity
was in accordance with previous studies on the Rhine,
Neckar, and Danube Rivers. Estrogenic effects were in the
range of estradiol equivalent (EEQ) values detected in UK
estuaries. Although sediment contact tests with D. rerio em-
bryos showed virtually no mortality, sublethal effects were
common. Some of the effects increased with increasing dis-
tance to the main channel.

Conclusions The test with D. magna is, along with bacteria
and algae toxicity assays, an important part of the German
standard risk assessment for sediments. However, it failed to
identify the ecological hazard of our sediment samples to fish.
Our results indicate that adverse effects on fish are possible
and suggest the need for revising risk assessment procedures
in order to address the risk for this important organism group
in aquatic ecosystems.

Keywords Bioassays - Cytotoxicity - Embryotoxicity -
Estrogenicity - Fish fauna - Risk assessment

1 Introduction

Contaminated sediments are known to be a major source of
heavy metals and persistent organic pollutants to aquatic eco-
systems (IKSR 2003). Contaminants are bioavailable to fishes
through surface contact, ingestion, and biomagnification
(Leppénen 1995; Legler et al. 2002) and can severely affect
their populations (Keiter et al. 2006; Braunbeck et al. 2009).
Polluted sediments can be remobilized during flood events
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and dredging activities (Wo6lz et al. 2009). Under a climate
change scenario, more frequent flooding events may intensify
these processes in the upcoming decades (Kay et al. 2006;
Solomon et al. 2007).

The Rhine River is one of the largest and most anthropo-
genically influenced rivers in Europe (IKSR 2002, 2003; LUA
LR-P 2006). Radical, large-scale constructions including the
disconnection of many river branches from the main channel,
which started at the beginning of the nineteenth century, have
forced it into an artificial, rectified bed. The Rhine River used
to be highly polluted with nutrients, pesticides, and wastewa-
ters. During the 1960s—1980s, poor water quality led to mas-
sive fish mortality (Hiinemdrder 2004). Since then, water
quality has improved and the biodiversity of the aquatic biota
has increased (IKSR 2009b). Today, some of the cutoff me-
anders form oxbow lakes with characteristics of both flowing
and standing water bodies. They form a very special, structur-
ally rich ecosystem and are ideal feeding and spawning hab-
itats for many fish species (Admiraal et al. 1993; Van den
Brink et al. 1994). While some species use the backwaters
temporarily (Molls 1999), other species spend most of their
lives in these oxbow lakes (Brithne and Scharbert 2003).
Presently, the populations of most fish species that existed in
the Rhine River prior to rectification have recovered, but the
structure of the fish community has undergone modifications
(IKSR 2007). In contrast to the pre-rectification time, Rhine
River oxbow lakes are now dominated by euryoecious spe-
cies, which tolerate various habitats, while stagnophilic spe-
cies in particular, preferring standing waters, are remarkably
rare (Tittizer and Krebs 1996; UBA 2007).

One of these oxbow lakes is the Karlskopf situated at Rhine
kilometer 375.4. The Karlskopf is an artificial quarry pond of
28 ha resulting from continuous dredging activities until 1985.
It is characterized by a steep shoreline and a lack of shallow
water zones (LUWG et al. 1999). Today, the Karlskopf and
the surrounding area are declared a natural protection area and
human activities are prohibited. Though protected, informa-
tion on the toxicity of its sediments and their potential impacts
on its ichthyofauna is still fragmented (MUFV R 2006). One
reason for this may be that the quality assessment of sediment
samples is challenging.

Chemical analysis of priority pollutants, as it is done in the
Rhine River monitoring programs (IKSR 2003, 2009a), does
not provide sufficient information on sediment contamination
and potential toxicity because each sample may contain a
complex mixture of compounds whose effects might be addi-
tive, synergistic, antagonistic, or chronic (Charles et al. 2002;
Brian et al. 2005; Hayes et al. 2006). Additionally, not every
compound detected is necessarily bioavailable (Ahlf 1995;
Ahlf et al. 2002). Also, metabolites can be more toxic than
the initial compound (Huberman et al. 1976; Lund et al.
1988). Therefore, it is logistically impossible to control such
a great variety of substances and little is known about their

@ Springer

toxic effects. In this regard, ecotoxicological bioassays can
provide insight into the potential effects of contaminated sed-
iment and can be used to identify the areas of highest concern,
although they will fail to identify the responsible substances
and their potential sources (Ahlf et al. 2002).

Contamination of sediments is correlated to the particle
size, where the surface area and thus number of binding sites
for pollutants increase with decreasing particle size
(Kukkonen and Landrum 1996; Duong et al. 2009). Small
particles settle slowly and are therefore able to reach parts of
the water body that are relatively far away from the main river
channel (Asselman and Middelkoop 1995). Previous studies
at the quarry pond Karlskopf did not find a spatial gradient of
dioxin-like effects from sediments, most likely because sedi-
ments are distributed homogeneously during flood events
(Heimann et al. 2011). However, different types of pollutants
behave differently and vary in their effects. Some of these
effects may remain undetected by ecotoxicological bioassays
aimed at assessing dioxin-like compounds.

Since official risk assessment protocols typically consist of
only one or a few biotests (BfG 2000), it is clear that poten-
tially harmful effects may remain unaccounted for in environ-
mental risk management. In our study, we applied two in vivo
and two in vitro bioassays with sediment extracts, pore water,
and native sediment with the aim to examine the ecotoxico-
logical hazard potential of the Karlskopf sediments, especially
to fish. Potential effects on fish and water flea were evaluated
indirectly with laboratory bioassays. Specifically, we assessed
Karlskopf sediments for acute toxicity to water flea (Daphnia
magna immobilization test, OECD 2004), teratogenicity,
embryotoxicity (sediment contact test with Danio rerio,
Hollert et al. 2003), cytotoxicity (neutral red retention assay
with RTL-W1 cells, Babich and Borenfreund 1992), and es-
trogenic effects (lyticase-assisted yeast estrogen screen (L-
YES) assay, Routledge and Sumpter 1996). Ethanolic and
acetonic extracts were used to represent a worst case scenario,
while the actual bioavailable fraction of the contaminants was
examined in tests using pore water and native sediments. The
results were compared with those of the official German risk
assessment of dredged sediments in the same area.
Furthermore, spatial patters of estrogenic, cytotoxic,
embryotoxic, and teratotoxic effects were assessed.

2 Materials and methods
2.1 Sampling

Between April and May 2009, sediment samples were taken
from the bottom of the Karlskopf quarry pond (Fig. 1). A total
of 10 samples were taken every 60 m along a transect and used
to conduct the L-YES, the sediment contact assay with
D. rerio embryos, and the neutral red retention assay. Three
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Fig. 1 Location and sampling A
sites (A, B, C, 1 to 10) of the
Karlskopf quarry pond, Germany
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extra samples from the entrance, middle, and end section of
the quarry pond (A, B, and C) were used in the acute pore
water toxicity test with D. magna according to the official
German risk assessment of dredged sediments. Water depth
was kept constant (4.8—6.8 m) across sampling sites (Fig. 1).
Each sample was obtained by collecting 3.5 kg from the upper
10 cm of the sediment using a sediment corer. All samples
were stored in dark and cool (3-8 °C) conditions and proc-
essed within 24 h after sampling.

2.2 Sample processing and bioassays
2.2.1 Sample processing and extraction

For all samples (except A, B, and C), a part of the fresh sample
was stored in the dark at 3-8 °C and used in the sediment
contact test with D. rerio within 5 days. The remaining sample
was freeze-dried (Alpha 1-2 LDplus, Christ, Osterode,
Germany) and stored until extraction (in the dark, —24 °C).
Pore water from samples A, B, and C was immediately ob-
tained and used for tests with D. magna.

Lyticase-assisted yeast estrogen screen We extracted freeze-
dried sediments according to a modification of Lopez de Alda

Meters

and Barcelo (2001). Briefly, 10 g of freeze-dried sediment was
extracted with 200 mL ethanol by 20-min sonication (Ultrasonic
bath, unheated 230 V, 50 Hz, 1.75 L, Fisher Scientific,
Loughborough, UK) and 1-h horizontal shaking with 150 rpm
(2345Q Orbital Shaker, Thermo Fisher Scientific, Waltham,
USA), followed by 30-min centrifugation at 3000 rpm
(Heraeus Multifuge 4KR, DJB Labcare, Buckinghamshire,
UK). The clear supernatant was decanted, rotary evaporated
(300 mbar, 35 °C) (Laborota 4011 digital rotary evaporator,
Heidolph, Kehlheim, Germany), and concentrated close to dry-
ness with a gentle stream of nitrogen. The extract was then
redissolved in 1 mL ethanol to a resulting concentration of
10 g dry weight (dw) sediment equivalents (SEQ)/mL ethanol
and stored at —24 °C in the dark. As a process control, 200 mL of
ethanol was extracted simultaneously.

Neutral red retention assay (NR) A total of 40 g of freeze-
dried sediment was extracted using acetone (Acetone, p.a.;
Sigma-Aldrich) at 8-10 cycles/h for 14 h in a Soxhlet extrac-
tor (Schott, Mainz, Germany) according to the procedure giv-
en by Rocha et al. (2009). An empty extraction thimble was
treated similarly as a process control. The extracts were rotary
evaporated and concentrated close to dryness under a gentle
stream of nitrogen. The samples were re-dissolved in 2 mL
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dimethyl sulfoxide (DMSO) to a resulting concentration of
20 g dw SEQ/mL DMSO. Elemental sulfur was removed
using activated copper powder following the US EPA guide-
line 3660B (USEPA 1996). The extracts were stored in the
dark at =24 °C until use in the assays.

Immobilization test with D. magna Pore water from samples
A, B, and C was obtained following a standard operation
procedure of the German Federal Institute of Hydrology
(BfG 2007), with slight modifications. Briefly, 650 g of sediment
were centrifuged for 20 min at 8 °C and 4400 rpm (Heraeus
Multifuge 4KR, DJB Labcare, Buckinghamshire, UK). Due to
unexpectedly high turbidity of the supernatant, decanted pore
water was filtered through a 20-pum cellulose filter (Whatman
filter paper Grade 41, Sigma-Aldrich, Deisenhofen, Germany)
to reduce turbidity and used immediately for the test.

2.2.2 Lyticase-assisted yeast estrogen screen

The estrogenic potency of the sediment samples was assessed
using the L-YES, a lyticase-assisted modification of the YES
assay established by Routledge and Sumpter (1996). The YES
utilizes yeast cells (Saccharomyces cerevisiae) stably
transfected with the gene coding for the human estrogen re-
ceptor o and incorporating a $-galactosidase reporter system
(lac-z). The test was conducted according to Schultis and
Metzger (2004) with modifications following Schmitt et al.
(2008) and Wagner and Ochlmann (2009). Test concentrations
were determined using preliminary range finding tests, which
suggested initial test concentrations of 0.05 mg dw SEQ/mL
test medium. The final test concentrations were 6.4, 3.2, 1.6,
0.8,0.4,0.2,0.1, and 0.05 mg dw SEQ/mL test medium. The
extracted samples and process control were serially diluted
with test medium in 96-well microtiter plates. Blank wells
(containing only test medium and ethanol) and negative con-
trols (containing medium, ethanol, and yeast cells) were run
on every plate. On a separate plate, a 173-estradiol standard
(E2; p.a., Sigma-Aldrich, Deisenhofen, Germany) serving as a
positive control was tested in concentrations of 1 nM, 300 pM,
100 pM, 30 pM, 10 pM, 3 pM and 1 pM. The extracts and the
E2 standard were tested in eight technical replicates on a 96-
well microtiter plate. The test was repeated four times (n=4
biological replicates). Plates were incubated at 30 °C for 24 h,
after which cell numbers were determined photometrically by
measuring the absorbance at 595 nm. To each well, 100 pL of
lacZ solution containing lacZ buffer, chlorophenol red-(-p-
galactopyranoside (CPRG, Roche Diagnostics, Mannheim,
Germany), lyticase, and (-mercaptoethanol (Sigma-Aldrich,
Deisenhofen, Germany) was added and plates were incubated
for 30 min (Titramax 1000+Incubator 1000, Heidolph,
Schwabach, Germany). Then, absorbance was measured pho-
tometrically at 540 nm in intervals of 30 min (Infinite M200,
Tecan, Crailsheim, Germany). Subsequently, the
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measurement at which the concentration—response relation-
ship of E2 showed a 50 % effect concentration (ECs) close
to 1x107'" M, a bottom value lower than 1 absorbance units
(a.u.) and a top value greater than 3 a.u. were used for evalu-
ation (Wagner and Oehlmann 2009). Absorbance was
corrected for blank values and cell number.

2.2.3 Sediment contact assay with D. rerio embryos

The test was conducted according to Hollert et al. (2003) and the
German Institute for Standardization (Deutsche Institut fiir
Normung, DIN) guideline DIN 38415-6 (DIN 2001). We opted
to use native sediments in the test, since freeze-drying sediments
can increase their toxicity (Seiler et al. 2008) and acetonic extracts
can overestimate toxicity by exposing embryos to substances that
are not bioavailable (Burton 1991; Ahlf 1995). The sediment
contact assay (SCA) with native sediments is a very realistic
scenario, and thus, the results have high ecological relevance
(Hallare et al. 2011). Maintenance of zebrafish and egg produc-
tion was carried out according to Braunbeck et al. (2005). Briefly,
zebrafish were kept in 30-L aquaria in groups of 12 males and 8
females. Photoperiod was adjusted to 10 h of darkness and 14 h of
light. Water temperature was maintained at 26+1 °C. Fish were
fed daily with dry flakes (TetraMin™, Tetra GmbH, Melle,
Germany) and Artemia sp. nauplii (Great Salt Lake Artemia
Cysts, Sanders, Ogden, USA). For spawning, glass dishes were
transferred into the tanks to collect the eggs. Spawning occurred
within 0.5—-1 h after the onset of illumination.

Teratogenicity and embryo toxicity were evaluated by ex-
posing five D. rerio eggs at the eight-cell stage to 3 g of native
sediments covered with artificial water in polystyrene six-well
plates (TPP, Zurich, Switzerland). Each sample was tested
using five eggs per well and a total of 20 eggs per sample
(n=4 technical replicates). 3,4-Dichloroaniline (DCA,
Sigma-Aldrich, Deisenhofen, Germany) was tested as an
aqueous positive control in a concentration of 3.7 mg/L,
which is equal to 70 % effect concentration (EC,() of DCA
(DIN 2001). In total, 20 and 40 eggs were used for the positive
and negative controls, respectively (n=4 or 8 technical repli-
cates). The test plates were sealed with clear polyester adhe-
sive sealing tape (Nunc, Roskilde, Denmark) and incubated
for 48 h at 26 °C in the dark. As suggested by Strecker et al.
(2011), the samples were agitated on a horizontal shaker to
avoid development retardation due to hypoxia. After incuba-
tion, embryos were collected from the sediments, rinsed in
artificial water, and evaluated for lethal and sublethal effects
using an inverse microscope (Eclipse TS100, Nikon,
Diisseldorf, Germany). Mortality criteria were (a) coagulation,
(b) lack of heartbeat, (c) missing somite development, and (d)
failure of tail detachment from the yolk sack. According to the
test guideline, the test was considered valid if the negative and
positive controls showed an effect <10 % and >10 %, respec-
tively. Mortalities >10 % were considered indicative of an
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effect. Sublethal effects, such as lack of blood circulation and
lack of pigmentation, were also recorded (Nagel 2002).
Criteria are listed in Table 1. The test was repeated indepen-
dently four times (n=4 biological replicates).

2.2.4 Neutral red retention assay

The neutral red retention assay was conducted according to
Babich and Borenfreund (1992) with modifications described
by Klee et al. (2004) and Heger et al. (2012). Briefly, RTL-W1
cells were cultured in 75 ecm? plastic culture flasks (Cellstar,
Greiner Bio-one, Frickenhausen, Germany) in Leibowitz’s L15
medium supplemented with 9 % fetal bovine serum (Biochrom,
Berlin, Germany) and 1 % penicillin/streptomycin solution (10,
000 U/mL in 0.9 % NaCl, Sigma-Aldrich, Deisenhofen,
Germany) at 20 °C. In a 96-well microtiter plate (TPP, Zurich,
Switzerland), RTL-W1 cells were exposed to the extracts in
seven serial dilutions (1:2) ranging from 200 to 3.13 mg dw
SEQ/mL medium; 3,5-dichlorophenol at a concentration of
40 mg/L served as a positive control. Cells were exposed for
48 h at 20 °C and subsequently incubated with neutral red (2-
methyl-3-amino-7-dimethylamino-phenazine, concentration
0.005 %) for 3 h. The retention of neutral red by viable cells
was determined photometrically by measuring the absorption at
540 nm corrected for the absorption at 690 nm reference wave-
length (Infinite M200, Tecan, Crailsheim, Germany). Negative
and positive controls (=12 and n=6 technical replicates, respec-
tively) were run on each test plate. Four independent assay rep-
etitions were conducted for each sample and three for the process
control (n=4 and n=3 biological replicates, respectively).

2.2.5 Immobilization test with D. magna

A 48-h toxicity assay was conducted following OECD guide-
line 202 (OECD 2004). Daphnid neonates aged less than 24 h

Table1 Lethal and sublethal endpoints used in sediment contact assays
with Danio rerio embryos conducted with 10 sediment samples from the
Karlskopf quarry pond, Rhine River, Germany

Endpoint Lethal Sublethal
Lack of somite formation °

Coagulation of embryos or larvae °

Non-detachment of tail °

Lack of heart function °
Non-development of eyes °
Lack of blood circulation °
Developmental retardation °
Lack of body pigmentation °
Lack of eye pigmentation °
Edema formation °
Spinal deformations °

were obtained from a laboratory culture of D. magna of the
UBAV strain at the University of Landau, Germany. Neonates
were exposed to pure pore water and serial dilutions (1:2, 1:4,
1:8, and 1:16) in M4-Elendt medium. Exposures were com-
pleted in a static non-renewal manner without aeration and
food provision during the exposure period. Four replicates of
each of the test concentrations and a negative control of pure
M4-Elendt medium were tested in 50-mL beakers containing
five individuals each. Since pore water needs to be used fresh-
ly, this series of experiments was performed on the same day.
Test beakers were kept at 20 °C on a cycle of 16 h light/8 h
dark. The ecotoxicological endpoint was immobility after 24
and 48 h. Following completion of the 48-h acute toxicity
exposure recommended in the guideline, experimental expo-
sures were extended to 96 h with the number of immobile
individuals being recorded every 24 h to assess potential
chronic toxicity.

2.3 Data analysis
2.3.1 Lyticase-assisted yeast estrogen screen

We calculated estradiol equivalent (EEQ) to compare the sed-
iments’ estrogenic effects among sites and with other
European rivers. The EEQ quantifies the amount of estrogenic
compounds, expressed as estradiol equivalents per g sample
sediment. The EEQs were calculated using:

EEQ|ng/g] = E2—ECy [ng /mL] /Extract—ECy[g/mL] (1)

where E2-EC, is the concentration of E2 reaching 20 % of'its
maximum induction and Extract-EC,, is the concentration of
sediment extract that causes an induction equivalent to 20 %
of the maximum E2 induction. The EEQs were calculated by
inserting the corrected optical densities in a second-order
polynomial function fitted with the curve parameters from
the E2 standard. Excel 2003 (Microsoft, Redmond, USA)
and GraphPad Prism software (GraphPad Prism 5 Software
Inc., La Jolla, CA, USA) were used for the calculations. The
limit of detection (LOD) and the limit of quantification (LOQ)
were calculated as the reporter gene activity caused by the
solvent control plus three (10) times the standard deviation,
respectively.

2.3.2 Sediment contact test with D. rerio embryos

Our dataset did not meet the statistical assumptions for para-
metric tests. Therefore, a Kruskal-Wallis test (a«=0.05)
followed by a Dunn’s test (P<0.0001) was used to detect
significant differences between observed lethal and sublethal
effects of each sample and the negative and positive controls
across all sampling sites.
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2.3.3 Neutral red retention assay and immobilization test
with D. magna

The ECso and lowest observed effect concentration (LOEC)
values were interpolated using the four-parameter logistic hill
equation fitted to the concentration—response curves using the
least squares method where possible (GraphPad Prism). The
LOECs were determined using an ANOVA («=0.001)
followed by a Dunnett’s test. In the neutral red assay, the
ECs of sediment toxicity is expressed as the concentration
of 50 % neutral red retention by viable cells (NRs).

To provide a toxicity value that was independent from the
methodology employed, we calculated toxic potency (pT) ac-
cording to de Zwart and Slooff (1993) with modifications by
Krebs (1999). The pT value indicates the number of times a
sample must be diluted at a ratio of 1:2 with a standardized
medium before adverse effects on the test organisms can no
longer be measured. The first nontoxic dilution stage was
derived by choosing the dilution stage below the LOEC value
(i.e., NOEC). When no effect was observed at any of the
concentrations assayed, the highest concentration was used
as the first nontoxic dilution stage. The pT values were calcu-
lated for both the neutral red retention and D. magna immo-
bilization assays and were compared with the official German
risk assessment method for dredged sediments (BfG 2007).

Unless specified differently, a significance level of a=0.05
was used for all statistical analyses. The L-YES, SCA, and
neutral red retention assay were examined for correlation
between the test results using Spearman’s correlation analysis
(GraphPad Prism). We also performed correlation analysis to
examine the relationship between the effect size of each
sample and the distance to the main river.

3 Results
3.1 Lyticase-assisted yeast estrogen screen

All samples with the exception of sample 8 (480 m from the
main river channel) showed a significantly higher estrogenic
activity than the negative controls. The EEQs of the samples
ranged from 1.03 to 5.14 ng E2 equivalents/g dw SEQ
(samples 4 and 6, respectively; Table 2). Overall, no signifi-
cant geographical trend in the estrogenic activity was detected
with an increase in distance to the main river channel
(7(spearmany=0.29, P>0.05). The detection limit was
0.001 nM E2, and the limit of quantification was 0.002 nM
E2.

3.2 Sediment contact test with D. rerio embryos

The controls met the validity criteria as established in the
guideline. Only samples from sites 6, 9, and 10 exhibited a
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Table 2 Mean estradiol

equivalent (EEQ) values Sample EEQ (ng/g SEQ) SD

and standard deviations

of the ethanolic sediment 1 5.14 348

extracts used in the L- 2 2.97 2.00

YES assay, n=4 3 4.49 340
4 1.83 0.82
5 1.06 0.46
6 3.08 2.10
7 2.44 1.29
8 1.03 0.46
9 1.88 0.63
10 2.50 1.05
Control ND ND

For the solvent control, no EEQ could be
determined (ND). Limit of detection
(LOD)=0.001 nM E2 and LOQ=
0.002 nM E2

mean mortality value above the DIN guideline effect level of
10 % (Fig. 2). On the contrary, sublethal effects, such as the
absence of blood circuit and pigmentation, occurred more
commonly in the samples. The lack of blood circulation was
especially pronounced in the samples 6—10 and could also be
observed in the positive controls. To evaluate the effect of
missing pigmentation, we only considered completely
unpigmented (neither eyes, nor body) embryos (Fig. 3).
None of the controls showed an incomplete pigmentation
above the 10 % threshold. In contrast, virtually all samples
caused this effect, again especially common in samples 6-10.
A positive correlation was found between the strength of the
effects and the distance from the main river channel (Fig. 2)
(7(Spearman)=0.67 and 0.77 for lack of blood circuit and lack of
pigmentation, respectively, P<0.05).

3.3 Neutral red retention cytotoxicity assay

Concentration-dependent cytotoxic effects (membrane dam-
age measured as decreased neutral red retention) on RTL-
W1 cells were detected for all extracts. The NRs, values
ranged from 33.3 to 53.5 mg dw SEQ/mL medium (sample
10 and sample 1, respectively). The LOECs ranged from 12.5
to 50 mg dw SEQ/mL medium in samples 10, 8, and 6, re-
spectively. A median NRs, value of 45.28 mg dw SEQ/mL
medium was calculated from all samples (Fig. 4). We found a
significant increase in toxicity with increasing distance from
the main river (Fig. 5; r(spearman)=—0.64, P<0.05). The pT
values calculated from the cytotoxicity assay were as high as
3 and 4 (moderately and distinctively toxic), except for sample
2, which was less toxic (Table 3). There was no correlation
between the effect values from the L-YES, SCA, and neutral
red retention cytotoxicity test (7(spearman)=0.40; P>0.05).
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Fig. 2 Results from the sediment contact test with Danio rerio embryos
(n=4). Values expressed as mean+SEM, regression line with 95 % CI. a
No pigmentation, (7(spearmany=0.77, P<0.05), b no blood circuit
(7(Spearmany=0.67, P<0.05), and ¢ mortality. Mortality was mainly below
the 10 % threshold established in the guideline. Sublethal effects increase
with distance to the main river channel

3.4 Immobilization test with D. magna

No D. magna neonate toxicity was observed for any of the
Karlskopf pore water exposures after 48 h. Due to the absence
of any significant toxicity, a concentration—response curve
could not be generated and the ECs could not be calculated.
Moreover, after the extended exposure time of 96 h, daphnids
of all test groups remained mobile (Fig. 6). With the results
from the acute 48-h test, the Karlskopf sediment material can
be assigned a pT value of 0 (no toxicity observed) (Table 3).

\ . .
Fig. 3 Danio rerio embryo after 48-h incubation in the sediment contact
test. a unpigmented embryo and b normally developed embryo (control)
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Fig. 4 Comparison of the NRs, values from the neutral red retention
assays with RTL-W1 cells. Data for sediment extracts from Karlskopf
(n=10) in comparison to sediment extracts from the Danube (n=4,
Keiter et al. 2006) and Rhine River (surface and core, n=9, Kosmehl
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floodplains, and suspended particulate matter (SPM, n=6) (Schulze et al.
2015). Data are represented as box—whisker plots including the 25 and
75 % percentiles (box) as well as the minimum and maximum values
(whiskers). The central solid line represents the median

4 Discussion

While sediments can act as a source of contamination (Heise
and Forstner 2006) and may also affect fish in the Rhine River,
the official German risk assessment of sediments (BfG 2000),
based on toxicity tests conducted on D. magna, as well as
bacteria and algae ecotoxicity assays, might be underestimating
this risk. The D. magna test resulted in no risk (pT=0), but
three alternative biotests showed a hazardous potential of the
sediment samples to fish. A battery of bioassays evaluating
various contaminants and effects, as performed in the present
study, was able to detect ecotoxicological effectiveness of a
wider variety of contaminants for a potentially wider range of
organisms, especially fish.

The Federal Institute for Hydrology (BfG) performs three
biotests with pore water and eluates in their official, standard
assessment of dredged material in German Federal Waterways
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Fig.5 Cytotoxicity as measured in the neutral red retention assay (n=4):
values are expressed as mean 50 % neutral red retention+SEM,
regression line with 95 % confidence intervals. Correlation analysis
showed an increasing toxicity with increasing distance to the main river
(r(spcmnm)=—0.64, P<005)
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Table 3 Toxic potency

(pT) values and no Sample pT value NOEC
observed effect (mg SEQ/mL)
concentrations (NOEC)
for the neutral red 1 1 125
retention cytotoxicity 2 il 12.5
assay (samples 1 to 10) 3 I 125
and immobilization test '
with D. magna (samples 4 I 12.5
A,B,C) 5 I 12.5

6 1II 25

7 111 12.5

8 v 6.25

9 1 12.5

10 v 6.25

A 100

B 100

C 0 100

(HABA-WSYV, BfG 2000): (1) algae growth test with
Desmodesmus subspicatus (DIN 38412 part 33); (2) immobi-
lization test with D. magna (DIN 38412 part 30); and (3)
bacteria test with Vibrio fischeri (DIN EN ISO 11348-3).
Based on these tests, the BfG assigned surface sediments from
lakes, harbors, and hydrological barrages on the Upper Rhine

151
O  Control v 14
é m  Undiluted o 18
g 101 A 12 A 116
=
o
£
E 54
x

S

154 c
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54 l

% Immobilization

% Immobilization

24 48 72 96
Hours

Fig. 6 Results for the immobilization test with Daphnia magna exposed
to pore water samples (a, b, ¢). Data shown as mean=SEM, n=4. No
significant immobility was observed for the test concentrations
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River pT values from 0 to 2. These values allow unrestrained
relocation of sediments during dredging activities (BfG 2004,
2005). So far, sediments with pT values greater than 2 were
only found in deeper (i.e., older) sediment layers of the Upper
Rhine (BfG 2004). These pT values are considered critical and
imply restrictions for the relocation of dredged sediments
(BfG 2000). In accordance with these results, the present
study did not find any significant toxicity of the Karlskopf
sediment pore waters to D. magna neonates. Neither in the
48-h acute toxicity test nor in the prolonged test could we
observe immobilization of daphnids in the treatment groups.
However, the mandatory test gives only information on
daphnids. The three other biotests in the present study indicat-
ed effects on ichthyofauna (SCA), cell viability (NR), and the
endocrine system (L-YES). The lack of correlation between
the effects of these tests suggests a diversity of effects and
contaminants which may not be properly assessed by any
single test.

4.1 Different tests may estimate the bioavailability
of pollutants differently

The pT values calculated from the neutral red retention assay
(performed with sediment extracts) were higher than the ones
from the test with D. magna (performed with pore water).
There are several possible reasons for this finding. Many pol-
lutants are lipophilic and hence are not found in the water
phase but bound to particles (Ahlf et al. 2002). Karlskopf
contaminants may be sorbed to the sediment rather than dis-
solved in the pore water. This suggests that hydrophobic com-
pounds, rather than hydrophilic contaminants, play an impor-
tant role in sediment toxicity. On the other hand, acetonic and
ethanolic extracts as used in the cytotoxicity assay and the L-
YES are more exhaustive for the specific organic substances
to be assessed with either test system, but may overestimate
the hazardous potential of the organic pollutants since not all
of them might be bioavailable (Burton 1991; AhlIf 1995).
Neither pore water nor aqueous eluates allow the ingestion
of particles by the test organism. Therefore, tests with aqueous
eluates and pore water often underestimate the toxic potential
of the sediments (Harkey et al. 1994). It has been shown by
Konig (2002) and Ulrich (2002) that aqueous eluates of
suspended particles from the Upper Rhine gave hardly any
cytotoxicity, but, on the contrary, cytotoxic effects were de-
tected in acetonic extracts from the same samples.

4.2 Effects on invertebrates vs. fish

Contaminants can have a different impact on different taxo-
nomic groups depending on their life/feeding strategies and
specific sensitivity. The results from the test with D. rerio
embryos and the L-YES suggest potential sublethal and
long-term effects of sediments, which were not apparent for
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D. magna. Besides having a different sensitivity to specific
toxicants, different organisms may be exposed via different
pathways owing to their biological and ecological properties.
Contaminants can be bioavailable through ingestion or direct
contact with the sediments by bacteria, aquatic plants, benthic
invertebrates, and fish. Biomagnification along aquatic food
webs may spread these effects further to other groups. Such
risks cannot be addressed by risk assessments using single-
species tests. New strategies in sediment risk assessment
should therefore include mesocosm studies or field experi-
ments (Solomon and Sibley 2002).

4.3 Possible underestimation of sublethal and cellular
effects

Both organism biotests (i.e., sediment contact test with
D. rerio embryos and the pore water immobilization test with
D. magna neonates) consistently indicated an absence of acute
toxic effects to whole organisms. However, our results pro-
vided sufficient evidence for sublethal and potentially chronic
effects. The absence of blood circuit and the lack of pigmen-
tation are retardations in embryo development. This is not
necessarily lethal for the embryo, as it has been observed that
an embryo may overcome this retardation within 168 h (Konig
2002; Ulrich 2002). However, retardations suggest direct det-
rimental effects and can also imply indirect impacts due to a
prolonged embryonic phase in which the embryo is vulnerable
to external risks (e.g., predation and wave action). A study by
Vincze et al. (2014) with sediments from the Neckar River
considered the observed low pigmentation after 72 h as a
developmental failure. Altered pigmentation can also be asso-
ciated with vision impairments (Goldsmith and Harris 2003).
It is known that certain chemicals such as bromophenols or
heavy metals can cause the observed effects (Kammann et al.
2006; Jezierska et al. 2009), but a conclusion is not possible
without chemical analysis of the sediment samples. Effects
were also measured on the cellular level. Virtually all samples
caused estrogenic effects in the L-YES assay. Even though a
human estrogen receptor is used in the test, the results indicate
that estrogenic effects on fish are possible. The neutral red
retention assay revealed acute cytotoxic effects at the cell lev-
el. Metabolic processes may also play a role in cytotoxicity as
some toxicants need bioactivation. RTL-W1 cells are able to
bioactivate substances through cytochrome P450-dependent
monooxygenases (Behrens et al. 2001).

4.4 Comparison with other European water bodies

In comparison with other anthropogenically influenced
European rivers, the acute cytotoxicity of the Karlskopf was
in the same range as the Danube and Rhine Rivers (Keiter
et al. 2006, Kosmehl et al. 2007), while Schulze et al. (2015)
detected less cytotoxicity in sediments from floodplains and

suspended particulate matter from the Rhine (Fig. 4).
Furthermore, Hollert et al. (2000) found similar NRs, values
for the Neckar using gonad cells from rainbow trout.

Our EEQ values compare to EEQs from sediments of the
Upper Danube River, UK estuaries, and the Rotterdam harbor
(0.03-1.3, 0.20-13 and 5.9-10.5 ng EEQ/g SEQ, respective-
ly) (Legler et al. 2002; Thomas et al. 2004; Grund et al. 2011).
In a mesocosm study, Janssen et al. (1997) demonstrated that
sediments from the Rotterdam harbor caused premature in-
duction of vitellogenin synthesis in female flounders. It is
known that Rhine River fish suffer from estrogenic effects,
such as altered genital development and induction of vitello-
genin synthesis (Allner 2003; Pawlowski et al. 2003).
Numerous studies give evidence for the role that estrogenic
substances play in the decline of fish populations (Lénge et al.
2001; Metcalfe et al. 2001; Kidd et al. 2007).

Chemical analysis of surface sediments of harbors and bar-
rages close to the quarry pond Karlskopf revealed high levels
of compounds with estrogenic effects, such as polychlorinated
biphenyls (PCBs), hexachlorobenzene (HCB), and benzo[a]-
pyrene, in an earlier study (IKSR 2009a). Fish from the Rhine
River showed bioaccumulation of certain endocrine
disruptors, such as PCBs and HCB (IKSR 2002; LUA LR-P
2006). Considering the results from this study, it is possible
that the fish fauna in the quarry pond Karlskopf suffers from
estrogenic effects caused by contaminated sediments.
Heimann et al. (2011) performed a chemical analysis of prior-
ity dioxin-like compounds in the sediments of the quarry pond
Karlskopf and revealed low to moderate contaminations
which could not explain the measured dioxin-like effects in
the biotest. Non-priority pollutants possibly play an important
role for the toxicity of the sediments (Brack et al. 2007;
Heimann et al. 2011).

Several studies examining the embryotoxicity and terato-
genicity of the Upper Rhine and its suspended particulate
matter, oxbow waters, harbors, or barrages to fish found a
higher mortality rate (Konig 2002; Ulrich 2002; Seiler et al.
2006). However, these studies used higher concentrations and
freeze-dried sediments or acetonic extracts in the fish egg
assay, while in the present study, we used a more realistic
scenario and examined native sediments. Native sediments
of'a Rhine River oxbow lake did not cause mortality in a study
by Hoss et al. (2010), while a study by Feiler et al. (2013)
found a mortality of 20 % in one of three sampling sites of the
Rhine River, but none in the other two sites.

4.5 Spatial toxicity patterns in the pond

The present study showed a cytotoxic effect of acetonic sediment
extracts increasing with distance to the main river channel in the
Karlskopf quarry pond. The same pattern could be observed in
the sediment contact test with D. rerio embryos. A possible
explanation could be that the sediments at the back part of the
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Karlskopf pond are predominantly fine-grained (<60 pm)
(Heimann et al. 2011). Smaller particles settle slowly and hence
can reach sections farther from the main river channel
(Asselman and Middelkoop 1995). Finer particles provide a
greater surface area and thus more binding sides for pollutants;
additionally, finer or lighter particles are more likely of organic
nature, potentially carrying heavier loads of pollutants
(Kukkonen and Landrum 1996; Duong et al. 2009). A grain
size analysis of the sediment samples from the Karlskopf by
Heimann et al. (2011), however, did not find differences among
the samples. Unfortunately, >90 % of the sediment material in
the samples was finer than the minimum grain size determined
(60 wm), and thus, no differences could have been detected
even if they existed. For clarification, it would be necessary
to investigate the grain size of the Karlskopf sediments to a
greater detail for clarification. For estrogenic effects measured
in the L-YES and for dioxin-like effects investigated by
Heimann et al. (2011), no spatial trend could be observed.
With these ambiguous results, there is no clear answer to the
question of longitudinal patterns of contamination.

5 Conclusions

Results from the present study show that sediments of the
quarry pond Karlskopf could affect fish embryo development
and give evidence that the estrogenic, cytotoxic, and terato-
genic effects we found are not addressed sufficiently by regu-
latory risk assessment protocols. A recent European technical
report on aquatic monitoring tools indicates the importance of
bioassays such as the SCA and the L-YES for the quality
assessment of surface waters (Wernersson et al. 2015). In gen-
eral, it would be important for the protection of the fish fauna
of the Rhine River if the regulatory risk assessment incorpo-
rated sublethal and chronic effects to fish. Chemical analysis
and bioassays with invertebrates may underestimate the risk of
sediments for the ichthyofauna.

Bioassays alone cannot answer the questions about sedi-
ment effects on the ecosystem, the contamination source, and
the origin of the substances that cause toxicity, but they may
inform about the potential effects and areas of highest con-
cern. To complete the effect assessment of Karlskopf sedi-
ments on fish, it would be useful to examine estrogenic effects
directly in fish from this pond. Also, additional bioassays
(e.g., prolonged fish embryo toxicity test, genotoxicity tests,
yeast-based androgen screen (YAS)) or, further, more sensi-
tive estrogenicity tests (e.g., ER-CALUX) would provide fur-
ther insights into the toxicological risks associated with these
sediments. Effect-directed analysis (Brack et al. 2007; Hecker
and Hollert 2009) could help in identifying contaminants of
special concern. Over the last few decades, the water quality in
the Rhine River has greatly improved, which calls for a shift of
the attention to sediments and non-priority pollutants which

@ Springer

are not commonly monitored. Impacts on the Rhine River
aquatic biota may be especially high during dredging activities
and flood events resulting in remobilization of sediments.
Climate change scenarios may alter the frequency of flood
events and further enhance the risk of sediment remobilization
(Wolz et al. 2009). This perceived importance of contaminat-
ed sediments to ecotoxicological risk also needs to be reflected
in regulatory standards for sediment evaluation.
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