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Abstract The purpose of the present study was to assess the
hazard potentials of contaminated suspended particulate mat-
ter (SPM) sampled during a flood event for floodplain soils
using in vitro bioassays and chemical analysis. Sediment-
contact tests were performed to evaluate the direct exposure
of organisms to native soils and SPM at two different trophic
levels. For comparison, acetonic extracts were tested using
both contact tests and additionally two cell-based biotests for
cytotoxicity and Ah receptor-mediated activity (EROD-
Assay). The sediment-contact tests were carried out with the

dehydrogenase assay with Arthrobacter globiformis and the
fish embryo assay with Danio rerio. The results of this study
clearly document that native samples may well be significant-
ly more effective than corresponding extracts in the bacteria
contact assay or the fish embryo test. These results question
the commonly accepted concept that acetonic extracts are
likely to overestimate the toxicity of soil and SPM samples.
Likewise, the priority organic compounds analyzed failed to
fully explain the toxic potential of the samples. The outcomes
of this study revealed the insufficient knowledge regarding the
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relationship between the different exposure pathways. Finally,
there is concern about adverse effects by settling suspended
particulate matter and remobilized sediments in frequently
inundated floodplain soils due to an increase of the hazard
potential, if compared with infrequently inundated floodplain
soils. We showed that the settling of SPM and sediments
revealed a significant impact on the dioxin-like potencies of
riparian soils.

Keywords 7-Ethoxyresorufin-O-deethylase . Acetonic
extracts . Arthrobacter globiformis . Cytotoxicity .Danio
rerio . Dehydrogenase assay . Native samples . Soils .

Suspended particulate matter

Introduction

The European Water Framework Directive as well as other
related directives and guidelines established a risk-based man-
agement of river basins to achieve a good ecological and
chemical status by 2015 at a basin-wide scale (Brack et al.
2009; Hollert et al. 2007; van Gils et al. 2009). In this context,
river-basin-wide sediment management was considered as
fundamental to reduce risks of particle-bound pollutants to
the goods and services of river ecosystems (Heise 2009). The
functions of sediments and suspended particulate matter
(SPM) in aquatic ecosystems were defined as sinks and sec-
ondary sources for organic and inorganic pollutants (Power
and Chapman 1992; Schulze et al. 2007).

Besides water pollution due to human activities of urban,
industrial, or agricultural origin, floods and droughts were
identified as main impacts of climate change on water quality
(Delpla et al. 2009). Historically contaminated sediments may
remobilize during flood events (Förstner 2004), increase the
effective potential of SPM (Hollert et al. 2000, 2003a; Wölz
et al. 2008, 2010b), and might be deposited during flood
events in populated areas, floodplains, and flood retention
areas (Maier et al. 2006; Middelkoop et al. 2010; Schwartz
et al. 2006). However, even a disastrous flood event such as
the Elbe flood in 2002 does not necessarily cause increased
contamination and adverse effects due to sediments but can
instead cause a wide distribution of contaminants and thus
decrease sediment toxicity due to dilution (Oetken et al.
2005).

Floodplains are important deposits for settling sediments
and SPM and hence have an important function for the re-
moval of pollutants from the aquatic system (Ensenbach
1998). However, those deposited contaminated solids might
affect terrestrial ecosystems (Klok and Kraak 2008; Tockner
et al. 2010), could be remobilized during flood events (Hollert
et al. 2000, 2003a; Schüttrumpf et al. 2011; van Gils et al.
2009), or pose a risk to drinking water resources due to
leaching of pollutants (Kühlers et al. 2009; Maier et al.

1997; Maier et al. 2006). Therefore, in drinking water protec-
tion areas, there may be a conflict of interests between the
potential risk of ground-water contamination during flood
events and the construction of natural retention areas due to
remobilization of particularly bound pollutants under certain
conditions (Busche and Hirner 1997; Kedziorek et al. 1998;
Maier et al. 2006; Sauvé et al. 2000; Fig. S1 in Electronic
supplementary material).

Furthermore, reservoirs of persistent chemicals (e.g., di-
oxins, polychlorinated biphenyls (PCBs), other persistent or-
ganic pollutants, or heavy metals) in soils and sediments are
important sources for food and feed contamination
(Kamphues et al. 2011; Torres et al. 2013; Weber et al.
2008a; Rice and Ray 1985a, b). Mobilization by flooding
(Prantner et al. 2005; Weber et al. 2011; Wölz et al. 2008;
Zennegg et al. 2010) but also by construction measures,
including sediment dredging (Heinisch et al. 2006) or by
landfill mining (Torres et al. 2013), are mechanisms for trigger
remobilization and increase of exposure of food and feed.
These releases of contaminants from reservoirs into the aquat-
ic chain can lead to increased exposure and subsequent bio-
accumulation of contaminants in fish and other aquatic foods
(Prantner et al. 2005; Weber et al. 2011; Zennegg et al. 2010).
Likewise, the contaminants in sediments transferred to flood
plains can contaminate grazing animals both directly and via
fodder (Eichbaum et al. 2013; Hembrock-Heeger 2011;
Kamphues et al. 2011; Lake et al. 2014; Schulz et al. 2005).

The purpose of the present study was to assess the hazard
potentials of contaminated SPM sampled during a flood event
for floodplain soils using in vitro bioassays and chemical
analysis. Beyond the analysis of organic pollutants, the sam-
ples were characterized for their physico-chemical properties
as well as the content of trace metals (see Electronic supple-
mentary material). Sediment-contact tests were performed to
evaluate the direct exposure of organisms to native soils and
SPM at two different trophic levels. For comparison, acetonic
extracts were tested using both contact tests and additionally
two cell-based biotests. The sediment-contact tests were car-
ried out with the dehydrogenase assay with Arthrobacter
globiformis and the fish embryo assay with Danio rerio. The
cytotoxicity and the dioxin-like effects were determined with
the neutral red and the 7-ethoxyresorufin-O-deethylase
(EROD) assay, respectively, using the permanent rainbow
trout cell line RTL-W1.

Four hypotheses were tested: (1) Exposure to acetonic
extracts in the bioassays overestimates the hazard potential
comparing to native soils and SPM exposure. (2) The hazard
potential of SPM increases during flood events due to remo-
bilization of contaminated sediments. (3) The settling of con-
taminated SPM in frequently inundated floodplain soils in-
creases the hazard potential comparing with soils from infre-
quently inundated areas. (4) The priority compounds detected
do not fully explain the effects found in the bioassays.
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Material and methods

Chemicals

Certified standard solutions containing the 16 Environmental
Protection Agency-polynuclear aromatic hydrocarbons (EPA-
PAHs) were purchased from Dr. Ehrenstorfer (Augsburg,
Germany). Certified standards of PCBs and hexachloroben-
zene (HCB) as well as the internal standards acenaphthene-
d10, phenanthrene-D12, chrysene-D12, perylene-d10, PCB 53,
and PCB 159 were obtained from Promochem (Wesel,
Germany). The analytical standards and acids for the inorgan-
ic compounds were purchased fromMerck (p.a. or suprapur®
grade, Merck, Darmstadt, Germany). Other chemicals were
bought from Sigma-Aldrich (Steinheim, Germany)

Sampling sites, collection of soil and SPM samples,
and sample preparation

Three different types of samples were investigated,
representing several risk scenarios:

& Soil samples from a frequently inundated floodplain riv-
erside of the levee (BT1-BT7; coordinates: UTM 32U,
447586.26E, 5426588.24N); this area is frequently inun-
dated with potential sedimentation of SPM.

& Soil samples from the land side of the levee, representing
an infrequently inundated area (B1-B7; coordinates: UTM
32U, 447700.12E, 5426453.43N).

& SPM samples from Rhine collected in the fish pass at the
upstream location Iffezheim barrage (Rhine km 232) dur-
ing different water levels representing a potential source of
pollutants entering the planned retention basin (S1-S6;
coordinates: UTM 32U, 434636.80E, 5409283.84N).

Detailed information could be found in Fig. S2 and
Tables S1–S3 in Electronic supplementary material.

The frequently inundated floodplain was flooded from
February to October 2001. Therefore, it was possible to ana-
lyze the contribution of freshly deposited SPM to the effect
potential of the floodplain soil.

The top soil samples (B1, B3–B7, and BT1–BT6; depth,
0–4 cm, recent pollution) were collected using a stainless steel
shovel. Coring samples (B2 and BT7; depth, 80–100 cm;
reference conditions or potential migration of pollutants to
sub ground) were sampled using a corer. The SPM samples
were collected using a sedimentation box (Hollert et al. 2000).
Samples for biological and chemical analyses were freeze-
dried over 48 h (Christ Beta 1–8, Osterode, Germany), sieved
at <1.25 mm using a stainless steel mesh, homogenized, and
then divided in sub-samples by quartering. All sub-samples
were stored at 4 °C for a maximum of 8 weeks.

Soxhlet extraction and silica gel fractionation

The sieved (<1.25 mm) and freeze-dried soil and SPM sam-
ples were extracted using Soxhlet extraction with acetone with
six cycles per hour over 24 h to obtain the acetone-extractable
fraction according to Hollert et al. (2000). Rotary evaporation
and nitrogen was used to evaporize solvent nearly to dryness.
The residues were reconstituted in 0.5 ml n-hexane and sep-
arated into six fractions by column chromatography (2 g silica
gel 60, Merck, Darmstadt, Germany) according to polarity
(Ricking and Terytze 1999). Mixtures of n-pentane, dichloro-
methane, and methanol were used as eluents (Bundt et al.
1991; Franke et al. 1998; Heim et al. 2005). Fractions F1 to
F4 were evaporized to a final volume of 200 μl using nitrogen
and transferred to gas chromatography (GC) vials that were
stored at −20 °C until analysis.

Instrumental analysis of organic compounds

GC-mass spectrometry (MS) analysis was carried out on an
HP 5890 II GC coupled to an HP MSD 5971 (Agilent, Palo
Alto, USA), equipped with a 60 m×0.25 mm I.D. ×0.25-μm
film DB-XLB fused capillary silica column. The MS was
operated in electron ionization mode (EI+, 70 eV) with a
source temperature of 180 °C scanning from 50 to 550 amu
(full-scan mode; scan time, 1.5 s) or single-ion monitoring for
quantification. The chromatographic conditions for analysis
of EPA-PAHs (PAH) and PCBs according to Ballschmiter and
Zell (1980) as well as for full-scan analysis were as fol-
lows—300 °C injector temperature, 1 μl splitless injection
at oven temperature of 80 °C, then programmed to 300 °C
at 4 K/min (1 min isotherm), and finally programmed to
310 °C at 0.8 K/min (35 min isotherm). Carrier gas veloc-
ity (helium 5.0, Air Liquide, Böhlen, Germany) was 1 ml/
min at constant flow.

For quality assurance, the internal standards PCB 53 and
PCB 139 were spiked to fractions F1 and F2; deuterated PAHs
(acenaphthene-D10, phenanthrene-D12, chrysene-D12, and
perylene-D10) were spiked to fraction F3 and F4 prior to
analysis. The recovery values of the internal standards are
listed in Table S4 in Electronic supplementary material. The
concentrations of the compounds in simultaneously analyzed
blanks (n=2) were below detection limits. The detection limits
of the compounds were between 0.5 and 5.5 μg/kg.

Polychlorinated dibenzodioxins and dibenzofurans

The 17 WHO-prioritized polychlorinated dibenzodioxins and
dibenzofurans in samples B1, B2, BT1, BT7, and S2 were
analyzed in different sample aliquots by Analysen Service
GmbH (Berlin, Germany) according to DIN 38414–24
(2000–10).
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Bioassays

Neutral red retention assay

Acute cytotoxic effects were determined using the neu-
tral red retention assay (Babich and Borenfreund 1992)
using the protocol detailed elsewhere (Heeger et al.
2012; Klee et al. 2004; Wetterauer et al. 2012).
Briefly, cells from the CYP1A-expressing cell line
RTL-W1 (Bols et al. 1999; Lee et al. 1993) were
exposed to serial dilutions of sediment extracts along
seven wells in six replicates of a 96-well microtiter
plate (TPP, Trasadingen, Switzerland) at a final concen-
tration range of 1.56–100 mg/ml. 3.5-Dichlorophenol
(80 mg/l) was used as a positive control. After incuba-
tion at 20 °C for 48 h, cells were stained with neutral
red (2-methyl-3-amino-7-dimethylamino-phenanzine) for
3 h, and neutral red retention was determined at 540 nm
with a reference wavelength of 690 nm using a micro-
titer plate reader (Tecan, Crailsheim, Germany).

EROD induction assay

The dioxin-like inducing potential of sediment extracts was
investigated using the 7-ethoxyresorufin-O-deethylase induc-
tion assay (EROD; Behrens et al. 1998) with the protocol
detailed in Gustavsson et al. (2007), and Wölz et al. (2011a,
b). RTL-W1 cells were seeded into 96-well microtiter plates
and exposed to sediment extracts in eight dilution steps with
s ix rep l i ca t e s . As a pos i t ive con t ro l , 2 ,3 ,7 ,8 -
tetrachlorodibenzo-p-dioxin (TCDD) was serially diluted on
two separate rows of each plate. Following incubation at
20 °C for 72 h, EROD induction was terminated by disrupting
the cells by shock-freezing in the vapor space of liquid nitro-
gen. Subsequently, 100 μl of the substrate 7-ethoxyresorufin
was added to each well before deethylation was initiated for
10 min with nicotinamide adenine dinucleotide phosphate in
phosphate buffer. The reaction was stopped by adding 100 μl
of fluorescamine in acetonitrile. The production of resorufin
as a metabolite of the substrate was recorded fluorometrically
at 544 nm (excitation) and 590 nm (emission) using a micro-
titer plate reader (Tecan, Crailsheim, Germany). Whole pro-
tein was also determined fluorometrically using the
fluorescamine method (excitation 355 nm, emission 590 nm;
Hollert et al. 2002a; Kennedy and Jones 1994). Fluorescent
units were converted to mass of resorufin and protein with the
aid of calibration curves.

Fish embryo test with D. rerio

The fish embryo test was performed according to DIN 38415–
6 (2001) for 48 h detailed in Braunbeck et al. (2005) and
Hollert et al. (2003b). Briefly, the acetone extracts were tested

with 6.25 to 200 mg sediment per test using 24-well microtiter
plates. The positive contrast was 5 ml of 3.5-dichloroanilin
(3.75 mg/l; 3.5-DCA) in bi-distilled water. In each well, one
fertilized fish egg in four-cell or eight-cell stage was added.
The microtiter plates were incubated for 48 h at 27 °C with a
day–night cycle of 14/10 h.

The whole top soil and SPM samples were tested at con-
centrations of 3, 2.5, 2, 1.5, 1, 0.5, 0.25, and 0.1 g per 5 ml of
artificial water (ISO 7346–3 1996), which was fabricated
according to DIN 38415–6 (2001). The samples were diluted
using quartz powder (grain size W4; Quarzwerke Frechen,
Germany), adjusted to 3 g, and homogenized using mortar and
pistil. The samples were transferred into six-well plates, and
each well was wetted using 5 ml artificial water, which was
vented to oxygenize. Five fish eggs were added, and the well
plate was closed using a cover. The plates were incubated for
48 h at 27 °C with a day–night cycle of 14/10 h. Three grams
of quartz powder spiked with 5 ml of 3.5-DCA (3.75 mgl/l)
was used as positive control. The wells were controlled for
oxygen after exposure in order to ensure that the effects were
due to sediment toxicity and not lack of oxygen (cf. Strecker
et al. 2011).

The fish eggs were assessed after 24 hpf for the lethal
endpoints lack of somite formation, coagulation of embryos,
and non-detachment of tails. After 48 hpf, these endpoints
were re-evaluated and additionally for lack of heart function
and lack of blood circulation.

Bacteria contact test with A. globiformis

The bacteria contact test was performed according to
modified draft DIN 38412–48 (1998) with the protocol
detailed in Keiter et al. (2006). The acetone extracts
were tested with 400, 200, 100, 50, and 25 mg sedi-
ment per test using 24-well microtiter plates. The pos-
itive control was 4-nitrophenol in bi-distilled water
(250 mg/l). The plates were incubated for 2 h at
30 °C, spiked with 500 μl of the resazurin solution,
and incubated for 30–120 min at 30 °C until the ab-
sorption of resazurin at 595 nm (OD595) of the test
wells (with bacteria) were 70 % of the OD595 of the
blank wells (without bacteria) due to metabolic transfor-
mation of resazurin to resorufin.

The direct sediment contact test was performed in
triplicate with 2 g of each sample using 15 ml polyeth-
ylene Falcon-type tubes. Quartz sand (grain-size W4;
Merck, Darmstadt, Germany) was used as control sam-
ple and spiked with 4 ml of 4-nitrophenol in bi-distilled
water (250 mg/l). Three milliliters bi-distilled water was
added to samples and controls followed by 2 ml of
DSM medium per 2 ml bacteria suspension. The sam-
ples and controls were incubated for 2 h at 30 °C using
an overhead shaker at 70 rpm.

Environ Sci Pollut Res (2015) 22:14606–14620 14609



The OD595 was measured photometrically at 525 nm
using a microtiter well plate reader (Tecan, Crailsheim,
Germany). The inhibition of bacteria was computed
using Eq. 1:

Inhibition %½ � ¼ 100 −
ODsample

595 − ODblank sample
595

ODcontrol
595 − ODblank control

595

� 100

" #

ð1Þ

Due to an enhanced positive dehydrogenase activity, some
of the samples showed negative inhibition, which was con-
sidered as toxic effects as well (Liß and Ahlf 1997; Ulrich
et al. 2002).

Data analysis

Concentration–response relationships

Concentration–response relationships were calculated
using nonlinear regression with GraphPad Prism® 5
(GraphPad Software Inc., La Jolla, USA). A sigmoid
function with variable slope was used to fit the EROD
and fish embryo bioassay data, and a three- or four-
parameter Hill function adapted from Sigma Plot 11
(Systat Software Inc., Chicago, USA) was used for
fitting the bacteria contact test data. If neither of these
fitted, a second-order polynomial function was used.
The functions were tested for best fit using GraphPad
Prism®. If it was not possible to calculate concentra-
tion–response curves, the lowest effect concentrations
were used.

Bio-TEQ values

Bioassay-derived TCDD equivalents (Bio-TEQs) were
calculated by relating the biological EROD activities
of the samples to the positive control TCDD using the
fixed effect level quantification method (cf. Wölz et al.
2008). Mean TCDD-EC25 and standard deviation values
were determined using a sigmoid log-logistic model
with GraphPad Prism® 5. Bio-TEQs with concentrations
in picogram TCDD per gram of sample equivalent
(SEQ) were calculated as per Eq. 2:

Bio − TEQ
pgTCCD

gSEQ

� �
¼

TCDD − EC25
pgTCDD

ml

� �

sample − EC25
gSEQ

ml

� � ð2Þ

Chem-TEQ values

In order to explain the determined Bio-TEQs, chemical-
ly derived TEQ values (Chem-TEQs) were calculated
using relative potency factors (REP; Bols et al. 1999)
as per Eq. 3:

Chem − TEQ
pgTCDD

gSEQ

� �
¼

X
i

ci � TEFið Þ ð3Þ

where for a given chemical i, ci is the measured concentra-
tion in the sample, and TEFi is the toxic equivalency factor for
each compound relative to TCDD. TEFs were derived for
RTL-W1 cells according to Bols et al. (1999) and Clemons
et al. (1997)—if any cell specific TEFs have been available—
and according to World Health Organization (WHO; van den
Berg et al. 2006).

Significance testing and multivariate explorative analysis

Data were tested for normal distribution (Kolmogorov–
Smirnov test (K-S)) and for variance homogeneity (Bartlett’s
test). If data passed K-S and Bartlett’s test, one-way analysis
of variance (ANOVA) with Tukey’s posttest was performed to
test significances using GraphPad Prism®; otherwise,
Kruskal–Wallis ANOVA with Dunn’s posttest was used.
Agglomerated hierarchical analysis (cluster analysis) using
complete linkage as cluster rule and 1-Pearson rs as distance
measure as well as principal compound analysis was per-
formed for multivariate explorative data analysis using
Statistica 8.0 (StatSoft Inc., Tusla, USA).

Results

Organic compounds

Figure 1a–c shows the results of organic compounds (PAHs,
HCB, and PCBs). The ranges of EPA-PAHs were 188–
754 μg/kg in the B samples, 345–3034 μg/kg in the BT
samples, and 474–2318 μg/kg in the SPM samples (S;
Fig. 1a). HCB concentrations were in the ranges of 0.9–
1.8 μg/kg in the B samples, 15–53 μg/kg in the BT samples,
and 25–203 μg/kg in the SPM samples (Fig. 1b). PCBs were
below detection limits in the B samples and were in the ranges
of 8–23 μg/kg in the BT samples and of 3–32 μg/kg in the
SPM samples (Fig. 1c).

The summarized concentrations of the 17 analyzed conge-
ners of PCDD/Fs were 118 pg/g in B1, 2,017 pg/g in BT1,
2,178 pg/g in BT7, and 3,304 pg/g in S2 (Table 1). The
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composition in B1 was strongly dominated by PCDFs with a
content of more than 90 % (Fig. S6 in the Electronic supple-
mentary material). In sample BT1 and the borehole sample
BT7, there were still were found about 79 and 58% of PCDFs,
respectively. The SPM sample S2 contained more PCDDs
(56 %) than PCDFs (44 %).

Bioassays

Neutral red retention assay

The results from acetonic extracts of the samples tested in the
neutral red retention assay with RTL-W1 cells are shown in

Table 1 Results of analysis of polychlorinated dibenzofurans (PCDF) and dibenzodioxines (PCDD) in selected samples in inundated (BT) and
infrequently inundated (B) top soil layers as well as in SPM samples (S) (B2 and BT7: core samples)

Congener B1 B2 BT1 BT7 S2

dw (pg/g) TEQ (pg/g) dw (pg/g) dw (pg/g) TEQ (pg/g) dw (pg/g) TEQ (pg/g) dw (pg/g) TEQ (pg/g)

2,3,7,8-TCDF 5.8 1.1 <0.2 4.9 0.9 5.7 1.1 6.5 1.2

1,2,3,7,8-PeCDF 2.1 0.4 <0.1 1.3 0.3 2.7 0.5 5 1

2,3,4,7,8-PeCDF 3.5 6.7 <0.1 4.1 7.8 4.6 8.7 <1.3

1,2,3,4,7,8-HxCDF 3.4 3.7 <0.1 7.6 8.4 6.1 6.7 5.4 5.9

1,2,3,6,7,8-HxCDF 1.8 <0.1 3.2 1.9 2.2

1,,2,3,7,9,9-HxCDF <0.4 <0.1 <0.6 <0.6 <0.6

2,3,4,6,7,8-HxCDF 2 <0.1 2.2 2.3 3.3

1,2,3,4,6,7,8-HpPCDF 16 <0.8 27.8 32 25.9

1,2,3,4,7,9,9-HpPCDF <1.8 <0.8 <3.8 <5.6 <4.2

OCDF 17.3 <29.7 211 315 684

2,3,7,8-TCDD <0.4 <0.1 <0.8 <2.8 <2.1

1,2,3,7,8-PeCDD <0.3 <0.1 <2.2 0.6 1.56 2.2 5.7

1,2,3,4,7,8-HxCDD <0.4 <0.1 <0.2 <0.6 <1.1

1,2,3,6,7,8-HxCDD 0.4 0.1 <0.2 <0.4 4.2 0.84 <1.3

1,2,3,7,9,9-HxCDD 0.5 <0.2 <0.3 2.7 <1.2

1,2,3,4,6,7,8-HpCDD 13.2 2.6 <0.8 74.7 14.9 108 21.6 59.1 11.8

OCDD 52.3 <4.0 1680 1690 2510

∑PCDD/F 118.3 14.63 n.n. 2016.8 32.3 2175.8 41.1 3303.5 25.7

Data given in dry weight (dw in picograms per gram) and Chem-TEQ (in picograms per gram) according to Clemons et al. (1997)
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Fig. 1 Box-and-whisker plots
(boxes: median, 25th-/75th-
percentiles; whiskers: minimum,
maximum) of the levels of
organic compounds (a PAHs; b
HCB; c PCB) in inundated (BT;
n=6) and infrequently inundated
(B; n=6) top soil layers as well as
in SPM samples (S; n=6);
analysis was performed using the
grain size fraction <1.25 mm;
values from borehole samples (B2
and BT7) were not included;
*p<0.05, ***p<0.001 (Kruskal–
Wallis ANOVAwith Dunn’s
posttest)



Fig. 2a. The half-maximum effective concentrations (NR50)
were 80–300 mg/ml in landside soils (B), 70–101 mg/ml in
floodplain soils (BT), and in the range 81–300 mg/ml in the
SPM samples (S). The samples B2 and S6 were not cytotoxic.

EROD induction assay

The EROD induction assay showed dioxin-like effects in
acetonic extracts of all samples tested except the borehole
sample B2 from the landside soils (Fig. 2b, Garke 2003).
The Bio-TEQ values were 77–1,439 pg/g in the B samples,
1,099–6,333 pg/g in the BT samples and 2,534–4,554 pg/g in
the S samples. In comparison, the Chem-TEQs values were
29–137 pg/g in the B samples, 59–257 pg/g in the BTsamples,
and 77–424 pg/g in the S samples (Fig. 2c).

Fish embryo assay with D. rerio

The half-maximum lethal concentration (LC50) of acetonic
extracts tested in the fish embryo test with D. rerio reached
values 73–129 mg/ml in the landside soils (B), 7–50 mg/ml in
the floodplain soils (BT), and 16–21 mg/ml in the SPM
samples (S; Fig. 3a; Table S9 in Electronic supplementary
material). The levels of LC50 of native samples tested in the
fish embryo test were 21–76mg/ml in the native landside soils
(B), 43–61 mg/ml in the floodplain soils (BT), and 99–
113 mg/ml in SPM (S) (Fig. 3a; Table S10 in Electronic
Supplementary material).

The drilling core samples B2 and BT7 showed no effects
either. The samples BT3 and BT1 were not toxic in the native
sample exposure scenario. S2native, S5native, S6acetonic, and

BT7native showed inconsistent concentration–response curves,
and effect concentrations could not be derived.

Bacteria contact assay

Acetonic extracts of the samples tested in the bacteria contact
assay with A. globiformis resulted in half maximum inhibition
concentrations (IC50) from 33 and 272 mg/ml for the landside
soils (B), in the range of 71 to 132mg/ml for the floodplain soils
(BT), and between 15 and 242 mg/ml for the SPM samples (S;
Fig. 3b; Table S9 in Electronic supplementary material).

Native samples revealed IC50 values of 119–1,235 mg/ml
for the landside soils, 42–99 mg/ml for the floodplain soils,
and 227–553 mg/ml for the SPM (S; Fig. 3b; Table S10 in
Electronic supplementary material).

Discussion

Comparison of the exposure pathways acetonic extract
and native sample

Comparing the results from the fish embryo test with native
samples and acetonic extracts thereof revealed an inconsistent
picture of the different sample groups.While the soils from the
infrequently inundated area (B) showed significantly higher
effects in the native samples (p<0.01, Kruskal–Wallis
ANOVA with Dunn’s posttest), the soils from frequently
inundated area (BT) showed no difference in effects, whereas
the SPM samples (S) showed significantly higher effects in
the acetonic extracts (Fig. 4a; p<0.01, Kruskal–Wallis
ANOVAwith Dunn’s posttest).
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Fig. 2 Box-and-whisker plots
(boxes: median, 25th-/75th-
percentiles; whiskers: minimum,
maximum) of a cytotoxicity of
acetonic extracts tested with the
NR-assay with RTL-W1 cells
(data given as the half maximum
effective concentration NR50),
Bio-TEQs (A) and Chem-TEQs
(b) derived from EROD assay as
well as PAH and PCDD/Fs anal-
yses (data given as picograms per
gram; borehole samples (B2 and
BT7) were not included); B: in-
frequently inundated soils; BT:
frequently inundated soils; S:
suspended particulate matter;
*p<0.05 (ANOVAwith Tukey’s
posttest or Kruskal–Wallis
ANOVAwith Dunn’s posttest);
data taken from Garke (2003)



Elevated effects with D. rerio of the native B soil samples
might be explained by the relatively high contents of total
organic carbon (Table S1-S3 in Electronic supplementary
material) and maybe by dissolved inorganic phosphor, nitro-
gen, or sulfur species. Höss et al. (2010) showed that these
parameters were correlated significantly with effects for fish
embryos in a comprehensive investigation into the responses
in different sediment contact tests with several sediment sam-
ples. The comparison of the values from the contact test with
A. globiformis confirmed the higher toxicity of acetonic ex-
tracts regarding the SPM samples (Fig. 4b) and comparable
effects for the floodplain soils (BT).

The hypothesis that acetonic extracts overestimate the
hazard potential relative to sediment contact tests with
native samples (Rönnpagel et al. 1995) cannot be support-
ed by our investigation, because there were no clear-cut
differences in effect responses (Ulrich et al. 2002). Due to
missing data (i.e., no grain size analysis of the SPM
samples, analytical values below the detection limits, and
a lack of effectivity in different samples), it was impossi-
ble to run further statistical analyses such as regression or
multivariate analyses. Recent investigations have shown

that most adverse effects could not be fully explained
even if using a battery of different sediment contact tests
and a wide range of physico-chemical parameters to char-
acterize the soil or sediment samples (Höss et al. 2010;
Tuikka et al. 2011). Running a meta-analysis was not
beneficial, because there are only few studies on the use
of raw acetonic extracts for testing in the fish embryo test
with D. rerio (Hallare et al. 2005; Wu et al. 2010).
However, those studies were not directly comparable be-
cause nonlethal and lethal endpoints were used for risk
estimation.

Changes in hazard potentials of SPM during a flood event
due to sediment remobilization

Figure 5 shows the Bio-TEQs derived from EROD assay
as well as the PAH- and PCDD/F-related Chem-TEQs
according to Clemons et al. (1997) for the SPM samples
in comparison with the discharge during the sampling
periods of the SPM. Samples S1 and S2 with Bio-TEQs
of 2,387 pg/g and 4,553 pg/g, respectively, were collected
during mean to low discharge conditions (Fig. 5a). S3 was
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Fig. 3 Toxicity of acetonic extracts (solid white) and native samples
(solid black) tested in the 48 h fish embryo assay with D. rerio (a) (data
given as the half maximum lethal concentration LC50 in mg SEQ per
milliliter test medium) and inhibition by acetonic extracts (solid white)

and native samples (solid black) tested in the contact assay with
A. globiformis (b; data given as the half maximum inhibitory concentra-
tion IC50 in mg SEQ per ml test medium); B: landside soils; BT: flood-
plain soils; S: suspended particulate matter; SEQ: sediment equivalents

Fig. 4 Comparison of effects by acetonic extracts (solid white) and
native samples (solid black) tested in the 48 h fish embryo test with
D. rerio (a) and in the bacteria contact assay with A. globiformis (b); data
given as relative effect potentials as means±standard deviations; B:

infrequently inundated soils; BT: frequently inundated soils; S: suspended
particulate matter; **p<0.01 (Kruskal–Wallis ANOVA with Dunn’s
posttest)



collected during increasing discharge with a Bio-TEQ of
3,214 pg/g. S4 represents a higher discharge plateau level
with a Bio-TEQ of 2,534 pg/g. Samples S5 and S6 were
collected while discharge increased further to almost the
two-yearly flood level (3,100 m3/s; LUBW 2011), each
with a Bio-TEQ of 3,014 pg/g. The levels of Bio-TEQs in
this study were comparable with those found by Wölz
et al. (2010b) at the same location. Heimann and co-
workers (2011) found dioxin-like activities with Bio-TEQ
values between 3,620 and 7,920 pg/g in an EROD induc-
tion assay using RTL-W1 cells within sediment extracts
from a connected oxbow lake of the Upper Rhine. The
shown homogenous profile was caused most likely by
extreme floods, which lead to a large input of river
sediments and a mixture with remobilized lake sediments.

The pattern of the Chem-TEQs according to Clemons et al.
(1997; Fig. 5b) and of the related PAHs (Fig. 5c) was inverse
to that of the Bio-TEQs. The HCB pattern followed the Bio-
TEQs except of sample S6 (Fig. 5d). However, there was no
significant correlation between HCB levels and Bio-TEQs
(Pearson r=0.24, p≥0.05). In contrast, Wölz et al. (2010a,
b) revealed a good concordance between HCB content and
Bio-TEQs.

Results indicated that (1) PAHs and HCB had a moderate
mixture toxicity effect on the Bio-TEQs during steady-state
discharge levels (S2 and S4), that (2) the PAHs had a predom-
inant effect potential during moderate discharge peaks (S1),
and that (3) HCBwas more hazardous than the PAHs at flood-
like discharge conditions (S5). The reason for the latter case
could be the remobilization of HCB-contaminated sediments
due to the flood event. HCB is one of the major Rhine-specific
contaminants (IKSR 2011) and is present in contaminated
sediments at Iffezheim Barrage (Boettcher and Klose 2003;
Hollert et al. 2007).

Increased hazard potential of frequently inundated soils
compared with infrequently inundated soils due to settlement
of contaminated SPM or sediments

The accumulation of trace elements and organic contami-
nants in flood plain soils due to settlement of SPM and
suspended sediments is a widely known and investigated
issue (Baborowski et al. 2007; Fiedler et al. 1996; Förstner
2004; Gocht et al. 2001; Japenga et al. 1990; Malmon et al.
2002; Martin 2009; Martin 1997; Middelkoop 2000; Pies
et al. 2007; Umlauf et al. 2005; Witter et al. 1998). Most of
the studies have investigated the input and fate of contam-
inants but not the potential adverse effects of such settle-
ment. However, there are some studies that have shown
effects of floodplain soils in vitro and in vivo (e.g., de
Jonge et al. 1999; Hamers et al. 2006; Hobbelen et al.
2004; Klok and Kraak 2008; Rader et al. 1997; Schwartz
et al. 2006; Wölz et al. 2011a).

In our study, we had the opportunity to investigate the
effect potentials of SPM and potentially impacted floodplain
soils due to settlement of SPM or sediments during a flood
event. We proved the hypothesis that settling SPM and sedi-
ments increase the effect potentials of frequently inundated
soils compared with non-frequently soils. Figure 6 gives box-
and-whisker plots of biotest results to compare the relative
effect potentials of the different sample groups.

The cytotoxic potential (Fig. 6a) of the BT samples was
higher and less variable than that of the B samples but not
significantly different (p≥0.05, ANOVA with Tukey’s post-
test). The cytotoxic effect potentials of the BT samples were
significantly higher (p<0.05; ANOVAwith Tukey’s posttest)
compared with the S samples (Fig. 6a) and may be caused by
inputs of cytotoxic compounds during flooding of the area
(Garke 2003).
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Fig. 5 Discharge at gauging
station Maxau (Rhine-km 362.2)
(solid line; data provided by
Rheinkraftwerk IffezheimGmbH,
Iffezheim Germany), Bio-TEQs
(a), Chem-TEQs (b) according to
Clemons et al. (1997), PAHs (c)
and HCBs in the SPM samples;
data are given as picograms per
gram; S1, S2, S4, and S5 are
shown as sampling periods (grey
areas); S5 and S6 are single sam-
ples (x); dotted line: average low
water discharge 1998–2007;
dashed line: mean water dis-
charge 1998–2007 (LUBW 2011)



A significantly increased hazard potential regarding the
dioxin-like potential (p<0.05; ANOVAwith Tukey’s posttest)
was found (Fig. 6b), revealing the significant impact of flood
SPM on the dioxin-like potencies of frequently inundated
soils. The dioxin-like potential of the BT and S samples were
comparable (Fig. 6b).

The effects in the fish embryo-toxic effects of the acetonic
extract of frequently inundated soil (B samples) were present
comparing with those of infrequently inundated soils (BT
samples; Fig. 6c). An evaluation of the fish embryo test results
was difficult due to absence of effects and inconsistent con-
centration–response relationships for several samples, and
thus, no strength deduction is possible.

The bacterial effect potentials (Fig. 6d) in both acetonic
extracts and native samples of the BT samples were insignif-
icantly higher than those of the B samples (p≥0.05, ANOVA
with Tukey’s posttest). However, the results of the BTsamples
were more variable. The bacterial effect potentials in the BT
samples were above those of the S samples, but there was no
significant difference between the groups. Based on the ob-
servations in negative and positive controls, all tests were
considered valid (details not shown).

The hypothesis that the settlement of contaminated SPM
increases the hazard potential of the frequently inundated soils
comparedwith the infrequently inundated is thus supported by
the results of this investigation, particularly regarding Ah-
receptor-mediated (dioxin) effects. In respect to human expo-
sure to dioxin-like compounds, the most relevant hazard is the
contamination of cattle (cows and sheep) grazing on the
floodplain (Hembrock-Heeger 2011; Kamphues et al. 2011;
Schulz et al. 2005). It has recently been discovered that soil

levels of PCB, PCDD, and PCDF below currently regulated
pollution levels for soil can be sufficient that cattle reach
Dioxin and PCB liver and meat levels above EU food regula-
tions (Weber et al. 2013).

Ecotoxicological effects versus analyzed pollutants

Linking ecotoxicological effects in biotests to the pollutants
detected in the samples is often a major problem in the studies
regarding the evaluation environmental hazard potentials.
Synergistic, antagonistic, or additive mixture toxicity effects
as well as varying modes of toxic actions at different effect
concentration levels are in contrast to a commonly relatively
low number of identified and quantified compounds in the
respective samples or sub-fractions thereof (Brack 2003;
Brack et al. 2008; Grote et al. 2005; Kammann et al. 2005).

Box-and-whisker plots of Bio-TEQs derived from the
EROD assay and the Chem-TEQs derived from the PAH
and PCDD/F analyses are shown in Fig. 6. Chem-TEQs
explained in average 7.9±5.9 % of the effects expressed by
the Bio-TEQs. This result is in concordance with similar
previous studies (Heimann et al. 2011; Hilscherova et al.
2001; Hilscherova et al. 2003; Kammann et al. 2005;
Schulze et al. 2012; Wölz et al. 2010a), whereas it has to be
considered that the contents of PCDD/Fs in this study were at
the lower levels of PCDD/Fs analyzed in sediments of the
Elbe after the flood in 2002 (3–140 pg/g WHO-TEQ; Stachel
et al. 2005), and thus, PCDD/Fs might contribute in a higher
ratio to the Chem-TEQ in higher contaminated sites.

However, the analysis of a few priority pollutants such as
PAHs, PCBs, and PCDD/Fs is not sufficient to achieve real
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Fig. 6 Box-and-whisker plots
(boxes: median, 25th-/75th-
percentiles; whiskers: minimum,
maximum) of acetonic extracts
tested in the neutral assay (a) and
EROD (b) assays as well as by
acetonic extracts (solid white) and
native samples (solid grey) tested
in the fish embryo test with
zebrafish (D. rerio) (c) and in the
bacteria contact assay with
A. globiformis (d); data given as
relative effect potentials; B:
infrequently inundated soils; BT:
frequently inundated soils; S:
suspended particulate matter; Ac:
acetonic extract; Nat: native
sample; *p<0.05 (ANOVAwith
Tukey’s posttest or Kruskal–
Wallis ANOVAwith Dunn’s
posttest)



cause–effect relationships of adverse effects of anthropogenic
environmental pollution as the majority of the dioxin-like
activity was not explained. Numerous known and unknown
chemicals that may cause adverse effects are present in soils
and sediments (Brack et al. 2008; Schwarzbauer 1997). Here,
the concept of effect-directed analyses (Brack 2003; Hecker
and Hollert 2009; Brack et al. 2012, 2013) can be used to
identify the contribution of non-priority pollutants to the over-
all hazard potential (as determined by the bioassays).

Ecotoxicological assessment

The ecotoxicological assessment of environmental samples
using different endpoints is usually very complex, and math-
ematical models are recommended for successful results
(Hollert et al. 2002b; Keiter et al. 2009). It was shown that
partial order theory (for example used in the Hasse diagram
technique) and fuzzy logic theory are appropriate approaches
for the risk estimation of complex environmental data (Hollert
et al. 2002b; Lerche et al. 2002; Voigt et al. 2006). In order to
develop a general classification system, Keiter et al. (2009)
processed a huge dataset of effect data of different bioassays
(i.e., fish embryo assay withD. rerio, neutral red assay, comet
assay, and EROD assay) using fuzzy logic. In the present
study, this classification was used to assess the results of the
biotests (Table 2). The empirical model was used due to the
highest correlation between the biotest results and the fuzzy
logic alternative (Keiter et al. 2009).

With respect to cytotoxicity, only two samples were clas-
sified as moderately cytotoxic (B5 and BT1). The samples of
the frequently inundated area and the SPM samples were
categorized strongly toxic in the EROD and the fish embryo
assays with native samples, except sample BT6 which was
rankedmoderately toxic (Table 3). The samples of the landsite
soils were moderately toxic in these bioassays. In contrast, the
fish embryo assay with acetonic extracts resulted in a nontoxic
grouping of the landsite soils (B samples) and two BTsamples
(BT2 and BT3). One sample was strongly toxic (BT1), and the

analyzed SPM samples were classified as moderately toxic
(Table 3).

Conclusions

The results of this study clearly document that native samples
may well be significantly more effective than corresponding
extracts in the bacteria contact assay or the fish embryo test.
These results question the commonly accepted concept that
acetonic extracts are likely to overestimate the toxicity of soil
and SPM samples. Likewise, the priority organic compounds
analyzed failed to fully explain the toxic potential of the
samples. The outcomes of this study revealed the insufficient
knowledge regarding the relationship between the different
exposure pathways. Finally, there is concern about adverse
effects by settling suspended particulate matter and
remobilized sediments in frequently inundated floodplain

Table 2 Threshold values of the three different toxicity values for each
biotest system according to an empirical model developed by Keiter et al.
(2009)

Nontoxic Moderately toxic Strongly toxic

NR [mg/ml] >80 80-31 <31

EROD [pg/g] <620 620–1250 >1250

FETAc [mg/ml] >21 21-11 <11

FET Nat [mg/ml] >130 130-65 <65

Data given as milligrams SEQ per milliliter test medium (NR, FET Ac,
FET Nat) or Bio-TEQs in picograms per gram SEQ

Ac acetonic extract, Nat native sediment

Table 3 Threshold values of three different toxicity levels (nontoxic,
moderately toxic, strongly toxic) for the neutral red assay (NR), the
EROD assay and fish embryo assay (FET) classified according to the
empirical model developed by Keiter et al. (2009; Table2); Ac: acetonic
extract, Nat: native sediment, : nontoxic, +: moderately toxic, ++: strong-
ly toxic, B: landside soils; BT: floodplain soils; S: suspended particulate
matter, SEQ = sediment equivalent

14616 Environ Sci Pollut Res (2015) 22:14606–14620

 B1 B2 B3 B4 B5 B6 B7 

NR + 

EROD + 

- - - - - -

+ + + + + 

FET Ac

FET Nat + + + + + + 

BT1 BT2 BT3 BT4 BT5 BT6 BT7

NR + 

EROD ++ ++ ++ ++ ++ ++ 

FET Ac ++ 

FET Nat ++ ++

S1 S2 S3 S4 S5 S6
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- -
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-

-

-
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Ac acetonic extract, Nat native sediment,− nontoxic,+moderately toxic,
++ strongly toxic, B landside soils, BT floodplain soils, S suspended
particulate matter, SEQ sediment equivalent



soils due to an increase of the hazard potential—especially the
dioxin-like potential—if compared with infrequently inundat-
ed floodplain soils.
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