Does wastewater treatment plant upgrading with
activated carbon result in an improvement of fish health?
Sabrina Wilhelm, Anja Henneberg, Heinz-R. Köhler, Magali Rault, Doreen
Richter, Marco Scheurer, Séverine Suchail, Rita Triebskorn

To cite this version:
Sabrina Wilhelm, Anja Henneberg, Heinz-R. Köhler, Magali Rault, Doreen Richter, et al.. Does
wastewater treatment plant upgrading with activated carbon result in an improvement of fish health?.
Aquatic Toxicology, 2017, 192, pp.184-197. �10.1016/j.aquatox.2017.09.017�. �hal-02047744�

HAL Id: hal-02047744
https://hal-univ-avignon.archives-ouvertes.fr/hal-02047744
Submitted on 25 Feb 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Aquatic Toxicology 192 (2017) 184–197

Contents lists available at ScienceDirect

Aquatic Toxicology
journal homepage: www.elsevier.com/locate/aqtox

Does wastewater treatment plant upgrading with activated carbon result in
an improvement of ﬁsh health?

MARK

⁎

Sabrina Wilhelma, , Anja Henneberga, Heinz-R. Köhlera, Magali Raultb, Doreen Richterc,
Marco Scheurerc, Séverine Suchailb, Rita Triebskorna,d
a

Animal Physiological Ecology, University of Tübingen, Auf der Morgenstelle 5, D-72076 Tübingen, Germany
Institut Méditerranéen de Biodiversité et d’Ecologie Marine et Continentale, IMBE UAPV AMU IRD, Pôle Agrosciences, BP 21239, 84916 Avignon, France
c
DVGW Water Technology Center, Karlsruher Straße 84, D-76139 Karlsruhe, Germany
d
Steinbeis Transfer-Center for Ecotoxicology and Ecophysiology, Blumenstrasse 13, D-72108 Rottenburg, Germany
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Micropollutants
Histopathology
Glycogen
hsp70

In the present study, the eﬃciency of a wastewater treatment plant (WWTP) upgraded with a powdered activated carbon unit for the reduction of micropollutants and the related advantages for ﬁsh health have been
analyzed by means of diﬀerent biomarkers, i.e. histopathological investigations, analyses of glycogen content
and stress proteins, as well as by chemical analyses in diﬀerent matrices. Comparative analyses were conducted
prior and subsequent to the installation of the additional puriﬁcation unit.
Chemical analyses revealed a signiﬁcant reduction of several pharmaceuticals, including diclofenac, carbamazepine and metoprolol, in samples of eﬄuent and surface water downstream of the WWTP after its upgrade.
In addition, diminished concentrations of diclofenac and PFOS were detected in tissues of analyzed ﬁsh.
Histopathological investigations of ﬁsh liver, gills, and kidney revealed improved tissue integrity in ﬁsh after
improved wastewater treatment. In parallel, biochemical measurements of glycogen revealed increased energy
resources in ﬁsh liver and, furthermore, hsp70 levels in livers of exposed rainbow trout and in kidneys of exposed
brown trout were lower after than before the WWTP upgrade. In summary, additional treatment with powdered
activated carbon led to a reduction of potentially hazardous chemicals in the eﬄuent and the adjacent river and,
consequently, to an improvement of ﬁsh health in the receiving water course.

1. Introduction
Aquatic organisms have to cope with a variety of biotic and abiotic
stressors: Besides food availability, predation, parasitism, light and
temperature conditions, or oxygen content (Ezenwa et al., 2016; He
et al., 2015; Kumar et al., 2015; Midwood et al., 2016; Miyai et al.,
2016), structural interventions into water courses, e.g. the formation of
dams or straightening of natural waters (Lima et al., 2016; Pan et al.,
2016), as well as the release of micropollutants can have a great inﬂuence on aquatic ecosystems (Arslan et al., 2017; Gavrilescu et al.,
2015).
Today, it is well known that micropollutants, like pharmaceuticals,
pesticides and industrial chemicals are often incompletely eliminated
by conventional secondary wastewater treatment (Falås et al., 2016;

Margot et al., 2015). Consequently, wastewater is one of the major
sources for micropollutants in the aquatic environment
(Schwarzenbach et al., 2006). Diﬀerent treatment technologies like
powdered or granular activated carbon, ozonation, ultraviolet light,
and reverse osmosis have been shown to eliminate these substances to a
greater extent (Buthiyappan et al., 2016; Knopp et al., 2016; Meinel
et al., 2016; Ruhl et al., 2014; Sousa et al., 2017). Although such additional puriﬁcation stages have been implemented in wastewater
treatment in industrialized countries more frequently during the last
years, knowledge about their eﬃciency with respect to human and
environmental health is still scarce.
This study is part of the research project SchussenAktivplus
(Triebskorn et al., 2013) which investigated the eﬃciency of a set of
wastewater treatment technologies and the resulting eﬀects on

Abbreviations: AA-EQS, annual average environmental quality standard; dm, dry mass; EQS, environmental quality standard; LOEC, lowest observed eﬀect concentration; LOQ, limit of
quantiﬁcation; PAC, powdered activated carbon; PFOS, perﬂuorooctanesulfonic acid; PFOA, perﬂuorooctanoic acid; SOB, stormwater overﬂow basin; WWTP, wastewater treatment plant
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Fig. 1. Location of the WWTP Langwiese, the bypass systems, and the ﬁeld sampling sites. WWTP: wastewater treatment plant. SOB: stormwater overﬂow basin. Bypass Gunzenhaus:
bypass station at the Schussen River. Bypass Pﬂegelberg: bypass station at the Argen River. Field sampling sites: S0: Schussen River, Weissenau, upstream of SOB and WWTP Langwiese.
S1: Schussen River, Weissenau, downstream of SOB and upstream of WWTP Langwiese. S3: Schussen River, Oberbaumgarten, downstream of WWTP Langwiese. S4: Argen River, Oberau,
reference river.

et al., 2001; Kumar et al., 2016; Lim et al., 2005; Sanders et al., 1995),
we analyzed the stress protein hsp70 in diﬀerent organs.
In this study, we conducted analyses with resident chub (Leuciscus
cephalus) and spirlin (Alburnoides bipunctatus) caught by electroﬁshing
in the Schussen and the Argen River, two tributaries of Lake Constance,
prior and subsequent to the WWTP upgrade. In the Schussen River,
which is inﬂuenced by the WWTP, samples were taken up- and downstream of the WWTP. Samples from the Argen River served as sources
for reference data from a river not aﬀected by the WWTP upgrade. In
addition, brown trout (Salmo trutta f. fario) and rainbow trout
(Oncorhynchus mykiss) were actively exposed either in semi-ﬁeld bypass
systems at the two rivers or in cages directly placed in the river bed of
the Schussen up- and downstream of the WWTP Langwiese.
In this comprehensive multi-year study, the biomarker results have
been related to the results provided by chemical analyses of surface
water, eﬄuent, sediment, and ﬁsh to provide evidence for causal relationships between river pollution and the investigated ﬁsh health
parameters.
In general, we addressed the following two questions:

ecosystems. The results presented here focus on the eﬀects of a wastewater treatment plant (WWTP) upgrading with powdered activated
carbon (PAC) on ﬁsh in the connected river Schussen, a tributary of
Lake Constance. As tools to characterize the health status of the organisms prior to and after the upgrade, we used histopathological diagnosis of major metabolic organs, and biochemical measurements of
liver glycogen and stress protein levels.
By means of histopathological diagnosis, we assessed the tissue integrity of liver, kidney and gills. As a central metabolic organ, the liver
is important for the biotransformation and excretion of xenobiotic
substances (Braunbeck, 1998; Köhler, 1990). Therefore, it is regarded
as a main target organ for diﬀerent pollutants like metals, pesticides,
and polychlorinated biphenyls (PCBs) (Brusle and Anadon, 1996).
Furthermore, glycogen stored in the liver serves as an energy resource
in ﬁsh (Tseng and Hwang, 2008). Changes in the glycogen content were
therefore used as suitable biomarker responses indicating energetic
trade-oﬀs in connection with energy demands for detoxiﬁcation processes. Comparable reactions were already reported to occur after exposure to diﬀerent stressors (Nascimento et al., 2012; Wiseman and
Vijayan, 2011). Gills are not only important for gas exchange but also
for acid-base balance, excretion of nitrogenous and other low molecular
weight wastes, and ionic regulation (Evans, 1987). Like the skin, they
are one of the ﬁrst contact sites to the surrounding water and its associated pollutants with capacity for biotransformation and/or excretion (Olson, 2002). As a further organ involved in the metabolism and
excretion of chemicals (Gernhöfer et al., 2001), we investigated the
kidney. All three organs have been shown to be very suitable for assessing eﬀects of pollutants on ﬁsh health (Ballesteros et al., 2017;
Camargo and Martinez, 2007; Schwaiger et al., 1997; Triebskorn et al.,
2002).
As a biomarker for proteotoxic stress (Köhler et al., 2001; Sørensen
et al., 2003), which can result e.g. from shifts in temperature and pH,
disease status or chemicals (Basu et al., 2002; Duﬀy et al., 1999; Köhler

1) Do concentrations of micropollutants in samples of surface water,
eﬄuent, sediment, and ﬁsh decrease due to additional wastewater
treatment with PAC?
2) Can a reduction of chemicals in water, sediment, and biota be related to an improvement of ﬁsh health?
2. Materials and methods
2.1. Ethical statements
All experiments were carried out in strict accordance with the
German law on animal experiments. Permission was given by the animal welfare authority of the Regional Council Tübingen
185
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(SOB) and upstream of the WWTP Langwiese: N47°45′31.7”,
E9°35′21.3”; S1, downstream of the SOB and upstream of the WWTP:
N47°45′27.8”, E9°35′25.1”; S3, downstream of the WWTP: N47° 39′
16.09”, E9° 31′ 53.35”; Argen River: S4, at the reference river: N47° 44′
20.46”, E9° 53′0 42.78”.

(Regierungspräsidium Tübingen), permit numbers for the two trout
species are ZO 1/09, ZP 1/12 and ZO 1/15. Sampling of chub and
spirlin was reported under document number AZ 35/9185.82-2 from
January 12th, 2015. Fish were anaesthetized and euthanized with MS222 (tricaine mesylate), and handling and caging stress were minimized.

2.3. Origin of ﬁsh
2.2. Sampling locations

One-year-old rainbow trout (Oncorhynchus mykiss) and brown trout
(Salmo trutta f. fario) were provided by the ﬁsh farm Lohmühle
(Alpirsbach, Germany). Fish kept at this ﬁsh farm received a mixture of
spring water with drinking water quality and stream water which originates in a water protection area. No contamination with micropollutants could be detected in these water sources. Feral chub
(Leuciscus cephalus) and spirlin (Alburnoides bipunctatus) were caught in
the rivers at the ﬁeld sampling sites by electroﬁshing. All ﬁsh were
euthanized with tricaine mesylate (MS-222, Sigma-Aldrich, St. Louis,
USA) prior to dissection. Length and fresh weight were determined and
samples of blood, muscle tissue, liver, kidney, and gills were preserved
according to the protocols for the respective techniques (see below).

Fig. 1 depicts all locations of sampling, i.e. the WWTP Langwiese
which has been upgraded with a PAC unit, the bypass stations, and the
ﬁeld sampling sites at the Schussen and the Argen River.
The presented study focuses on the WWTP Langwiese (AZV
Mariatal, Ravensburg), which is designed for wastewater treatment of
170.000 population equivalents. The additional treatment stage with
powdered activated carbon was installed in September 2013 and has
been in operation ever since. Cages for in-situ rainbow trout exposure,
which have been described in detail by Vincze et al. (2015), were
placed up- and downstream of the WWTP Langwiese with a distance of
200 m between the cages. Trout exposed downstream of the WWTP
received a mixture of approximately 50% wastewater and 50%
Schussen water. For further active exposure of rainbow trout and brown
trout, two semi-ﬁeld bypass systems were installed: one at the Schussen
River downstream of the WWTP Langwiese and one at the Argen River
as a reference site. River water ﬂowed through ﬁve 250 L aquaria at a
velocity of 0.4 L/s. In addition, control systems were established in the
laboratory in climate chambers. In Table 1, details for all exposure
experiments are summarized, including exposure duration and exposure type. During winter 2012/2013, ﬁsh for control were held in
climate chambers in the laboratory. During winter 2013/2014 and
winter 2014/2015, control ﬁsh were sampled directly at the hatchery.
At all ﬁeld sites, feral spirlin and chub were caught by electroﬁshing
prior to the upgrade (in 2010: June 29th, Aug 20th, and Oct 12th/13th;
in 2011: May 09th/10th, Jul 07th, Sep 02nd, and Oct 27th/28th; in
2012: May 03rd, Jul 04th, and Oct 24th) and after the upgrade (in
2014: May 06th and Jul 01st; in 2015: Jun 11th/12th; in 2016: May
11th/12th).
The coordinates of the locations are as follows: WWTP Langwiese:
Ravensburg: N47° 44′ 53.22”, E9° 34′ 35.49”; Cage upstream of the
wastewater eﬄuent of the WWTP Langwiese: N47° 44′ 51.2”, E9°
34′16.6”; Cage downstream of the wastewater eﬄuent of the WWTP
Langwiese: N47° 44′ 45.3”, E9° 34′11.0”; Bypass Gunzenhaus (Schussen
bypass): downstream of the WWTP Langwiese, Schussen River: N47°
40′ 44.00”, E9° 32′ 24.77”; Bypass Pﬂegelberg (Argen bypass), reference site, Argen River: N47° 39′ 11.21”, E9° 44′ 30.80”; Field sampling sites: Schussen River: S0, upstream of a stormwater overﬂow basin

2.4. Limnological analysis
In parallel to the samplings for chemical analyses and biomarker
studies, limnochemical and physicochemical parameters were determined (in situ measurements: GHM Regenstauf, WTW Weilheim; test
kits: Merck Darmstadt, Macherey-Nagel Düren, all Germany). The following parameters were recorded: water and air temperature, pH,
conductivity, oxygen content and saturation, concentrations of nitrite,
nitrate, ammonium, chloride, ortho-phosphate, carbonate hardness,
and total hardness. At the bypass systems, data loggers (Gigalog S,
Controlord, Marseille, France; PLC-module moeller easy 512R, Moeller
GmbH, Bonn, Germany; GSM modem Insys GSM-easy, Regensburg,
Germany) were installed to ensure continuous measurement of ﬂow
rate, conductivity, water temperature, and oxygen content.
2.5. Chemical analysis
Samples of surface water, eﬄuent, sediment, and ﬁsh were analyzed
for 168 micropollutants by the DVGW Water Technology Center (TZW,
Karlsruhe, Germany) using liquid and gas chromatographic measurement methods (GC–MS, GC-ECD, GC-NPD, HPLC-DAD, and HPLC–MS/
MS). Prior to analysis, solid samples were freeze-dried in an ALPHA 1–4
LSC system (CHRIST, Osterode/Harz, Germany) and mechanically
homogenized. Samples of surface water and eﬄuents were spiked with
internal standards and extracted by solid-phase extraction or liquid/
liquid-extraction. Investigated micropollutants and the respective analytical methods have been published in Maier et al. (2015).

Table 1
Periods of bypass and cage exposures.
start of exposure

duration of
exposure

type of exposure

70 d
63 d
91 d

laboratory control
exposure in cages
exposure in bypass
systems

winter 2013/2014 after upgrade
29 Jan 2014
2 Dec 2013
4 Feb 2014
2 Dec 2013
12 Mar 2014

0d
64 d
100 d

control from hatchery
exposure in cages
exposure in bypass
systems

winter 2014/2015 after upgrade
04 Feb 2015
3 Dec 2014
05 Feb 2015
3 Dec 2014
10 Mar 2015

0d
64 d
97 d

control from hatchery
exposure in cages
exposure in bypass
systems

winter 2012/2013
15 Nov 2012
15 Nov 2012
15 Nov 2012

end of exposure

prior to upgrade
24 Jan 2013
17 Jan 2013
14 Feb 2013

2.6. Histopathological assessment
For histopathological analyses, samples of liver (one quarter of the
entire organ), kidney (posterior part), and gill (part of the left gill) were
ﬁxed in 2% glutaraldehyde dissolved in 0.1 M cacodylate buﬀer (pH
7.6) directly after dissection. Samples were washed in the same buﬀer,
dehydrated in a graded series of ethanol, and embedded in histowax.
Kidneys and gills were decalciﬁed in a 1:2 mixture of 98% formic acid
and 70% ethanol prior to embedding. Sections of 3 μm were cut on a
Leica microtome (SM2000R) and stained with hematoxylin-eosin and
alcian blue-PAS (periodic acid Schiﬀ). Histopathological diagnosis was
conducted qualitatively and semi-quantitatively, the latter according to
Triebskorn et al. (2008) by classifying the samples of the respective
organs into ﬁve categories according to symptoms displayed (Supplementary 1).
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Table 2
Limnological data. Means ± SD for samplings prior (05/2012-07/2013, sample size n = 5) and subsequent (11/2013-06/2015, sample size n = 5) to the WWTP upgrade. S0: Schussen
River, upstream of SOB and WWTP Langwiese. S1: Schussen River, downstream of SOB and upstream of WWTP Langwiese. S3: Schussen River, downstream of WWTP Langwiese. S4:
Argen River, reference river.
Schussen river

Argen river

S0

water temperature [°C]
air temperature [°C]
oxygen content [mg/L]
oxygen saturation [%]
conductivity [μS/cm]
pH
nitrate-N [mg/L]
nitrite-N [mg/L]
ammonium-N [mg/L]
chloride [mg/L]
ortho-phosphate-P [mg/L]
carbonate hardness [°dH]
total hardness [°dH]

S1

S3

S4

Prior to

After

Prior to

After

Prior to

After

Prior to

After

14.46 ± 3.09
17.70 ± 5.61
9.89 ± 0.60
101.7 ± 4.5
651.2 ± 70.2
8.23 ± 0.22
3.06 ± 0.25
0.021 ± 0.005
0.050 ± 0.013
23.40 ± 3.78
0.056 ± 0.031
19.80 ± 2.49
21.00 ± 3.16

12.45 ± 4.18
15.67 ± 10.21
10.48 ± 0.62
103.6 ± 5.7
605.0 ± 44.8
8.23 ± 0.30
2.88 ± 0.31
0.019 ± 0.004
0.035 ± 0.010
21.75 ± 2.22
0.066 ± 0.037
20.25 ± 4.43
21.75 ± 3.30

14.88 ± 3.44
18.70 ± 6.57
9.59 ± 0.67
99.0 ± 7.8
633.8 ± 40.1
8.25 ± 0.20
2.93 ± 0.24
0.023 ± 0.007
0.052 ± 0.010
23.40 ± 4.04
0.049 ± 0.032
19.60 ± 2.61
20.80 ± 3.27

12.28 ± 4.02
15.67 ± 10.21
10.24 ± 0.57
99.9 ± 5.6
603.5 ± 44.7
8.22 ± 0.24
2.83 ± 0.39
0.019 ± 0.005
0.045 ± 0.010
22.250 ± 2.50
0.061 ± 0.032
18.50 ± 1.29
21.50 ± 2.38

15.00 ± 3.10
20.20 ± 6.46
9.86 ± 0.69
101.4 ± 4.6
639.0 ± 27.3
8.23 ± 0.20
3.36 ± 0.37
0.021 ± 0.005
0.037 ± 0.011
26.00 ± 4.64
0.056 ± 0.031
20.20 ± 2.77
20.20 ± 3.03

12.7 ± 4.21
16.75 ± 8.62
9.95 ± 0.29
98.5 ± 5.2
610.3 ± 55.3
8.27 ± 0.20
3.28 ± 0.30
0.019 ± 0.006
0.038 ± 0.013
24.00 ± 1.41
0.066 ± 0.048
18.50 ± 2.65
21.75 ± 4.35

13.30 ± 4.20
17.18 ± 6.69
10.24 ± 1.14
103.6 ± 14.7
480.4 ± 32.1
8.26 ± 0.22
0.90 ± 0.17
0.008 ± 0.002
0.028 ± 0.010
13.00 ± 4.36
0.043 ± 0.021
17.00 ± 1.41
18.80 ± 4.21

12.50 ± 4.90
17.50 ± 9.81
10.30 ± 0.35
106.6 ± 8.5
504.5 ± 122.0
8.25 ± 0.32
0.95 ± 0.17
0.009 ± 0.004
0.035 ± 0.019
9.50 ± 2.65
0.031 ± 0.013
16.50 ± 2.65
18.25 ± 3.86

densitometric image analysis program ImageStudio (Version 5.2.5, LICOR Biosciences). To ensure technical consistency among diﬀerent
membranes, measurements were normalized against a standard (ﬁsh
homogenate supernatant).

2.7. Determination of liver glycogen
Portions of ﬁsh liver were weighed individually (about 0.12 g of
fresh tissue/individual) and homogenized on ice in 10% (w/v) low-salt
buﬀer containing 10 mM Tris-HCl (pH 7.3) and 10 mM NaCl supplemented with a cocktail of protease inhibitors (aprotinin, leupeptin and
pepstatin = 5 μg/mL, antipain = 1 μg/mL, trypsin inhibitor = 1 mg/
mL). Afterwards, the samples were centrifuged at 5000g and 4 °C for
10 min, and the supernatant was stored at −20 °C in 10% glycerol until
further processing. Glycogen present in the supernatant was precipitated by adding 2 vols of 95% ethanol and quantiﬁed with a method
based on the enzymatic hydrolysis of glycogen by amyloglucosidase
according to Parrou and François (1997). The dried pellet was resuspended in 500 μL of 0.2 M sodium acetate, pH 5.2 prior the addition
of 7 UI of amyloglucosidase (Sigma-Aldrich, St. Louis, USA), and incubated for 2 h at 60 °C. After incubation, the solution was cooled on
ice for 5 min and the amount of glucose generated from glycogen was
determined by measuring the absorbance at 505 nm using the Glucose
RTU™ method adapted to the 96-well microplate format. As measurements included the amount of intrinsic glucose, they were corrected for
the glucose content that was measured in samples that were not incubated with amyloglucosidase. All assays were run in triplicate.

2.9. Statistical analysis
Histopathological data were statistically analyzed with pair-wise
likelihood ratio chi-square tests (JMP 13, SAS Systems, Cary, USA).
Subsequently, alpha levels were corrected for multiple testing according to Holm (1979). Data sets recorded for hsp70 and glycogen
content were checked for normal distribution and homogeneity of
variances. If necessary, data were either log- or sqrt-transformed. To
examine the inﬂuence of sampling season, sampling year and sampling
site (and possible interactions of these factors), results for chub and
spirlin samples were analyzed using linear models (R version 3.2.3, R
Core Team, 2015) with sampling season, sampling year, sampling sites,
and the interactions of these factors as dependent variables and hsp70
content as independent variable. Subsequent model reduction was followed by pairwise comparisons of sampling sites and sampling years
and sequential Bonferroni-Holm correction. Data sets of rainbow trout
and brown trout samples were analyzed using either ANOVA with pairwise comparisons (lsmeans package, version 3.2.3, R Core Team, 2015),
Welch-ANOVA with pair-wise comparisons, or Kruskal-Wallis test with
pairwise Wilcoxon tests (agricolae package, version 3.2.3, R Core Team,
2015) followed by Bonferroni-Holm correction.

2.8. Stress protein analysis
After dissection, samples of liver (one undeﬁned quarter of the entire organ), kidney (posterior part) and gills (part of the left gill) were
immediately frozen in liquid nitrogen. Stress proteins were analyzed as
described by Köhler et al. (2001). Brieﬂy, samples were weighed individually and homogenized in a solution consisting of 98% concentrated extraction buﬀer (80 mM potassium acetate, 4 mM magnesium acetate and 20 mM Hepes (pH 7.5)) and 2% protease inhibitor
(P8340, pH 7.5, Sigma-Aldrich, St. Louis, USA). Samples were centrifuged at 20000g and 4 °C for 10 min. Total protein concentration in
the supernatant was determined according to Bradford (1976). After
SDS-PAGE and electrotransfer of a constant quantity of total protein
(40 μg), nitrocellulose membranes were subsequently incubated in solutions containing a primary and a secondary antibody (mouse antihuman hsp70, dilution of 1:5000 in 10% horse serum/TBS, and goat
anti-mouse IgG Peroxidase conjugate, dilution of 1:1000 in 10% horse
serum/TBS (both Dianova, Hamburg, Germany)). Membranes were
stained in a solution of 1 mM 4-chloro(1)naphthol, 0.015% H2O2,
30 mM Tris, pH 8.5, and 6% methanol. The optical volume of individual
bands (pixel intensity multiplied by band area) was calculated using the

3. Results and discussion
3.1. Limnological analysis
Results of the limnological measurements in the ﬁeld are given in
Table 2. Generally, concentrations of nitrate, ammonium, chloride, and
ortho-phosphate detected in the Schussen River were higher compared
to those found in the Argen River.
According to LAWA (2003), most parameters measured in samples
of the two rivers indicated a very good or good status (quality class I to
II). However, regarding the concentration of nitrate, all sampling sites
at the Schussen River were critically contaminated prior as well as
subsequent to the upgrade. These high nitrate levels were most likely
caused by diﬀuse inputs resulting from agricultural activities in the
catchment area of the Schussen River, and by discharges of wastewater
treatment plants upstream of the sampling sites (Buckley and Carney,
2013; Curt et al., 2004; Volk et al., 2009).
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upgrade, diclofenac could be detected in concentrations up to 28.9 μg/
kg dry mass whereas, after the upgrade, the concentration in the respective animals was below LOQ (5 μg/kg dry mass [dm]) (Fig. 3).
Due to rising concern related to the risk posed by diclofenac to
aquatic ecosystems, this pharmaceutical has been included in the watch
list of the European water framework directive (EU, 2013). In several
studies, it became obvious that ﬁsh are highly sensitive to diclofenac:
Triebskorn et al. (2007) observed pathological alterations in liver and
kidney of ﬁsh exposed to 1 μg/L diclofenac and Näslund et al. (2017)
detected renal hyperplasia in three-spined sticklebacks (Gasterosteus
aculeatus) after exposure to 4.6 μg/L diclofenac for 28 days. Furthermore, Birzle (2015) found a reduction of prostaglandin concentration in
blood plasma of rainbow trout after exposure to 0.5 μg/L for 28 days
and Schwarz et al. (2017) observed an intensiﬁed aggressive behavior
in juvenile brown trout exposed to 10 μg/L diclofenac for 25 days.
Based on the knowledge of such low-concentration eﬀects in ﬁsh, the
EU proposed an AA-EQS (annual average Environmental Quality
Standard) of 0.1 μg/L (European Commission, 2012) and the Swiss
Centre for Applied Ecotoxicology recommends an AA-EQS of even
0.05 μg/L (Ecotox Centre, 2017). With up to 130 ng/L, concentrations
detected at sampling site 3 (downstream of the WWTP) prior to the
WWTP upgrade exceeded the EQS proposed by the EU. However, with a
2.6-fold reduction, the diclofenac concentration at site 3 was within the
limits of both proposed EQS values after the WWTP upgrade.
For carbamazepine, an anti-epileptic drug which is generally ineﬃciently reduced by WWTPs, Galus et al. (2013) found a LOEC of
500 ng/L regarding embryonic mortality and an increased frequency of
atretic oocytes in female Danio rerio. Furthermore, Qiang et al. (2016)
observed disturbed embryonic development in Danio rerio after exposure to a concentration of 1 μg/L. The Swiss Centre for Applied
Ecotoxicology suggests an AA-EQS of 2 μg/L (Ecotox Centre, 2017). In
the present study, even the highest concentration, i.e. 780 ng/L measured in eﬄuent samples prior to the upgrade, was below this value.
Regarding metoprolol, Triebskorn et al. (2007) found a LOEC of
1 μg/L for liver cytopathology in rainbow trout. The proposed AA-EQS
is 8.6 μg/L (Ecotox Centre, 2017), thus, more than 10 times higher as
measured concentrations in the Schussen River and eﬄuent samples
after the WWTP upgrade.
After the installation of the PAC unit, perﬂuorooctanesulfonic acid
(PFOS) was found in reduced concentrations in eﬄuent samples and in
surface water from ﬁeld sites 0 and 3. Furthermore, less PFOS was
detected in chub, spirlin, and rainbow trout exposed in cages upstream
and downstream of the WWTP, as well as in ﬁsh from both bypass
systems (Fig. 4). Du et al. (2009) detected hepatic alterations in

Data obtained by the data loggers that had been installed at the two
bypass systems revealed similar temperatures at the Schussen (1–8 °C)
and the Argen River (1–4 °C) during all exposure periods. The oxygen
content did not diﬀer much between the years and ranged from 10 to
15 mg/L at the Schussen bypass and 10 and 14 mg/L at the Argen bypass.
To avoid oxygen deﬁciency and excessively high temperatures, the
cage downstream of the eﬄuent at the WWTP Langwiese was placed in
the river to receive a mixture of 50% eﬄuent and 50% Schussen water.
At the day of sampling prior to the WWTP upgrade, temperature upstream of the eﬄuent was 2 °C and the oxygen content 10 mg/L. After
the upgrade, temperatures of 6 °C (in 2014) and 2.1 °C (in 2015) and
higher oxygen levels (2014: 13 mg/L and 2015: 12.6 mg/L) were
measured. Downstream of the WWTP, the temperature was 7 °C and
oxygen content around 8 mg/L prior to the upgrade. After the installation of the additional ﬁlter unit, temperature was 9 °C in 2014 and
5.6 °C in 2015. Oxygen content was around 8 mg/L in 2014 and
10.4 mg/L in 2015. Thus, the prerequisites concerning temperature and
oxygen content for trout exposure in both bypass systems and caging
experiments up- and downstream of the WWTP eﬄuent were consistently met.
3.2. Chemical analyses
In general, the WWTP upgrade resulted in a reduction of chemicals
in the eﬄuent and in downstream surface water samples (Triebskorn
2017, summarized in Fig. 2). In the present study, we focus on a small
number of selected chemicals, which might have particularly contributed to the observed biomarker eﬀects. Detailed results of these
selected chemicals are given in Supplementary 2–4.
After WWTP upgrading, the concentrations of the pharmaceuticals
diclofenac (Fig. 3), metoprolol and carbamazepine were found to be
reduced in eﬄuent samples. A reduction of diclofenac and carbamazepine was also detected in the Schussen River downstream of the
WWTP after the upgrade with PAC (site 3). At the same time, samples
taken at the reference sites at the Schussen River (sites 0 and 1 upstream of the WWTP) showed an increase in diclofenac and carbamazepine concentrations after the installation of the PAC unit. Despite a
slight, insigniﬁcant trend towards lower concentrations of these two
pharmaceuticals at site 4 at the Argen River in the same space of time,
the results indicate a positive impact of the WWTP upgrade on the
concentrations of both pharmaceuticals in the surface water of the
Schussen River. This was also conﬁrmed by the chemical analyses of
rainbow trout exposed in cages downstream of the WWTP: prior to the

Fig. 2. Mean concentration (+SD) of 17 ﬁngerprint chemicals [μg/L]
measured in the Schussen River prior to and after the WWTP upgrade.
Data were collected in 2012–2014, with a sample size of n = 5 prior to
and n = 8 after the WWTP upgrade. Analyzed chemicals: 10,11-dihydro10,11-dihydroxycarbamazepine, carbamazepine, diclofenac, sulfamethoxazole, N-acetyl-4-aminoantipyrine, N-formyl-4-aminoantipyrine,
acesulfame, perﬂuorobutanoic acid (PFBA), perﬂuoroctanoic acid (PFOA),
perﬂuorooctanesulfonic acid (PFOS), 1H-benzotriazole, 4-methylbenzotriazole, 5-methylbenzotriazole, tris(2-chlorpropyl)phosphate, iomeprol,
iopamidol, iopromide. S0: Schussen River, upstream of SOB and WWTP
Langwiese. S1: Schussen River, downstream of SOB and upstream of
WWTP Langwiese. S3: Schussen River, downstream of WWTP Langwiese.
S4: Argen River, reference river.
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Fig. 3. Mean concentrations (+SD) of diclofenac prior to and after upgrade of the WWTP Langwiese. Left: Results for eﬄuent samples and
surface water from the site at the Schussen River downstream of the
WWTP Langwiese (S3). Right: Results for muscle tissue of rainbow trout
exposed in cages up- and downstream of the WWTP Langwiese. Asterisks
highlight concentrations below LOQ (5 μg/kg dry mass [dm]).

zebraﬁsh exposed to 250 μg/L PFOS for 70 days. With respect to swim
bladder inﬂation and spontaneous swimming behavior, Hagenaars et al.
(2014) and Xia et al. (2014) determined a LOEC of 2 mg/L for PFOS. In
addition, morphological abnormalities in turbot (Psetta maxima) embryos and larvae led to a LOEC of 30 μg/L (Mhadhbi et al., 2012). In
general, concentrations determined in ﬁsh in the present study were far
below the mentioned concentrations. However, at site 3 at the Schussen
River, the concentrations exceeded the AA-EQS of 0.65 ng/L (EU, 2013)
by the factor 12 prior and by the factor 3 subsequent to the upgrade of
the WWTP.
Concentrations of perﬂuorooctanoic acid (PFOA) and metals detected throughout all sampling periods and in all matrices were generally very low and frequently below the LOQ. In 2009, the
International Commission for the Protection of the Rhine (ICPR) classiﬁed the metals cadmium, copper, mercury, nickel, lead, and zinc as
relevant substances for accumulation and adsorption in sediments
(ICPR, 2009). The concentrations detected in the present study in the
sediments of the Schussen and the Argen Rivers were all below the
lowest target values presented by the ICPR. Accordingly, heavy metals
and PFOA are considered to be of minor importance with regard to the
eﬀects detected in the present study.

Schussen River were also healthier after the WWTP upgrade, whereas
livers of ﬁsh exposed at the Argen bypass were in a worse condition at
that time when compared to organs of ﬁsh exposed at the Schussen or to
those of controls (Fig. 7). Similar results were obtained for brown trout
liver (Fig. 8) and kidney.
In feral ﬁsh, i.e. chub and spirlin, the histopathological symptoms
were similar to those observed in the two trout species. Most distinctive
features detected were dilated bile canaliculi, vacuolization and reduced glycogen in liver, hyaline droplet degeneration and tubule dilation in kidney, and hyperplasia and an increased number of mucous
cells in gills. Detailed data are listed in Supplementary 7. Generally, the
most prominent histopathological symptoms were found in ﬁsh caught
at the Schussen River downstream of the WWTP (site 3) prior to the
upgrade. After the upgrade, improvements were most frequently detected in organs of ﬁsh caught at this site. Accordingly, the semiquantitative assessment showed that livers of chub caught at site 3 were
in a signiﬁcantly better status after the installation of the additional
PAC ﬁlter unit (Fig. 9). For gill and kidney samples, similar tendencies
were found. Furthermore, a signiﬁcant reduction of adverse eﬀects in
livers and kidneys of spirlin caught at site 3 could be detected. However, spirlin from the Argen River also showed signiﬁcant improvements in tissue integrity in the same space of time.
In summary, histopathology revealed a distinctly improved tissue
integrity in both actively exposed and feral ﬁsh downstream of the
WWTP eﬄuent after upgrading with an additional puriﬁcation unit
based on PAC. Results were largely consistent for the three monitoring
approaches which aimed to detect cause-eﬀect relationships with respect to the eﬄuent quality under controlled conditions (cage experiments with synchronized farmed ﬁsh), semi-ﬁeld situations in the river
(bypass-systems with synchronized farmed ﬁsh) and directly in the ﬁeld
(investigations in feral ﬁsh). However, diﬀerences in the sensitivity and
in the reaction patterns among the species became also obvious, with
brown trout showing more pronounced cellular improvements after the
WWTP upgrade than rainbow trout or both feral ﬁsh species. A particularly high sensitivity of brown trout has also been shown in previous
studies (Maier et al., 2016; Pickering et al., 1989; Rodriguez-Cea et al.,
2003; Schmidt-Posthaus et al., 2001). The most prominent reduction of
adverse eﬀects was mainly found in livers, whereas in cage-exposed
rainbow trout, gill tissue showed the most obvious improvement after
the WWTP upgrade. This diﬀerence in reaction patterns might be attributed either to interspeciﬁc variation or to the diﬀerent exposure
conditions.
The improvement of tissue integrity downstream of the WWTP

3.3. Histopathological assessment
In order to characterize the health status of ﬁsh prior and subsequent to the upgrade of the WWTP, the integrity of liver, gills, and
kidney was assessed by means of histopathological analyses. In addition
to a qualitative description of observed symptoms (Supplementary
5–7), tissue integrity was semi-quantitatively assessed based on
Triebskorn et al. (2008). Fig. 5 displays examples of the diﬀerent organs
in control, reaction, and destruction status.
When compared to control ﬁsh, both rainbow trout and brown trout
actively exposed in cages or in bypass systems in or at the Schussen
river showed reduced glycogen storage and inﬂammatory sites in their
livers, hyperplasia and epithelial lifting in their gills, and tubule dilatation and hyaline droplet deposits in their kidneys as the most prominent histopathological symptoms. Detailed results are presented in
Supplementary 5 and 6.
In rainbow trout exposed in cages, a much stronger improvement of
adverse eﬀects after the WWTP upgrade was detected in gills of ﬁsh
exposed downstream of the WWTP compared to animals exposed upstream (Fig. 6).
Liver tissue of rainbow trout exposed in the bypass system at the
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Fig. 4. Mean concentrations (+SD) of PFOS prior and subsequent to the
upgrade of the WWTP Langwiese. Results for (a) eﬄuent, (b) feral spirlin
and (c) exposed rainbow trout. S0: Schussen River, upstream of SOB and
WWTP Langwiese. S3: Schussen River, downstream of WWTP Langwiese.
S4: Argen River, reference river. Upstream of WWTP: Caged ﬁsh upstream
of the WWTP Langwiese. Downstream of WWTP: Caged ﬁsh downstream
of the WWTP Langwiese. Argen bypass: Fish exposed at the Argen bypass.
Schussen bypass: ﬁsh exposed at the Schussen bypass. Asterisks highlight
concentrations below LOQ (0.5 μg/kg dry mass [dm]).

(site 4), a reduction in the variation of individuals glycogen levels,
compared to the situation before, was detected. At site 3, no changes
which could be attributed to the WWTP upgrade could be observed.
In general, data obtained for the liver glycogen content were highly
variable. Thus, after the WWTP upgrade, an increase could be observed
in rainbow trout at the Schussen bypass, whereas in feral chub no inﬂuence of the additional PAC unit was visible. The depletion of glycogen storage is regarded as a general response of organisms to a higher
energy demand, integrating over the sum of stressors present in the
environment. Thus, besides chemical stressors, other factors, like temperature and feeding rate, can also inﬂuence the glycogen reserves
(Hilton, 1982; Hung et al., 1993; Yang et al., 2015). However, since
temperatures measured at the bypass stations varied only slightly between the exposures and since all exposed ﬁsh were equally fed with
respect to quality and quantity of food, it is very unlikely, that these
parameters might have determined the observed diﬀerences in liver
glycogen of rainbow trout actively exposed at the Schussen bypass. In
contrast, for feral ﬁsh, an inﬂuence of food supply, toxic substances

eﬄuent after the upgrade can be plausibly related to reduced micropollutant concentrations in the eﬄuent and surface water, as numerous
studies have already proven adverse histological eﬀects of these substances (Birzle, 2015; Giari et al., 2015; Näslund et al., 2017;
Triebskorn et al., 2007).
3.4. Glycogen content
The relative glycogen content in livers of rainbow trout exposed in
the Schussen bypass was signiﬁcantly higher after the upgrade of the
WWTP in comparison to the former situation or to ﬁsh exposed at the
Argen River (Fig. 10). Rainbow trout exposed in the cage downstream
of the eﬄuent and brown trout exposed at the bypass stations did not
reveal any obvious diﬀerences from samples taken prior to the installation of the PAC unit.
In feral chub caught upstream of the WWTP Langwiese (sites 0 and
1), the glycogen content was found to be higher in 2014, with a signiﬁcant diﬀerence at site 0 (Fig. 11). In ﬁsh caught at the Argen River
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Fig. 5. Histology of liver, gill, and kidney in control, reaction, and destruction status. Liver: control: large and bright cells; reaction: smaller and darker cells, inﬂammatory site;
destruction: necrotic areas. Gill: control: intact secondary lamellae; reaction: hyperplasia of pavement cells; destruction: necrotic secondary lamellae. Kidney: control: proximal and distal
tubules in compact hematopoietic tissue; reaction: hyaline droplet deposits within proximal tubules; destruction: necrotic tubules.

(Triebskorn et al., 2004; Triebskorn et al., 2007). As the concentrations
of these pharmaceuticals and other chemicals have been proven to be
reduced by the WWTP upgrade, the observed biomarker response in
bypass-exposed rainbow trout is likely to be associated with the reduced presence of these micropollutants.

received via the food chain, or temperature diﬀerences on liver glycogen cannot be excluded. Therefore, a possible positive eﬀect of
WWTP upgrading on glycogen reserves in feral chub might have been
masked by these confounding factors.
Previous studies already showed that the amount of glycogen in ﬁsh
livers can be negatively correlated with the degree of river pollution
(Koca and Koca, 2016; Schwaiger et al., 1997; Triebskorn et al., 1997;
Vincze et al., 2015). A depletion of glycogen was also found in rainbow
trout and common carp after exposure to metoprolol or diclofenac

3.5. Stress protein analysis
Prior to the WWTP upgrade, hsp70 analyses of liver samples from
Fig. 6. Histopathological assessment of gill tissue of
rainbow trout exposed in cages. Comparison of the
situations prior (2012/2013) and subsequent (2013/
2014 and 2014/2015) to the WWTP upgrade.
Sample sizes: upstream of WWTP: n = 20 prior to/
n = 40 after upgrade. Downstream of WWTP:
n = 20 prior to/n = 39 after upgrade. Asterisks and
horizontal lines indicate signiﬁcant diﬀerences, asterisks within bars indicate diﬀerences to control
according to likelihood ratio chi-square tests: upstream of WWTP/prior to vs. after upgrade: Chi2(4)
= 12.4, p = 0.015, α’ = 0.025. downstream of
WWTP/prior to vs. after upgrade Chi2(4) = 31.6,
p < 0.0001, α’ = 0.0167. After upgrade/upstream
vs. control: Chi2(4) = 25.3, p < 0.0001, α’ = 0.01.
After upgrade/downstream vs. control: Chi2(4)
= 28.8, p < 0.0001, α’ = 0.0125.
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Fig. 7. Histopathological assessment of liver tissue of
rainbow trout exposed in bypass systems.
Comparison of the situations prior (2012/2013) and
subsequent (2013/2014 and 2014/2015) to the
WWTP upgrade. Sample sizes: Argen bypass: n = 14
prior to/n = 22 after upgrade. Schussen bypass:
n = 12 prior to/n = 33 after upgrade. Asterisks and
horizontal lines indicate signiﬁcant diﬀerences, asterisks within bars indicate diﬀerences to control
according to likelihood ratio chi-square tests: after
upgrade/Argen bypass vs. control: Chi2(3) = 20.53,
p = 0.0001, α’ = 0.01; Argen bypass vs. Schussen
bypass: Chi2(3) = 20.09, p = 0.0002, α’ = 0.013.

et al., 2005), heavy metals or organic chemicals (Köhler et al., 2001;
Kumar et al., 2016; Morcillo et al., 2016; Thinh et al., 2016), and secondary reactions like hypoxia (Delaney and Klesius, 2004). Heat shock
proteins are a biomarker of eﬀect (Köhler et al., 2001). They integrate
across all proteotoxic stressors present but are not able to allocate impairment to distinct chemicals.
It is known that kinetics of hsp70 induction follows an optimum
curve (Eckwert et al., 1997; Köhler et al., 2001; Pyza et al., 1997).
Accordingly, an increase of proteotoxic stressor intensity (like elevation
of temperature or concentration of chemicals) ﬁrst leads to an increase
of the hsp70 level. Yet, when the stress intensity surpasses a threshold
level, the stress response gets overwhelmed and the amount of hsp70 is
decreasing to the basic level or even below. Due to this reaction kinetics, low stress protein levels do not necessarily indicate low stress
levels. Therefore, the results of hsp70 analyses were interpreted with
the help of data from histopathological analyses. By theory, increasing
hsp70 levels should be reﬂected by only weak concomitant histological
alterations in monitor organs, whereas pathological destructions of
cellular organization go along with a rapidly decreasing hsp70 content.
In actively exposed trout, proteotoxic eﬀects were more pronounced
than in feral ﬁsh. After the upgrade, we detected reduced hsp70 levels
in livers of rainbow trout exposed in cages downstream of the WWTP
and in both bypass stations, as well as in kidney samples of brown trout
exposed at the Schussen bypass. Referring to the histological diagnoses,
these low stress protein levels were not caused by severe cellular

rainbow trout exposed in cages did not show any signiﬁcant diﬀerences
between sampling sites. After the WWTP upgrade, trout exposed in
cages downstream of the WWTP showed signiﬁcantly lower liver hsp70
levels than control ﬁsh or trout that had been exposed upstream
(Fig. 12). In gill and kidney samples of these ﬁsh, however, no diﬀerences in the hsp70 level could be detected.
Stress protein levels in livers of rainbow trout that had been exposed
in the bypass systems did not diﬀer signiﬁcantly from control levels
prior to the upgrade. After the upgrade, a signiﬁcant reduction in ﬁsh
from both bypass systems could be detected, giving no indication of a
speciﬁc eﬀect of the additional puriﬁcation step. However, the kidneys
of brown trout exposed in the bypass system at the Schussen River revealed a signiﬁcant reduction of the previously increased hsp70 level
after the establishment of PAC puriﬁcation (Fig. 13).
In chub and spirlin, data for hsp70 did not diﬀer signiﬁcantly within
a given year at each sampling site (Supplementary 8). Therefore, they
were merged into annual data sets (Fig. 14). Statistical analyses revealed stress protein levels in livers and kidney to be signiﬁcantly inﬂuenced by the sampling year, whereas diﬀerences between sampling
sites across diﬀerent years were not detected. This might be due to the
high variation of data sampled prior to the WWTP upgrade compared to
results obtained afterwards.
In general, hsp70 levels reﬂect proteotoxicity as a result of intracellular protein integrity impairment (Köhler et al., 2001). Causes for
altered hsp70 levels are, e.g., heat (Tissiéres et al., 1974), viruses (Lim

Fig. 8. Histopathological assessment of liver tissue of
brown trout exposed in bypass systems. Comparison
of the situations prior (2012/2013) and subsequent
(2013/2014 and 2014/2015) to the WWTP upgrade.
Sample sizes: Argen bypass: n = 11 prior to/n = 23
after upgrade. Schussen bypass: n = 11 prior to/
n = 28 after upgrade. Asterisks and horizontal lines
indicate signiﬁcant diﬀerences, asterisks within bars
indicate diﬀerences to control according to likelihood ratio chi-square tests: prior to upgrade/
Schussen bypass vs. control: Chi2(4) = 29.42,
p < 0.0001, α’ = 0.006; Argen bypass vs. Schussen
bypass: Chi2(4) = 19.02, p = 0.0008, α’ = 0.008.
After upgrade/Argen bypass vs. control: Chi2(3)
= 18.60, p = 0.0003, α’ = 0.007. Argen bypass/
prior to vs. after upgrade: Chi2(3) = 14.37,
p = 0.002, α’ = 0.01. Schussen bypass/prior to vs.
after upgrade: Chi2(4) = 15.66, p = 0.0035,
α’ = 0.013.
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Fig. 9. Histopathological assessment of liver tissue of
feral chub. Comparison of the situations prior
(2010–2012) and subsequent (2014–2016) to the
WWTP upgrade. S0: Schussen River, upstream of
SOB and WWTP Langwiese. S1: Schussen River,
downstream of SOB and upstream of WWTP
Langwiese. S3: Schussen River, downstream of
WWTP Langwiese. S4: Argen River, reference river.
Sample sizes: site 0: n = 24 prior to/n = 40 after
upgrade. Site 1: n = 22 prior to/n = 39 after upgrade. Site 3: n = 83 prior to/n = 41 after upgrade.
Site 4: n = 67 prior to/n = 20 after upgrade.
Asterisks and horizontal lines indicate signiﬁcant
diﬀerences according to likelihood ratio chi-square
tests: site 3/prior to vs. after upgrade: Chi2(4)
= 24.5, p < 0.0001, α’ = 0.00625. prior to upgrade/site 3 vs. site 4: Chi2(4) = 19.3, p = 0.0007,
α’ = 0.00714.

analyses which showed a signiﬁcant reduction of proteotoxic substances in the discharged water due to the additional PAC unit. Thus,
the concentrations of e.g. PFOS, diclofenac and carbamazepine in
analyzed ﬁsh and water samples were much lower after the WWTP
upgrade. The proteotoxicity of these substances had been shown in
previous studies (Chen et al., 2001; Contardo-Jara et al., 2011; Haap
et al., 2008; San-Segundo et al., 2016). In summary, our ﬁndings indicate a reduction of proteotoxic stress resulting from the installation of
an additional activated carbon ﬁlter unit.

4. Context
In the present study, parts of the insights achieved in the joint
project SchussenAktivplus are presented. An overview of the project,
generally showing the advantages of additional wastewater treatment
steps with respect to aquatic ecosystems, has been given by Triebskorn
(2017). Detailed results on the reduction of dioxin-like toxicity, embryotoxicity, and endocrine activity have been published by Maier et al.
(2016), Thellmann et al. (2017), and Henneberg et al. (2014). In addition, it has been shown that the health condition of invertebrates and
the diversity of macrozoobenthic communities were signiﬁcantly improved after the WWTP upgrade (Peschke et al., 2016).
The present study revealed the positive eﬀects of an additional PAC
unit on ﬁsh health 2.5 years after its installation in a highly plausible
way. Long-term eﬀects of WWTP upgrading with PAC on aquatic ecosystems have already been documented in studies focusing on the river
Schmiecha, which had been highly polluted at the end of the 1990s due
to wastewater from textile industry (Thellmann et al., 2015; Triebskorn
et al., 2014). Several local reports have described that river to appear in
multiple colors, especially during dry periods, and higher organisms,
like ﬁsh, were not able to survive in the polluted stream. In order to
reduce the contamination caused by the textile industry, the connected
WWTP was equipped with an additional treatment stage on PAC basis
more than 20 years ago. This upgrade did not only result in a reduction
of micropollutant levels in the Schmiecha (Vogel et al., 2014) but also
in a sustainable improvement of ﬁsh health, as indicated by an excellent
tissue integrity of livers and gills in these animals, as well as in the
recovery of the whole ecosystem (Triebskorn et al., 2014).

Fig. 10. Glycogen content [%] in livers of bypass-exposed rainbow trout relative to
control. Control was set to 100%. Comparison of the situations prior (2012/2013) and
subsequent (2013/2014 and 2014/2015) to the WWTP upgrade. Bold lines within boxes
display the median values, boxes the 25% to 75% quantiles, whiskers the minimum and
maximum values, circles potential outliers. Sample sizes: Argen bypass: n = 14 prior to/
n = 8 after upgrade. Schussen bypass: n = 12 prior to/n = 21 after upgrade. Asterisks
and horizontal lines indicate signiﬁcant diﬀerences: Prior to upgrade [Welch-ANOVA, F
(2, 20.529) = 5.88, p = 0.01]/Argen bypass vs. Schussen bypass: p < 0.0001,
α’ = 0.008. After upgrade [ANOVA, F (2,40) = 11.48, p = 0.0001]/Argen vs. control:
p < 0.0001, α’ = 0.007; Argen bypass vs. Schussen bypass: p = 0.0002, α’ = 0.01.
Schussen bypass/prior vs. after upgrade: ANOVA, F (1, 31) = 8.84, p = 0.006.

damage, indicating that trout exposed after the upgrade had to cope
with a lower proteotoxic stress intensity.
Hsp70 levels in feral ﬁsh were mainly inﬂuenced by the sampling
year. For all organs and at all sampling sites, hsp70 levels measured in
2015 and 2016 were much lower and less variable compared to the
years before. The reduction detected at the reference sites 0 and 1 at the
Schussen River might be associated with the closure of a paper mill
upstream of these sites in 2015. Regarding the recorded reduction of
hsp70 level at site 3, an at least partial contribution of the WWTP upgrading is highly likely, as indicated by the other biomarkers examined
in this study. Furthermore, these ﬁndings are supported by chemical
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Fig. 11. Glycogen content [%] in livers of feral chub. Comparison of the
situations prior (2011–2012) and subsequent (2014) to the WWTP upgrade. Bold lines within boxes display the median values, boxes the 25% to
75% quantiles, whiskers the minimum and maximum values, circles potential outliers. S0 = Schussen River, upstream of SOB and WWTP
Langwiese. S1 = Schussen River, downstream of SOB and upstream of
WWTP Langwiese. S3 = Schussen River, downstream of WWTP
Langwiese. S4 = Argen River, reference river. Sample sizes: site 0: n = 19
prior to/n = 20 after upgrade. Site 1: n = 17 prior to/n = 19 after upgrade. Site 3: n = 20 prior to/n = 19 after upgrade. Site 4: n = 10 prior
to/n = 6 after upgrade. Asterisks and horizontal lines indicate signiﬁcant
diﬀerences: Site 0/prior to vs. after upgrade: ANOVA(sqrt), F (1, 37)
= 10.36, p = 0.0027, (α’ = 0.025).

Fig. 12. Hsp70 levels in liver of cage-exposed rainbow trout relative to
control. Control was set to 100%. Comparison of the situations prior
(2012/2013) and subsequent (2013/2014 and 2014/2015) to the WWTP
upgrade. Bold lines within boxes display the median values, boxes the 25%
to 75% quantiles, whiskers the minimum and maximum values, circles
potential outliers. Sample sizes: Upstream of WWTP: n = 18 prior to/
n = 39 after upgrade. Downstream of WWTP: n = 17 prior to/n = 39
after upgrade. Asterisks and horizontal lines indicate signiﬁcant diﬀerences, asterisks within boxes indicate diﬀerences to control. After upgrade
[ANOVA, F (2,103) = 9.89, p = 0.0001]/upstream vs. downstream:
p < 0.0001, α’ = 0.017; downstream vs. control: p = 0.003, α’ = 0.025.

5. Conclusions

carbon for the reduction of micropollutants and the associated advantages for ﬁsh health became obvious despite the facts that (1)
wastewater treatment technology at the investigated WWTP was already above average prior to the upgrade, and (2) monitoring was
conducted only for 2.5 years after the upgrade. All in all, the present
study has shown the investment in additional wastewater treatment
technologies, like powdered activated carbon, to be beneﬁcial for
ecosystems of water bodies connected to wastewater treatment plants.

Histopathological analysis, stress protein analyses and, to a lesser
extent, also measurements of liver glycogen revealed an improvement
of ﬁsh health after the upgrade of the WWTP Langwiese with an activated carbon ﬁlter unit. Chemicals that are known to induce histopathological impairments, reductions of glycogen content, and proteotoxic eﬀects, including diclofenac, carbamazepine, metoprolol, and
perﬂuorinated surfactants, were shown to be signiﬁcantly reduced in
WWTP discharges after the upgrade, and also occurred in lower concentrations in ﬁsh tissue. Thus, the present study provides evidence for
a plausible relationship between adverse eﬀects in ﬁsh and the concentrations of micropollutants present in their environment.
The eﬃciency of additional wastewater treatment by activated
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Fig. 13. Hsp70 levels in kidney of bypass-exposed brown trout relative to
control. Control was set to 100%. Comparison of the situations prior
(2012/2013) and subsequent (2013/2014 and 2014/2015) to the WWTP
upgrade. Bold lines within boxes display the median values, boxes the 25%
to 75% quantiles, whiskers the minimum and maximum values, circles
potential outliers. Sample sizes: Argen bypass: n = 29 prior to/n = 23
after upgrade. Schussen bypass: n = 46 prior to/n = 31 after upgrade.
Asterisks and horizontal lines indicate signiﬁcant diﬀerences, asterisks
within boxes indicate diﬀerences to control. Prior to upgrade [Welch
ANOVA, F (2, 20.13) = 4.44, p = 0.025]/Schussen bypass vs. control:
p = 0.008, α’ = 0.017; Schussen bypass/prior to vs. after upgrade:
p = 0.002, (α’ = 0.0125).

Fig. 14. Relative Hsp70 levels in kidney of feral chub, depending on
sampling site and year. Comparison of the situations prior
(2010–2012) and subsequent (2014–2016) to the WWTP upgrade.
Bold lines within boxes display the median values, boxes the 25% to
75% quantiles, whiskers the minimum and maximum values, circles
potential outliers. S0 = Schussen River, upstream of SOB and WWTP
Langwiese. S1 = Schussen River, downstream of SOB and upstream of
WWTP Langwiese. S3 = Schussen River, downstream of WWTP
Langwiese. S4 = Argen River, reference river. Site 0: n = 0 (2010,
2011), n = 24 (2012), n = 20 (2014), n = 9 (2015), n = 5 (2016).
site 1: n = 0 (2010, 2011), n = 22 (2012), n = 19 (2014), n = 10
(2015); n = 9 (2016). site 3: n = 20 (2010), n = 28 (2011), n = 24
(2012), n = 20 (2014), n = 10 (2015), n = 9 (2016). site 4: n = 16
(2010), n = 18 (2011), n = 20 (2012), n = 6 (2014), n = 5 (2015),
n = 8 (2016). 2010–2012 prior to the WWTP upgrade, 2014–2016
after the upgrade. A signiﬁcant inﬂuence of the sampling year was
found (ANOVA, F (5, 11) = 12.1, p < 0.0001).
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