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Abstract

Background: A vast number of chemical substances are released into the aquatic environment, leading to complex
chemical mixtures in surface waters. Current water quality assessments, however, are based on the risk assessment
of single substances. To consider potential mixture effects in water quality assessments, the North Rhine Westphalian
State Agency for Nature, Environment and Consumer Protection (LANUV), Germany started a project assessing mix-
ture toxicity in surface waters. This article summarises the mixture evaluation of chemical data collected by the Erft-
verband during a water sampling campaign in the Erft River in 2016/2017. Altogether, 153 substances were included
in the analysis, of which 98 were detected. Two different approaches based on the concept of concentration addition
were used to analyse the data. The results were compared to findings based on datasets from LANUV surveillance
monitoring according to the EU Water Framework Directive.

Results: Acute and chronic mixture risk calculations indicated risks for 32% and up to 90% of the samples, respec-
tively. The greatest acute toxic pressure was identified for the aquatic flora due to continuous exposure to varying
pesticides, whereas the greatest chronic mixture risk was identified for fish as result of a ubiquitous presence of the
pharmaceuticals diclofenac and ibuprofen. Overall, only a limited number of substances significantly contributed to
the calculated mixture risks. However, these substances varied seasonally and regionally. When mixture risks were cal-
culated based on different datasets, the monitoring design markedly affected the outcome of the mixture risk assess-
ment. Data gaps of both ecotoxicological and exposure data lead to high uncertainties in the mixture risk assessment.

Conclusions: Ecotoxicological effects on aquatic organisms caused by chemical mixtures can be expected along the
Erft River throughout the year. Both mixture risk assessment approaches can be used for a conservative assessment of
mixture risks and characterise the aquatic pollution in the river more realistically than single substance assessments.
For the integration of mixture risk evaluations into the assessment and management of the chemical water quality, a
two-staged assessment combining both approaches is suggested. To improve future risk assessments, the accessibil-
ity and exchange of high-quality ecotoxicological data should be enhanced.
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Background

A variety of chemical substances originating from differ-
ent point and diffuse sources of pollution such as agricul-
ture, industry and municipal wastewater treatment plants
(WWTP) are released into the aquatic environment
daily. These chemical substances are present in complex
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mixtures, i.e. seasonally and regionally varying combina-
tions of multiple chemicals that may contribute to a joint
mixture toxicity for aquatic organisms [1]. Regulatory
risk assessment of chemicals, however, is mainly based
on the assessment of single substances. In particular,
unintentional mixtures of chemicals originating from dis-
charge during production, transport, usage or disposal of
chemicals are yet only rarely addressed in regulation [2].
Several publications from both the scientific and the reg-
ulatory communities have stated concern about the risks
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chemical mixtures might pose, even when all substances
occur at low concentrations at or below each respective
predicted no effect concentration (PNEC) [3-9]. Fur-
thermore, they emphasised the need for harmonised
scientific and regulatory approaches for mixture risk
assessment and the identification of substances acting as
main drivers of mixture effects [4—7, 9].

Potential mixture effects have so far not explicitly been
considered in water quality assessments in North Rhine
Westphalia (NRW), Germany. To implement scientific
approaches on mixture toxicity, and thereby, improve
the current water quality assessments, the North Rhine
Westphalian State Agency for Nature, Environment and
Consumer Protection (LANUYV) started a project assess-
ing mixture toxicity in surface waters using data from
chemical monitoring, on behalf of the Ministry for Envi-
ronment, Agriculture, Conservation and Consumer Pro-
tection of the State of North Rhine-Westphalia (MULNYV).

There are two mathematical models that have com-
monly been used for the assessment of ecotoxicological
effects of defined chemical mixtures: (1) concentration
addition (CA) assuming a similar mode of action (MoA)
of the individual compounds of a mixture, and (2) inde-
pendent action (IA) based on the assumption of dis-
similar MoAs [10-13]. In general, both models predict
mixture effects in a similar order of magnitude with
CA being assumed to be a more conservative approach
[14-16]. The CA model usually enables predictions close
to observed mixture effects and can be used for a con-
servative estimation of mixture toxicity even if mixtures
contain substances with dissimilar or unknown MoA
[16-18]. Furthermore, CA only requires data on the envi-
ronmental concentration and the ecotoxicological effect
concentration (ECx), whereas for IA information on the
MoA of the compounds as well as detailed knowledge on
the complete dose—response curves are imperative [10,
11]. Stronger deviations from both models, such as those
caused by synergism, are rarely expected to occur at envi-
ronmentally relevant concentrations [19]. Therefore, the
CA model can be used as a pragmatic and protective
model assessing the effects of environmental mixtures
[11, 20, 21].

In the present study, two CA-based risk assessment
approaches were applied to datasets from the Erft River:
(1) summation of Toxic Units (TU) and (2) summation of
risk quotients (RQ) of the individual mixture components
(c.f. Backhaus and Faust [10]). Two chemical datasets
from the Erft River were evaluated, i.e. an extensive moni-
toring program from the Erftverband in 2016/2017 as well
as data from the EU Water Framework Directive (WFD)
surveillance monitoring undertaken by LANUYV. The data
were analysed for seasonal variability and spatial trends
along the Erft River. Moreover, difference in mixture risks
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between the biological groups of algae, macrophytes,
aquatic invertebrates and fish as well as substances poten-
tially acting as drivers of mixture toxicity was identified.
The results of both approaches are compared with regard
to the information generated and with respect to the
applicability to data from routine monitoring.

Methods
Sampling site and sampling campaign
The Erft River is located in the Southwest of NRW, Ger-
many with its source in the low mountain range of the Eifel
close to the city Bad Miinstereifel and its confluence into
the river Rhine south of the city Neuss. The Erft River has
a length of 104 km and a total catchment area of 1918 km?.
The upper part of the catchment area is mainly character-
ised by forest and grassland (43% and 29%, respectively),
whereas the middle and lower reaches are increasingly
influenced by intensive agriculture (47-57%) as well as
urban and industrial areas (17-22%) [22, 23]. All in all,
the Erft catchment area has a high population density of
665 inhabitants per square kilometre [24]. An additional
influencing factor is active and former lignite mining in
the lower reaches and the associated discharge of drainage
water from the mines. Therefore, the Erft River and its trib-
utaries are exposed to a wide range of chemical substances.
From March 2016 to March 2017, surface water sam-
ples were taken in 13 sampling campaigns at 39 sampling
sites along the Erft River and seven tributaries (Veybach,
Swist, Rotbach, Neffelbach, Finkelbach, Gillbach and
Norfbach; Fig. 1). Four samplings were performed after
rain events and nine during dry weather conditions. For
the Erft River, sampling sites were located at the river
source, up- and downstream of seven WW TP, and up-
and downstream of the tributaries mentioned above. Fur-
thermore, samples were taken in each of the tributaries
mentioned above as well as up- and downstream of three
additional WW TP located in tributaries of the Erft River.

Chemical analyses of surface water

Surface water samples were analysed for a total of
153 substances (Additional file 1: Table S1 1-3), includ-
ing 100 pesticides, 41 pharmaceuticals and 12 other sub-
stances, by high-performance liquid chromatography
coupled with tandem mass spectrometry (HPLC-MS/
MS) as well as gas chromatography coupled with tan-
dem mass spectrometry (GC-MS/MS). Some substances
were included later during the sampling campaign: pen-
conazole, 4-methyl-1H-benzotriazole, gabapentin and
metformin (May 2016) as well as azithromycin, chlo-
rtetracycline, ciprofloxacin, clindamycin, doxycycline
and oxytetracycline (Sept. 2016). Grab samples of sur-
face water were stored in 1-L amber glass bottles and
cooled during transportation. Ten samples were taken
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Fig. 1 Map of the study area in the River Erft, Germany in 2016/2017

as 24-h volume-proportional composite samples using
stationary automated samplers at two of the sampling
sites only (Swist and Erft downstream of the Veybach).
At the laboratory, samples were immediately filtered
through glass-fibre filters (MN GEF-6, Macherey—Nagel,
Diiren, Germany). A total of 50 mL of each filtered sam-
ple were prepared for HPLC-MS/MS by addition of
50 pL of formic acid (VWR International GmbH, Darm-
stadt, Germany) and stored separately in 50-mL amber
glass bottles. For GC—-MS/MS, a 500-mL aliquot of each
sample was spiked with 100 pL of GC-MS/MS inter-
nal standard solution (Additional file 1: Table S1-5) and
acidified with hydrochloric acid (25%, w/v, Merck KGaA,
Darmstadt, Germany; pH 2+£0.2). Samples were stored
for a maximum of 14 days before analyses.

For HPLC-MS/MS analyses using Agilent 1260 Infin-
ity LC with Agilent 6460 Triple Quadrupol MS, 1000 pL
of the prepared water samples were each spiked with
10 pL of the internal standard solution (Additional file 1:
Table S1-4) and analysed without further modification
in accordance to the German standard method (DIN
38407-36:2014-09).
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GC-MS/MS analyses were performed using Thermo
GC Trace 1310 with MS TSQ 8000 Triple Quadrupole
according to the German standard method DIN EN ISO
15913:2003. The prepared sample aliquots were extracted
by filtration through pre-conditioned (3 x 2 mL acetone,
3x2 mL 0.01 mol/L HCl; VWR International GmbH,
Darmstadt, Germany) solid phase extraction (SPE) car-
tridges (OASIS HLB® 3 mL/60 mg sorbent/cartridge;
Waters GmbH, Eschborn, Germany). The cartridges
were washed with 2 mL 0.01 mol/L HCI and dried under
a nitrogen stream. Analytes were eluted with 5 mL ace-
tone into disposable glass reagent tubes. The eluate was
dried under a nitrogen stream at room temperature, and
then 50 pL trimethylsilyl-diazomethane solution (Sigma-
Aldrich Chemie GmbH, Munich, Germany) and 250 pL
methanol (Merck KGaA, Darmstadt, Germany) were
added to each of the eluates. After standing overnight,
the excess reagent was removed by a nitrogen stream
and the dry residue was re-dissolved in 250 pL toluene
(Merck KGaA, Darmstadt, Germany). Detailed HPLC-
MS/MS and GC-MS/MS conditions and calibration
methods are described in Additional file 1: Table S1 6-7.

Ecological risk assessment

Ecological risks of the substance mixtures in the Erft
River were assessed using two CA-based approaches.
Both are described by Backhaus and Faust [10] and
referred to as RQ,;, and SUM RQ.

The first concept for the mixture risk assessment,
RQ,,ix is based on the TU approach. TUs were calcu-
lated for each substance i as a quotient of the MEC and
the effect concentrations from standardised bioassays for
the biological groups of algae, macrophytes (MP), aquatic
invertebrates (Inv) and fish:

TU; = MEC;/ ECx;. 1)

Subsequently, the TUs of the individual substances of
the n-compound mixture in a sample were summed up
to SUM TUs for each biological group (SUM TU e
SUM TU,p, SUM TU,,,,, SUM TUypg,):

n

SUMTU =) TU, @)
i=1

The RQ,,;x was then calculated based on the SUM TU

of the most sensitive biological group using an assess-
ment factor (AF):

RQpix = max(SUM TUjjgae, SUM TUpmp, SUM TUiny, SUM TUpg) - AF.
(3)
Although most studies have focused on the assess-
ment of long-term mixture risks based on acute toxicity
data, there is evidence that risks can also be assessed by
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CA-based approaches using chronic toxicity data [25,
26]. Thus, chronic mixture risks were calculated in the
present study using the RQ,;, 1000 Pased on acute toxic-
ity data as described by Backhaus and Faust [10]. In addi-
tion, risks were calculated based on chronic toxicity data
(RQuyix 10)- The AFs were applied according to the techni-
cal guidance document for deriving environmental qual-
ity standards [27] and set to an AF of 1000 for RQ,,; 1000
and an AF of 10 for RQ Moreover, to assess acute
mixture risks the RQ_ ... was calculated based on
the acute toxicity data using an AF of 100.

Acute and chronic effect concentrations (i.e. EC5,/LCq,
and EC,,/LC,,/NOEC, respectively) originated from
validated experimental data from toxicity tests following
established guidelines [27]. In accordance with the con-
cept of CA, experimental data were preferably used from
tests with the same test endpoint, duration and stand-
ard test species (Raphidocelis subcapitata, Lemna gibba,
Daphnia magna, Oncorhynchus mykiss). This, however,
might lead to an underestimation of risk if species other
than the standard test organism are considerably more
sensitive. Different species and endpoints were included
in case of data gaps.

The second concept, SUM RQ, is a simplified CA-based
approach and is calculated by summing up the single
substance RQs, i.e. the quotient of the measured environ-
mental concentrations (MEC) and the assessment value
(AV), of each sample:

mix,10°

SUM RQ = i RQ; = i MEC;/ AF;. (4)

i=1 i=1

In the present study regulatory established environ-
mental quality standards (EQS), e.g. from the WFD or
related national legislation on water quality, were used as
assessment values. In the absence of EQS or if new eco-
toxicological data have recently been published, assess-
ment values were derived from validated ecotoxicological
data, i.e. PNEC, EQS proposals or threshold values for
national monitoring programs.

All ecotoxicological data were collected from online
databases (e.g. UBA ETOX [28], US EPA ECOTOX [29],
ECHA information on chemicals [30] or Pesticides Prop-
erties DataBase [31]), regulatory risk assessments from
EU and national institutions or scientific publications.
Data were last updated prior the evaluations in 08/2018
(acute toxicity) and 01/2019 (chronic toxicity). Since EQS
and PNEC values have already been derived considering
AF, no further factors were used to calculate the SUM
RQ. Mixture risks calculated by RQ,;, and SUM RQ were
compared to RQs of single-substance evaluations. Envi-
ronmental risks were considered as low when RQs were
less than 1.
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Drivers of mixture toxicity

Substances relevant for the mixture risks were identi-
fied by calculating the Py, value according to Ginebreda
et al. [32, 33]. The Py, value describes the number of sub-
stances accounting for 90% of the SUM TU. Relevant
substances were ranked according to their percentage
(%TU) of the total mixture toxicity. Substances fre-
quently showing high %TUs were considered as drivers of
mixture toxicity.

Implications of the monitoring design for mixture risk
assessments

To assess the influence of the monitoring design, data
collected at the sampling site Eppinghoven during the
WED surveillance monitoring of LANUV were analysed
for mixture effects using the methods described above.
At the same time, the applicability of the mixture risk
assessment approaches to WED surveillance monitoring
data is examined.

Analytical methods used for the surveillance moni-
toring are presented in Additional file 1: Table S2-1.
This sampling site is located in between two sites of the
monitoring program by the Erftverband. In 2016/2017,
15 samplings were performed at Eppinghoven. Five data-
sets with sampling dates matching the dates of the Erft-
verband monitoring program were selected for mixture
evaluation. These samples were taken in May, late June,
August, early November 2016 and January 2017, repre-
senting two dry and three wet conditions. In contrast to
the Erftverband, the number of substances analysed var-
ied between two and eight for most of the samplings. In
November, a broader set of 58 substances were evaluated
as part of the annual WED surveillance monitoring.

Results and discussion

Available ecotoxicological data

Assessment values could be found for 84% of the
detected substances. The remaining 16% mainly con-
sisted of pesticide metabolites, pharmaceutical metabo-
lites and selected pharmaceuticals, such as X-ray contrast
agents, which are assumed to be of low ecotoxicological
relevance (Additional file 1: Table S3 1-2). Available data
for effect concentrations (EC,/NOEC) showed consider-
ably more data gaps. A complete set of toxicity data for
algae, invertebrates and fish (aquatic base set) was found
for 76% (acute toxicity) and 54% (chronic toxicity) of the
substances. However, the availability of data varied for
the biological groups as well as for the substance groups.
In particular, there were large data gaps for macrophytes
and fish, as well as for pharmaceuticals.
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Single-substance evaluation

In total, 98 of 153 analysed substances were detected,
consisting of 55 pesticides, 31 pharmaceuticals and
12 other substances (Additional file 1: Table S1 1-3).
An exceedance of the assessment value (RQ>1) was
observed for 36 substances (26 pesticides, 6 pharmaceu-
ticals and 4 other substances). Overall, there were 923
AV exceedances during the sampling campaign. Phar-
maceuticals accounted for 79% of the exceedances, pes-
ticides for 15% and other substances for 7%. In 90% of
the samples at least one substance was detected in con-
centrations above the AV. However, 80% of AV exceed-
ances were caused by only three substances: diclofenac
(47%), ibuprofen (27%), triclosan (5%; Additional file 1:
Table S4 1-2).

Mixture evaluation

Acute mixture risks were calculated for 32% of samples
(RQuix acute = 1) with most RQs ranging between 1 and
10 (Fig. 2). In contrast, chronic mixture RQs were>1
in 60% (RQix 1000 90% (RQpnix10) and 91% (SUM RQ)
of the samples, respectively (Fig. 2). The SUM RQ and
RQyix 10 based on chronic toxicity data followed simi-
lar patterns of mixture risks with most mixture RQs
ranging between 1 and 100. In contrast, the RQ,;, 1000
showed a wider variability with most RQs between 0.1
and > 100. Also, the RQ,;, 1090 had maximum RQs up to
2588, whereas RQ,;;, ;o and SUM RQ showed RQs up to
100 and 509, respectively. However, continuously greater
peak RQ; 1000 during the entire sampling campaign are
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likely to be caused by the application of the safety factor
of 1000 on acute data.

Often environmental risks were not only predicted by
mixture evaluations but also by single-substance evalu-
ations. Specifically, mixture RQs>1 without any sub-
stances exceeding the individual AV were only calculated
for 0.4% (RQuixacute)s 1:0% (RQpix 1000 0-0% (RQpix 10)
and 0.8% (SUM RQ) of the samples. However, compared
to single-substance evaluation calculated risks of both
acute and chronic toxicity were generally greater when
mixture effects were considered. Therefore, both mixture
approaches assess environmental risks more conserva-
tively than single-substance evaluations. Since several
substances occur simultaneously in the environment, the
mixture risk assessment also corresponds to a more real-
istic approach.

Drivers of mixture toxicity

Only a limited number of substances significantly con-
tributed to the overall estimated mixture risks. In 93%
of the samples (RQ,i acute) s Well as in 76% (RQ,;y 1000)
and 80% (RQ,;, 1) of the samples only one to three
substances accounted for 90% of the SUM TU (P,
value; Additional file 1: Table S5-1). This is consistent
with previous studies reporting between one and eight
substances as main drivers of mixture toxicity [33—
36]. These substances, however, can vary seasonally
and regionally, which was also observed in this study.
Therefore, even if only a few substances are the main
contributors to the mixture toxicity, a high number

60.0 M RQmix,acute
[JRQmix,1000
B RQmix,10
50.0 EsumRQ
«» 40.07
2
o
-~
a3 30.0
2
20.07
10.07
.0-
<0.1 >0.1-1 =>1-10 >10-100 > 100
Mixture RQs
Fig. 2 Mixture risk quotients (RQ) in the Erft River sampling campaign 2016/2017. Acute (red) and chronic (blue) mixture risks are grouped
according to the percentage of samples
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of substances need to be analysed in order to obtain a
comprehensive overview of the mixture risks in surface
waters [36, 37].

Substances relevant for the mixture risks were identi-
fied by calculating the (mean) %TU. Important toxicity
drivers with a high proportion of the total mixture risks
are listed in detail in Additional file 1: Table S5-2. The
toxicity drivers as well as the predicted mixture toxicity
differed distinctly between the biological groups.

For algae and macrophytes acute mixture risks were
calculated for 25% and 23% of the samples, respectively
(Additional file 1: Table S5-3). Main drivers of the acute
mixture toxicity for the aquatic flora were different her-
bicides as well as fungicides, the preservative triclosan
and the antibiotic clarithromycin. On average 75% and
96% of the SUM TU for algae and macrophytes were
attributed to pesticides (Additional file 1: Table S5-5).
In accordance with these results, chronic mixture risks
based on acute toxicity data were primarily observed for
algae and macrophytes with a SUM TU >0.001 in 45%
and 55% of the samples (Additional file 1: Table S5-3).
Chronic mixture risks based on chronic toxicity data
(SUM TU > 0.1) were calculated for 21% and 14% of the
samples for algae and macrophytes, respectively (Addi-
tional file 1: Table S5-4). Main drivers of the chronic
mixture toxicity for the aquatic flora were again differ-
ent herbicides as well as fungicides, the preservative
triclosan and the antibiotics clarithromycin and sul-
famethoxazole. This is consistent with previous stud-
ies, which also found high pesticide risks particularly
caused by herbicides, which were frequently detected
in surface waters across Europe [35, 38—43].

No acute mixture risks were predicted for fish (Addi-
tional file 1: Table S5-3). However, chronic mixture
risks were highest for this biological group with risks
calculated for 90% of the samples (Additional file 1:
Table S5-4). Main drivers of toxicity for fish were
diclofenac and ibuprofen. Diclofenac is commonly
detected at relevant concentrations in surface waters
in NRW and across the globe [44, 45]. Munz et al. [35]
described a reduction of the mixture toxicity by more
than 60% when removing the main drivers diclofenac,
diazinon and clothianidin from the dataset. In the pre-
sent study, a simulated reduction of diclofenac by 20%,
80% and 100% lowered calculated chronic mixture risks
by up to 14%, 52% and 61%, respectively (Additional
file 1: Table S5-6). Therefore, diclofenac has a particu-
lar influence on chronic mixture risk for fish in the Erft
River. Since chronic effects of diclofenac were not cap-
tured by the RQ,;, 1090 Using acute toxicity data only,
chronic risks were predicted for only 17% of samples by
this approach.
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Mixture risks calculated for aquatic invertebrates were
lower and less frequently detected in the present study,
with acute risks observed for 0.6% (RQ;\.cute) Of the
samples (Additional file 1: Table S5-3) as well as chronic
risks observed for 34% (RQ;;, 1000) and 4% (RQ,;;, 10) of
the samples, respectively (Additional file 1: Table S5-4).
Important drivers included insecticides (dichlorvos and
diazinon), industrial chemicals (HHCB, benzotriazole)
and pharmaceuticals (carbamazepine and clarithromy-
cin). However, mixture risks for aquatic invertebrates
might be underestimated since only three insecticides,
diazinon, dichlorvos and imidacloprid, were measured
during the sampling campaign in the Erft River. Insec-
ticides have a particularly high toxicity towards aquatic
invertebrates, though [41]. Furthermore, interspecies
differences in sensitivity can impair the environmental
risk assessment of chemicals. Standard test species, e.g.
Daphnia magna for aquatic invertebrates, do not always
cover the most sensitive species in the environment [46,
47].

The contribution of different substance groups to the
SUM TUs of algae, invertebrates and fish is shown for a
rain event sampling in early June 2016 in Fig. 3, which
demonstrates general patterns of the mixture risks and
the contributing drivers of mixture toxicity for the bio-
logical groups as described above. Due to the pesti-
cide run-off, high mixture risks were detected for algae
based on the acute toxicity data. Despite dilution effects
chronic risks due to diclofenac and ibuprofen remained
highest for fish. Persistent mixture risks were found both
for the aquatic flora (acute and chronic mixture risks)
and for fish (chronic mixture risk). This demonstrates
that there is a concern for long-term mixture effects on
the aquatic organisms in the Erft River even though the
chronic mixture risk assessment was done for single sam-
pling events in this study. However, the choice of acute or
chronic toxicity data as basis for the chronic mixture risk
assessment had a distinct impact on the calculated mix-
ture risks and identified drivers of mixture toxicity. Thus,
differences between RQ,;, 1900 and RQ,;, ;o Were more
pronounced than between RQ,;, ;o and SUM RQ.

Evaluations of drivers of mixture toxicity using the
SUM RQ (mean %RQ) led to similar results as the TU
approach (Additional file 1: Table S5-7). Main drivers
were diclofenac, ibuprofen and triclosan as well as dif-
ferent pesticides including isoproturon, terbuthylazine,
dimethenamid, nicosulfuron and fenpropidin.

Seasonal and spatial variation

Seasonal and spatial variations of mixture RQs in the Erft
River are shown in Fig. 4 and Additional file 1: Table S6-1.
Calculated mixture risks increased distinctly down-
stream of the first two WWTP discharges (km 84 and km
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Fig. 4 Seasonal and spatial variation of risk quotients in the Erft River in 2016/2017. Variations along the river and during the years 2016/2017 are
shown for the chronic mixture approaches. Red lines represent discharges of the first WWTPs, and the blue line the water discharges from lignite
mining

74). A clear decrease occurred due to diluting effects of
water discharges from lignite mining between km 40 and
km 34. In May 2016, a one-time detection of the organo-
phosphate insecticide dichlorvos in a concentration of

0.06 pg/L led to a high acute and chronic environmen-
tal risk at km 34. Dichlorvos was banned in the EU in
2012 [48], and the source of this contamination could
not be identified. In general, monthly variations of the
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RQuixacute a0d RQ,ix 1000 based on acute toxicity data are
the results of the input of different pesticides with vary-
ing concentrations. Highest RQixacute @0 RQpix 1000
were calculated for May, early June, late July and early
November. Both the SUM RQ and the RQ,;, ;o based
on chronic toxicity data showed less seasonal and spa-
tial variations, since the main drivers, e.g. diclofenac and
ibuprofen, were continuously detected throughout the
year. Only minor seasonal differences were observed with
lower pharmaceutical concentrations in summer. This
might have resulted from a greater degradation of sub-
stances in the WWTP due to high temperatures or lower
consumption of some pharmaceuticals during the sum-
mer season [49, 50].

A clear influence of weather conditions on mixture RQs
could not be observed. Peak RQs, mainly for RQ,,; 10005
were detected both during rainy and dry weather condi-
tions. As expected, high RQix acute a0 RQ, i, 1000 Were
observed after rain events (early June and November) due
to pesticide run-off, which is in agreement with previous
studies [40, 51]. However, high RQ,;x scute a0d RQyix 1000
were also detected during dry periods (e.g. late July).
During these periods, main toxicity drivers included
triclosan, sulfamethoxazole, isoproturon, terbuthyla-
zine and diuron. The herbicides have previously been
reported to originate from WWTP effluents [35, 52—54].
The impact of WWTP discharges on the pesticide load
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is particularly relevant during dry periods, since other
inputs of diffuse sources as well as dilution effects in the
surface water are limited in dry periods and under low
flow conditions.

Although pesticide concentrations varied throughout
the year, pesticide mixtures exert a relatively continu-
ous toxic pressure, especially on the aquatic flora. The
variation of the SUM TU,,, of 18 herbicides during
the sampling campaign in 2016/2017 is shown for the
Erft tributary Swist in Fig. 5. Acute mixture risks (SUM
TU>0.01) were predicted for 6 of 12 sampling events in
the Swist, which were distributed over the entire sam-
pling period. As grab samplings only capture a “snapshot”
[55] of pesticide concentrations at the time of sampling
likely underestimating the actual pesticide exposure
[40, 56, 57], a continuing toxic pressure leading to lim-
ited recovery times can be expected in the Swist. This
observation agrees with previous findings of a continu-
ous pressure on aquatic organisms due to pesticide con-
taminations [56, 58]. Mixture risk assessments including
exposure data of different pesticides enable the detection
of persisting effects of varying pesticides throughout the
seasons. Thus, pesticide risks in the environment can be
more adequately described by mixture risk assessment
rather than by single-substance risk evaluations, which
disregard additive effects and temporal variations of dif-
ferent pesticides during the year.

0.80 M onolinuron
MFilufenacet
E Chlortoluron
0.70- Cloiuron
- CTerbutryn
008 [CJbimethenamid
o Clisoproturon
2 D Terbuthylazin
s M etamitron
3 0.06- M Chloridazon
g MEthofumesat
d EBentazon
s Cclopyralid
3 0047 CImcra
B Mecoprop
O auinmerac
[CDichlorprop
0.02- 24D
}- B - - - -l - - - e PR e - - -
0.00 T T ) T T T T T ) T T
o [{=] [{e] (] [{=] [{=] (] [{=] [{=] o ~ ~
S =) S S =) S S =) S S =) S
8 § & &6 § & &6 § &« &6 § 9«
™ w [{=} [(=} ~ w w [=2] - - - [v2}
o o = o o o o o - - o =
o™ o™~ - -+ [{=] w - [{=] [=2] (o] w -
o™ o o ('] o -— [vp] o o ™ -— o
Fig. 5 Mixture toxicity of different herbicides in the Erft tributary Swist in 2016/2017. The SUM TU of 18 herbicides calculated based on the acute
toxicity data is shown for algae. Red line indicates the threshold of potential acute mixture risks (SUMTU, . > 0.01)
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Implication of the monitoring design for mixture risk
assessments

To assess the influences of the monitoring design, cal-
culated mixture risks were compared for two datasets
from the LANUV and the Erftverband. Whilst the Erft-
verband performed an extensive monitoring program in
the Erft River in 2016/2017, data from the LANUYV origi-
nated from the routine WFD surveillance monitoring
program at the monitoring site Eppinghoven. In contrast
to the Erftverband, the number of substances analysed
by the LANUV differed between the sampling events.
In total, 58 substances were detected at the sampling
site of Eppinghoven, varying between 2 and 52 detected
substances per sampling. The Erftverband found 39 sub-
stances (between 18 and 26 substances per sampling) at
the two sampling sites closest to Eppinghoven. Chronic
mixture risks (RQpi 1000 and RQ;, 10) calculated for
both datasets are shown in Fig. 6 and Additional file 1:
Table S7-1. In March and November 2016, the RQ,;, 1000
at the sampling site Eppinghoven was approximately ten-
fold higher than the RQ,,; 1090 at the surrounding sites
from the Erftverband. This was caused by the effect of the
polycyclic aromatic hydrocarbons (PAH), fluoranthene
and benzo[a]pyrene, which were not included in the
monitoring program of the Erftverband. However, the
environmental risk assessment for this substance group
is particularly difficult since PAH are strongly hydro-
phobic and therefore often only partly bioavailable. The
LANUV measured only total PAH concentrations, not
the dissolved fraction. Therefore, the risk assessment of
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PAH in the Erft River depicts only a rough estimation of
potential mixture effects of this group. In addition to this,
there was a different limit of quantification for clarithro-
mycin (0.2 pg/L vs. 0.025 pg/L) resulting in a more fre-
quent quantification of this substance by the LANUV at
Eppinghoven. In contrast to this, calculated RQ,;, ;o of
both sampling sites from the Erftverband were 4- to 200-
fold higher compared to Eppinghoven with the exception
of November 2016. This exception was mainly caused by
a continuous monitoring of diclofenac by the Erftverband
whereas this substance was only measured by LANUV in
November. Generally, the comparison demonstrates that
datasets comprising only a few substance groups are of
limited value for mixture risk assessments. This limita-
tion has to be taken into account when differently com-
posed datasets are compared.

Comparing mixture risk assessments based on two dif-
ferent datasets demonstrates the considerable influence
of the monitoring design on the results of mixture risk
assessments. This includes the selection of substances
monitored, timing and frequency of samplings and the
analytical methods used. When important toxicity driv-
ers are not monitored, the calculated mixture risk is likely
to underestimate the chemical stress. Both datasets lack
data on further substance groups, such as metals which
are likely to be present in discharges from lignite min-
ing, or insecticides with a high toxicity towards aquatic
invertebrates. Moreover, the use of grab water samples
can lead to an underestimation of peak concentrations of,
e.g. pesticide concentrations after rain events [40, 56, 57].
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Fig. 6 Mixture risk quotients for two monitoring datasets from the Erft River. RQ,;;, 1090 and RQ
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Frequent grab samplings as well as additional composite
samplings are therefore recommended for realistic mix-
ture risk assessments [40, 41, 56, 57]. Additional bioana-
lytical monitoring, so called effect-based methods (EBM),
can improve the risk assessments of chemical pollution,
as well. These methods are able to capture the effects of
unmonitored, unknown or undetected substances, e.g.
if their concentrations are below the technical limit of
quantification, as well as the effects of complex chemical
mixtures. Risks of underestimating mixture effects due to
data gaps in exposure and toxicity data could be reduced
using additional EBM [42, 59, 60].

Applicability of mixture risk assessments

Both mixture approaches used in this study can be
applied to data of the WFD monitoring. Since the SUM
RQ was proven to be a simple but conservative approach
for mixture assessment, it can be applied as a first-tier
approach. The SUM RQ can easily be calculated based
on available toxicity data without the need for detailed
research on effect concentrations. Underlying assess-
ment values include both acute and chronic endpoints
as well as effect concentrations of the most sensitive spe-
cies. Thus, the chance of underestimating mixture risks
due to data gaps and differences in species sensitivity is
lower for the SUM RQ than for the RQ,,. If the SUM
RQ indicates potential risks, a detailed risk evaluation
can be performed using the acute and chronic RQ,;, [10,
61]. However, since calculated mixture risks and iden-
tified drivers varied between RQ;, 1900 and RQ. 1o
chronic mixture risks are recommended to be based on
chronic toxicity data—whenever enough data are avail-
able—additionally to the established calculations based
on acute data. The application of the TU approach can
be facilitated by improving the accessibility and exchange
of high-quality ecotoxicological data, e.g. by establish-
ing consistent long-term database(s) for ecotoxicological
information on chemicals of different substance classes
[61, 62]. Considering the additional time resources
needed, mixture risk assessments are recommended for
large datasets, e.g. at surveillance monitoring sites or
from extensive investigative monitoring and other tar-
geted special measurement programs. Mixture risk eval-
uations of small monitoring datasets provide only limited
information on the actual mixture risks to aquatic organ-
isms and would have little relevance for the evaluation of
the water quality. To compare mixture risk assessments,
e.g. comparing different sampling sites or evaluating the
development of the water quality over time, consistent
and comparable monitoring strategies including defined
sets of substances analysed are required.
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Conclusion

The biocoenosis of the Erft River and its tributaries is
subjected to pronounced effects by a large number of
chemical substances and varying substance mixtures
throughout the year. On the one hand, continuous con-
tamination by alternating pesticides might lead to per-
sisting mixture risks for the aquatic flora, whilst on the
other hand a continuous release of pharmaceuticals from
WWTPs poses a chronic risk to fish. Furthermore, insec-
ticides and industrial chemicals (e.g. HHCB and ben-
zotriazole) were observed to exert acute pressures on
aquatic invertebrates. Overall, only a limited number of
substances significantly contributed to the mixture risks
in each sample. However, these substances varied season-
ally and regionally during the present study.

Both CA-based mixture approaches discussed in this
paper can be used for a conservative assessment of mix-
ture risks based on the available monitoring data. As
opposed to single-substance evaluations, additive effects
of different mixture components are considered even
when each substance occurs in concentrations below the
individual PNEC or EQS. Furthermore, mixture risks can
be assessed for an extended time period and therefore
can reveal recurring toxic pressures for certain biological
groups. Analysis of drivers of mixture toxicity may guide
mitigation measures and water management plans. All
in all, risk assessments of chemical mixtures characterise
the aquatic contamination more realistically than single-
substance assessments.

For the integration of mixture risk evaluations into the
assessment and management of chemical water quality,
a two-staged assessment combining both approaches is
suggested. A simple but conservative evaluation of mix-
ture risks based on SUM RQ can be followed by a detailed
evaluation using RQ,,;,, if preliminary results indicate
pronounced mixture risks. Since the choice of acute or
chronic toxicity data for mixture risk assessments had a
distinct impact on the calculated mixture risks and iden-
tified drivers, mixture risk assessment is recommended
to be based on not only the commonly applied acute tox-
icity data but also on chronic toxicity data.

Data gaps of both ecotoxicological and exposure data
can lead to uncertainties in the mixture risk assessment.
Therefore, sampling design and sampling methods need
to be considered when evaluating mixture risks. Whilst
mixture risk assessments may provide information on
toxic pressures for a given water body, they can only be
compared with other mixture risk assessments when
consistent and comparable sampling designs are used.
To improve future risk assessments, the accessibility and
exchange of high-quality ecotoxicological data should be
enhanced.
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