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Abstract

Storm events lead to mobilization of particles as well as organic contaminants that can pose
a risk to river ecosystems. Assessment of total loads of particle-bound and dissolved
contaminants in rivers is challenging, especially during rain events since multiple, often
unknown contamination sources may be triggered, among them tributaries, combined sewer
overflows, direct soil and road runoff, and the riverbed sediment. We investigated whether
cytotoxicity (i.e., reduction of the cell viability of human cell lines) could be used as a proxy for
the total chemical mixture to assess the transport of organic contaminant mixtures either in
particle-associated form or in the aqueous phase. Time-proportional composite samples were
collected in the Ammer River (Southwestern Germany) during two storm events in June 2021.
All samples were screened for 171 organic contaminants and cytotoxicity in the water and
particle phase separately. In total, 56 organic compounds were found, of which 12 and 34
were detected only in the water and particle extracts, respectively, and 10 compounds were
present in both phases. Thermodynamic equilibrium between the aqueous phase and
suspended solids was observed for four compounds namely triphenyl phosphate, octocrylene,
galaxolide, and p-chlorocresol. Substances that were not in equilibrium were mainly
constituents of plastics and tire rubber, and their high concentrations in the particle phase
were probably due to extractions from the particles themselves. Linear correlations between
TSS and total compound concentrations were found for ten PAHs and two musk fragrances,
suggesting stable particle loadings and aqueous concentrations over the course of the rain
event, most likely due to particle delivery ef from a particle source with a constant degree of
contamination. The total cytotoxicity of water plus particles in the river correlated linearly with
TSS during storm events. Inflowing water and particles from all sources appeared to be
integrated, such that the total cytotoxicity of all contaminants per mass of particles and volume
of water in the river was stable throughout storm events. From this relationship, a threshold of
0.5 g L* TSS was derived above which particle-facilitated transport exceeded dissolved
cumulative contaminant transport in the Ammer River, indicating the relevance of particle-

facilitated contaminant transport.

Keywords

Water quality, river, suspended solids, organic contaminants, cytotoxicity

1. Introduction

River pollution is a major concern worldwide as an increasing number of organic contaminants

enters surface waters (Luo et al. 2014; Schwarzenbach et al. 2006). Organic contaminants in

2



53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

70
71
72
73
74
75
76

77

78

79

80
81
82
83
84
85
86

fluvial systems partition between water, suspended particles, and the riverbed sediment.
Suspended solids are an important transport medium for many compounds, as particles carry
or contain legacy and emerging pollutants (Esser et al. 2020; Hagemann et al. 2020; Mller et
al. 2021; Niu et al. 2021). Hydrophobic contaminants are transported mainly associated to
particles, while hydrophilic and ionizable compounds are rather transported in their dissolved
forms (Niu et al. 2020). During storm events, suspended solid concentrations in rivers are high
due to mobilization of particles from riverbeds or riverbanks (Liu et al. 2018). Moreover,
stormwater runoff and combined sewer overflows (CSOs) contribute to the particle and
contaminant input into rivers (Furén et al. 2022; Spahr et al. 2020; Pamuru et al. 2022; Zgheib
et al. 2011; Zgheib et al. 2012). Particles can also be introduced by runoff from agricultural
areas with potential pesticide contamination (Knauer et al. 2017), by street runoff containing,
e.g., tire wear (Fuchte et al. 2022; Rauert et al. 2022), or by inflow from urban or industrial
areas carrying, e.g., polycyclic aromatic hydrocarbons (PAHs) (Zhang et al. 2009). Storm-
induced mobilization of particles causes contaminants to be widely dispersed in river networks
and be transported further downstream (Ciszewski and Grygar 2016; Salomons et al. 1987).
Suspended particles in rivers consequently represent an integral signal of a wide range of

particles from different sources carrying different mixtures of pollutants (Walling 2005).

The monitoring of particle-associated and dissolved contaminant fluxes in catchments during
storm events is time-consuming and labor-intensive. Moreover, the dissolved fraction of
hydrophobic compounds is often difficult to quantify because concentrations are close to
detection limits. Easy to measure proxies are required to overcome these obstacles and allow
determination of contaminant fluxes in different catchments. Turbid water samples contain

particle-associated and dissolved organic contaminants according to the mass balance (eq.

D):

Ci,total = Ci,particle *TSS + Ci,dissolved

)
Where C; ¢otq1 IS the total concentration of a compound i in a sample [e.qg., in ug L™, C; particie
is the concentration of the compound per mass of particles [e.g., in ug g?], TSS is the total
suspended solids concentration [e.g., in g L™], and C; 4iss01veq iS the dissolved concentration
of the compound [e.g., in ug L. If total concentrations of the compound i are plotted versus
TSS, a linear relation can be obtained, where C;,4ticie COrresponds to the slope, and
Ci aissovea tO the y-intercept. This correlation provides information on particle contaminant

loads integrative for the upstream catchment, as well as the dissolved fraction of the
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compound based on contaminant bulk concentration, i.e., the sum of dissolved and particle-
associated contaminant concentrations, and TSS measurements. TSS may be replaced by
turbidity measurements if relationships have been established between the two variables in
the respective river (Rigner et al. 2013). Linear contaminant-TSS correlations have already
been identified for PAHs (Chiffre et al. 2016; Schwientek et al. 2013a), PCBs (Rugner et al.
2019), and metals (Nasrabadi et al. 2018). These correlations were shown to be catchment-
specific and reflect the urban pressure, geological background, and sediment quality of the
catchments (Rugner et al. 2014; Schwientek et al. 2013a; Schwientek et al. 2017). In contrast,
sediment samples from the river bed only display particles at a specific spot with a
considerable heterogeneity within the river network (Chiffre et al. 2016). TSS-contaminant
relationships are valid if the dissolved and particle-associated concentrations remain stable
over time (e.g., during storm events), and the ratio of C;parice/Ci dissovea may be interpreted as
the partition coefficient (Kq) [e.g., in L kg?] of the contaminant i between solids and the
agueous phase (Rigner et al. 2019). Partitioning of nonionic organic compounds between
different phases depends on various factors such as physicochemical properties of the
chemicals, characteristics of the particles, and the hydrological conditions. The latter, in
particular, are highly dynamic during storm events and various non-point sources can
contribute to the water and particle-associated contaminant flux in rivers. During storm events,
the partitioning of compounds between particles and water has rarely been studied in rivers
(Mdller et al. 2021).

Target chemical analyses cannot capture all chemicals present in rivers as some compounds
occur in concentrations below analytical detection limits and there are numerous unknown
chemicals and transformation products. In vitro bioassays can be used to quantify effects of
all known and unknown compounds present in a sample (Escher et al., 2021a). Cytotoxicity is
a measure of how a cell or organism responds to the exposure to all chemicals in
environmental samples, with each chemical having a different contribution (potency) (Escher
et al. 2021b). Effects and cytotoxicity of single chemicals in complex mixtures are typically
additive (Escher et al. 2020). Therefore, cytotoxicity can be interpreted as an effect-scale
measure of all organic contaminants in rivers. A combination of in vitro bioassays and chemical
target analyses can be used to determine how much of the cytotoxicity can be explained by
the measured contaminants in the sample (so-called iceberg modelling) (Neale et al. 2020;
Niu et al. 2021). Different cytotoxicity measurements have been successfully applied in various
environmental studies and matrices such as water, sediment, and suspended particles
(Becouze-Lareure et al. 2016; Hollert et al. 2000; Milagi¢ et al. 2017; Mdller et al. 2021; Neale
et al. 2020; Tuikka et al. 2011). Cytotoxicity can be easily compared between the water and

particle phase of rivers, thus, providing insights into the importance of water versus particles
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as transport medium for all organic contaminants present in the river. A stable TSS-cytotoxicity
relationship would enable a direct comparison of the relevance of water and particle fractions
for the effect-based sum of all substances present in the river. We hypothesize that river
discharge at the catchment outlet integrates various particle and contaminant, such that a
relationship between particle concentrations and the sum of all contaminants (cytotoxicity) can

be derived.

Therefore, the objectives of this study were 1) to analyze whether hydrophobic contaminants
in a river are in thermodynamic equilibrium between the aqueous and particle fraction during
storm events, 2) to correlate the total concentrations of hydrophobic contaminants with
suspended particle concentrations and 3) to elucidate whether suspended particle
concentrations are a suitable proxy for mixture effects expressed as cytotoxicity in a river
during storm events. To this end, river samples were collected in southwestern Germany
(Ammer River) during high discharge events. Target analysis of hydrophobic organic
contaminants was performed by gas chromatography-mass spectrometry (GC-MS), and four
human cell lines were used to measure the cytotoxicity of contaminant mixtures extracted
separately from the water phase and suspended solids. Iceberg modeling was applied to

guantify the contribution of the detected chemicals to the observed cytotoxicity.
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2. Materials and methods

2.1 Sampling site

The Ammer River (4" order stream) is a tributary of the Neckar River located in southwestern
Germany. The Ammer River flows over a distance of 22 km from the City of Herrenberg to the
City of Tubingen (Figure 1A). The river is characterized by a mean annual discharge (Q) of
0.87 m3 s measured at the gauging station “Pfaffingen”, which is located approximately
10 km upstream of the catchment outlet (Figure 1A). During baseflow conditions, the river
water originates from karstic aquifers of the Upper Triassic Limestone and Middle Keuper
gypsum formation (Villinger 1982; Glaser et al. 2020b). Landuse is dominated by agriculture
(71%) and urban areas (17%) (Schwientek et al., 2013a). The gauged catchment (134 km?)
integrates water from various small tributaries and two wastewater treatment plants (WWTP)
(Glaser et al. 2020c). The WWTP Glltstein (80,000 person equivalents) is located directly at
the Ammer River and has a mean dry weather discharge of 0.10 — 0.12 m3 s, A second
WWTP (9,000 person equivalents) discharges into the Kochhart creek, a tributary of the
Ammer River, with a flow rate of 0.012 — 0.015 m3 s*. Tubingen has a mean annual air
temperature of approximately 8°C and the mean annual precipitation is 750 mm a*. Heavy
precipitations occur mainly in summer. During heavy storm events, significant water inflow
from urban areas and combined sewer overflows in the upper catchment dominate the water
flow in the river resulting in distinct flood and turbidity peaks propagating through the
catchment as described in previous studies at the Ammer River (Schwientek et al., 2013a;
Schwientek et al., 2013b). The gauging station in Pfaffingen was selected for our
investigations because it integrates the water and particle flux from the upper catchment

(Figure 1A). Two rain events of different intensity were investigated in this study (Figure 1B).

2.2  Field instrumentation and sampling

In-situ probes (UIT GmbH, Dresden, Germany) were installed at the riverbank of the Pfaffingen
gauging station (Figure 1A). The probes continuously recorded turbidity (with an optical
backscatter sensor at a wavelength of 880 nm), water temperature, electrical conductivity, and
water level. The latter was converted to discharge using pre-established rating curves (Glaser
et al. 2020a). Using a daily weather forecast, two storm events of varying intensity were
sampled in June 2021 (Figure 1B). In total, 24 river samples were collected during the high
discharge events covering both the increasing and decreasing discharge limbs. Two
autosamplers (ISCO 3700, Teledyne Isco, Inc., Lincoln, NE, USA) with eleven 950 mL
transparent glass bottles were installed next to each other at the Pfaffingen gauging station

and operated simultaneously. The Teflon tubing inlets were placed in close proximity to the
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in-situ probes to ensure comparability between the data obtained from the probes and the
samples collected with the autosamplers. The autosamplers were programmed to collect 30-
minute composite samples of 800 mL (400 mL every 15 minutes). All bottles were pre-cleaned
with methanol and deionized water. Few hours after the peak discharge (maximum 12 hours),
an additional grab sample was collected to capture the tailing of the recession discharge curve

of each event. All samples were stored at 4°C in the dark until further analyses.

2.3 Laboratory Analysis

2.3.1 Total and dissolved organic carbon (TOC and DOC), and total suspended
solids (TSS)

TOC concentrations were determined in unfiltered samples, which were homogenized with an
Ultra Turrax T18 (IKA, Staufen, Germany) for at least 2 minutes (~6000 rpm) prior to the
analysis. To quantify DOC concentrations, the samples were filtered through 0.45 ym PES
filters (Minisart ® High Flow, Sartorius, Gottingen, Germany). DOC and TOC samples were
acidified to pH 2 before being measured with a TOC analyzer (Elementar High TOC II
Analyzer, Langenselbold, Germany). The samples were purged with nitrogen gas using a
thermal oxidation at 680°C, which allows CO, quantification using an IR detector. For
determination of TSS, glass microfiber filters (GFF, pore size 0.7 um, 47 mm diameter,
Whatmann, USA) were used. The particle-loaded filters were frozen overnight at -20°C, freeze
dried (Alpha 1-4 LSCplus freeze drier, Martin Christ), and weighed.

2.3.2 Accelerated solvent extraction (ASE) of suspended patrticles

The particle-loaded glass microfiber filters were extracted using accelerated solvent extraction
(ASE; DIONEX ASE 350, Thermo Fisher Scientific) using acetone (SupraSolv®, Merck) and
ethyl acetate (Acros Organics, Thermo Fisher Scientific) (50:50, v/v) in 2 cycles, each with
5 min preheat, 10 min static time at 100°C and 100 bar, a flush volume of 60 %, and a purge
time of 100s. A pristine filter was run as control. The extracts were blown down to an
approximate volume of 4 mL at 40°C under a gentle stream of N.. The extracts were passed
through clean-up columns (Chromabond Flash RS SiOH, 40 - 63 um, Macherey-Nagel,
Duren, Germany) using a binary pump (Agilent 1200). 0.3 mL of the ASE extract was loaded
onto a column preconditioned with dichloromethane and was first eluted with 10 mL of
dichloromethane, followed by 10 mL of methanol. The eluates were collected separately. Half
of the dichloromethane extracts were evaporated to dryness and re-dissolved in 0.5 mL of

ethyl acetate for GC-MS analysis.

2.3.3 Solid-phase extraction (SPE) of water samples
Solid-phase extraction (SPE) was used to extract and enrich organic contaminants from the

water samples. 500 mg Oasis HLB cartridges (Waters, Milford, MA, USA) were conditioned

7
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with 10 mL ethyl acetate (Acros Organics, Thermo Fisher Scientific), 10 mL methanol (Optima
®, Thermo Fisher Scientific), and 10 mL water (HPLC grade, Optima ®, Thermo Fisher
Scientific). A volume of 800 mL aqueous, filtered sample was passed through the cartridges
at a flow rate of 2.3 mL min™. Subsequently, the cartridges were washed with 10 mL water,
dried, and eluted with 10 mL methanol and 10 mL ethyl acetate (combined in the same
collection tube). The extracts were evaporated to dryness at 40°C under a gentle stream of
N2. The samples were re-dissolved in 1 mL of methanol and stored at -20°C. Process controls

with HPLC-grade water were processed identically.

2.34 Chemical analysis

A total of 171 organic compounds were analyzed with gas chromatography high resolution
mass spectrometry (GC-HRMS) as previously described by Neale et al. 2020. A Trace 130
gas chromatograph with a DB-5MS ultra inert column (30m x 0.25 mm, 0.25 ym film thickness,
Agilent Technologies, Santa Clara, CA, USA) was coupled to a thermal desorption unit (TDU-
2, Gerstel, Milheim, Germany), a cooled injection system (Gerstel), and a QExactive
instrument mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with electron
ionization. The compound selection was based on previous studies on river quality and storm
events (Neale et al. 2020, Niu et al. 2021) and included PAHSs, personal care and household

chemicals, pesticides, polymer additives, and other industrial chemicals (Table B8).

2.35 Cytotoxicity measurement

The extracts were dosed into 384-well plates that contained different human cell types. Four
reporter cell lines derived from H4lle, HEK293H, HEK293T or MCF7, respectively (Table B1),
were used for the water extracts, while only one cell line (H4lle) was deployed for extracts
from the solids due to the limited number of extracted particles. The aim of this study was to
assess the cytotoxicity from these different cell lines, though the applied cell lines are
frequently applied to measure the activation of specific effects (Table B1). The percentage
area covered by cells on the bottom of the wells of the 384-well plate defines the cell
confluency, which can be used as a surrogate for the number of cells (cell viability). Confluency
was measured in each plate immediately after dosing and after another 24 h of incubation
(37°C, 5% CO3) using an IncuCyte S3 live cell imaging system (Essen BioScience, Ann Arbor,
Michigan, USA) as described in previous studies (Escher et al. 2019). The percent inhibition
of cell viability was determined from the confluency of exposed cells in comparison to
confluency of unexposed cells after 24 h of incubation. Inhibitory concentration of 10%
reduction of cell viability (IC10) describes the cytotoxicity and was obtained from evaluation of
linear concentration-effect curves below 30% of inhibition. The 1C1, was calculated based on

the % inhibition of cell viability and the slope of the regression (eq. 2):
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The concentrations were expressed as relative enrichment factors in units of Lwater L pioassay fOr
water extracts and Qparicle L bioassay fOr particle extracts. 1C1o values of both extracts were blank
corrected (Text A2) and transformed into toxic units TU (TUuissoved fOr water extracts and
TUparicle fOr particle extracts) for a better visualization as a high TU value corresponds to a
high effect with eq. (3):

1

TU = —
ICI()

3)
The standard error of the TU (SEtu) was computed by error propagation according to eq. (4)

(Lbicassay L water fOr water extracts and Lyicassay §  pariicle fOr the particle extracts):

1
SEry = —"SE
TU IC120 IC10

4

2.4 Data evaluation

2.4.1 Thermodynamic equilibrium of contaminants between water and
particles

Assuming that sorption of neutral organic compounds is mainly driven by the organic fraction

of the solids, the K4 value can be described by the product of the organic carbon fraction of a

sample foc [-] and the organic carbon to water partition coefficient Koc [L kg] (eq. (5)):

Ky = foc - Koc

The Ko values were compiled from literature (see Table B2 and Niu et al. 2020). The mean
foc value from all samples was used for the calculations and describes the fraction of the
particulate organic carbon (difference of total organic carbon and dissolved organic carbon) in
relation to the total suspended solids concentration (Table B2). The mean foc value of 3.56%
(x 0.63%) is comparable to previous studies at this sampling site that found f,c values of 2-4%

during storm events (Glaser et al. 2020c; Schwientek et al. 2013a)).
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The equilibrium contaminant concentration of substance i on the particles (Ciparticle,equilibrium,

e.g., in mg kg') was obtained by combining eq. (1) and (5) to yield eq. (6):

C _ Ci,total
i,particle,equilibrium — 1

TSS + 77—
foc ’ KOC,i

(6)

To investigate the actual distribution of a compound i between water and particles during storm
events, we compared the expected equilibrium contaminant concentration per mass particle
(eq. (6)) with the measured contaminant concentration per mass particle (Ciparice). Only
substances that could be quantified in both phases (at least in one sample as dissolved

concentration) during the second storm event (E2) were considered for evaluation.

2.4.2 Linear correlations of contaminants or cytotoxicity with TSS
Turbid water samples contain dissolved and particle-associated organic contaminants (eqg.
(2)). A linear relationship may be expected when the total concentrations of compound i are
plotted against TSS (Schwientek et al. 2013a). For substances found only in the particle
extracts and not in the water extracts, C; 4issoiveq WS Set to zero in order to calculate Ciptq;-
Only relationships with R2 > 0.75 were considered as strong linear fit. Negative y-intercepts
were forced through the origin due to their physical implausibility. Positive y-intercepts indicate
Cidissoved OF TUdissoved. Significance of differences (p<0.05) between the slopes of the
correlations were determined by analysis of covariance using the statistic software GraphPad
Prism 9.4.1. For interpretation of river-in processes, we only used the chemical data that was

obtained from the sample set of the E2 storm event (12 samples).

We hypothesize that the conceptual model leading to a linear relationship between
contaminants and TSS (eq. 1) is also valid for the mixture effect of all contaminants

(cytotoxicity) in a sample (eq. 7):
TUtotar = TUi,particle *TSS + TUgissorved

(7
As introduced earlier, cytotoxicity is expressed in toxic units TU, where TUwa is the total
mixture cytotoxicity in a sample [Lwater L bioassay], TUparticle [Oparticie L bioassay] the cytotoxicity effect

per mass particle, and TUdissoved the cytotoxicity in the dissolved phase [Lwater L™ bioassay]. FOr
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TUwtal, the mean value of the four cell lines of each sample was used. The non-parametric
Kruskal-Wallis test (GraphPad Prism 9.4.1) was applied to compare the median of the four
different cell lines (H4lle, HEK293H, HEK293T, MCF7).

2.4.3 Iceberg modelling
The mixture effect of the quantified chemicals, TUchem, Was predicted with the mixture model
of concentration addition using the detected chemical concentrations (ug L* and pg g* for
water and particle extracts, respectively) and the IC,, value of the detected chemical i according
to eq.(8):

n
T
chem =
b 1C100)

(8)
Cytotoxicity data were available for 41 of the 56 measured compounds from own experiments
and experimental data collected from the US EPA Tox21 database (Neale et al. 2020; Niu et
al. 2021) (only presented for H4lle and MCF7 cell line, Table B3).

We compared the measured cytotoxicity (TUpic) With TUchem to determine how much of the
measured cytotoxicity can be explained by the detected chemicals in the water and particle

extracts separately (eq. (9)):

TUchem

Explained fraction of cytotoxicity = TU
bio

(9)
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3 Results and discussion

3.1. Deviations from the thermodynamic equilibrium of contaminants

between water and particles

During two storm events in June 2021, samples were collected at the gauging station in
Pfaffingen with TSS values ranging from 0.01 to 1.4 g L (Table B4). The water and particle
extracts were both screened for 171 organic compounds out of which 56 were detected. 34
compounds were found in the particle extracts only, and 12 in the water extracts only (Table
B2). Ten compounds were found in both phases with log Kow values between 2.01 and 6.88.
They included polymer and fluid additives (triphenyl phosphate, 2,2-dimethoxy-2-
phenylacetophenone, benzothiazole, diphenylmethane, benzyl benzoate), ingredients of
personal care and household products (octocrylene, benzophenone-3), pesticides/biocides

(p-chlorocresol, 1-naphthol), and one musk fragrance (galaxolide).

Figure 2 shows the measured concentration of particle-associated compounds plotted against
the theoretical equilibrium concentration on particles calculated from the water concentration
and the Ky using eq. 6. Four substances including galaxolide, triphenyl phosphate,
octocrylene, and p-chlorocresol appeared close to thermodynamic equilibrium between the
particles and the water, as the measured particulate contaminant concentrations were close
to estimated equilibrium concentrations (deviation is smaller than a factor 10, i.e., they fall
between the 10:1 and 1:10 lines in Figure 2). For triphenyl phosphate (log Kow Of 4.38),
equilibrium conditions were already described in previous investigations of storm events

(Muller et al. 2021) as well as for baseflow conditions (Niu et al. 2021).

The measured Cparice Of five of the nine chemicals exceeded Cparticle,equiibrium (Delow the 1:10
line). Uncertainties in Ko values could lead to an underestimation of Chparticle equilibrium. HOWeVer,
with the exception of 1-naphthol, all substances below the 1:10 line are fluid or polymer
additives. This suggests that the high concentrations of fluid/polymer additives and,
consequently, the higher measured Cparice Of these compounds could have resulted from an
extraction of rubber particles or other microplastics with a particle size of >0.7 um (our filter
size). A higher measured particle-associated contaminant concentration compared to the
expected concentration was previously determined for tris(1-chloro-2-propyl) phosphate
(TCPP, log Kow of 2.8) likely due to particle-associated TCPP input into the Ammer River
(Mualler et al. 2021). TCPP is used as flame retardant and polymer additive in, e.g.,
polyurethane foams and rubber (Cristale et al. 2013) and may, therefore, be-extracted directly

from plastic particles

12
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3.2. Relationship between contaminants and TSS

Total substance concentrations were determined according to eg. (1) using the measured TSS
values, dissolved compound concentrations, and compound concentrations per mass of
particles. Twelve substances showed a correlation between total concentration and TSS
(Table Al; R2 > 0.75). Of these twelve compounds, only galaxolide was detected in the water
phase, while ten PAHs and the musk fragrance tonalide were detected only in the particle
extracts. For the sum of the PAHSs, a strong correlation with TSS (R2 = 0.955) was obtained
with a mean particle loading of 6.1 mg PAH kg? and an intercept near zero (subsequently
forced through zero, Figure 3A), consistent with PAHs not being present in the water phase.
This mean particle loading is in agreement with earlier studies at the Pfaffingen gauging station
with a mean particle loading of 5.8 mg PAH kg measured between 2011 and 2014 (Rugner
et al. 2014; Schwientek et al. 2013a) and 5.7 mg PAH kg™ in 2019 (Glaser et al. 2020c).
Previous investigations at the Ammer River already revealed that water and particles
(Schwientek and Selle 2016) as well as associated PAHs (Glaser et al. 2020c; Liu et al. 2019;
Schwientek et al. 2017) were originally introduced into the river via urban areas in the upper
catchment. This stable particle loading across storm events over the past decade indicates a
stable particle source with consistent loading over the years. Schwientek et al. (2013a)
demonstrated that stable PAH particle loadings obtained from regressions are in the same
range as the median particle concentration of the Ammer riverbed sediment (6.9 mg PAH kg
1), and that the slope of TSS-PAH regressions represents the average of spatially
heterogenous contamination of sediments in river networks. This finding has also been
confirmed for other catchments (Nasrabadi et al. 2018; Riigner et al. 2014). Therefore, the
gradual mobilization of riverbed sediment during storms leads to stable linear relationship
between TSS and PAHSs.

The musk fragrances tonalide and galaxolide showed a strong correlation with TSS (R2 >0.88,
Figures 3 B and C), which has not been described previously for these substances. The mean
particle loading was 0.33 and 0.99 ug g* for tonalide and galaxolide, respectively. The
correlation of galaxolide had an intercept of 0.09 + 0.07 ug L. This value is four times smaller
than the measured galaxolide concentration of 0.38 + 0.11 pg L*? in the water phase. We
probably overestimated the measured freely dissolved concentration of this very hydrophobic
compound because it is likely bound to colloids and DOC, neither of which can be separated
from the water phase by our filtration method (Niu et al. 2021). In contrast, tonalide was not
detected in the water phase potentially due to the higher expected biodegradability of tonalide
(T2 = 7.4 d, Table B2) compared to galaxolide (T12 = 25 d?). A linear correlation between
the total concentration of a compound and TSS indicates that the particle loading and, if

applicable, the concentration in the water phase is constant throughout the quickly changing
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environmental parameters and conditions of a storm event. A correlation between
contaminants and TSS might imply that musk fragrance-contaminated particles were
mobilized from the riverbed during storm events. A constant delivery of particles with stable
tonalide and galaxolide loadings via urban areas located in the upper catchment could also
result in a constant particle loading during storm events. However, it is not possible to trace
individual particles from specific sources along the stream as they are, in contrast to water,
subject to fast particle-exchange processes with the riverbed sediment (Glaser et al. 2020c;
Liu et al. 2018; Liu et al. 2019).

Triphenyl phosphate and octocrylene did not show a relationship with TSS, but concentrations
were in thermodynamic equilibrium between water and particles. Notably, a correlation was
obtained for both substances when only samples from the decreasing Q limb were considered
(R* = 0.75). The categorization of samples from the same storm event with respect to
increasing and decreasing discharge conditions can be found in Figure Al. This categorization
has been made in previous studies and attributed to a higher shear stress dominating in the
beginning of the event (Glaser et al. 2020c). This finding indicates that particle loadings as
well as concentrations in the aqueous phase for these substances were not constant in the
beginning of the event. An explanation could be a first flush event introducing stormwater with
high concentrations into the river (Peter et al. 2020). At a later time point of event E2, the
particle loadings and the concentrations of triphenyl phosphate and octocrylene in the
aqueous phase were constant, resulting in a TSS-contaminant relationship as exemplarily
shown in Figures 4A and B. The shear stress is smaller for decreasing discharge conditions,
likely leading to less particle mobilization in close vicinity to the sampling site. Particles from
the decreasing Q limb might, therefore, originate from further upstream in the catchment,

either from contaminated sediment and/or additional inflow of more contaminated particles.

For alpha tocopherol acetate, which was only detected associated to particles and not in the
water phase, a strong correlation (R2 > 0.98) was also only observed for samples from the
decreasing Q limb. This substance is a widely used pharmaceutical (vitamin e) that is well
removed in conventional wastewater treatment plants (Mladenov et al. 2022). Alpha
tocopherol acetate may, thus, serve as tracer for untreated wastewater and combined sewer
overflows in the upper catchment of the Ammer River. Moreover, 11 of the 12 substances with
TSS-contaminant relationship show higher particle loadings, Cparice, With decreasing
discharge compared to increasing discharge conditions (Table Al). Riverbed sediment is
known to be more contaminated closer to the inflow into rivers (Liang et al. 2016; Schwientek
et al. 2017). Particles arriving at a later time during the decreasing discharge limb therefore
likely represent the particle signal of the upper catchment. Our findings indicate that not all

hydrophobic contaminants transported during storm events are correlated linearly with TSS.
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Different contaminant sources contributing to the integrative (particle-associated) contaminant

flux during storm events might be inferred from TSS-contaminant relationships.

3.3. Relationship between cytotoxicity and TSS

We hypothesize that the rivers’ discharge at the catchment outlet integrates various particle
and contaminant sources, as well as potential thermodynamic disequilibrium of individual
substances, such that a relationship between TSS and the sum of all contaminants can be
derived. Figure A3 (Appendix A) depicts the mean TULuissoved fOr all samples. No significant
difference was found between the medians of the different cell lines after application of the
Kruskal-Wallis test (p < 0.05). Thus, the TULuissoved Values obtained from the different cell lines
in the same samples are comparable within their error margin. Consequently, we can conclude
that the mean of the cytotoxicity obtained from different cell lines yields a representative
cytotoxicity value. To assess whether cytotoxicity constitutes a representative parameter for
the detected substances, the mixture effect of the detected chemicals (TUchem) Was compared
to the observed cytotoxicity (TUwio) by applying iceberg modelling. Results are exemplarily
discussed for the MCF7 and H4lle cell lines and cover samples from both storm events.
Measured ICqo values for the samples can be found in Table B5; TUyi0, predicted TUchem and
explained effect (%) for the cell lines H4lle and MCF7 can be found in Table B6. For the MCF7
cell line (AREc32, see Table B1), 18 of the measured 56 compounds were cytotoxic in the
water and particle extracts, and 11 of the 18 compounds were active in the water extracts.
Less than 0.5% of the observed cytotoxicity (TUuio) could be explained by the mixture effect of
the detected chemicals (TUchem). Nine of the detected compounds in the particle fraction led
to cytotoxicity. The explained fraction was larger than for the water phase, but still only a
maximum of 0.9% of TUcwem could explain the observed TUwio. For the H4lle cell line (AhR
CALUX, see Table B1), 23 of the detected compounds were active, of which 11 were found in
the water and 13 in the particle extracts. In the water phase, a maximum of 0.6% of TUchem
could explain TUpio. For the particles, however, the fraction of TUchem that could explain the
TUbio Was significantly larger with up to 14.8%. The small fraction that could explain the
observed effect fits very well to previous studies of surface water and particulate matter (Muz
et al. 2020; Neale et al. 2020).

The contribution of individual detected compounds to TUcnem for the particles and water is
displayed in Figure A4 and Figure A5, respectively, for all obtained samples. For the water,
the main mixture effect drivers were p-chlorocresol and galaxolide. These two substances
could explain up to 78.3% of the mixture effect for both cell lines (sample E2 P4, Figure A5 B
and D, Appendix A). This finding differs from another study that evaluated rain events in 44
agricultural streams in Germany (Neale et al. 2020), where 2,4-dinitrophenol was identified as

the main mixture effect driver for the aqueous cytotoxicity obtained from H4lle and
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carbendazim for the MCF7 cell line. This is due to the fact that more compounds were detected
(290) in their investigation, with a focus on hydrophilic compounds that are expected to be
predominantly in the water phase. The higher number of detected compounds also resulted
in a higher fraction of TUcem that could explain TUwio (on average 4.1% for AhR could be
explained, Neale et al. 2020). The particle extracts of our study suggest that
benz(a)anthracene, octocrylene, benzo(ghi)perylene, and benzo(a)pyrene were the main
mixture effect drivers for the H4lle cell line and dominated the mixture effect up to 92.8%. For
the MCF7 cell line, no cytotoxicity data was available for benz(a)anthracene,
benzo(ghi)perylene, and benzo(a)pyrene. Therefore, octocrylene, chrysene, and galaxolide
were identified as main mixture effect drivers with up to 98.7%. The large contribution of the
PAHSs to the cytotoxicity is not surprising given the high PAH concentration in the river and
their high hydrophobicity, which leads to high baseline toxicity. The UV filter octocrylene was
found to be an important mixture effect driver in this study. This substance has also been
previously detected in many German river sediments (Kaiser et al. 2012; Rodil and Moeder
2008) and identified as mixture effect driver for the activation of AREc32 in German and
Australian river sediment (Muz et al. 2020). For the particle samples, the largest proportion of
the detected mixture effect could not be explained (>85%, Figure A4 A and C), most likely due

to many compounds that are not included in the target list.

TUrora, calculated with eq. 7 from TULaissoved @Nd TUparicle, COrrelates linearly with TSS (R? =
0.85) in the river, just as TUparice multiplied with TSS (TUparticie, rss; R? = 0.81) (Figure 5). TUparticle
obtained from the slope of the regression of 0.091 Lyioassay 9 paricie (SE 0.009) was very similar
to the median TUparicie Of the measured samples (0.076 Loioassay 9 paricie, 0=0.17). Both particle
loadings are in the same order of magnitude, which shows that the TUparicie from the TU ota —
TSS correlation is representative for all TUparice measurements. The mixture effect of all
compounds associated to particles and in the water phase (TUparice @aNd TUuissolved) remained
constant regardless of the hydrological conditions in the river. Niu et al. (2021) measured the
cytotoxicity in the Ammer riverbed sediment at different sampling sites in the river network.
The obtained values were between 0.01 and 503 Lbicassay § *sediment (Table B7). This large range
shows that TU measurements of the riverbed sediment are highly heterogeneous in the river
network. TUparicle Obtained from the correlation of TUwwm With TSS, however, integrates the
signal of all particle-releasing processes in the catchment, but the large variability of previous
riverbed sediment mixture toxicity measurements restricts valid statements regarding the
integrative measure of the slope for the riverbed sediment. The main mixture effect drivers in
our study were PAHs (besides octocrylene), but the number of measured PAHs (21) is
significantly smaller than the number of PAHs (>100) that exist in the environment. Therefore,

the presented results might underestimate the contribution of this substance group to the
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measured cytotoxicity TUnio. In general, cytotoxicity increases with hydrophobicity (Lee et al.
2021). Future research should focus on the role of hydrophobicity of detected compounds for
the mixture effect. A systematic evaluation of a compounds’ concentration and potency as a
function of the measured mixture effect would allow us to determine if the total mixture effects
represent mainly hydrophobic compounds, which typically are more potent, leading to a larger
contribution to TU despite smaller concentrations. The extrapolation towards zero from the
regression between TUww and TSS leads to a y-intercept of 0.042 (SE 0.006) Luyicassay L water,
which corresponds to TULissoived @S Shown in Figure 5. This value fits the median of the cell line

measurements (0.046 Lyicassay L water , 0=0.017).

The correlation between TSS and TUa provides insights into the weighting of the bioactive
compounds of the respective medium (water vs. particle) in comparison to the sum of bioactive
compounds (TUwta) in the river. For this purpose, the TSS concentration at which TUparticle IS
equal to TUgissoved (50% contribution of both fractions to TUww) was determined. Using
TUgissovea derived from the linear regression (0.042 Lyicassay L water) @and rearranging equation
(7) for toxic units leads to a TSS value of ~0.5 g L for the Ammer River. Below a TSS of 0.5 g
L%, more than 50% of TU.t can be explained by bioactive contaminants that dominate in the
water fraction (TULdissoved). Above a TSS of 0.5 g L, more than 50% of TU can be explained
by bioactive compounds attached to the particles. A particle concentration of 0.5 g L does
not require severe flooding conditions in the Ammer River. In fact, only smaller storm events
leading to a river discharge of ~ 9 m3 s (data of this study, not shown), which is 9 times the
mean discharge, are sufficient to reach this TSS value. This threshold is not very large
considering a high discharge of 11.7 m3 s with a recurrence interval of two years (HQ>) for
the gauging station in Pfaffingen (https://www.hvz.baden-wuerttemberg.de/pegel.html?id=).
Our results highlight the importance of particle-associated mixture effect transport during
storm events, especially when cytotoxicity is placed in the context of risk assessment. For
surface water quality monitoring, the so-called effect-based trigger (EBT) values are a tool to
distinguish between poor and acceptable water quality using in vitro bioassays. Escher and
Neale (2021) suggest that the EBT for cytotoxicity is defined as 1% of cytotoxicity in any
original water sample to define this water as acceptable water quality. This value corresponds
to an ICyo of 10 (concentration that causes 10% reduction of cell viability and growth) and is
equivalent to TULuissoved = 0.1. According to this classification, the TUgissoived Of the Ammer River
(0.040 Lyicassay L water) can be classified as acceptable water quality. However, transferring the
EBT to turbid water samples (TUwtar) Shows that water quality for TSS values larger than 0.65
g L is already classified as poor. Consequently, particle-associated contaminant transport is
highly relevant for water quality monitoring, especially in light of the expected increase in storm

events due to climate change (IPCC, 2018).
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4. Conclusions and implications

Suspended particles are an important transport pathway for organic contaminants during
storm events. This study presents a novel approach to get insights into the importance of
particle-associated contaminant transport during storm events on the catchment scale by
measuring organic contaminants as well as the cytotoxicity as a proxy for the total chemical
mixture. We found that PAHs and two musk fragrance compounds were in thermodynamic
GG—equilibrium between particles and water. These contaminants also showed a linear
correlation with TSS concentrations, indicating a gradual release of hydrophobic, particle-
associated organic contaminants from the riverbed sediment. Not all hydrophobic
contaminants that were in thermodynamic equilibrium showed a linear TSS-contaminant
relationship, because they may be freshly introduced into the river. The river discharge at the

catchment outlet, thus, integrates various particle and contaminant sources.

Our study is the first to show that cytotoxicity correlated linearly with TSS during the studied
storm events. This cytotoxicity — TSS correlation allows to derive information on the
importance of the particle-associated mixture effect of all particle-bound contaminants present
in a river, which is of great importance also from a risk assessment perspective. For the
investigated storm events, the cytotoxicity in the water phase did not exceed the proposed
effect-based trigger values (EBT). In contrast, particle-associated cytotoxicity exceeded the
EBTSs, indicating poor river water quality. While our cytotoxicity assessments do not allow to
derive direct implications for the bioavailability and ecotoxicity of the particle-associated

compounds, we use cytotoxicity as a sum parameter of all bioactive substances in a sample.

In the study presented here, we analyzed organic contaminants and cytotoxicity in the
particulate and dissolved phases separately. Future investigations may focus on analyzing the
total concentrations in turbid water samples to obtain information on the concentrations in the
two phases from reliable correlations with TSS, thus avoiding time-consuming and labor-
intensive separation of water and particulate phase. Moreover, the toxic potential of metals for
cytotoxic effects should be considered. Furthermore, future investigations should address river
monitoring over larger time spans to cover seasonal variability of stormwater quality. This
study is based on data from two storm events of summer 2019. Repeated investigations at
the same sampling site are needed, especially since stormwater runoff can be seasonally
highly variable. Moreover, different catchments with different land use types should be
compared to examine whether cytotoxicity in rivers correlates with agricultural or urban
pressures. Information on the contaminant loads transported in the water versus attached to
particles could be obtained from the cumulated effect-based contaminant flux, e.g., on an

annual basis. From a management perspective, an assessment of annual loads for both
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576  transport media could enhance the development and implementation of control measures to

577  protect aquatic ecosystems from pollution.
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