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Abstract In this study, the spatial extent of a wastewater-

influenced water mass (plume) originating from a waste-

water treatment plant outlet in Vidy Bay (Lake Geneva)

was monitored by two manned submersibles from June to

August 2011. The main goal was to assess whether mi-

cropollutants in the wastewater mass cause an

ecotoxicological risk to the aquatic environment, and to

determine how far the zone of risk extends beyond the

wastewater outlet. Real-time measurements of elevated

electrical conductivity were used as a proxy to indicate the

presence of wastewater-influenced water. Conductivity was

highest in immediate proximity to the wastewater outlet,

though if all measurements obtained over the duration of

the sampling campaign were integrated, elevated conduc-

tivity extended over an area of at least 1 km2 surrounding

the outlet. Additionally, water samples were collected

within and outside Vidy Bay, and were analyzed for 39

micropollutants (pharmaceuticals, pesticides, and corrosion

inhibitors). Micropollutant concentrations were generally

in the low ng/L range, though for some substances

[100 ng/L was measured. The concentrations of most

pharmaceuticals, which are primarily wastewater-derived,

decreased with decreasing conductivity and with increasing

distance from the wastewater outlet. Pesticide concentra-

tions, in contrast, were homogeneous throughout Vidy Bay

and the lake. An ecotoxicological risk assessment based on

the cumulative risk exerted by all measured substances

indicated that the wastewater caused a zone of potential
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ecotoxicological risk that extended well into the deep lake

and in the direction of a downstream drinking water intake.

Keywords Risk quotient � Pharmaceuticals � Pesticides �
Corrosion inhibitors � Wastewater mass �
Electrical conductivity

Introduction

A large variety of natural and man-made substances are

present in aquatic environments, mainly resulting from

surface runoff and from the input of municipal and

industrial wastewaters (Daughton and Ternes 1999; Kolpin

et al. 2002; Kuemmerer 2010). This includes residues of

natural toxins (Hartmann et al. 2007; Hoerger et al. 2009;

Schenzel et al. 2010) and pesticides (Stoob et al. 2005)

from agricultural sources, as well as pharmaceuticals and

personal care products from municipal use and industrial

production (Daughton and Ternes 1999; Oulton et al.

2010). These so-called micropollutants are mostly detected

and quantified at low concentrations (e.g. ng/L to lg/L). To

date, the occurrence and fate of micropollutants discharged

from wastewater treatment plants (WWTPs) have been

principally investigated in rivers (Tixier et al. 2003). Only

a few studies have reported the occurrence and fate of

micropollutants from WWTPs directly discharging to lakes

(Metcalfe et al. 2003; Morasch et al. 2010; Perazzolo et al.

2010; Bonvin et al. 2011).

When wastewater is discharged into a large water body,

it can be rapidly diluted by the surrounding water masses.

During periods of stratification (e.g. in summer), however,

mixing of the water masses is limited due to the stable

temperature gradient throughout the water column. The

wastewater mass therefore will spread laterally, rise or sink

until its density corresponds to that of the surrounding

water masses (Tian et al. 2006). This wastewater mass is

dispersed throughout the water body by horizontal,

advective currents.

The dispersion and dilution of sewage effluents has been

investigated in several studies by means of tracer experi-

ments (Sinton and Ching 1987; Vandenberg et al. 2005;

Benotti and Brownawell 2007). Common wastewater

tracers include intrinsic microbiological, physical, and

chemical indicators, such as bacteria, electrical conduc-

tivity or salinity, or added tracers such as fluorescent dyes

(Carvalho et al. 2002). In addition to these parameters, the

introduction of sewage into surface water is also charac-

terized by elevated micropollutant concentrations.

Micropollutants in a wastewater-influenced water mass

situated in Vidy Bay (Lake Geneva) were first reported by

Bonvin et al. (2011, 2012). The concentrations of phar-

maceuticals, pesticides, and corrosion inhibitors had a

range between few ng/L to few lg/L. Along with the dis-

charge of micropollutants, elevated electrical conductivity

arising from simultaneous introduction of macropollutants

(such as nitrate, sulfate, or chloride) into the lake was

observed near the WWTP outlet. Consequently, a correla-

tion between micropollutants derived from the WWTP and

electrical conductivity was observed, indicating that

wastewater-derived increases in conductivity may serve as

a proxy for micropollutant contamination.

Lake Geneva is one of the largest freshwater resources

of Western Europe. As such, it serves as a drinking water

source for over half a million inhabitants of the surround-

ing area. Along with several other WWTPs, the centralized

Lausanne WWTP discharges more than 100,000 m3 of

treated wastewater per day into Lake Geneva’s Vidy Bay at

30 m depth, 700 m offshore (Fig. 1). As the sewage

treatment methods employed by the Vidy WWTP only

incompletely eliminate micropollutants (Morasch et al.

2010), several pharmaceuticals, pesticides, and other

anthropogenic substances were detected in the Bay

throughout the year in the low to high ng/L range (Bonvin

et al. 2011; Morasch et al. 2010). These concentrations

were particularly elevated during the warmer seasons,

when lake stratification led to the presence of a wastewater-

influenced water mass above the WWTP outlet. Notably,

several antibiotic substances in this water were present at

concentrations that constitute a potential ecotoxicological

risk (Bonvin et al. 2011). At a reference sampling point

located 1.5 km downstream of the WWTP outlet, micro-

pollutant concentrations had typically decreased to

background levels due to dilution, dispersion, and envi-

ronmental elimination processes. The extent of the

wastewater-influenced water mass between the WWTP

outlet and the reference point, however, was not investi-

gated. Accordingly, it is not known how far the

ecotoxicological risk exerted by the micropollutants in the

wastewater-influenced water mass expands beyond the

WWTP outlet. The goal of this work was thus to trace the

wastewater-influenced water mass in different points in

Vidy Bay surrounding the WWTP outlet, with the goal of

establishing its spatial extent.

In summer 2011, nearly 60 dives with two submersibles

(MIRs) were performed in different parts of Lake Geneva

(Wüest et al. 2013). Given the agility and range of these

submersibles, this was a unique opportunity to map the

wastewater dispersion in Vidy Bay. In addition to tracing

conductivity as a wastewater indicator, water samples were

collected during five dives in and around Vidy Bay and

analyzed for the presence of 39 micropollutants (Table 1).

The substances considered are known to be incompletely

removed during wastewater treatment, as they are poorly

biodegradable (except paracetamol) and highly soluble.

Furthermore, based on consumption and metabolism data,
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as well as—if known—their ecotoxicological impact, these

substances were identified as priority substances for the

Lake Geneva region (Perazzolo et al. 2010). The ecotoxi-

cological risk resulting from the wastewater was assessed,

considering both the toxicity of the individual compounds,

as well as the toxicity of micropollutant mixtures (Back-

haus et al. 2003; Backhaus and Faust 2012). In the latter

case, the concept of concentration addition was applied as a

worst case.

The results presented herein encompass several waste-

water dispersion situations recorded from June to August

2011. They reflect typical scenarios encountered in the

stratified lake. These results cannot be generalized for the

whole year because the mixing dynamics in Lake Geneva

are strongly dependent on the season (e.g. stratification of

the lake during summer, mixing during winter; Thorpe

et al. 1999; Umlauf and Lemmin 2005; Goldscheider et al.

2007; Poté et al. 2008).

Materials and methods

Conductivity measurements

In different parts of Lake Geneva (Vidy Bay, Grand Lac,

and Rhone Delta), electrical conductivity was recorded

real-time by a CTD (conductivity, temperature, and depth)

instrument (SBE 19plus, Sea-Bird Electronics Inc., USA).

The CTD was calibrated at the beginning of the field

campaign; it typically does not require further calibration,

Fig. 1 Spatial variation of

electrical conductivity in a Lake

Geneva and b Vidy Bay. The

scale indicates the deviation of

the instantaneous values from

the depth-specific background

average values following the

methodology described in the

Sect. ‘‘Materials and methods’’.

Dot size scales with sample

depth, with larger dots

indicating deeper samples. The

flag indicates the site of the

WWTP outlet (color figure

online)
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and has a relative measurement accuracy of \1 lS/cm

(personal communications B. Wehrli and A. Wüest).

Interpretation and visualization of conductivity data

The nature of the collected conductivity data poses a

considerable challenge in terms of the required statistical

analysis to depict conductivity differences. Specifically, the

data were collected along a one-dimensional trajectory

within a large three-dimensional body of water. Further-

more, the collected conductivity data have significant

depth-dependent variability both in their mean value, as

well as the corresponding variance. As a result, the col-

lected dataset constitutes a fairly sparse sample of the total

distribution with only a small number of values recorded at

each depth and at each location. Our aim therefore was to

devise an analysis methodology that would maximize the

reuse of the available data at each geographic location,

regardless of the depth at which the samples were recorded.

Correspondingly, we formulated a variable (u, see below),

which serves as a depth-invariant indicator of the deviation

of the recorded conductivity from background values. In

Table 1 Summary of the analyzed micropollutants and their appli-

cation, the limits of detection, numbers and frequency of detection,

the predicted no effect concentration, the number of times that the risk

quotient (RQ) exceeded the value of 0.1 and 1, respectively, and the

most sensitive species for which ecotoxicological tests were

performed

Analyzed

micropollutants

(application)

Limit of

detection

(ng/L)a

No detected (out

of 34 samples

analyzed)

Frequency

of detection

(%)

Predicted no effect

concentration

(PNEC) (ng/L)a

No of occurrences

of RQ between

0.1 and 1

No of

occurrences

of RQ [ 1

Most

sensitive

speciesb

Atenolol (beta blocker) 1.3 34 100 33,400 0 0 C

Atrazine (herbicide) 1.3 34 100 420 0 0 A

Azithromycin (antibiotic) 1.3 12 35.3 10 10 2 A

Benzotriazole (corrosion inhibitor) 6.6 34 100 30,000 0 0 C

Bezafibrate (anticholesterol) 1 8 23.5 1,191 0 0 C

Carbamazepine (antiepileptic) 1.3 34 100 2,500 0 0 C

Carbendazim (fungicide) 1.8 34 100 100 24 0 C

Chloridazon (herbicide) 0.7 28 82.4 97 0 0 A

Ciprofloxacin (antibiotic) 2.1 6 17.6 5 0 6 A

Clarithromycin (antibiotic) 0.6 32 94.1 60 6 0 CB

Clindamycin (antibiotic) 1.1 23 67.6 Not available – – –

Diclofenac (analgesic) 1.8 27 79.4 100 21 2 F

Gabapentin (antiepileptic) 2.2 25 73.5 100,0000 0 0 C

Gemfibrocil (anticholesterol) 2.2 10 29.4 751,000 0 0 C

Irgarol (herbicide, algicide) 1.6 1 2.9 1.6 0 1 A

Ketoprofen (analgesic) 2 5 14.7 15,600 0 0 A

Mecoprop (herbicide) 2.1 34 100 1,000 0 0 M

Methylbenzotriazole

(corrosion inhibitor)

1.3 34 100 75,000 0 0 A

Metoprolol (beta blocker) 0.7 34 100 3,200 0 0 C

Metronidazol (antibiotic) 1.4 8 23.5 25,000 0 0 A

Norfloxacin (antibiotic) 1.9 1 2.9 40,100 0 0 A

Ofloxacin (antibiotic) 1.4 21 61.8 500 0 0 A

Paracetamol (analgesic) 3.6 10 29.4 9,200 0 0 C

Primidon (antiepileptic) 2.0 21 61.8 54,171 0 0 C

Propiconazol (fungicide) 0.7 34 100 1,220 0 0 A

Propranolol (beta blocker) 0.9 6 17.6 50 1 0 F

Sotalol (beta blocker) 1.3 16 47.1 15,935 0 0 C

Sulfamethoxazole (antibiotic) 1.1 34 100 26.8 33 1 A

Terbutryn (herbicide, algicide) 1.2 33 97.1 40 3 0 A

Trimethoprim (antibiotic) 1.1 28 82.4 160,000 0 0 A

Additionally, the most sensitive species are reported
a From (Bonvin et al. 2011)
b A = algae, C = crustaceans, CB = cyanobacteria, M = macrophytes, F = fish
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addition to the depth invariance, this indicator had to take

into account the non-uniform nature of the collected sam-

ples, such that the devised statistics would not be biased by

the arbitrary characteristics of the data collection process

(e.g., the speed of the submersible).

To visualize the electrical conductivity gradients in

Vidy Bay compared to the rest of Lake Geneva, a back-

ground conductivity in the Grand Lac region was

calculated as follows: firstly, the volume of the lake was

divided into volumetric cells of 100 9 100 9 1 meters, as

depicted in figure S1, where the three dimensions corre-

spond to the CH1903 Swiss grid easting’s, northing’s and

depth, respectively, while the red line represents the tra-

jectory of the submersible through the water column. The

cell average value for the recorded conductivity was cal-

culated using all of the values obtained in each particular

cell over the duration of the entire field campaign, and the

resultant value was assigned to the corresponding cell as

the cell expectation value (Vx,y,z) as follows.

Vx;y;z ¼
1

N

X

v in Cx;y;z

v

where v denotes the instantaneous value recorded, N is the

number of measurements within Cx,y,z, the volumetric cell

located at coordinates (x,y,z).

Subsequently, the background values �Vz were calculated

for each depth in one meter increments as the average over

the set of expectation values for the cells located at the

corresponding depth yielding.

�Vz ¼
1

M

X

ðx;yÞ in R

Vbackground
x;y;z

where Vbackground
x;y;z refers to the average conductivity in

cells located in the region of the Grand Lac designated as

the background region (Supporting Information, Figure

S2), R represents the deepest portion of the Grand Lac

region of the lake, and M is the number of cells containing

the measured samples. Division by M ensured that all cells

had the same contribution to the overall statistical analysis,

regardless of the sample density within each cell.

Likewise, the standard deviation of �Vz, �rz was calculated

for each depth in one meter increments and using the set of

expected values in the corresponding volumetric cells located

in the background portion of the lake indicated in figure S2.

rz ¼
1

M

X

ðx;yÞ in R

Vbackground
x;y;z � Vz

� �2

0
@

1
A

1=2

Finally, we define u as the normalized deviation from the

background. It was used for the sake of visualization of the

electrical conductivity, and was calculated as the normalized

deviation of any instantaneous value v from the background

mean value �Vz at the corresponding depth, such that the

actual visualized quantity may be expressed as.

u ¼ v� Vz

rz

A detailed description of the methodology used to

organize and visualize multi-modal data collected in the

course of the éLEMO project’s underwater field campaign

is presented in Akhtman et al. (2012).

Micropollutant sampling

Lake water samples for micropollutant analysis were

obtained in 34 locations and at different depths in and close

to Vidy Bay (Northern shore of Lake Geneva). Besides the

Chamberonne River, the major water input into Vidy Bay

is the effluent discharge from Lausanne’s WWTP located

700 m from shore at 30 m depth. In addition, the Venoge

River flows into the lake approximately 1 km west of Vidy

Bay and the Vuachère River 1 km to its east. During the

summer of 2011, water samples were collected at various

depths and locations in Vidy Bay on June 21, July 8 and 19,

and August 4 and 16. The trajectories of the corresponding

dives are shown in the Supporting Information (Figure S3).

Samples were collected with a rosetta water sampler (1018

Rosette Sampling System, General Oceanics Inc., USA)

equipped with 11 Niskin bottles (1.7 L) mounted to the

submersible. On August 4, sampling was performed with

four independent Niskin bottles instead of the rosetta.

During the dives, the submersible logged coordinates and

depths in real-time. In addition, the CTD logged the elec-

trical conductivity and temperature at the sampling points.

Micropollutant analysis

Sample preparation and analysis of 39 micropollutants

were made as described in detail previously (Bonvin et al.

2011; Morasch et al. 2010). In brief, one liter lake water

samples (acidified to pH 2 with hydrochloric acid) were

filtered through \1 lm glass fiber filters (Whatman). All

filtrates were spiked with 20 deuterated standards to

account for losses during sample treatment. The 39 target

compounds were subsequently passed through hand-

assembled 6 mL cartridges using an automated solid phase

extraction (SPE) system (GX-274 ASPEC, Gilson), eluted

and evaporated to 200 lL. Extracts were stored at -20 �C

until analysis and quantification by UPLC-MS/MS (ultra

performance liquid chromatography coupled to a tandem

mass spectrometer; Acquity UPLC system, Waters). Prior

to analysis, stored samples were diluted 1:1 with UPLC

eluent and analyzed twice by UPLC-MS/MS. Reported

values represent the average of the two separate measure-

ments. The overall uncertainty associated with the entire

Extent and risk of wastewater plume S11

123



extraction, analysis and quantification procedure ranged

from 6 to 51 % (Bonvin et al. 2011).

Ecotoxicological risk assessment

The ecotoxicological risk was assessed by comparing the

measured environmental concentrations (MEC) with pre-

dicted no-effect concentrations (PNEC; the concentration

below which an adverse ecotoxicological effect is not

expected) defined for individual substances. The resulting

risk quotient (RQ), which corresponds to the ratio of the

MEC/PNEC, must remain below unity to ensure an

acceptable risk to the environment (Chevre et al. 2006).

The PNECs for the investigated micropollutants were

reported in Bonvin et al. (2011) and are shown in Table 1.

RQs were calculated for individual substances as well as

for micropollutant mixtures. In the latter case, the concept

of concentration addition was applied as a worst case

(Backhaus et al. 2003; Backhaus and Faust 2012). This

concept implies that the effects of compounds (in a mix-

ture) with a similar mode of action are additive. The RQ of

a mixture of compounds can therefore be calculated as the

sum of the RQs of the individual compounds.

Correlation of conductivity and micropollutants

Micropollutant concentrations at each sampling point in the

wastewater-influenced mass were correlated to conductiv-

ity by means of linear regression. An analysis of covariance

was performed to evaluate whether the correlation between

micropollutant concentrations and electrical conductivity

were comparable to those of Bonvin et al. (2011). The

differences in analysis of covariance were considered sig-

nificant at a p value of B0.05.

Results and discussion

Spatial variation of electrical conductivity

The spatial variation of conductivity is depicted for the

whole lake and Vidy Bay in Fig. 1. In general, conductivity

in the middle of the lake and in the Rhone Delta (Eastern

part of Lake Geneva) was similar to the calculated back-

ground conductivity, which had a range of 280 to 300 lS/

cm, depending on the measurement depth (blue dots in

Fig. 1). In contrast, higher conductivity with values up to

380 lS/cm was measured in Vidy Bay (green, yellow,

orange, and red dots in Fig. 1b), in particular at shallow

depths. This elevated conductivity in Vidy Bay is mainly

attributed to the influx of wastewater, which has an average

conductivity of 1,000 lS/cm. The contribution of the

Chamberonne, Vuachère, and Venoge rivers, in contrast, is

only minor, as their conductivities (*400 lS/cm) are

lower than that of the treated wastewater, whereas their

average discharge during the summer months is compara-

ble to (Chamberonne and Venoge) or less than (Vuachère)

that of the WWTP (Coutu et al. 2012; http://www.

hydrodaten.admin.ch/en/2432.html#historische_daten (acces-

sed May 2013), http://www.vhv.ch/ (accessed May 2013)).

The area with elevated conductivity was thus considered to

correspond to a wastewater-influenced water mass.

During the sampling period, the wastewater-influenced

water mass had a cumulative spatial extent of at least

1.5 km in North–South- and 2 km in East–West-direction

of the discharge of the WWTP (Fig. 1b).

Occurrence of micropollutants in Vidy Bay

During the five sampling days in Vidy Bay, 21 pharma-

ceuticals, seven pesticides, and two corrosion inhibitors

were detected. The pharmaceuticals atenolol, carbamaze-

pine, metoprolol, and sulfamethoxazole were detected in all

34 samples. The frequency of detection was more than 50 %

for clarithromycin (94.1 %), trimethoprim (82.4 %), dic-

lofenac (79.4 %), gabapentin (73.5 %), clindamycin

(67.6 %), ofloxacin (61.8 %), and primidon (61.8 %). The

other pharmaceuticals sotalol (45.1 %), azithromycin

(35.3 %), gemfibrocil (29.4 %), paracetamol (29.4 %),

bezafibrate (23.5 %), metronidazol (23.5 %), ciprofloxacin

(17.6 %), propranolol (17.6 %), ketoprofen (14.7 %), and

norfloxacin (2.9 %) were detected less frequently. Paracet-

amol was quantified at the highest concentration (187 ng/L).

On average, however, most pharmaceuticals were detected

in the low ng/L-concentration range (Fig. 2a; Table 1).

Figure 2b shows the corresponding RQ (ratio between MEC

and PNEC) for the individual pharmaceuticals. For azith-

romycin, ciprofloxacin, diclofenac, and sulfamethoxazole,

ratios above unity were obtained. In contrast, gemfibrocil

and trimethoprim had the lowest RQs (B0.00001).

Among the non-pharmaceuticals, the pesticides, atra-

zine, carbendazim, mecoprop, propicanazol, and the

corrosion inhibitors, benzotriazole and methylbenzotria-

zole, were detected in 100 %, and terbutryn, chloridazon,

and irgarol were found in 97.1, 82.4, and 2.9 %, respec-

tively, of all samples. As for pharmaceuticals, pesticides

were detected on average in the low ng/L-concentration

range, whereas both corrosion inhibitors were quantified

at higher average concentrations (377 and 50 ng/L for

benzotriazole and methylbenzotriazole, respectively;

Fig. 2c; Table 1). The RQ for individual pesticides and

corrosion inhibitors are depicted in Fig. 2d. Only irgarol

reached a value of 1. All other compounds had values

below unity.

Similar concentration patterns were previously observed

for pharmaceuticals, pesticides, and corrosion inhibitors in

S12 C. C. Hoerger et al.
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Vidy Bay (Morasch et al. 2010; Bonvin et al. 2011, 2012).

A comparison of our data with micropollutant concentra-

tions in another Swiss lake—Greifensee—shows that the

concentrations of benzotriazole (Giger et al. 2006) and

carbamazepine (Tixier et al. 2003) in both lakes were

comparable. For diclofenac, the concentrations detected in

Greifensee were similar to those measured by Tixier et al.

(2003) or lower than those measured by Buser et al. (1998)

and Poiger et al. (2001), whereas the concentration of the

herbicide metolachlor was higher (Huntscha et al. 2008).

Given the greater fraction of agricultural area in the

catchment of Greifensee compared to Lake Geneva, the

high concentration of this herbicide is not surprising.

To elucidate the spatial distribution and concentration

pattern of pharmaceuticals and pesticides, we compared the

micropollutant concentrations in samples taken in and near

Vidy Bay to the background concentration. The background

concentrations, indicated as red bars in Fig. 2a and c, were

calculated as the average of two samples obtained during

dive number 2 (July 8, 2011) located well outside Vidy Bay.

In Figs. 3a–f and 4a–b, the difference to the background

concentrations of selected pharmaceuticals (sulfamethoxa-

zole, azithromycin, ciprofloxacin, diclofenac, paracetamol,

and carbamazepine) and pesticides (atrazine and mecoprop)

are depicted. The background concentrations are repre-

sented by the color corresponding to a value of 0 on the

scale below the individual figures. Most pharmaceuticals

have a similar spatial distribution and pattern: near the

WWTP outlet, the concentrations were higher compared to

sampling points closer to Vidy Bay, where they were often

comparable to the background level. A notable outlier was

the outermost sampling point in the case of diclofenac

Fig. 2 Concentrations (ng/L) and ratio between concentration and

PNEC (on a log scale) of investigated pharmaceuticals (a, b) and

pesticides and corrosion inhibitors (c, d), respectively, in Vidy Bay,

Lake Geneva. Boxes encompass median, 25th and 75th percentiles,

error bars the 95th and 5th percentiles, and dots indicate outliers. The

red dashes in a and c indicate the background concentrations. Where

no red dash is reported, the background concentration was below the

detection limit (color figure online)
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Fig. 3 Difference between measured concentration and background

concentration (ng/L) for pharmaceuticals: a sulfamethoxazole, b azith-

romycin, c ciprofloxacin, d diclofenac, e paracetamol, and

f carbamazepine, respectively. Colors indicate the concentration

difference to the background concentration. Dot size scales with

sample depth (see also SI Figure S3a–e). The flag indicates the site of

the WWTP outlet (color figure online)
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(Fig. 3d). The concentration in this sample lies well above

any previously measured concentration of diclofenac at a

distance from the wastewater outlet. We therefore believe

that this sample may have been contaminated during sample

treatment. The change in concentration throughout the Bay,

however, varied between substances: the concentration of

sulfamethoxazole remained elevated beyond the Bay

(Fig. 3a), whereas the concentrations of ciprofloxacin,

diclofenac, and paracetamol diminished more rapidly with

distance from the WWTP outlet (Fig. 3c–e). Because all

compounds are expected to undergo the same extent of

dilution, these discrepancies may be explained by differ-

ences in their environmental elimination processes. As

discussed in detail elsewhere, the most relevant elimination

process for the majority of compounds investigated is

photolysis (Bonvin et al. 2013). Reported direct photolysis

half-lives in different water types and seasons ranged from

minutes (diclofenac) to hours (ciprofloxacin) to 2–3 days

(sulfamethoxazole) (Hidalgo et al. 1993; Torniainen et al.

1996; Buser et al. 1998; Poiger et al. 2001; Andreozzi et al.

2003; Lam and Mabury 2005; Yang et al. 2008, 2009;

Radke et al. 2010; Tong et al. 2011; Bonvin et al. 2013). In

addition, the different patterns could stem from temporal

variations in the ratio of the different substances in the

wastewater. Paracetamol, while less prone to direct pho-

tolysis, is rapidly biodegraded by microorganisms (Jones

et al. 2007). Differences among the rates and types of

degradation processes (biodegradation may occur through-

out the water column, while photolysis only takes place in

the photic zone) may thus lead to differences in the spatial

extent where critical concentrations of the individual sub-

stances occur.

Compared to other pharmaceuticals, the carbamazepine

concentrations throughout the investigated area were more

homogeneous (Fig. 3f). Near the WWTP outlet, the con-

centrations were only slightly elevated compared to the

background and a decrease with distance from Vidy Bay

was not observed. Carbamazepine is produced by several

pharmaceutical industries in the Rhone Valley that dis-

charge their effluents into the main tributary of Lake

Geneva, the Rhone River. This induces a non-negligible

source of carbamazepine into the lake (Bonvin et al.

2011). This compound had higher concentration compared

to the background concentration not only near the WWTP

outflow but also outside Vidy Bay (Fig. 3f), and hence,

the additional input from wastewater was less pro-

nounced. Unlike the other pharmaceuticals investigated,

carbamazepine did not primarily stem from the Vidy

WWTP. In fact,[90 % of carbamazepine in Lake Geneva

has been estimated to originate from industrial activities

in the Rhone River valley, and carbamazepine concen-

trations up to 1 lg/L have been measured periodically in

the Rhone shortly before its discharge into the lake

(Bonvin et al. 2011 and references therein. Such high

carbamazepine loads lead to sufficiently high background

concentrations to mask the additional input from waste-

water treatment plants.

As for carbamazepine, the concentrations of pesticides,

which are mostly not wastewater-derived, were relatively

homogeneous throughout the Bay (Fig. 4a–b). This indi-

cates a constant input of non-wastewater derived

compounds that enter the lake via its tributaries or from

diffuse sources. The photolysis half-lives of these com-

pounds are comparable to those of pharmaceuticals (from

Fig. 4 Difference between measured concentration and background

concentration (ng/L) for corrosion inhibitor and pesticides: a atrazine

and b mecoprop. Colors indicate the concentration difference to the

background concentration. Dot size scales with sample depth (see also

SI Figure S3a–e). The flag indicates the site of the WWTP outlet

(color figure online)
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hours to days; Konstantinou et al. 2001; Lin and Reinhard

2005; Meunier and Boule 2000).

Correlation of micropollutant concentrations

with electrical conductivity

Bonvin et al. (2011) reported a linear correlation between

electrical conductivity and the concentrations of waste-

water-derived micropollutants in the wastewater-influenced

water mass. In contrast, pesticides and carbamazepine

exhibited a different trend with insignificant or low corre-

lation coefficients. This finding was reproduced with the

data collected in this study: except for carbamazepine

(p value = 0.04), an analysis of covariance showed no

significant differences between the dataset presented here

and that of Bonvin et al. (2011). This confirms that the

measurement of (wastewater-induced) increases in con-

ductivity may serve as an initial indicator to delineate the

area where elevated wastewater-derived micropollutant

concentrations can be expected. Correspondingly, the area

where the greatest pharmaceutical concentration coincides

with that of elevated conductivity (Figs. 1, 3).

Ecotoxicological risk assessment

Due to the wind regime in Vidy Bay, circular currents can

retain water and sediment within Vidy Bay (Poté et al.

2008; Razmi et al. 2013). Dissolved micropollutants may

thus not be transported out of Vidy Bay, but can instead

accumulate within the Bay, raising concerns regarding their

ecotoxicological impact. During a sampling campaign in

this area from April to October 2010, a RQ [ 1 was

identified within the wastewater-influenced water mass for

three antibiotic substances (sulfamethoxazole, azithromy-

cin, ciprofloxacin) and throughout the Bay for one pesticide

(irgarol) (Bonvin et al. 2011). Hence, an ecotoxicological

risk for the aquatic organisms arising from these substances

cannot be excluded.

In this study, five individual compounds had a RQ [ 1

(Table 1). In addition to the previously observed antibiotics

and pesticides, the concentration of the analgesic diclofe-

nac was found at a concentration exceeding its PNEC

(Fig. 2b, SI Figure S4a–d). Four further compounds had

RQs within one order of magnitude (RQ [ 0.1) of the

critical value: clarithromycin, propranolol, carbendazim,

and terbutryn (SI Figure S5a–d).

As aquatic organisms are exposed to all micropollutants

simultaneously, individual RQs may not appropriately

capture the resulting ecotoxicoloigcal effects. Therefore,

the cumulative RQ for all substances was also considered.

The approach of cumulative RQ assumes that all sub-

stances act on aquatic organisms by the same mode of

action. While this assumption is likely not fully met in

environmental mixtures, this approach has been validated

for mixture toxicities (Belden et al. 2007; Cedergreen et al.

2008). Here, the cumulative risk was therefore used as an

upper boundary of the total ecotoxicological risk exerted

by all substances considered.

Based on the estimated cumulative toxicity of waste-

water-derived compounds, an elevated risk was observed

within and slightly west of Vidy Bay compared to sampling

points towards the east of the Bay (Fig. 5a–b). In 20 (out of

34) samples, the RQ for pharmaceuticals exceeded unity,

with a maximal cumulative RQ of [11. For non-waste-

water derived compounds, the risk was generally lower: an

elevated risk was found only once near the WWTP dis-

charge (Fig. 5c–d). This was mostly due to the presence of

irgarol, which has a very low PNEC. It should be noted,

however, that fewer pesticides than pharmaceuticals were

investigated herein; therefore fewer compounds contrib-

uted to the cumulative RQ, which may account for the

lower values. In fact, another study evaluating the RQ of

several herbicides in Lake Geneva reported that metola-

chlor and foramsulfuron exceeded the RQ of 1 between 5

and 20 times throughout the lake (Chevre et al. 2008).

Given that micropollutants co-occur in the environment,

all micropollutants investigated have to be considered

jointly. With this approach, a cumulative RQ [ 1 was

found in 25 samples (range 1 to 11.45; Fig. 5e–f). This

demonstrates that the risk exerted by wastewater-derived

substances is elevated by the simultaneous presence of

micropollutants originating from diffuse sources or

tributaries.

Conclusions

This study demonstrated that wastewater-derived micro-

pollutants can be detected at elevated concentrations in

Vidy Bay, Lake Geneva, over the extent of 1 km2 sur-

rounding the WWTP outlet. The location of the

wastewater-influenced water mass, delineated by an

increase in conductivity compared to the background,

coincided with elevated concentrations of wastewater-

derived micropollutants. Therefore, conductivity served as

a good indicator of a potential ecological risk exerted by

micropollutants.

The highest concentrations of individual wastewater-

derived substances were measured near the WWTP outlet;

however, the zone in which the mixture of all substances

posed a potential risk extended well into the lake, in par-

ticular in the south/south-western direction. While the low

concentrations of micropollutants found in the lake are

currently not believed to cause a health problem to humans,

it is nevertheless interesting to note that the zone of

potential risk reached the vicinity of the St. Sulpice
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Fig. 5 Risk quotients (RQ) in the sampling area of Lake Geneva (left

panel) and Vidy Bay (right panel) of wastewater-derived micropol-

lutants (a, b), non-wastewater-derived micropollutants (c, d), and

both combined (e, f). Colors indicate cumulative risk quotient, RQ.

RQ-values above 1 indicate a potential risk. Flag in maps indicates

the outlet of the WWTP. Dot size scales with sample depth (see also

SI Figure S3a–e) (color figure online)
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drinking water intake, which contributes to the water

supply of the city of Lausanne.

Finally, it should be emphasized that the area of the

observed wastewater-influenced water mass and ecotoxi-

cological risk represents an overview of multiple

observations during the entire sampling campaign. Our

study is, however, mainly relevant to the warmer seasons,

when lake stratification prevents effective vertical dilution

of the wastewater-influenced water mass and micropollu-

tants therein. A better water quality (risk quotient \1) can

be expected in winter, when vertical mixing of the water

masses leads to a more efficient distribution of micropol-

lutants throughout the water column.
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