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Supplementary Figures

Fig. S1 Map of Switzerland showing the location of the study sites. AAD: Aadorf, BIR: Birmensdorf,
BUT: Buttisholz, COL: Colombier, DUR: Dürnten, ELG: Elgg, ELL: Ellikon, HER: Herisau, HOC:
Hochdorf, HOR: Hornussen, KER: Kernenried, KNO: Knonau, MAR: Marthalen, MES: Messen,
MUR: Muri, NIE: Niederdorf, REI: Reinach, ROM: Romont, SEV: Sévéry, UNT: Unterehrendingen,
VAL: Val.de-Ruz, VIL: Villeret, ZUL: Zullwil.
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Fig. S2: Comparison of average oxygen concentrations at the upstream (U1) and downstream locations
(D) of the 2013 and 2014 sites. The red line indicates the 1:1 line.
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Fig. S3: Comparison of toxic units specifically derived for macroinvertebrates (log values, median
(left) and maximum values (right) of TUs sum across all sampling dates per location) for pesticides
(PB; organic-synthetic plant protection products and biocides), other organic MPs (Others;
pharmaceuticals, household chemicals, sweeteners etc.), and heavy metals (HM) at the U1 and D
locations.
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Fig. S4: Comparison of median and maximum TUs calculated for each location across all sampling
dates per compound class. Black: upstream locations U1, red: downstream locations D. HM: heavy
metals, Others: organic micropollutants other than pesticides and biocides, PB: pesticides and
biocides.

Fig. S5: Comparison of the maximum TUs values across all sampling dates per compound class and
location and the max sum of TUs per compound class and location. Black: original values, red:
logarithmic values as used in the subsequent statistical analyses. The red and black lines indicate the
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1:1 lines. HM: heavy metals, Others: organic micropollutants other than pesticides and biocides, PB:
pesticides and biocides.

Fig. S6: Comparison of SPEAR values calculated with SPEAR 2018.05 (SPEAR new) and a previous
version of the SPEAR calculator (SPEAR Calculator v0.9.0; SPEAR old). Left panel: all taxa
included, right panel: oligochaetes excluded.
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Fig. S7: Comparison of median (left) and maximum (right) TU sums for heavy metals (HM)
calculated for each location across all sampling dates and all heavy metals with the SPEAR values
(top: all taxa, bottom: oligochaetes excluded) at each location. Black: upstream locations U1, red:
downstream locations D.
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Fig. S8: Comparison of median (left) and maximum (right) TU sums for pesticides (PB) calculated for
each location across all sampling dates and all heavy metals with the SPEAR values (top: all taxa,
bottom: oligochaetes excluded) at each location. Black: upstream locations U1, red: downstream
locations D.
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Fig. S9: Comparison of median (left) and maximum (right) TU sums for other micropollutants
(pharmaceuticals, household chemicals etc.) calculated for each location across all sampling dates and
all heavy metals with the SPEAR values (top: all taxa, bottom: oligochaetes excluded) at each
location. Black: upstream locations U1, red: downstream locations D.
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Fig. S10: Comparison of the chemical water quality and the biological river quality for the 24
EcoImpact sites upstream (top row) and downstream of the WWTPs (bottom row) for several
nutrients and the IBCH according to the Swiss assessment system (Liechti 2010). blue: very
good (v), green: good (g), yellow: moderate (m), not fulfilling the legal requirements), orange:
poor (p), red: bad (b). The p-values in the lower row indicate the probability that the U and D
distribution across sites differ. SRP: soluble reactive phosphorus; DOC: dissolved organic
carbon.
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Fig. S11: Relationship between the fraction of wastewater during dry weather conditions
(Q347) and the change of the SPEAR index (left) and the Saprobic index (right) including
oligochaetes. The blue and green lines represent the Pearson correlations for the 2013 and 2014 sites,
respectively. The black (all sites) and grey (excluding site HOR (red dot) because of its very specific
(flashy) hydrology potentially exerting strong impact on the communities up- and downstream) lines
in the SPEAR plot indicate the regression lines for both years combined. (SPEAR index: adjusted R2 =
0.133, p-value = 0.049 for all sites combined, excluding site HOR results in an adjusted R2 = 0.172
and a p-value of 0.031; Saprobic index: adjusted R2 = -0.05, p-value = 0.984 for all sites combined).
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Fig. S12: Relationship between the fraction of arable land and the toxic units resulting from pesticides
(log units, maximum (left) and median values (right) of TU sums of all pesticides across all sampling
dates per location) upstream (U1).
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Fig. S13: Relationship between land use and the SPEAR index (top row) and the Saprobic
index (bottom row) at the upstream locations with (left column) and without oligochaetes
(right column). The coloured lines represent the Pearson correlations (Including oligochaetes:
SPEAR index (average between U1 and U2 at each site): adjusted R2 = 0.376, p = 0.001;
Saprobic index (average): adjusted R2 = 0.214, p = 0.015; excluding oligochaetes: SPEAR
index (average): adjusted R2 = 0.380, p = 0.001; Saprobic index (average): adjusted R2 =
0.015, p = 0.26).
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Fig. S14: Relationships between the three indices (SPEAR, Saprobic and Sediment) at the downstream
locations as a function of the upstream values excluding the oligochaetes. The blue and green lines
represent the Pearson correlations, the red line the 1:1 line (SPEAR index: adjusted R2: 0.800 and
0.847, p-values = 6 x 10-9 and 3 x 10-10 for U1 and U2, respectively; Saprobic index: adjusted R2:
0.592 and 0.617, p-values = 10-5 and 5 x 10-6 for U1 and U2, respectively; Sediment index: adjusted
R2: 0.664 and 0.742, p-values = 10-6 and 8 x 10-8 for U1 and U2, respectively).
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Fig. S15: Structural equation models for the SPEAR index (top row) and the Saprobic index (bottom
row) including oligochaetes at the downstream locations D for the 2013 sites, the 2014 sites, and all
sites combined. Red arrows indicate a negative linear relationship, black arrows positive linear
relationships, grey, dashed lines non-significant relationships. The line thickness represents the
statistical significance (see Tab. S5 for more statistical details). Delta_Sap: Difference between
saprobic index at D and U1; log_maxTU_: maximum TUs of pesticides (logarithm), log_SS: Total
suspendible (benthic) sediment (logarithm), NO3_U1: nitrate concentration at U1, p_agro_int: areal
fraction of arable cropping and pastures in the catchment, p_Crop: areal fraction of arable cropping in
the catchment Saprobic: saprobic index at D, Sap_U1: saprobix index at U1, SPEAR: SPEAR index at
D, SPEAR_U1: SPEAR index at U1, WW_Q347: fraction of WW under low flow conditions.
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Fig. S16: Structural equation models for the SPEAR index (top row) at the downstream locations D
for all sites excluding Hornussen (see also Fig. S11). Red arrows indicate a negative linear
relationship, black arrows positive linear relationships, grey, dashed lines non-significant
relationships. The line thickness represents the statistical significance (see Tab. S5 for more statistical
details). log_maxTU_: maximum TUs of pesticides (logarithm), log_SS: Total suspendible (benthic)
sediment (logarithm), NO3_U1: nitrate concentration at U1, p_Crop: areal fraction of arable cropping
in the catchment SPEAR: SPEAR index at D, SPEAR_U1: SPEAR index at U1, WW_Q347: fraction
of WW under low flow conditions.
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Supplementary tables

Table S1: Land use, catchment size and fraction of wastewater downstream of the 24 EcoImpact sites.

Table S2. Summary of environmental variables recorded (i.e., physicochemical and catchment
properties). Mean values used in analyses unless specified. See Methods for more details.
Category

Group

Description

Measurement units

Water quality

General water
chemistry

Electrical conductivity
pH
Alkalinity
Hardness
Na+, K+, Ca2+, Mg2+, Cl-, SO42--S

µS/cm 20 oC
H+ mol/L
mEq/L
mmol/L
mg/L

Nutrients

Sediment

µg /L
mg/L

Total suspended solids (TSS)
Ag, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn
(filtered/unfiltered)
57 compounds including pharmaceuticals,
pesticides, household chemicals etc.‡

mg/L

Inorganic

Total and inorganic benthic suspendible
sediment (SSbenthic and ISS)

kg/m2

Organic

Organic benthic
(OSSbenthic)

kg/m2 , %

Hydromorphology

Flow velocity

Heavy metals
Organic
micropollutants
Habitat†

NH4+, NO2-, total and soluble reactive
phosphorus (TP and SRP), NO3-, total
nitrogen (TN), SiO44—Si, Total and
dissolved organic carbon (TOC and DOC)

suspendible

sediment

g/L
ng/L

m/s
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Catchment

Wetted channel width and water depth

m

Area

Total upstream area

ha

Landuse

‘Urban’, ‘Orchards’, ‘Arable cropping’,
‘Pasture’, ‘Forest’

%

†

: further habitat descriptors see Tab. S3.

‡

: further details on the compounds can be found in (Munz et al. 2017).
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Tab. S3: Habitat descriptors for the 72 sampling locations 2013 and 2014.
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Table S4. Summary of predictor variables used in the variation partitioning models. See Table 1 for
definition of environmental variables. DF: degrees of freedom; F: Fisher’s F; P: level of significance;
PC: physico-chemical (combining Water quality and habitat as listed in Tab. S1); VP: variation
partitioning model. Note that for different VP models, the term Water Quality component in the table
may represent different sets of variables as listed in Tab. S1: VP1,2: general water chemistry,
sediments, HMs, MPs.
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Table S5: Statistical properties of the Structural Equation Models for the SPEAR and the Saprobic
indices for the individual years and the combined data sets. For the SPEAR index, values are also
shown for model runs excluding one site (Hornussen) as outlier. Delta_Sap: Difference between
saprobic index at D and U1; log SS: Total suspendible (benthic) sediment (logarithm), NO3 U1:
nitrate concentration at U1, p_agro_int: areal fraction of arable cropping and pastures in the
catchment, p_Crop: areal fraction of arable cropping in the catchment Saprobic: saprobic index at D,
Sap_U1: saprobix index at U1, SPEAR: SPEAR index at D, SPEAR_U1: SPEAR index at U1,
WW_Q347: fraction of WW under low flow conditions.
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S3 Supplementary method descriptions

M1 Estimation of benthic suspendible sediment
The amount of total benthic suspendible sediment (SSbenthic; kg/m) was estimated using the ‘Quorer
method’ (Quinn et al. 1997). TSSbenthic is the sum of suspendible inorganic sediment (SISbenthic) and
suspendible organic sediment (SOSbenthic), as defined by (Clapcott et al. 2011). First, grab water
samples were taken from the water column to determine the background level of total suspended
sediments (TSSriver). Then the benthic substrate in an open drum (20 cm diameter, 0.03 m2) at eight
random locations within each sampling reach was vigorously disturbed using a steel rod (duration of
30 s) to collect replicate samples of total suspended sediment (TSSbenthic; i.e., a 250-mL water column
sample taken from inside the drum). TSSbenthic is the sum of the background level (TSSriver) and the
benthic suspendible sediments (SSbenthic). Samples were placed in a cooling box on ice for transport
before storage at 4°C in the laboratory until analysis. They were processed within 48 hours of
collection.
To estimate the organic and inorganic fractions of the suspendible sediment, a subsample (50 mL) of
the water sample was then filtered through a pre-ashed, pre-weighed filter (GF/C, 47 mm diameter),
before being dried for 48 hours at 48° C, weighed, ashed for 4 hours at 400° C, and reweighed. The
proportion of organic sediment was calculated by dividing the difference between the dried and ashed
filter by the pre-ashed dry mass of the sample minus the mass of the filter. The estimates of benthic
suspendible sediment were corrected for the background levels of suspended particles TSSriver (Eq.
S1):
(Eq. S1)
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Invertebrate community descriptors
To associate specific environmental stressors with invertebrate communities, we used three trait-based
indices (the SPEAR Pesticides, Saprobic, and Sediment Index). We also calculated these trait-based
indices minus the oligochaete worms, due to the strong influence of this taxa on community responses
to wastewater (Burdon et al. 2016).

M2 SPEAR Index
The SPEAR Pesticides Index (SPEAR Index hereafter) describes the proportion of taxa (%)
susceptible to pesticides. Lower relative abundances of SPEAR taxa indicate pesticide stress and it is
used extensively as an index of stream health in Europe (Liess and von der Ohe 2005, Beketov et al.
2009). The Species At Risk (SPEAR) index used is designed to detect and quantify the effects of
pesticides (e.g., insecticide toxicity) on macroinvertebrate communities (Schäfer et al. 2007, Schriever
et al. 2007). This multiple trait-based approach links pesticide stress and community composition by
utilizing traits that reflect the ecological requirements of the invertebrates and pesticide effects (Liess
and von der Ohe 2005). The traits involved are 1) the physiological sensitivity to organic toxicants, 2)
generation time, 3) presence of aquatic life stages during exposure, and 4) recovery potential. The
SPEAR pesticides index is calculated as the relative abundance of sensitive taxa "at risk" to be
affected by pesticides:

SPEAR

∑

log
∑ log

1

(Eq. S2)

1

where n is the number of taxa, xi is the abundance of taxon i, and y is a binary variable (1 if taxon i is
classified as SPEAR, 0 if not). Calculations were performed to the lowest practicable taxonomic levels
for abundances; research suggests that the explanatory power of the family-level SPEAR pesticides is
not significantly lower than the species-level index (Beketov et al. 2009).
For the calculation of the SPEAR pesticides index, the SPEAR Calculator v0.9.0 was used
(Knillmann et al. 2018). In the SI we also report the results obtained with the SPEAR_Calculator 2016
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(see Fig. S5. This differs from Burdon et al. (2016) where the SPEAR pesticides index was calculated
using the now deprecated R package ‘rSpear’ (Szoecs 2013).

M3 Saprobic Index
The Saprobic Index ranges between 1 and 4, and increases with greater amounts of easily degradable
organic material, indicating shifts in the invertebrate community towards taxa that are more tolerant of
low oxygen conditions (Bunzel et al. 2013). Despite the extensive technological improvements in
wastewater treatment, modern WWTPs can still be an important source of oxygen-depleting organic
pollution (Bunzel et al. 2013). Thus, we used the invertebrate community data to calculate an index
reflecting the saprobic condition of our sites. This was based on the German Saprobity Index, which is
the core metric of organic pollution within the official German Water Framework Directive
assessment system for macroinvertebrates (Bunzel et al. 2013).
German saprobic trait values for relevant taxa were obtained from: www.freshwaterecology.info. This
online resource is a taxa and autecology database for freshwater organisms (Version 5.0, Date
accessed: 26.03.15; for more information see Schmidt-Kloiber & Hering(2015)). Where relevant trait
values were not available for taxa using German scores, alternative values from Austria and Slovakia
were used. We used mean values for taxa where there were multiple genera within each group.
Saprobic Index scores for individual taxa are listed in Burdon et al. (2016).. The Saprobic Index (SI), a
number between 1 and 4, is the “weighted mean” of all individual indices calculated as:

(Eq. S3)

where for any given taxa i the product of abundance ai and saprobic trait score Si expresses the
saprobic value for that taxon. Higher SI values indicate shifts in the macroinvertebrate community
towards species that are more tolerant of low oxygen conditions (Bunzel et al. 2013) .
The Saprobic index was calculated in Excel (Microsoft Excel 2010, Version 14).
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M4 Sediment Index
The Sediment Index (otherwise known as the Empirically-weighted Proportion of Sediment-sensitive
Invertebrate index; E-PSI) is a biomonitoring tool designed to identify the degree of sedimentation in
rivers and streams (Extence et al. 2011). This calculates the proportion of sediment-sensitive taxa in a
community; lower relative abundances of these taxa indicate sediment stress. The E-PSI was
calculated using modified values from (Turley et al. 2016). Extence et al. (2011) originally assigned
invertebrate sensitivity ratings following an extensive review of the literature and use of expert
knowledge regarding ecological and biological traits. Traits that may result in sensitivity to fine
sediment include feeding, locomotion, and respiratory attributes. Taxa with PSI (Proportion of
Sediment-sensitive Invertebrate index) ratings of “highly sensitive” and “moderately sensitive” were
constrained to sensitivity weights between 0.50 and 1.0, and those rated as “moderately insensitive”
and “highly insensitive” between 0 and 0.49 (Turley et al. 2016). A modified version of the original
PSI index’s equation was used to calculate E-PSI scores:

‐

∑

1 ∑

1

(Eq. S4)

where for any given sediment-sensitive taxa i the product of abundance ai and the sensitivity weights
score Wi expresses the sensitivity to fine sediment for that taxon. Similarly, for any given taxa j
(sediment-sensitive and insensitive; i.e., all taxa) the product of abundance aj and the sensitivity
weights score Wj expresses the sensitivity to fine sediment for that taxon. E-PSI scores range from 0
(heavily sedimented) to 100 (unsedimented).

M5 Calculation of effect sizes
The differences between upstream and downstream sites for the different variables are expressed as
effect sizes by Cohen’s d according to the following equation:
d

(Eq.S5)

26

Burdon et al., Supplementary material

Because of different sampling strategies, the observations at the upstream and downstream locations
were evaluated in slightly different manners (see Table S6).

Table S6: Overview about the evaluated variables.
Variable
General water chemistry
(separately for each
parameter)
Parameters considered:
Electr. conductivity,
alkalinity, hardness, Na, K,
Ca, Mg, Cl, SO4, SiO4,
TSS
Nutrients,
Parameters considered:
NH4, nitrite, NO3, TN,
SRP, TP, TOC, DOC

Reference stdev
The standard deviations is
calculated from the temporal
averages at each of the 2 upstream
locations

Spatial difference
For each site, Cohen’s d is
calculated according to Eq.
S5 (D – U1);
Median value across sites is
reported

The standard deviations is
calculated from the temporal
averages at each of the 2 upstream
locations

MP concentrations

The standard deviations per
compound is calculated from the
temporal average at the upstream
location at each site (2 data in
2013; 6 in 2014); if
concentrations < LOQ; is
calculated from the variance
between zero and the max. LOQ
for the respective compound at
this site
The standard deviations is
calculated from the temporal
replicates at locations US1

For each site, Cohen’s d is
calculated according to Eq.
S5 (D – U1);
Median value across sites is
reported
For each site and each
compound, Cohen’s d is
calculated according to Eq.
S5 (D – U1);

Heavy metal
concentrations

SPEAR index

The standard deviations is
calculated from the 2 upstream
locations

Saprobic index

The standard deviations is
calculated from the 2 upstream
locations

Rarefied Taxa richness
EPT

The standard deviations is
calculated from the 2 upstream
locations
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For each site, Cohen’s d is
calculated as the median
difference (D – U1) of the
temporal replicates divided
by . The median is taken
across sites.
For each site, Cohen’s d is
calculated according to Eq. 5
(D – U1);
Median value across sites is
reported
For each site, Cohen’s d is
calculated according to Eq. 5
(D – U1);
Median value across sites is
reported
For each site, Cohen’s d is
calculated according to Eq. 5
(D – U1);
Median value across sites is
reported
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