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Abstract

Background Water quality assessment must rely on representative samples, but obtaining them is increasingly
challenging given the growing number and diversity of trace contaminants emitted into water bodies. This study
investigates whether and to what extent monthly grab sampling (GS), widely used in official monitoring programmes,
provides reliable and accurate estimates of annual mean and maximum concentrations, and of annual riverine loads.
Through a one-year systematic survey in two rivers using three sampling techniques in parallel, we evaluate low-
frequency GS against time-proportional composite (TPC) and flow-proportional composite (FPC) sampling. The scope
of 450 contaminants encompasses potentially toxic elements (PTE), pharmaceuticals, biocides, pesticides and PFAS,
covering a broad diversity of emission patterns and environmental fate.

Results For dissolved PTEs and pharmaceuticals, monthly GS delivered approximately correct annual average
concentrations, but potential underestimation and overestimation were also observed. Contaminants with seasonal
patterns or those emitted during short-term events, such as many pesticides and biocides, PFAS and total PTEs,
were not adequately depicted by low-frequency GS, leading to varying degrees of underestimation and seldom
also to overestimation. This applies to average annual concentrations but particularly to loads. Integrated composite
sampling, especially flow-proportional, performs significantly better for such contaminants. Worthy of attention are
cases of low and highly variable concentrations, such as ibuprofen, lindane and PFNA in this study. While integrated
composite samples clearly demonstrated their non-negligible presence, monthly GS failed to detect them.

Conclusion The widely applied monitoring approach relying on monthly GS is only sufficiently reliable for contami-
nants being emitted fairly constantly and transported primarily in the dissolved phase. Even then, its good perfor-
mance is mostly limited to assessing average concentrations and thus chronic exposure, while integrated composite
sampling can significantly improve the accuracy of load calculations. For contaminants with variable and dynamic
concentration patterns, FPC sampling performs considerably better, especially in terms of load calculations, followed
by TPC sampling. However, the latter is simpler to implement. GS-based underestimations pose a significant risk

of incorrectly assessing compliance with environmental quality standards if the concentration level in rivers is not very
far below or above the thresholds, as was often the case in our study area.
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Background

Water quality monitoring is the primary instrument for
assessing the physical, chemical and ecological status of
rivers, as well as for identifying the main anthropogenic
pressures and environmental changes impacting water
resources and freshwater ecosystems. To achieve these
overarching goals, the information provided by moni-
toring must meet several specific objectives, such as
assessing compliance with environmental quality stand-
ards, identifying temporal trends, and estimating river-
ine loads. Loads in turn provide the essential basis for
assessing the transboundary transport of substances via
waterways, quantifying their transfer to seas and lakes,
and calibrating or validating emissions and water qual-
ity models. For nutrients and other common chemical
analytes, the suitability of different monitoring strate-
gies, particularly in terms of their temporal resolution,
has been widely discussed in the literature in relation to
different specific objectives and varying emission and
transport dynamics. A low sampling frequency, espe-
cially if it does not encompass high-flow conditions,
can lead to severe underestimates of suspended solids
and total phosphorus loads [11, 38]. It was also shown
that it could potentially lead to an underestimation of
the loads of other nutrients that are partially mobilised
during storm events (K* and NO®"), and to an overes-
timation of the loads of solutes that are diluted during
such events (e.g., SO,*>~, Ca**, Mg®*, Na*, CI") [49].
Regarding the suitability of monitoring strategies for
assessing compliance with regulatory values, such as
the ecological status classification scheme of the Water
Framework Directive (WFD, 2000/60/EEC), various
studies provide evidence of the influence of sampling
frequency. Skeffington et al. [43] demonstrated that
random sampling effects when monitoring key param-
eters (dissolved phosphorus, dissolved oxygen, pH,
and water temperature) on a monthly basis, could lead
to the misclassification of water bodies into up to four
WED classes (95 % confidence) in extreme cases. How-
ever, it is important to emphasise that the observed
effect on WFED classification was highly dependent on
how close the range of measured concentrations was
to the class boundaries. Similar to that of Skeffington
et al. [43], Benisch et al. [2] compared high-resolution
data obtained from online monitoring with data from
monthly sampling and concluded that the latter is not
sufficiently accurate for determinants with pronounced
temporal patterns and for which maximum or mini-
mum concentrations are regulated. However, for ana-
lytes with low temporal variability and for which mean
values are defined in regulations, such as chloride and
nitrate-nitrogen, no significant benefits were identified
from increasing the temporal resolution of sampling.
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In comparison with nutrients and standard physico-
chemical parameters, trace organic and inorganic con-
taminants present an added challenge for monitoring.
These include not only the higher financial burden asso-
ciated with chemical analyses but also the complex phys-
icochemical properties that dictate their environmental
behaviour. The selection of a sampling method must also
account for the contaminant’s sorption potential, which
is commonly described by the organic carbon partition
coefficient (K,.). A practical threshold was established
by Schaar et al. [42], with a log K. < 3.3 indicating low
sorption. Critically, these authors also found that phar-
maceuticals consistently exhibit poor sorption behav-
iour, regardless of their K, values. Therefore, a thorough
understanding of this physicochemical property is essen-
tial for selecting a suitable sampling strategy.

Within the European Union, the WFD’s Annex V
stipulates a monthly sampling frequency for contami-
nants defined as priority substances in the Environmen-
tal Quality Standard Directive (2013/39/EU) [9] and a
quarterly sampling frequency for other pollutants. The
guidance document on surface chemical monitoring,
elaborated within the Common Implementation Strategy
for the WFD [8], specifies that on the one hand, a reduced
sampling frequency or even no monitoring could be justi-
fied under certain circumstances, and on the other hand,
more frequent sampling could be necessary, e.g. for load
estimation, for trend detection or to increase the level of
confidence and precision in the status assessment. The
actual implementation of chemical monitoring in surface
waters across European countries varies significantly,
in terms of chemical substance spectra, sampling fre-
quency, temporal continuity and spatial network density
[57]. Through their comparative assessment, Wolfram
et al. [57] demonstrated the correlation between higher
monitoring quality, in terms of higher values for the four
aspects mentioned above, and the success in detecting
contaminants. They therefor highlighted the risk of eco-
logical impairments being overlooked due to insufficient
monitoring efforts, particularly regarding pesticides. In
general, it is primarily for this group of pollutants that
conventional monitoring based on monthly grab samples
has been questioned and criticised. A recent large study
in Germany, focusing on small agricultural catchments,
indicated that the WFD-compliant monitoring leads to a
significant overestimation of the chemical status of water
bodies and to an underestimation of the contribution of
pesticides to the ecological status [52]. The study identi-
fied conventional monthly sampling, which mostly fails
to cover storm events, as one of the main reasons for the
inadequate assessment of pesticide exposure in surface
water systems under the WFD. Similar conclusions were
reached by Chow et al. [6] in their review of long-term
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pesticide monitoring studies, which highlighted the
need to consider interannual variability in exposure
in monitoring programmes, mainly due to seasonal-
ity of application and hydrological conditions driving
transport processes. Such considerations have led some
countries to adapt their monitoring programmes for
pesticides, pursuing a compromise between time resolu-
tion and length of monitoring period. For example, Swe-
den and Norway have adopted an approach that relies
on weekly or biweekly composite samples from April to
October [44], while Switzerland implemented standard
biweekly composite samples throughout the year [7]. In
this respect, the findings of Herrmann et al. [20] provide
novel insights into the complex patterns of pesticides
emissions and fate in surface waters, which give rise to
the question of whether limiting monitoring to the grow-
ing season is an adequate approach, and underscore the
necessity of expanding sampling frequency. They found
that fungicides manifested predominantly in intermittent
patterns, whereas some exhibited a tendency towards
(pseudo)-persistence. Neonicotinoids and legacy pesti-
cides demonstrated a permanent occurrence, with detec-
tion persisting for several months after application.
Pesticides represent just one group of the vast array
of synthetic substances being released into the environ-
ment and eventually reaching water bodies. Current
estimates place the number of chemicals and mixtures
of chemicals that have been registered for production
and use at over 350,000 [50]. This poses a significant
challenge for effective water quality monitoring due
to the enormous heterogeneity of sources, emission
pathways, and environmental fate. Wittmer et al. [56]
investigated the adequacy of various sampling strate-
gies with a particular focus on diffuse emissions and
identified the use of time-integrated composite samples
as the most suitable compromise solution for depicting
chronic exposure. To accurately depict acute exposure
and estimate annual loads, however, they recommend
utilising either flow-proportional composite samples
or high-frequency sampling during storm events. Point
emissions from municipal and industrial wastewater
treatment plants (WWTP) can also present patterns
that are challenging for monitoring. In this respect,
Ulrich et al. [48] demonstrated the risk of per- and pol-
yfluoroalkyl substances (PFAS) going undetected in a
highly impacted river via conventional grab sampling,
likely due to the presence of industrial batch operations
resulting in discontinuous emissions. The number and
diversity of trace contaminants with obligatory moni-
toring for the assessment of chemical and ecological
status in the EU are currently very limited. The current
proposal for a new Environmental Quality Standards
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Directive [10] would significantly extend the list, and
heterogeneity of substances. Furthermore, the growing
number of chemicals is expected to exert major pres-
sure on surface waters systems [14]. This will lead to the
necessity of expanding monitoring programmes in spe-
cific cases or basins. In this increasingly complex con-
text, water management authorities and environmental
technical agencies require robust evidence and support
to select fit-for-purpose monitoring programmes.

The present study contributes to this goal by investi-
gating whether and to what extent a monthly grab sam-
pling approach results in significant deviations from
actual values when estimating annual mean and maxi-
mum concentrations, as well as annual riverine loads,
for a wide range of inorganic and organic trace contam-
inants. This question was systematically addressed by
conducting a one-year survey based on three sampling
techniques applied in parallel: monthly grab sampling,
biweekly time-proportional, and biweekly flow-propor-
tional composite sampling. The monitoring was carried
out at two sites located in the catchment area of the
River Wulka in eastern Austria. The site on the Wulka
is distinguished by a catchment area that exhibits a pro-
nounced agricultural character, but it is also subject to
significant influence from discharges originating from
municipal WWTPs, accounting for approximately one-
third of the annual mean water flow. The catchment
area of the second station in the Nodbach, a tributary
to the Wulka, is also primarily influenced by agricul-
ture; however, it does not receive any WWTP effluent.
A significant strength of the study is in the inclusion of
several groups of contaminants, selected to represent
a broad spectrum of emission sources, pathways, fate,
and transport behaviours at the catchment scale and
in river systems. The scope of the contaminants ana-
lysed (450 in total) encompasses the following groups:
(i) potentially toxic elements (PTE), analysed both
in their total and dissolved fractions, the total values
being representative of predominant particle-bound
and erosion-driven transport; (ii) pharmaceuticals
from human medicine, which are predominantly emit-
ted via municipal WWTPs; (iii) pesticides and bioc-
ides, primarily transferred into water bodies via diffuse
emission pathways and often characterised by a highly
dynamic and partly seasonal transport pattern; and
(iv) PFAS, representatives of industrial chemicals with
a very broad spectrum of emission sources and com-
plex environmental behaviour. Thanks to its systematic
design and broad analytical scope, this study provides
highly representative results and has clear added value
in that its findings can be extended to additional con-
taminants with similar emission sources and environ-
mental behaviour.
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Methods

Case study area

Situated in south-eastern Austria, the Wulka catchment
covers an area of approximately 400 km?. Its topogra-
phy is predominantly flat, with mixed land use primar-
ily dedicated to arable land. The main river, the Wulka,
flows from south-west to north-east, ultimately dis-
charging into Lake Neusiedl, which is Austria’s second
biggest lake (see Fig. 1). The Wulka’s discharge, with a
long-term mean of 1.12 m® s™! (1961-2024), consists of
municipal wastewater treatment effluents up to 36 % in
average due to a relatively low long-term precipitation
level (695 mm y ™). It also exhibits significant variation
of discharge between high and low flow conditions. This
hydrological variability critically influences pollutant
transport, as the proportion of wastewater-derived pol-
lutants can rise over 50 % during periods of low flow,
which mainly occur during summer month. The Nodbach
is a right bank tributary of the Wulka with a catchment
area of 76 km? and a long-term mean flow of 0.09 m® s
(1992-2024) and, in contrast to the main river, it does
not receive any discharge from WWTPs. The SI contains
a table outlining the main characteristics (Table SI1).

Monitoring stations
Two monitoring stations with the same technical fea-
tures were installed at the Nodbach and at the Wulka at
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the outlet of the catchment. Each station consisted of two
autosamplers, connected to sensors in the water for the
inline continuous measurement of turbidity, conductiv-
ity and temperature, a water level sensor, and electronic
components for remote control and data transfer of the
inline measurements. The autosamplers were ‘Endress
& Hauser’ (E&H) ‘Liquistation CSF48’ and ‘MAXX’ ‘SP4
S} each equipped with a vacuum pumping system and a
25-litre wide-mouth glass vessel, placed in refrigerated
containers to ensure dark and cooled storage during
the sampling period. Sampling was carried out through
an ethylene propylene diene monomer rubber (EPDM)
tube with a 13x19 mm diameter. The sensors consisted
of E&H optical turbidity probes ‘Turbimax CUS51D’
with compressed air cleaning, E&H inductive conduc-
tivity and temperature probes ‘Indumax CLS50D’ and
the E&H radar water level probes ‘Micropilot FMR10’
Remote inline measurements with one-minute intervals
were stored and managed with the data acquisition sys-
tem 1TUWmon' [55]. In addition, hydrological meas-
urements from the gauges of the Burgenland Provincial
Government situated near the monitoring stations were
available.

Sampling, transport and storage of samples
Sampling was conducted over a one-year period (June
2023-June 2024) at two sites. For each 14-day sampling
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cycle, three sampling modes were employed: (1) time-
proportional composite (TPC) samples, collected at con-
stant intervals; (2) flow-proportional composite (FPC)
samples, collected at a frequency proportional to the
river flow; and (3) grab samples (GS), collected manu-
ally. A detailed summary of sampling mode is provided
in Table SI2.

Immediately after collection, samples were processed
for various analyses. Aliquots for pesticide, pharmaceu-
tical, and PFAS analysis were transferred to appropriate
containers and stored under refrigeration. Samples for
PTE analysis were filtered (0.45 pwm) for the dissolved
fraction, in accordance with the recommendations of
Milaci¢ et al. [33]. All PTE aliquots were stabilized with
nitric acid. Samples for PTE, TSS, and water hardness
were frozen or refrigerated as required and transported
under cooled conditions to certified laboratories for
analysis. Detailed protocols for sample preservation,
container types, transport logistics, and quality control
procedures are provided in the Supporting Information
(Section SI1.1).

Chemical analyses

A total of 450 trace contaminants were analysed, encom-
passing 8 PTE in total and dissolved fractions, 4 pharma-
ceuticals, 404 pesticides and biocides, and 34 PFAS.

PTE concentrations were determined by inductively
coupled plasma mass spectrometry (ICP-MS). For total
concentrations, samples underwent microwave-assisted
acid digestion prior to analysis. PFAS were quantified
using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) with isotopically labelled internal standards
[13]. Pharmaceutical analysis was performed via online
solid-phase extraction (SPE) coupled to LC-MS/MS [27].
Pesticides and biocides were analysed using two com-
plementary methods: a group including glyphosate and
AMPA was analysed by high-performance liquid chro-
matography (HPLC)-MS/MS, while a second group was
quantified by gas chromatography-mass spectrometry
(GC-MS) following liquid-liquid extraction. Total sus-
pended solids (TSS) and water hardness were measured
according to standard protocols.

Method performance, including limits of detection
(LOD) and quantification (LOQ), recovery rates, and spe-
cific instrument parameters for all analyses, are detailed
in the Supporting Information (Section SI1.2). The full
list of analytes, their associated methods, and respective
LOQs are available in the published dataset [51].

Analytical uncertainty

Triplicate samples from both rivers were analysed on
five sampling dates. The absolute distances between
the chemical analysis results of the triplicates were
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calculated, and the absolute uncertainty for each parame-
ter was derived as their 75th percentile using a conserva-
tive approach. In this calculation, censored values (below
the LOQ) were assumed to be half the LOQ. For paral-
lel analyses in which both analytical results were lower
than LOQ, an uncertainty equivalent to half the LOQ
was assumed. Where the LOD value was also reported,
censored values were set to (LOQ + LOD)/2, with half
the difference between the LOQ and LOD chosen as the
absolute deviation for values below the LOQ but above
the LOD. For non-detectable substances, the uncertainty
of the results was taken as half of the LOD. The resulting
analytical uncertainties for all parameter that could be
quantified at least one are reported in detail in Table SI3.

Data analysis

Cleaning and use of data from continuous measurements
While continuous monitoring generally played an impor-
tant role in describing the catchment’s physical condi-
tions and dynamics during the sampling period, and in
supporting the interpretation of the results, different
parameters also served specific purposes. Throughout
the sampling period, we regularly checked the data gen-
erated by the continuous, inline measurements in order
to identify any potential anomalies, flagged them for
exclusion from further analysis.

Water level was used on the one hand to regulate the
frequency of FPC sampling, and on the other hand, to
calculate loads of trace contaminants, which are pre-
sented in the results as flow-weighted concentration
averages for better comparability (see detailed explana-
tion in the next section). Clean datasets of radar sen-
sor measurements exhibit 99 % completeness at both
stations. Discharge was calculated using a rating curve
derived from nearby hydrological stations, with a relative
error of + 40 % chosen to represent uncertainty, based on
a conservative assessment.

Turbidity and conductivity were used to verify the rep-
resentativeness of the survey. The values measured by the
inline sensors were used as a benchmark against which
to validate the concentrations of TSS and total dissolved
solids (TDS) in the GS and composite samples (TPC and
FPC). The first processing step involved aggregating the
data into 5-minute intervals by calculating the mean of
the measurements. Linear interpolation was then applied
to fill in any gaps of one hour or less in the time series,
while gaps of more than one hour were retained as miss-
ing values. The final continuous turbidity measurement
dataset is 99 % complete at Nodbach and 91 % complete
at Wulka. These measurements were converted to TSS
concentrations by comparing the corresponding values in
samples where both were available. At Nodbach, the TSS
concentrations derived from turbidity measurements
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were consistent with laboratory analyses. At Wulka, how-
ever, we identified a systematic overestimation of TSS in
the inline measurements, which were corrected using a
factor of 0.48. For further analysis, the 75th percentile
of the differences between the laboratory measurements
and the corrected turbidity values was used to represent
the absolute error. Conductivity measurements show
99 % completeness at Nodbach and 96 % at Wulka, with
no systematic deviation from handheld measurements.
TDS values were derived from conductivity at a ratio of
1S cm™ =1 mg dry matter (DM) 17}, with the 75th per-
centile of absolute differences representing the error. To
objectively assess the performance of the sampling meth-
ods against reference data (e.g., inline measurements), the
following quantitative criteria were defined based on the
relative deviation from the reference value: Good Agree-
ment: Relative Deviation (RD) < £10 %; Slight Deviation:
+10 % > RD < +30 %; Strong Deviation: RD > +30 %. Fur-
thermore, to describe the nature of the error, results were
classified as underestimation (RD < 0) or overestimation
(RD > 0).

Processing and evaluation of trace contaminant
concentrations

To assess the suitability of monthly GS for estimating
average and maximum concentrations, or annual loads,
the GS results were compared with those of the compos-
ite samples. To illustrate the variability of possible results
based on GS, two different approaches were used to eval-
uate the GS: The first approach used a Monte Carlo simu-
lation, in which 12 of 27 samples were used to calculate
the primary metrics (annual mean, 90th percentile, load)
to represent the monthly sampling intervals required by
the EU-WED. The sample selection was performed as
a semi-random draw, a pick of one sample each month
out of two to three sub-monthly samples per month. This
was repeated 2!? times to simulate the distribution of the
monthly sampling intervals required by the EU-WED.
The second approach used all 27 GS and a calculation
method, which applied a monthly calculation prior to the
calculation of the annual metric, which is in accordance
with the Guidance on surface water chemical monitoring
under the EU-WEFD [8].

For average annual concentrations, the TPC method
is considered to most closely approximate real condi-
tions, as it averages the content of trace contaminants
in equal sample volumes taken regularly and at short
intervals over time. The annual average concentrations
from GS were as the annual arithmetic mean calculated
by the above mentioned two different methods. The ref-
erence value was obtained by calculating the arithmetic
mean of the 26 TPC samples. For the sake of complete-
ness, the arithmetic mean concentration of the 24-26
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FPC samples is also shown for comparison, to provide
additional information on whether this method pro-
duces similar or significantly different results.

For the annual maximum concentrations, the assess-
ment is conducted using the 90th percentile of the mon-
itoring results, in accordance with the requirements of
Austrian legislation concerning Environmental Quality
Standards for the chemical status assessment of surface
waters [40]. The annual maximum concentrations from
GS were as the annual 90th percentile calculated by the
above mentioned two different methods. The initial
assumption was that the 90th percentile of the concen-
trations of the FPC samples would most closely approx-
imate the real conditions under the sampling strategies
employed. This assumption is based on the fact that
elevated concentrations are often associated with peak
discharges. This primarily occurs when diffuse and dis-
charge-driven inputs are the most relevant. Due to the
increased frequency of sampling with increasing river
flow, the FPC method is better able to capture such
conditions than TPC sampling. TPC samples would
allow for better detection of maximum concentrations
if concentration peaks in the water occur indepen-
dently of discharge events. However, due to their com-
posite nature, the FPC and TPC samples will attenuate
signals from short-duration concentration peaks. This
results in a lower-bound estimate of the true concentra-
tion peaks. Therefore, for the purposes of this study, the
results of FPC are compared to those of TPC, and both
are then benchmarked against GS to quantify the over-
all under- or overestimation.

To evaluate the results regarding annual loads, the
flow-weighted mean annual concentrations were cal-
culated. These are in a fixed relationship to the annual
loads and provide better comparability. Flow-weighted
mean annual concentrations were calculated by esti-
mating the loads for different sampling periods or
times (flow multiplied by concentration), extrapolating
to the annual load and dividing the annual load by the
annual flow. For flow-weighted annual concentrations,
the results obtained via the FPC method are considered
to most closely approximate real conditions and are
therefore used as the reference values. This is because,
when taking composite samples for load calculation,
it is crucial to ensure that the concentration used as
the basis for the calculation is proportional to the dis-
charge. To illustrate the variability in the results from
12 GS per year, the calculation was performed as men-
tined above. For the sake of completeness, the results
of flow-weighted concentration of the TPC samples are
presented as well, to provide additional information on
whether similar or significantly different estimates are
obtained with this method.
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To distinguish systematic from random differences
in concentrations, the absolute analytical uncertainty
was calculated by the gaussian law of error propagation
(applied equations are given in Equations SI1-4) and is
shown as an error bar in the figures. Where necessary,
suitable methods were used to deal with censored data,
essentially following the recommendations of Helsel [18].
The 'Regression on Order Statistics’ (ROS) method was
used to calculate statistical position descriptors such as
the mean or 90th percentile. A log-normal distribution of
the data was assumed for concentrations below the LOD
or the LOQ.

To statistically quantify the deviation of the GS-based
results from the reference values from TPC and FPC,
respectively, we calculated the median deviation (MD)
and the the probability of underestimation (PUE) for
each site and contaminant (applied equations are given in
Equations SI5 and 6).

Finally, for a series of trace contaminants for which the
analytical results permitted quantitative evaluation, the
potential for different assessments of compliance with
environmental standards based on the results of the three
different sampling techniques was evaluated. For this
purpose, different environmental standards were con-
sidered (see full list in Table SI4): EU and national Envi-
ronmental Quality Standards (EQS) currently valid [40],
proposed new EU EQS [10] as well as quality criteria pro-
posed by Junghans [21].

Software

All data analysis was conducted in R 4.4.2 [41] using
mainly packages ‘data.table’ 1.17.0 [1], ‘ggplot2® 3.5.1
[54], ‘DTSg’ 2.0.0 [19], ‘ggsci‘ 3.2.0 [58], ‘NADA' 1.6-1.1
[29], ‘patchwork’ 1.1.3 [35].

Results

Implementation rate of the sampling plan

The sampling plan was implemented with some adjust-
ments due to technical and logistical challenges. As
planned, 26 samples were collected at each site through
a biweekly rhythm for TPC. For FPC, 26 samples were
collected at the Nodbach, but only 24 were obtained at
Wulka due to equipment failure during the high-flow
events of April 2024. However, two additional GS ena-
bled us to separately capture a flood event with a return
period of over one year (>HQ1) in June 2024, with an
additional GS collected at each station. This resulted in
a total of 27 collected GS at each site. The Wulka sam-
ple was taken shortly after the main flow peak, while the
Nodbach sample was collected during the declining flood
wave, once the flow had already reached mean annual
discharge (MQ) levels.
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The sampling interval for FPC had to be regularly
adjusted to achieve the minimum required sample vol-
ume for chemical analyses and to avoid overfilling of
the storage bottles. However, the storage bottles had to
be changed several times - up to three times within the
14-day sampling period - to enable continued sampling.
This was particularly true of the Nodbach, given its highly
dynamic and variable discharge pattern, with minimal
flows in summer that increased significantly and quickly
during storm events. The Wulka River was easier to han-
dle in this respect, as the flow variability was smaller and
the storage bottle volume was sufficient in most cases.
Nevertheless, at both stations, it was only possible to
sample the start of events exceeding HQ1, because the
sampling interval increased so much that the storage bot-
tles reached their maximum volume so quickly that it was
not possible to react logistically in time to replace them.
For TPC, changing the storage bottles was not necessary
due to the fixed sampling interval. However, also in this
case small deviations from the planned sampling dura-
tion could not always be avoided due to clogging of the
sampling hose after sedimentation at the inlet. Addition-
ally, some sub-samples could not be collected due to a
frozen sampling hose in winter, or because the inlet was
above the water surface due to a very low water level,
which lasted up to one day.

Despite the technical and logistical challenges, the
deviation from the planned sampling time was less than
one day on average. A detailed summary of the final
number of samples and their sampling duration is pro-
vided in Table SI5.

Sampling representativeness

Throughout the duration of the sampling period, the
river discharge at both sites was broadly in line with the
long-term average. Various periods of low and high flow
were recorded, particularly extreme in September 2023
and June 2024, respectively. The temporal concentra-
tion profile of TDS shows the usual and expected pattern
of dilution during runoff events. Exceptional peaks in
TDS above 2000 mg DM 17! in both rivers in December
2023 were most likely caused by inputs of de-icing road
salt. The temporal concentration profile of TSS indi-
cates that the high-flow events in spring 2024 caused
very elevated concentrations of suspended matter above
1000 mg DM 17!, Therefore, the one-year survey cov-
ered a wide range of heterogeneous hydrological condi-
tions (detailed time series of river discharge, TDS and
TSS, including the timing of sampling, are shown in Fig.
SI1). This provides a solid basis for addressing the study’s
questions comprehensively, considering different and
variable situations of emissions and transport processes.
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The comparison between the annual average concen-
trations of the GS and composite samples for TDS and
TSS and those of the inline continuous measurement
data, used to evaluate the representativeness of the sam-
pling methods, is shown in Fig. SI 2. For the annual mean
concentrations, the TPC samples are expected to provide
the most accurate values. This is confirmed at both sites
by the good agreement between the mean TPC sample
values and the reference values from the inline meas-
urements for TDS and TSS. However, due to data gaps
from turbidity sensors during extreme high flow events,
the mean derived from them is considered to be a par-
tial underestimate. Determining mean annual concentra-
tions from FPC samples leads to a slight underestimation
in the TDS and to a strong overestimation (RD = 151 %)
in the TSS compared to the inline data. This is expected
because flow-proportional sampling has a higher sam-
pling frequency at higher flow rates and therefore tends
to generate samples richer in TSS and poorer in TDS
because of dilution. GS only provides results in good
agreement with inline data for TDS, as in this case the
influence of discharge events is comparatively small.
Since, with one exception, GS were not taken specifically
during high flow events, samples rich in TSS are under-
represented and the averaging leads to a slight underesti-
mation (RD = — 14 to — 21 %) of the real conditions.

For the maximum annual concentrations, the FPC sam-
ples are expected to produce values that are most simi-
lar to those obtained from the inline measurements. This
was not confirmed, as the TPC produced the most accu-
rate results, showing good agreement (Fig. SI2). The FPC
showed strong deviations for TSS (RD = 114 %) and good
agreement for TDS at Wulka, with slight underestima-
tion in Nodbach. The results obtained are analogous to
those of the annual mean concentrations. It is crucial to
recognise that the maximum annual concentrations are
expressed as the 90th percentile. This outcome suggests
that genuinely extreme concentration events occur less
frequently than 10 % of the time in this catchments. Con-
sequently, these rare extremes do not exert a substantial
influence on the 90th percentile value, which is primar-
ily determined by the less extreme concentrations. FPC
sampling over-represents these rare events during com-
positing, leading to deviations, especially at Nodbach.

For the flow-weighted mean annual concentration,
which is representative of load calculations, the FPC
samples are expected to produce values that are most
similar to those obtained from the inline measurements.
This is confirmed for TDS in both rivers showing good
agreement (Fig. SI2). For TSS, the flow-weighted mean
concentrations determined using FPC samples also give
values closest to the inline reference values in the Nod-
bach, demonstrating good agreement. These results
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confirm that flow-weighted concentrations of TDS can
be satisfactorily determined with good agreement to
slight deviations (SD = — 22 to 20 %) using either GS
or TPC sampling. However, accurate estimation of TSS
loads requires FPC sampling, as both GS and TPC sam-
pling exhibit strong underestimations (SD = — 77 to —
88 %). However, for the Wulka this comparison could
not be conducted due to incomplete inline measurement
datasets.

In general, the representativeness of the sampling strat-
egy for each specific purpose was confirmed. For further
comparisons of the trace contaminant results, we there-
fore consider TPC sampling results to be the reference
for annual mean and maximum values, while FPC sam-
pling results are considered to be closer to the real values
for flow-weighted annual mean concentrations or loads.

Detection frequency and temporal variability

Of the 450 trace contaminants analysed, a total of 96
were detected above the LOQ at least once. Figure 2
illustrates differences in detection frequency and meas-
ured concentration level both between sites and sampling
techniques, using selected examples of each group of
contaminants. Illustrations of the detection frequency for
all trace contaminants that were detected above the LOQ
at least once can be found in the Supplementary Infor-
mation (Fig. SI3-5)

Among the eight PTEs, only silver (Ag) was never
detected. Cadmium (Cd) was rarely detected and was
found more frequently in the composite samples than in
the GS (Fig. 2 and SI 3). The dissolved fraction of lead
(Pb) has high proportion of censored values, whereas
measurements for all the other PTE were above the
LOQ in almost 100 % of samples taken using all three
techniques. Whereas total concentrations exhibit pro-
nounced temporal variability throughout the year, with
higher values in spring and summer due to increased
sediment transport during high flow events, only the dis-
solved fraction of arsenic (As) exhibits this behaviour,
with considerably lower levels observed in winter. No sig-
nificant differences were observed between the two sites,
but there are clear differences in the temporal variability
of concentration levels depicted by the different sampling
techniques.

The results for the four pharmaceuticals differ sig-
nificantly between the two sites (Fig. 2 and SI3). In the
Waulka, carbamazepine and diclofenac were present in
all samples, while ibuprofen and sulfamethoxazole were
present in between 50 % and 100 % of samples. Concen-
tration levels varied widely, with no discernible seasonal
pattern. Furthermore, we could not identify any pro-
nounced peak in the concentration of the Wulka due to
point source discharges from WWTPs during periods
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Fig. 2 Heat map of normalised concentration levels of selected compounds, which are examples of all the investigated groups of contaminants,
measured in samples obtained using three different techniques at both sites. Grab samples (GS), time-proportional (TPC) and flow-proportional

(FPC) composite samples

of low flow, as described in the literature [16, 57]. Sur-
prisingly, carbamazepine was detected in over 90 % of
the Nodbach samples, albeit at much lower concentra-
tions, despite the absence of WWTP effluent discharge.
Diclofenac and ibuprofen were also present at this site
sometimes, with a higher detection frequency in com-
posite samples (36-62 %) than in GS (23-31 %). In gen-
eral, the detection of these pharmaceuticals, which are
used exclusively in human medicine, in the Nodbach may
be due to combined sewer overflows — as reported e.g. by
Yang et al. [59] - or incorrect connections to the rainwa-
ter sewer system, but also to infiltration into groundwater
through leaky sewer systems or disposal facilities. Inter-
estingly, elevated ibuprofen values were observed in the
Nodbach in summer, whereas the values were below or
close to the LOQ for the rest of the year. While there was
no correlation with precipitation events, there may be a
connection with a cultural event that attracts many tour-
ists to the sub-catchment during that period.

Of the 404 pesticides analysed, 58 were detected, with
most being found in fewer than 20 % of the samples (Fig.

2 and SI4). The most frequently detected compounds
were the herbicides glyphosate and AMPA, MCPA,
mecoprop and terbutryne, as well as the insecticide
gamma-hexachlorocyclohexane (lindane), with more fre-
quent detection in the Wulka (~95 %) than in the Nod-
bach (11 %). A clear seasonal effect was visible in the
Nodbach, with the highest frequency occurring between
July and October, and no detections between December
and March. This seasonal effect was less pronounced
in the Wulka, where many pesticides were consistently
detected until the end of October (e.g. tebuconazole,
boscalid and spiroxamine), until December (MCPA,
diuron, thiabendazole and imidacloprid), or throughout
the entire year in the case of three pesticides and one
metabolite (mecoprop, lindane, terbutryne and AMPA).
However, a certain degree of seasonality in concentra-
tion levels was evident, with higher values generally
being recorded during the growth period. It is impor-
tant to note that some substances, such as thiabendazole
and carbendazim and, even more pronouncedly, lindane,
were either not detected at all or were detected only
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once in GS, yet were repeatedly or consistently measured
above the LOQ in composite samples. The use of lin-
dane as an insecticide in agriculture has been banned in
the EU since 2007. Nevertheless, legacy emissions from
its former use in wood treatment could still be a fac-
tor, as could its emissions from permitted use in human
medicine as a second-line treatment for head lice and
scabies. Comparing the two rivers yielded further unex-
pected findings. With the exception of herbicides with
known urban applications such as diuron, terbutryne and
mecropop, and the insecticide lindane used in human
medicine to treat parasites, most investigated pesticides
can be attributed to diffuse inputs from agriculture. How-
ever, the monitoring results show higher concentrations
of all frequently detected substances in the Wulka than in
the Nodbach, except for the fungicide spiroxamine. Addi-
tionally, the continuous presence of glyphosate and its
metabolite AMPA throughout the year suggests relevant
input via WW TP discharges. One possible explanation is
that they originate from detergents that undergo in-situ
transformation in WWTPs [12]. Current investigations
have unearthed an unexpected and at present still inex-
plicable presence of glyphosate and AMPA across a wide
range of Austrian municipal WWTPs [30], which lends
weight to this assumption.

Regarding PFAS, 27 of the 34 compounds analysed
were detected (Fig. 2 and SI5). These can be divided
into three groups according to their frequency of detec-
tion. Five perfluoroalkyl carboxylic acids (PFCA) and
three perfluoroalkyl sulfonic acids (PFSA), encompassing
short-chain compounds, PFOA and PFOS, were detected
in almost all samples. Two long-chain PFCA (PFNA and
PFDA), the fluorotelomer 6:2 FTS as well as ADONA and
GenX, substitute compounds of PFOA, were detected to
varying degrees depending on the sampling technique
and site. The remaining compounds were detected only
sporadically. Among PFCA, short-chain compounds
exhibit variable concentrations throughout the vyear,
with no significant difference between the two sites.
Conversely, PESA concentrations are generally higher
in the Wulka than in the Nodbach. ADONA and PFDS
were mainly measured in both water bodies in autumn
(between October and December), while PFNA and 6:2
FTS (in the Nodbach) were more frequently detected
between July and December, and from May onwards. In
spring, 8:2 FTS was occasionally measured at compara-
tively high concentrations in the Wulka. The GenX con-
centrations in the Nodbach in spring 2024 are notable.
These were found in a GS in April and in four consecu-
tive TPC samples. They were also found in FPC samples
in May. The temporal variability (chemographs) of all
trace contaminants analysed with at least one concentra-
tion above LOQ is provided in Figs. SI6-21.
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Comparison of annual mean, flow-weighted mean

and maximum concentrations

PTE - total content

PTEs are discharged into rivers via WWTPs and
groundwater on a fairly continuous basis [32]. Addi-
tionally, short-term inputs driven by precipitation
events through erosion, as well as via combined sewer
overflows and separate sewer discharges, play a signifi-
cant role [25, 34, 53]. The transport of PTEs in water
bodies is largely influenced by river discharge, which
controls the movement of suspended particles. With
high log K, values ranging from 3.11 to 3.58 [15], PTEs
tend to bind strongly to these particles, making their
transport highly dependent on hydrological conditions.

The GS technique used in this study tends to poorly
depict precipitation-driven short-term events of
increased transport. Consequently, GS did not produce
reliable estimates of average or maximum PTE con-
centrations, as illustrated in Fig. 3 for Cr and Ni. As
reported in detail in Table SI 6 and illustrated in Fig.
SI 22 for all PTEs, a considerable systematic underes-
timation of mean annual concentrations was found for
almost all PTEs, with a factor mostly below 0.8 (the
ratio of the concentration determined from GS as the
median of the distribution of mean values of semi-
randomly selected 12 samples, divided by the mean
concentration of the reference values from TPC sam-
ples). Taking into account the random error due to
sampling time, the probability of underestimating the
reference values ranges from 63 % to 100 %. Given the
importance of short-term events in the emissions and
transport of PTEs in rivers, it is not surprising that
maximum annual concentrations are underestimated
via GS to an even more pronounced extent than aver-
age concentrations.

FPC also significantly overperformed compared to TPC
when it came to estimating the maximum concentrations
of As, Cu, Cr, Pb, Cd and Zn (the latter two in the Nod-
bach only), as it also overrepresents the PTE transport
during the less frequently occurring high-flow and high-
turbidity events. For all PTEs and at both sites, the flow-
weighted mean concentration is largely underestimated
by both GS and TPC methods. The results show that, on
average, Pb loads estimated based on 12 GS samples cor-
respond to only a factor of 0.1—0.2 of those estimated via
FPC samples. For the other PTEs, the estimated range
is approximately 0.2-—0.5 times of the reference values
based on FPC samples. However, semi-random combi-
nations of 12 GS that included the HQ1 sample led to a
significant shift towards higher flow-weighted mean con-
centrations. This indicates that a stratified GS approach
at different flow levels could partly offset the limitations
of low-frequency GS for load calculation purposes.
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PTE - dissolved fraction

A recent investigation of PTE dynamics during high-flow
events in the same case study area identified significant
differences in dissolved PTE concentrations during dif-
ferent events, which can be exploited to distinguish
between event types [25]. However, it also showed that
variability in concentration was much lower than that
observed for total PTE content. The findings of our study
confirm these observations.

Average

Max (90"percentile)

As illustrated in Fig. 4 for Cr and Ni and detailed in
Table SI6 and Fig. SI23 for all dissolved PTEs, deter-
mining annual averages from 12 GS performed signifi-
cantly better than for total PTEs. In most cases, only
minor systematic errors were found for both rivers.
However, in the case of Cr and Cu, a highly probable
underestimation of 15-20 % was found in the Wulka,
and of up to 40 % in the Nodbach for Cr.
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Fig. 4 Comparison of the annual dissolved concentrations (incl. uncertainty) of selected PTE from the composite samples and from 12 monthly

GS (as a distribution of 2'? combinations and according to EU Guidance Document No. 19 [8]). Left: annual mean concentrations; middle: annual
maximum concentrations (90th percentile); right: flow-weighted annual mean concentrations. The annual concentrations from GS are shown at half
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Regarding the determination of maximum annual
concentrations, the monitoring approach based on 12
GS produced highly variable results ranging from lower
to higher concentrations than the composite samples.
The results also show that, although on average low-
frequency GS are more suitable for determining annual
loads of dissolved PTEs than total PTEs, significant
deviations from the FPC-based reference load can occur
depending on the timing of sampling. Such deviations
resulted in overestimations of 30—-40 % for Pb and under-
estimations of 35 % for Cu and Zn. These outcomes are
consistent with those observed for TDS and corroborate
the expectation that the dominant share of dissolved PTE
input occurs through point discharges from WWTPs and
through groundwater base discharge.

Compliance assessment with the EQS, which are cur-
rently valid for dissolved PTEs in Austria, indicates no
exceedance and is consistent across the three different
sampling techniques.

Pharmaceuticals

For widely used pharmaceuticals from human medi-
cine, which are emitted primarily via municipal WWTPs
without large temporal fluctuations, the results exhibit
patterns comparable to those of TDS and dissolved
PTEs (Fig. 5 and Fig. SI24). This is because they are

transported in rivers in dissolved form, due to their poor
sorption with log K. ranging between 1.86-3.40 [23, 42].

The medians of the annual average values from 12 GS
tend to be close to the reference values from TPC sam-
ples, with a deviation factor close to one (Table SI6).
However, there is a certain probability, although quite
low, of underestimating the reference values in both riv-
ers compared to other trace contaminants due to random
error from variability in monthly samples.

For diclofenac in the Wulka, the mean concentra-
tion derived via TPC sampling is considerably lower
than the median of the mean values from GS. This sug-
gests that mean values from low-frequency GS likely
lead to an overestimation of real values on average, as
short-term phases involving the dilution of point-source
inputs via WWTPs during increased river flow condi-
tions are generally underrepresented in low-frequency
sampling. Consequently, the maximum concentrations of
carbamazepine, diclofenac and sulfamethoxazole in the
Waulka tend to be higher with GS compared to the values
obtained via TPC, due to the inherent averaging effect of
composite samples which integrates periods of high dilu-
tion during increased flow.

Regarding flow-weighted mean values, the results
obtained via GS show an underestimation by 20-30 %
with very high probability in the Wulka, whereas the
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GS-based estimates correspond well with the reference
values from FPC samples in the Nodbach, where both
concentration levels and variability are much lower.

With respect to compliance with the currently valid or
proposed environmental standards, the results obtained
using all three sampling techniques are fully consist-
ent, indicating clear exceedance of the proposed Annual
Average EQS (AA-EQS) for diclofenac in the Wulka, and
compliance with all other standards at both sites.

Biocides and pesticides

The heterogeneous temporal variability in the occurrence
of the investigated pesticides and their concentration
levels is reflected in the differing performance of GS in
correctly estimating annual average concentrations (Fig.
SI25-28).

In the Wulka in particular, we identified only slight
deviations from the reference values obtained from
TPC samples in terms of annual mean values for several
substances, with a low probability of these values being
underestimated (Table SI6). Figure 6 illustrates this for
AMPA and spiroxamine in the Wulka, and the same
applies to glyphosate, tebuconazole, terbutryne, boscalid
and imidacloprid. These results suggest that a substantial
proportion of the input is quite constant via groundwater
(Wulka and Nodbach) and/or WW TPs (Wulka).

However, a potential overestimation of the annual
mean values in the Wulka of approximately 30 %, based
on GS, was found for other substances such as dimethe-
namid and diuron, though with a low probability. Con-
versely, estimates of annual average concentrations for
other substances based on GS exhibit a highly probable
and pronounced underestimation ranging from 55 % to
100 %. This likely reflects the effects of short-term pol-
lution episodes, which GS poorly capture. Figure 6
exemplifies this pattern through the results of meco-
prop at both sites and spiroxamine in the Nodbach. The
same also applies to MCPA, metolachlor, benalaxyl and
lindane.

Comparing the maximum concentrations estimates
based on GS with the TPC samples shows clear discrep-
ancies. For a number of substances such as mecoprop,
and to a certain degree also spiroxamine, a monitoring
concept based on 12 GS leads to considerable underes-
timation. Conversely, substances such as AMPA, cypro-
dinil and ethofumesate were recorded in the Wulka at
higher concentrations in GS than in composite samples.
Finally, similar maximum concentrations were deter-
mined for substances such as tebuconazole via the differ-
ent sampling techniques.

Load calculations also require differentiation between
substances. Flow-weighted averages for glyphosate,
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tebuconazole and imidacloprid in the Wulka, and for
boscalid in the Nodbach, show almost no deviation
between GS- and FPC-based estimates. However, for
most other substances, GS-based estimates lead to var-
ying degrees of underestimation. The average underes-
timation ranges from 25 % for AMPA in the Wulka to
50 % for spiroxamine and terbutryne in the Nodbach,
with extreme cases reaching 90 % underestimation for
mecoprop in the Nodbach and a complete failure to
detect lindane in both rivers.

With regard to compliance assessment with environ-
mental standards, this could be evaluated against the
proposed EQS for glyphosate and nicosulfuron [10], and
for the currently valid EQS for lindane [40]. The results
show that the assessment based on the three different
sampling techniques for nicosulfuron is highly consist-
ent, indicating compliance with the maximum allowable
concentration EQS (MAC-EQS) but exceedance of the
AA-EQS at both sites.

The glyphosate assessment is also largely consistent,
indicating compliance with the AA-EQS and MAC-EQS
at both sites. However the assessment shows an exceed-
ance of the stricter AA-EQS for the protection of sur-
face waters used for drinking water extraction at both
sites. The exception is the failure of TPC sample-based
assessment to identify exceedance of the AA-EQS in the
Nodbach. As previously mentioned, lindane represents
an extreme case of discrepancies in detection frequency
in the Wulka. This is reflected in the compliance assess-
ment, in that exceedance of both the AA-EQS and the
MAC-EQS in this river is only identified via composite
samples.

PFAS

PFAS can enter surface water bodies via a variety of emis-
sion pathways. These include diffuse inputs via contami-
nated groundwater, surface runoff, urban stormwater
drains and combined sewer overflows, as well as point
discharges from industrial and municipal wastewater
treatment plants. The contribution of each of these routes
to the overall input into rivers varies extensively depend-
ing on the specific PFAS compounds and the catchment
characteristics [24, 31].

From a physicochemical perspective, the PFAS inves-
tigated exhibit a wide range of sorption potentials, with
log K,. values ranging from 1.54 to 3.60 [46]. range
reflects the established relationship that short-chain
PFAS have lower log K _ values and a higher water solu-
bility, while longer-chain compounds are more prone to
sorption.

The comparison of the effectiveness of different sam-
pling techniques in determining the annual average con-
centration of PFAS in the Wulka and Nodbach rivers
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exhibits a heterogeneous picture. This is exemplified in
Fig. 7 for PFOS, PFOA and PENA, with a full overview
provided in the SI (Fig. SI29-31).

For most PFAS compounds, the annual average con-
centration determined via GS deviates from the refer-
ence value obtained via TPC sampling. PFPeA is the
only compound for which the annual average concen-
tration determined via GS does not deviate from the
reference value at both sites. This is true for PFOA and
PFPeS only in the Wulka, and for PFHxA and PFBS only
in the Nodbach. For these compounds in one of the riv-
ers, and for PFHpA, PFENA, PFHxS, PFOS, 6:2 FTS, and
the sum parameter PFOA-equivalent (¥PFAS,,) in both
rivers, highly probable underestimations of between 10 %
and 40 % were identified (Table SI6). This suggests that
both systematic and random errors can lead to signifi-
cant underestimation of mean annual concentrations in a
monitoring concept based on 12 samples.

Regarding maximum annual concentrations, the vast
majority of PFAS tend to be underestimated via GS
compared to TPC samples. Annual loads tend also to
be underestimated via GS compared to FPC samples for
the vast majority of PFAS. The extent of underestimation
ranges from 10-20 % for short-chain PFCAs and PFSAs,
and PFOA in the Wulka, to high degrees of around 70 %
for PFOS and 6:2 FTS in the Nodbach.

The case of PFNA, which has a toxicity relative potency
factor (RPF) of 10 compared to PFOA, deserves special
attention [5]. Similar to the pharmaceutical ibuprofen,
the measured concentrations of this compound were
often close to the LOQ and highly variable over time. As
observed for ibuprofen, while composite samples clearly
demonstrate its presence, this compound can likely go
undetected above the LOQ in 12 GS. Due to its high RPF,
such differences have significant implications for poten-
tial compliance assessments regarding the proposed ¥
PFAS,,.

In terms of compliance assessment with environmental
standards, all three sampling methods produce the same
results. They all indicate that the currently valid AA-
EQS for PFOS is exceeded in both Wulka and Nodbach,
as well as the specific thresholds derived from the pro-
posed AA-EQS for PFOA-equivalents based on the RPF
of PFOS and PFNA in Wulka and Nodbach, respectively.

Discussion

The results of the study largely confirm expectations
based on our current knowledge of emission patterns and
river transport dynamics, as well as our understanding
of the role of temporal variability and contaminant sorp-
tion behavior in the performance of different monitoring
approaches for different groups of trace contaminants.
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However, the study also yielded some unexpected find-
ings and raised new questions.

The poor performance of low-frequency GS in depict-
ing chronic exposure, and even more acute exposure
and transported loads, of total PTEs confirms what has
already been widely documented not only for PTEs, but
also for TSS and other substances with dominant par-
ticulate-bound transport, such as for instance phospho-
rus and polycyclic aromatic hydrocarbons (PAHs) [11,
38, 39, 47]. In light of the substantial existing scientific
knowledge in this area, including total PTEs in the study
was not intended to generate new insights into them
per se, but rather to validate the survey’s methodologies
and results, and to cover a broad spectrum of emission
sources, pathways, and environmental fates, enabling
more insightful comparisons between groups of con-
taminants. Furthermore, for contaminants mainly trans-
ported attached to soil and sediment particles, due to
their high log K. values (> 3.3), increasing the sampling
frequency may be insufficient to obtain accurate esti-
mates of river concentrations and loads. As Zoboli et al.
[61] demonstrated for PAHs, monitoring approaches that
rely exclusively on bulk water samples can lead to severe
underestimations, and complementary sampling and

Average Max (90"percentile)
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analysis of suspended particulate matter are needed to
ensure robust assessments.

The main findings on human pharmaceuticals and dis-
solved PTEs are consistent with the conclusions derived
by Gétz et al. [17] from a simple, exposure-based, theo-
retical methodology. This agreement is logical, as both
contaminant groups are transported in the dissolved
phase. For PTEs, a small dissolved fraction persists, while
pharmaceuticals are known to exhibit poor sorption
regardless of their theoretical log K . values [42]. Gotz
et al. [17] suggested that for highly persistent contami-
nants that are continuously released into surface waters,
GS-monitoring may be sufficient; however, they recom-
mended the use of TPC samples. Similarly, Petrie et al.
[36] proposed that low-frequency GS can provide an ade-
quate initial overview of pharmaceutical emissions and
pollution levels; however, this should be viewed primar-
ily as a screening approach to prioritise the allocation of
monitoring resources, with integrated composite samples
required for more advanced investigations and robust
assessments.

Gotz et al. [17] also reached similar conclusions regard-
ing PFOS and PFOA, which were assumed to be emit-
ted primarily via WWTPs at that time. However, recent
years have seen a growing body of knowledge on these
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two compounds and a broader scope of PFAS, making
it evident that adequately monitoring them in the envi-
ronment is significantly more complex. While WWTP
effluents can play a dominant role in specific river catch-
ments, these compounds enter surface waters via several
routes, with multiple diffuse emission pathways being
particularly significant [24, 28, 31, 60]. This complexity
is further compounded by the physicochemical diversity
of PFAS themselves. The compounds investigated here
exhibit a wide log K . range, meaning that their behavior
in the river is not uniform; some remain dissolved, while
others associate with particles. In our study, the impor-
tant role that emissions via municipal WWTPs play is
confirmed by generally higher concentration levels in the
Wulka than in the Nodbach. Nevertheless, comparing
the results obtained using different sampling techniques
clearly shows that monitoring based on monthly GS car-
ries a concrete risk of underestimating actual chronic and
acute exposure levels, as well as transported loads, for
several PFAS compounds. Fluctuations in concentrations
and deviations in results were only poorly correlated with
river discharge, suggesting that other emission dynamics
are important factors.

The fact that correctly measuring pesticide and bioc-
ide concentrations in surface water presents a particular
challenge in terms of sampling frequency has been amply
shown in previous studies [6, 44, 52]. Our investigations
have also largely confirmed this, with a number of sub-
stances (e.g. boscalid, MCPA and metolachlor) exhibit-
ing pronounced seasonal occurrence and event-driven,
fluctuating concentration levels. Pesticides cover a
vast physicochemical diversity as a chemical class, with
log K values spanning a wide range from as low as 0.42
to as high as 5.31 [26], which indicates that some pesti-
cides are highly mobile and dissolved while others are
strongly particle-bound. This diversity helps to explain
the observed variability in their environmental behavior.
However, our survey also demonstrated that, contrary
to our expectations based on current knowledge of their
application and use patterns, other pesticides and bioc-
ides (e.g. glyphosate and AMPA) were detected months
after the end of the growth period and even throughout
the year. In some cases, even through monthly GS, only
small deviations from the reference values for average
annual concentrations were achieved. On the one hand,
these findings support the conclusions regarding the
persistence of certain groups of pesticides revealed by
Herrmann et al. [20], who questioned the suitability of
limiting the pesticide monitoring to the growth period.
On the other hand, they highlight the need to identify
unknown emission sources and routes for pesticides
such as glyphosate and AMPA, which appear to be emit-
ted fairly continuously from urban areas via municipal
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wastewater treatment plants. A potential source for these
substances is detergent precursors that are transformed
during treatment in WWTPs [12]. An additional, and
not mutually exclusive, hypothesis relates to seasonal
hydrological processes: the release of soil-bound glypho-
sate and AMPA during winter freeze-thaw events could
also contribute to their sustained presence in waterways
throughout the non-growing season [45]. It is worth not-
ing that a higher level of contamination, in terms of both
concentrations and detection frequency, was found for
multiple pesticides in the Wulka than in the Nodbach,
despite the fact that agriculture is very similar in both
catchments.

In addition to the above points, a particularly notewor-
thy finding of our study is that multiple compounds, best
represented by ibuprofen, lindane and PFNA, were pre-
sent in the investigated rivers at demonstrable and non-
negligible levels, and that however, they would certainly
or very probably not have been detected via monthly GS.
This suggests a widespread risk of underestimating the
occurrence and level of pollution caused by contami-
nants with generally low but highly variable concentra-
tions in rivers.

Besides confirming, expanding or questioning the
expectations based on available knowledge of emis-
sion patterns and transport dynamics, the study’s sys-
tematic comparison of different sampling techniques,
quantification of deviation in statistical estimates, and
quantification of underestimation probability is a signifi-
cant contribution. This is particularly pertinent and rele-
vant given that the monthly GS approach remains widely
used for environmental quality standards compliance
assessment, river load calculation and data basis for cali-
brating and validating models, despite growing awareness
of these issues in the field of water quality management.

In our case study, despite the fact that GS led to con-
siderable underestimations and sometimes also overes-
timations of the reference values, they led to consistent
compliance assessments with environmental standards.
The reason is to be found in the high degree of com-
pliance or exceedance; in other words, the measured
concentration levels are being far below or above the
respective thresholds. If the concentration levels in rivers
were to be closer to the standards, the sampling technique
would indeed affect the assessment. This underscores the
practical importance of selecting a monitoring method
that is fit for purpose. We therefore present a summary
of the suitability of the sampling methods depending on
the assessment to guide best practice (Table 1). The ‘con-
ditional’ rating indicates that the readers should refer to
the detailed results to thoroughly evaluate the method’s
suitability based on specific circumstances and selected
contaminants.
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A number of limitations of the study must be acknowl-
edged and considered. The definition of maximum
concentrations varies between EU member states. For
instance, Germany uses the 100th percentile [3], whereas
this study adopts the Austrian 90th percentile [40]. If dif-
ferent percentiles were applied, the study’s findings on
maximum concentrations may differ significantly, poten-
tially affecting compliance assessments or risk evalua-
tions. Additionally, to evaluate the performance of GS in
determining maximum annual concentrations, we com-
pared the results obtained using GS with those obtained
using TPC samples collected over two-week periods.
This fulfilled the purpose of our research question, which
was to assess the relative performance of GS rather than
to estimate the most accurate values. However, accurately
determining maximum concentrations would require
either TPC sampling over much shorter time periods
or high-frequency GS, both of which would incur much
higher implementation costs. The two-week integration
period for composite samples also means that a propor-
tion of the sub-samples is stored for several days before
analysis. We cannot exclude the possibility of degrada-
tion, transformation or other types of loss of our targeted
analytes during this time. However, we minimised this
risk by ensuring that the autosamplers were equipped to
store the samples under refrigerated and dark conditions,
as this has been shown to be the most effective storage
method [37]. Furthermore, in the vast majority of cases,
the deviation identified based on GS corresponded to an
underestimation of the values obtained via composite
samples. Therefore, considering potential losses in the
composite samples would mostly serve to strengthen the
conclusions drawn in the study.

For various reasons, high-frequency or time-integrated
monitoring can be particularly important in headwater
streams and, more generally, in small rivers. Agricul-
tural headwaters are typically subject to disproportion-
ate pressure from emissions of nutrients and pesticides,
which negatively impact their chemical and ecological
status and have cascading effects on the downstream
river network [4, 52]. If WWTPs discharge into them,
the low dilution of effluents can also lead to a dispro-
portionate impact on water quality [22]. At the same
time, these streams typically exhibit the greatest varia-
tion in streamflow and water quality [4], rendering low-
frequency GS inadequate. The results of our study in
the Nodbach support these observations in terms of: (i)
highly variable contaminant concentrations, (ii) a higher
extent of detection than expected based on knowledge of
land use and wastewater infrastructure, and (iii) the con-
crete risk of overlooking or underestimating the occur-
rence of contaminants through monthly GS. At the same
time, our survey showed that, particularly in the case of
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the Nodbach due to its low and highly variable stream-
flow, ensuring the continuity and regularity of FPC sam-
pling was challenging and required considerable effort
and resources. Therefore, while this may result in some
underperformance, particularly with regard to load cal-
culations, we propose the alternative implementation of
TPC sampling or of flow-stratified GS depending on the
available resources and the specific logistical conditions
of each monitoring programme. In this context, passive
sampling represents another promising alternative for
capturing time proportional averages, often noted for its
simpler implementation in remote or logistically chal-
lenging locations. However, it is a promising method for
capturing time-proportional average concentrations. The
validation of its application is an active area of research,
particularly for reliable load calculation and for the
diverse suite of trace contaminants studied here. It is not
suitable for detecting maximum concentrations or loads.

Conclusions

This study systematically evaluated the performance of
low-frequency grab sampling in accurately estimating
annual average and maximum concentrations, as well as
annual loads, of various groups of trace contaminants in
rivers. For trace contaminants introduced predominantly
continuously into surface waters, such as widely used
pharmaceuticals or dissolved PTEs, approximate annual
average concentrations can be estimated using monthly
grab samples with no severe systematic bias. However, as
random errors can lead to underestimation or overesti-
mation, time-proportional or flow-proportional com-
posite samples are more reliable if accurate estimates
are required. Composite samples are particularly advan-
tageous and are required for accurate estimates when
emissions and riverine concentrations exhibit consider-
able temporal variability. Substances released seasonally,
such as many agricultural pesticides, cause periods of
pollution in watercourses that require specific attention
through targeted composite sampling over longer peri-
ods of time. Contaminants introduced into watercourses
during specific and short-term events, such as some pes-
ticides and biocides, some PFAS and PTEs in their total
content, cannot be adequately detected by low-frequency
sampling. This applies to average annual concentrations
but even more so to maximum concentrations and riv-
erine loads. Using integrated composite samples, espe-
cially flow-proportional, performs significantly better for
such contaminants. Alternatively, flow-stratified targeted
grab samples can partially compensate for the limitations
of low-frequency sampling. If contaminants are emit-
ted in pulses of short duration, they may not be detected
at all through grab samples. In such cases, integrated



Weber et al. Environmental Sciences Europe (2026) 38:37 Page 18 of 20

Table 1 Suitability of the sampling methods for different contaminant groups depending on the objective of the assessment and on
the presence or absence of relevant WWTP effluent discharges in the river catchment

Group WWTP effluent Annual mean Max (90t percentile) Annual riverine load
GS TPC FPC GS TPC FPC GS TPC FPC
PTE total Yes + +/- o + o +
No - + - - e} + — - +
PTE dissolved Yes + + + + + + + + +
No + + + + + + + + +
Pharmaceuticals Yes + + + o + + o o +
No + + + + + + + + +
Pesticides Yes +/- + o +/- + + +/- +/- +
No +/- + o} +/- + + +/- +/- +
PFAS Yes - + o - + + - + +
No - + - - + + - + +

The suitability ratings are categorized as follows: Recommended (+), acceptable (o), conditional (+/-) and unsuitable (-)

composite samples, either time- or flow-proportional, are ~ GS Grab sampling/samples
indispensable to ensure detection. oc Gas chromatography
. HPLC High-performance liquid chromatography
In our case study area, although the average and maxi-  hq; Flood event with a return period of one year
mum concentrations estimated using different sampling  ICP-MS Inductively Coupled Plasma Mass Spectrometry
techniques varied significantly, they led to a consistent o Organic carbon partition coefficient
€ . . LC-MS Liquid chromatography mass spectrometry
assessment of compliance with the environmental stand- | op Limit of detection
ards either currently valid or proposed under the ongo-  LOQ Limit of quantification
. P . PR MAC-EQS  Maximum Allowable Concentration EQS
ing regulatory revision in the EU. This is because the | o/ 2-Methyl-4-chlorophenoxyacetic acid
measured concentrations were clearly above or below the g Mean annual discharge
thresholds set out in the environmental standards. How-  PAHs Polycyclic aromatic hydrocarbons
ever, in cases where the concentration level is closer to - Polyethylene
O R . . PFAS Per- and polyfluoroalkyl substances
these thresholds, deviations identified based on different  prgs Perfluorobutanesulfonic acid
sampling techniques do indeed carry a considerable risk ~ PFCA Perfluoroalkyl carboxylic acids
of leading to an incorrect assessment. PFDA Perfluorodecanoic acid
; o o PFHXA Perfluorohexanoic acid
The study makes an important scientific contribution  prys Perfluorohexanesulfonic acid
by quantifying deviations in statistical estimates and  PFNA Perfluorononanoic acid
s . . . PFOA Perfluorooctanoic acid
the prol?ablllty of uflderestlmatlon fqr various groups of PrOS Perfluorooctanesulfonic acid
contaminants and different types of rivers. This is impor-  prpea Perfluoropentanoic acid
tant because the monthly grab sampling approach is still =~ PFPeS Perfluoropentanesulfonic acid
widely used for compliance assessment and different © " Perfluoroalyl sulfonic acids
X K . . PTE Potentially toxic element
river basin management-related tasks, despite growing gros Regression on Order Statistics
awareness among water quality experts of the issues pre-  RPF Relative Potency Factor
. . SPE Solid Phase Extraction
sented in this work. TDS Total dissolved solids
Abbreviations TPC Time-proportional composite
) ) TSS Total suspended solids
PFAS,, i\uﬂr:czirsgf::trisg 24 specific PFAS expressed as a PFOA-equiva WFD Water Framework Directive
6:2 FTS 6:2 Fluorotelomer sulfonic acid WwWTP Wastewater treatment plant
82 FTS 8:2 Fluorotelomer sulfonic acid
AA-EQS Annual Average Environmental Quality Standard Supp|ementary Information
ADONA 4,8-Dioxa-3 H-perfluorononanoic acid . . . . ) )
AMPA Aminomethvinhosohonic acid The online version contains supplementary material available at https://doi.
o Dry matter Yiphosp 0rg/10.1186/512302-025-01314-3.
EC Electrical conductivity
EPDM Ethylene propylene diene monomer rubber Supplementary material 1
EPDM Ethylene propylene dienemonomer rubber
EQS Environmental Quality Standard Acknowledgements
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