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A B S T R A C T

The integration of effect-based and chemical profiling has been advocated to assess the potential ecotoxicological 
risks posed by chemical mixtures present in aquatic ecosystems. However, the concentrations of contaminants in 
surface waters can vary greatly over time and space, making it challenging to ensure risk assessment. Although 
the first results are promising, it has not yet been proven that these combined approaches are also capable of 
capturing temporal variation in aquatic ecotoxicological risks. The present study aimed to test this by combining 
passive time-integrative sampling with effect-based and chemical-analytical techniques in agricultural water
ways. Silicone rubber sheets and polar organic chemical integrative samplers (POCIS) were deployed in four 
agricultural water bodies over four consecutive six-week periods. Passive sampler extracts were analysed using a 
battery of 22 in vitro and in vivo bioassays in tandem with extensive chemical target analysis of 225 compounds. 
The extracts induced fluctuating bioassay responses over time for all locations during all sampling periods, 
highlighting the presence of temporal and spatial variation in toxic pressure. A range of compounds, primarily 
fungicides and herbicides, were detected in the passive sampler extracts during all sampling periods and at all 
locations at variable concentrations, highlighting the persistent but variable chemical pressure in surface waters 
in agricultural regions. However, the toxicity observed in the in vitro bioassays could solely be attributed to 
detected chemicals in 6 % of the cases with those chemicals explaining only 1–16.9 % of the observed effects, 
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indicating that these were predominantly caused by undetected chemicals. Risk assessments based on bioassay 
responses revealed frequent exceedances of effect-based trigger values at all locations and during all sampling 
periods. It is concluded that effect-based assessments better capture temporal variations in potential ecotoxi
cological risks than traditional chemical analyses, but that advanced chemical analysis is needed to explain the 
bioanalytical response profiles.

1. Introduction

>350,000 chemicals are registered for production and use world
wide, many of which are released into the environment, potentially 
impacting human and environmental health (Wang et al., 2020). This 
overwhelming number of novel entities challenges our ability to remain 
within the planetary boundaries, defined as the ‘safe operating space’ for 
humanity within the Earth's ecological limits (Persson et al., 2022; 
Rockström et al., 2009).

To combat the adverse environmental effects of this chemical 
burden, regulatory frameworks have been installed to control and 
mitigate chemical pollution and to protect the environment, like The 
Clean Water Act in the United States (1972) and the Water Framework 
Directive (WFD) in the European Union (European Commission, 2000). 
The WFD (European Commission, 2000; European Union, 2013) re
quires member states to achieve a good chemical and ecological status of 
all water bodies, amongst others by preventing contaminant concen
trations from exceeding environmental quality standards (Drakvik et al., 
2020). Compliance is monitored by measuring the concentrations of 45 
(groups of) priority substances (European Union, 2013). Yet, this 
compound-by-compound approach covers only a minute portion of the 
vast diversity of chemicals that may be present in surface waters and it 
fails to adequately address the cumulative effects of chemical mixtures 
on water quality (Altenburger et al., 2015; de Baat et al., 2020; Neale 
et al., 2015) and the ecological risks posed by chemical pollution (Brack 
et al., 2019b; European Commission, 2019). Hence, despite extensive 
regulatory efforts, water quality remains insufficient, accentuating the 
limitations of current monitoring strategies and the need for more 
comprehensive approaches to chemical water quality assessment that 
inform the effective mitigation actions required to improve water 
quality (Carvalho et al., 2019).

To expand our understanding of the ecotoxicological risks posed by 
the mixtures of chemicals present in aquatic ecosystems, the integration 
of effect-based water quality assessment and chemical profiling of 
bioavailable contaminant mixtures has been advocated (de Baat, 2020; 
Niarchos et al., 2024). In line with this, the proposed amendment to the 
WFD of October 2022 advises the inclusion of in vitro bioassays for es
trogenic activity with effect-based trigger values, reflecting the growing 
recognition of effect-based methods as essential tools for more 
comprehensive chemical water quality assessments (European Com
mission, 2022; Wernersson et al., 2015). Effect-based methods, such as 
bioassays, respond to all bioavailable mixtures of (un)known com
pounds present in the water. While in vitro assays offer advantages in 
terms of ethics, sensitivity, automation, reproducibility, and endpoint 
specificity, whole organism in vivo assays represent higher biological 
organisation levels and thus higher ecological relevance (Escher et al., 
2021). Combining in vitro assays with small-scale in vivo bioassays in a 
test battery is, therefore, a promising approach to evaluate the potential 
adverse effects of chemical pollution on aquatic ecosystems (Brack et al., 
2019a; Brack et al., 2019b) and to monitor surface water quality 
(Alygizakis et al., 2019; de Baat et al., 2020; Houtman et al., 2021). 
Subsequent identification of the chemicals responsible for the effects 
observed in such bioassay batteries requires non-target analysis and 
effect-directed analysis (Escher et al., 2020; Tian et al., 2023). Recent 
advances in this field further refine the ability to identify and quantify 
the impact of chemical mixtures on aquatic ecosystems (de Baat et al., 
2024; Hollender et al., 2023; Hong et al., 2023).

The concentrations of contaminants in surface waters can vary 

greatly over time and space. Key factors that cause these variations 
include rainfall, seasonal application of agricultural chemicals, waste
water effluents, atmospheric deposition, and foreign water inputs (Neale 
et al., 2020; Vryzas, 2018). Adequately assessing the ecotoxicological 
risks caused by the fluctuating presence, identity, and concentrations of 
chemicals presents significant challenges. Traditional grab sampling 
only provides a snapshot of chemical profiles and concentrations over 
time, increasing the likelihood of missing transient compounds such as 
pesticides. As these non-detectable compounds might be responsible for 
a significant part of the effects of chemical contamination observed in 
the field, this highlights the need for more time-integrative monitoring 
approaches (Ashauer et al., 2011).

Recent advancements in sampling techniques support either passive 
sampling methods or continuous high-frequency chemical monitoring, 
as a more effective way to capture temporal variation in chemical 
pressure (la Cecilia et al., 2021; Taylor et al., 2020). Passive sampling 
techniques concentrate compounds in situ and allow the integrative 
collection of chemicals over extended periods, capturing intermittent 
events that grab sampling might miss (Jones et al., 2015; Sonavane 
et al., 2018; Vrana et al., 2005). Moreover, passive samplers accumulate 
freely dissolved contaminant concentrations, which are more relevant 
for assessing ecotoxicological risks than total concentrations 
(Altenburger et al., 2019).

Here, we hypothesize that capturing temporal variation in aquatic 
ecotoxicological risks is best achieved by effect-based quality assessment 
of passive sampler extracts in tandem with chemical profiling of these 
extracts (Daniels et al., 2018; Houtman et al., 2021; Rosenmai et al., 
2018). To investigate this, we employed silicone rubber (SR) sheets and 
polar organic chemical integrative samplers (POCIS) as passive samplers 
in four agricultural water bodies during four consecutive sampling pe
riods covering the agricultural season. To assess spatial and temporal 
variations in potential ecotoxicological risks, the passive sampler ex
tracts were analysed with a battery of 22 in vitro and in vivo bioassays 
representing a broad selection of ecotoxicological endpoints and modes 
of action. To relate the effects observed in the bioassays to the presence 
of chemical contamination, extensive chemical analyses of the passive 
sampler extracts were performed followed by ‘iceberg modelling’ for the 
in vitro assays. To further quantify the potential ecotoxicological risks, 
the responses of the bioassays were divided by their respective effect- 
based trigger values to obtain effect-based risk quotients.

2. Materials & methods

2.1. Sampling locations

Four agricultural waterbodies, i.e., two drainage ditches (D1 & D2) 
and two main waterways (W1 & W2), within the management area of 
water authority Wetterskip Fryslân in the northern part of the 
Netherlands, were selected as sampling locations (SI-1). The drainage 
ditches and the main waterways are not interconnected, allowing a 
distinct comparison of the water quality of the four water bodies. The 
study lasted four consecutive sampling periods (P1 – P4) of 37 to 42 days 
each, from May 8 to October 17, 2017. This timeframe was specifically 
chosen because it covers the seasonal application of agricultural chem
icals in the management area.
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2.2. Assembly, deployment, extraction, and sampled volume estimation of 
passive samplers

The assembly, deployment, extraction, and sampled volume esti
mation of the two types of passive samplers, POCIS and silicone rubbers 
(SR), were carried out according to the procedures outlined by de Baat 
et al. (2019) and NEN 6597 (NEN, 2023). Detailed information is pro
vided in the supplementary information. Minor modifications were 
made to the SR extraction procedure and the estimation of the sampled 
water volumes for SR (SI-2).

Sampling rates for SR were calculated based on the rate of perfor
mance reference compound dissipation from the sheets during the field 
exposure (Booij and Smedes, 2010). The average sampling rate for 
POCIS of 0.18 L/d (Harman et al., 2012), previously applied in effect- 
based water quality assessment (de Baat et al., 2020; de Baat et al., 
2019), was used to determine the concentration factor for comparing 
bioassay responses between sites.

2.3. Bioanalytical profiling

An overview of the employed bioassays, the endpoints, the respective 
units of effect expression, and effect-based trigger values (EBT) are given 
in Table 1. Whole organism bioassays and antibiotics WaterSCAN assays 
were performed at the Wetterskip Fryslân Laboratory (Leeuwarden, The 
Netherlands) and the Waterproef laboratory (Edam, the Netherlands) 
according to de Baat et al. (2019). In vitro chemical activated luciferase 
gene expression (CALUX) assays were performed at the BioDetection 
Systems laboratories (Amsterdam, The Netherlands) according to de 
Baat et al. (2020). A detailed description of the methodology of the 
bioassays is provided in the supplementary information (SI-3).

2.4. Chemical profiling

All passive sampler extracts were chemically analysed for the con
centrations of 225 legacy and emerging contaminants. This included 66 
herbicides, 45 fungicides, 42 insecticides, 22 pharmaceuticals, 16 
polycyclic aromatic hydrocarbons (PAHs), 14 polychlorinated biphenyls 
(PCBs), and 20 additional substances such as organochlorine pesticides 
(OCPs), brominated diphenyl ethers (PBDEs), personal care products, 
and plasticizers (SI-4). Detailed analytical methods for these compounds 
are provided in the supplementary information (SI-5). Pesticides, per
sonal care products, and plasticizers were analysed using gas chroma
tography–mass spectrometry (GC–MS) and liquid chromatography-mass 

spectrometry (LC-MS). Pharmaceuticals were analysed by LC-MS, while 
PAHs, PCBs, OCPs, and PBDEs were analysed by GC–MS (SI-5, Tables S7 
– S17). The uncertainty of measurements of all analytical methods is 50 
% or below, and therefore in accordance with directive 2009/90/EC of 
the European Commission (2009).

Calculations for the chemical concentrations in the extracts admin
istered to the various bioassays can be found in SI-4, Tables S5 and S6.

2.5. Data analysis

Effect-based trigger values (EBTs) have been developed to differen
tiate between acceptable and unacceptable chemical water quality. 
These EBTs reported in the literature vary due to differences in bioassay 
sensitivity, chemical potency, and derivation methods, with no 
consensus on the optimal approach (Neale et al., 2023a). Taking into 
account the estimated water volumes, the bioassay responses, expressed 
as bioanalytical equivalents (BEQ) of the reference compounds or as TU, 
were compared to the most conservative reported EBTs for ecotoxico
logical risk interpretation (Neale et al., 2023b). The responses of the 
bioassays to the passive sampler extracts were divided by their respec
tive EBTs to obtain an effect-based risk quotient, where a quotient ≥1 
represents a potential ecotoxicological risk indicated by that particular 
bioassay for that particular sample. The sum of these risk quotient values 
yielded a cumulative ecotoxicological risk (CER; 

∑
effect-based risk 

quotient) for each location and sampling period.
To gain further insight into the chemical response profiles, multi

variate principal component analysis (PCA) was performed on the total 
chemical dataset, which consisted of 225 compounds. The concentra
tions of the chemicals measured in the passive sampler extracts were 
transformed to a logarithmic scale and the resulting dataset was ordi
nated in CANOCO 5.12 for Windows (ter Braak and Šmilauer, 2012).

To link the bioassay response profiles to the chemicals detected in the 
passive sampler extracts, ‘iceberg modelling’ was employed, but only on 
the in vitro CALUX bioassays (Escher et al., 2021), because no relative 
effect potencies (REPs) were available for the in vivo and antibiotics 
bioassays. This method allows for determining the proportion of the 
bioassay effects explained by the detected chemicals by the comparison 
of BEQbio with BEQchem. To calculate the BEQchem of a sample, a product 
of the chemical concentrations and bioanalytically derived REPs for 
each compound can be summed up. Available REPs for individual 
chemicals were obtained from BioDetection Systems (see SI-6) and 
indicate the potency of these chemicals in the specific CALUX bioassays, 
relative to the bioassay-specific reference compounds.

Table 1 
Bioassay battery applied to assess the toxicity of surface water from the four sampling locations. Effect-based trigger values (EBTs) were previously defined by Escher 
et al. (2018) (anti-AR, ERα, PAH) and van der Oost et al. (2017b). An EBT for anti-PR was previously defined by Escher et al. (2018) and adjusted by de Baat et al. 
(2020) due to the use of a different reference compound. TU = toxic unit, EQ/L = equivalent concentration of the reference compound.

bioassay endpoint reference compound EBT unit

in vivo all extracts DaphniaTox Mortality n/a 0.05 TU
AlgaTox Algal growth inhibition n/a 0.05 TU
MicroTox Luminescence inhibition n/a 0.05 TU

in vitro CALUX non-polar CytoTox non-polar Cytotoxicity n/a 0.05 TU
DR Dioxin (− like) activity 2,3,7,8-TCDD 50 pg TEQ/L
PAH PAH activity benzo(a)pyrene 6.21 ng BEQ/L
PPARγ Lipid metabolism inhibition rosiglitazone 10 ng REQ/L
Nrf2 Oxidative stress curcumin 10 μg CEQ/L
PXR Toxic compound metabolism nicardipine 3 μg NEQ/L
p53 Genotoxicity n/a 0.005 TU

in vitro CALUX polar CytoTox polar Cytotoxicity n/a 0.05 TU
ERα Estrogenic activity 17ß-estradiol 0.1 ng EEQ/L
anti-AR Antiandrogenic activity flutamide 14.4 μg FEQ/L
anti-PR Antiprogestagenic activity Ru486 13 ng REQ/L

in vitro antibiotics polar T Bacterial growth inhibition (Tetracyclines) oxytetracycline 250 ng OEQ/L
Q Bacterial growth inhibition (Quinolones) flumequine 100 ng FEQ/L
B + M Bacterial growth inhibition (β-lactams and Macrolides) pencicillin G 50 ng PEQ/L
S Bacterial growth inhibition (Sulfoamides) sulfamethoxazole 100 ng SEQ/L
A Bacterial growth inhibition (Aminoglycosides) neomycin 500 ng NEQ/L
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3. Results

3.1. Temporal variation in bioassay responses to passive sampler extracts

The two types of passive samplers were successfully exposed at the 
four locations during the four consecutive sampling periods. All 

bioassays were performed on extracts from all locations and sampling 
periods and all assays met their respective validity criteria. Bioanalytical 
responses were observed in 19 of the 22 bioassays, each showing distinct 
differences in response intensity between sampling locations and pe
riods (Fig. 1). The PPARγ CALUX and AlgaTox assays exposed to non- 
polar SR extracts and the DaphniaTox assay exposed to polar (POCIS) 

Fig. 1. Bioassay responses to SR (panel A) and POCIS (panel B and C) passive sampler extracts from the four sampling locations (waterways W1&2, drainage ditches 
D1&2) during four consecutive sampling periods in 2017 (1 = 8 May to 14 June, 2 = 14 June to 26 July, 3 = 26 July to 6 September, 4 = 6 September to 18 October).
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extracts showed no response to any of the passive sampler extracts. 
Conversely, frequent responses were observed in the cytotox, Nrf2, PAH 
and PXR CALUX assay exposed to non-polar extracts, and in the cytotox, 
ERα, anti-AR and anti-PR CALUX, and antibiotics A and T assays exposed 
to polar extracts.

The PAH, ERα, and anti-AR CALUX assays consistently showed re
sponses during all sampling periods. Responses in the antibiotics assays 
were observed predominantly in both drainage ditches. In the main 
waterways, fewer bioassay responses were found, on average, compared 
to the drainage ditches. The highest number of bioassay responses were 
found in sampling periods P2 and P3 in drainage ditch D2.

For 11 of the 22 bioassays, the highest responses were recorded to 
the passive sampler extracts from drainage ditch D2, six occurring 
during the final sampling period (P4). In contrast, only two bioassays 
showed the highest response to passive sampler extracts from drainage 
ditch D1, while for both main waterways, this occurred three times. 
Comparing the different sampling periods, we observed that for eight 
bioassays, the highest responses were recorded during the final sampling 
period (P4). In contrast, during sampling period P3, only two bioassays 
showed the highest responses, while four and five bioassays showed the 
highest response during sampling periods P1 and P2, respectively. 
Hence, the strongest toxic pressure was exerted by the passive sampler 
extracts from drainage ditch D2 and during the fourth sampling period, 
towards the end of the agricultural cycle.

3.2. Temporal variation in the presence, identity, and concentrations of 
chemicals

We examined the temporal variation in the presence, identity, and 
concentrations of contaminants in the same passive sampler extracts to 
which the bioassays were exposed. This chemical analysis revealed the 
presence of a diverse range of legacy and emerging contaminants, with 
142 out of 225 target compounds detected. Moreover, 32 compounds, 
primarily herbicides and fungicides, were present at all locations during 
all periods, indicating a continuous and substantial chemical pressure.

Temporal variation in the presence, identity, and concentrations of 
chemicals was observed at all locations (Fig. 2). In the passive sampler 
extracts from all locations, fungicides were the predominant compounds 
(mean: 63 % of the total chemical concentration), followed by herbi
cides (mean: 23 % of the total chemical concentration). During sampling 
period 1 (May & June), higher total herbicide concentrations were 
recorded at locations D2 and W2 compared to total fungicide concen
trations. Elevated concentrations of PAHs, pharmaceuticals, and DEET 
(insect repellent) were found in the main waterways compared to the 
drainage ditches.

An increase in total chemical and fungicide concentrations was noted 
in the extracts from both ditches towards the latter of the four sampling 
periods. Conversely, herbicide concentrations in the extracts remained 
relatively constant in D1 and decreased during periods 3 and 4 in D2 
compared to the start of the season. For the main waterways, the total 
chemical concentration in the extracts peaked during period 1 at both 
locations. In accordance with the ditches, fungicide concentrations 

Fig. 1. (continued).
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increased over the growing season at location W2, while herbicide 
concentrations decreased. At location W1, fungicide concentrations 
were intermediate during the entire study period, and PAH (Fig. 2A) and 
pharmaceutical concentrations (Fig. 2B) were relatively elevated during 

periods 1 and 2.
In line with the results presented in Fig. 2, multivariate analysis 

revealed that the chemical profile of location W1 was distinctly sepa
rated from the other three locations along the first axis of the PCA 

Fig. 2. Temporal variation in concentrations of different groups of chemicals based on concentrations in SR (panel A) and POCIS (panel B) passive sampler extracts. 
PAH = polycyclic aromatic hydrocarbons, OCP = organochlorine pesticides; P1 -P4 = Sampling period 1–4.
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ordination (Fig. 3), primarily due to the presence of several distinct 
PAHs, pharmaceuticals, and DEET. The remaining three locations 
exhibited more similar chemical profiles, largely because of their lower 
PAH and pharmaceutical concentrations. All locations showed signifi
cant variation in chemical composition over time along the second PCA 
axis (Fig. 3). Sampling periods P1 and P2 (May 8 – July 26, 2017) were 
distinct from P3 and P4 (July 26 – October 17, 2017). This distinction 
was largely attributed to the presence of various herbicides at all loca
tions and pharmaceuticals at location W1 during the first two sampling 
periods, as well as the occurrence of fungicides and, to a lesser extent, 
insecticides during the latter half of the study period (Fig. 2 and Fig. 3).

3.3. Identifying the chemical drivers of bioanalytical response profiles

The question is whether the temporal variation in the presence, 
identity, and concentrations of contaminants drove the observed bio
analytical response profiles. To this end, iceberg modelling using the 
BEQ approach was employed to quantify the contribution of the detec
ted chemicals to the effects observed in eight in vitro CALUX bioassays 
(SI-7, Table S18). In the PAH and Nrf2 CALUX assay exposed to non- 
polar extracts and the cytotox, ERα, anti-AR, and anti-PR CALUX as
says exposed to polar extracts, <1 % of the observed effects could be 
attributed to the detected chemicals per sampling period and location. In 
the PXR CALUX assay exposed to non-polar extracts, a small proportion 
of the xenobiotic metabolism activity could be explained for several 
sampling periods. The maximum explained fraction was 11.8 % during 
period 3 at location D2, based on data from 18 detected chemicals, 
although the observed effect could almost solely be attributed to the 
fungicide azoxystrobin, causing 9.3 % of the effect. For the non-polar 
cytotox CALUX assay, only during period 4 at location D2, 16.9 % of 
the observed cytotoxic activity could be explained, based on data from 
11 detected chemicals. Also here, the observed effect was mainly 
attributable to a single fungicide, in this case, tebuconazole, accounting 
for 13.7 % of the activity. Hence, only in 8 out of 128 cases (6 %) a 
limited part of the effects (range: 1–16.9 %) observed in the bioassays 
could be explained by the detected compounds, whereas in the other 
cases, the observed effects were apparently caused only by undetected 
mixtures of compounds. This implies that for capturing the total tem
poral variation in potential aquatic ecotoxicological risk in this study, 
we could solely rely on the bioassay responses.

3.4. Variation in potential aquatic ecotoxicological risks quantified by 
spatial and temporal EBT exceedances in bioassays

To capture the variation in potential aquatic ecotoxicological risks, 
we analysed spatial and temporal exceedances of EBTs across the bio
assays. EBT exceedances were observed at all locations and all sampling 
periods, except for P2 and P4 at location D1 (Fig. 4 and SI-7, Table S19). 
PAH, ERα, and anti-AR CALUX assays consistently exceeded EBTs during 
all sampling periods, with ERα and anti-AR CALUX assays also exceeding 
EBTs at all locations. Per location, most bioassays showed variation in 
the intensity of the responses over the season, which was most pro
nounced for the ERα CALUX assay. The highest frequency of EBT 
exceedances occurred in spring (P1), while the sampling periods in 
spring (P1) and autumn (P4) exhibited the greatest diversity of EBT 
exceedances. The polar POCIS extracts caused much more EBT exceed
ances (n = 23) than the non-polar SR extracts (n = 8).

3.5. Ranking of locations and sampling periods based on potential 
ecotoxicological risks

The cumulative effect-based risk quotient (CER) was calculated for 
each location and sampling period to rank them according to potential 
ecotoxicological risks (Fig. 4). The main waterway W2 showed the 
lowest sum ecotoxicological risks (CER: 3.9–8.0), whereas drainage 
ditch D2 suffered the highest risks (CER: 6.8–28.3) throughout the 
season. The highest cumulative risk per location occurred three times 
during the first sampling period from May 8 – June 14 (CER: 6.2–28.3), 
while the lowest risk was encountered during the third sampling period 
from July 26 – September 6 (CER: 6.5–8.0). Despite the intensity of the 
bioassay responses, only a weak positive correlation (R2 = 0.31) was 
observed between CER and the number of bioassays exceeding the EBT, 
because in several cases a high risk was caused by only a few EBT 
exceedances. For example, at location D2 during the first period, the 
highest CER resulted from EBT exceedances in just two bioassays.

3.6. Contribution of individual bioassays to potential ecotoxicological 
risks

The CER indicated the presence of potential ecotoxicological risks at 
all locations and during all sampling periods. To elucidate which bio
assays contributed most to the observed risks, we analysed which 

Fig. 3. Plot of the first two PCA axes depicting the log-transformed SR (A) and POCIS (B) extract concentrations of chemicals at the four locations during the four 
sampling periods. 19 % of the total variation is displayed on the horizontal axis and another 15 % on the vertical axis of the SR diagram. For the POCIS diagram, these 
percentages were 19 % and 14 % respectively. The analysis was based on all detected compounds, but only the 25 best-fitting compounds are displayed per diagram. 
Red squares = drainage ditch 1, pink triangles = drainage ditch 2, green circles = main waterway 1, teal diamonds = main waterway 2.
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specific passive sampler extract-bioassay combinations caused the 
observed effect-based risk quotients exceedances (Fig. 5). Of the 22 
bioassays, eight exhibited responses above their EBTs, including six 
exposed to polar extracts and two subjected to non-polar extracts. Thus, 
36 % of the bioassays indicated potential ecotoxicological risks during 
one or more sampling periods across the four locations. The most 
responsive assays were the anti-AR and ERα CALUX assays exposed to 
polar extracts, and the PAH CALUX assay exposed to non-polar extracts, 
each of which showed EBT exceedances in over 40 % of cases (Fig. 5 and 
SI-7, Table S19).

4. Discussion

4.1. Effectiveness of passive samplers in effect-based water quality 
monitoring

In our study, POCIS and SR passive samplers proved effective in 
monitoring temporal variations in chemical concentrations in agricul
tural water bodies. SR samplers are especially suitable for absorbing 
hydrophobic compounds because of their much better solubility in the 
sampler material compared to the water (de Weert et al., 2020). POCIS, 
on the other hand, have a higher uptake capacity for polar compounds 
due to their chemical compatibility (Alvarez et al., 2004). The affinity of 
the sorbent or sorbing phase of a specific sampler for each specific 
chemical determines how much of this chemical accumulates in the 
sampler.

Recent studies have shown that POCIS captures a broader spectrum 
and higher quantities of analytes than other devices, such as Speedisk 
and o-DGT samplers (de Baat et al., 2024; Renaud et al., 2021). This 
evidence supports POCIS as the most effective passive sampler for polar 
compounds in effect-based water quality monitoring (de Baat, 2020; 
Nguyen et al., 2021).

While SR samplers may be less effective in capturing temporal var
iations due to the variable equilibrium times for the different com
pounds (de Weert et al., 2020), they were nonetheless considered the 
best choice for time-integrative sampling of non-polar compounds. 
Confirming our choice for SR samplers, Sobotka et al. (2022) recom
mend silicone-based samplers for their simpler handling, easier data 
interpretation, and more reliable polymer-water partition coefficients 

compared to polyethylene-based samplers. The combined use of 
adsorption- and partitioning based samplers provided reliable time in
tegrated concentrations of polar compounds (de Weert et al., 2020) and 
valuable insights into seasonal patterns for non-polar compounds. 
However, the estimation of chemical pressure can be improved by taking 
into account local hydrodynamic conditions in surface waters, such as 
the in-situ calibration method for flow rate effects on sampling rates as 
developed by O'Brien et al. (2009). The data collected affirm the 
robustness and complementary nature of these passive sampling de
vices, obviously outcompeting routine grab sampling in assessing tem
poral variation in chemical water quality. Using both complementary 
samplers in the present study was valuable since this allowed us to 
detect a wider range of chemicals. Moreover, passive sampling allowed 
performing both chemical analysis and bioassays on the same extracts, 
which enabled us to investigate the direct link between chemical 
mixture exposure and toxic pressure.

4.2. Temporal variation in bioassay responses

Bioassay responses were observed at all locations and during all 
sampling periods, with the strongest individual responses observed in 
drainage ditch D2 during the first and final sampling periods. The types 
and intensity of the bioassay responses were variable between sampling 
periods, highlighting temporal and spatial variations in toxic pressure at 
all locations. The most pronounced and variable responses were noted in 
the PAH (indicating AhR activity), ERα, and anti-AR CALUX assays, with 
less pronounced responses in the PXR and anti-PR CALUX assays. These 
findings align with earlier studies (de Baat et al., 2020; Houtman et al., 
2021; Leusch et al., 2024), which indicate that AhR, estrogenic, and 
anti-androgenic responses are widespread and often present in surface 
waters.

Rosenmai et al. (2018) also reported seasonal variations in toxic 
pressure, with the highest micropollutant levels and AhR responses 
observed in June and September, influenced by on-site, small-scale, as 
well as by large-scale wastewater treatment plants. Similarly, Müller 
et al. (2020) reported fluctuations in AhR, ERα and PPARγ responses 
during base flow conditions in a small river in southwest Germany, 
primarily influenced by two wastewater treatment plants and, to a lesser 
extent, by agricultural runoff. Moreover, anti-PR and anti-AR responses 

Fig. 4. Heat map depicting the effect-based risk quotients for 22 bioassays, the sum of these effect-based risk quotients, and the number of bioassays that exceeded 
the effect-based trigger value. P1 -P4 = Sampling period 1–4; D = drainage ditch, W = main waterway.
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were detected in most samples during a two-year survey across three 
surface water locations in the Netherlands (Houtman et al., 2021). These 
observations underscore the persistent but temporally fluctuating nature 
of toxic pressure in surface waters, influenced by both seasonal factors 
and diverse sources of contamination, which is well captured by effect- 
based methods. Yet, this also highlights the importance of considering 
sampling strategies and timing in the design of chemical water quality 
assessment efforts.

4.3. Temporal variation in the presence, identity, and concentrations of 
chemicals

Chemical analysis of the passive sampler extracts revealed substan
tial chemical exposure with a diverse range of compounds detected at all 
locations and during all sampling periods, highlighting significant 
temporal and spatial variations in contaminant concentrations. These 
temporal and spatial variations likely resulted from the diverse and 
seasonally fluctuating pathways by which chemicals enter surface wa
ters, such as rainfall events, pesticide application, and the input of 
storage basin water (e,g. Müller et al., 2020; Rakonjac et al., 2024; 
Vormeier et al., 2023).

A range of compounds, primarily fungicides and herbicides, were 

detected during all sampling periods and at all locations, although their 
concentrations varied. This continuous presence of pesticides is 
commonly observed in agricultural water bodies (Schreiner et al., 2020) 
and has been identified as a major driver of ecotoxicological risks in 
European surface waters (Wolfram et al., 2021). The predominant 
presence of fungicides and the increasing concentrations over the season 
in the drainage ditches is very likely due to the close vicinity to the 
adjacent agricultural fields in combination with their low water volume 
and discharge, compared to larger waterbodies (Lorenz et al., 2017). 
Moreover, the Netherlands has the highest fungicide application rate in 
the EU (Pimentão et al., 2024), with fungicides often applied up to ten 
times per season, leading to chronic exposure of aquatic organisms 
(Reilly et al., 2012). These findings highlight the persistent but variable 
chemical pressure in surface waters in agricultural regions, with a pre
dominant role of fungicides.

4.4. Target chemical analysis fails to explain bioassay responses

Both the chemical- and bioassay response profiles obtained from the 
same passive sampler extracts displayed substantial temporal variation. 
The question is, however, whether the presence, identity, and concen
trations of detected chemicals indeed drove the bioanalytical response 

Fig. 5. Effect-based risk quotients based on the responses of the bioassay battery to non-polar and polar passive sampler extracts from the four sampling locations 
during four sampling periods. The dashed line indicates the division between bioassays with and without EBT exceedance. Bioassays that showed no response 
(PPARγ, AlgaTox non-polar, and DaphniaTox polar) are not depicted.
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profiles. Yet, in only 6 % of the cases, iceberg modelling departing from 
the extensive target chemical analysis could explain a limited part of the 
effects observed in the bioassays. This aligns with recent studies, which 
consistently reported that known chemicals can mostly explain only a 
small portion of observed bioassay responses (Escher et al., 2021; 
Johnson et al., 2024; Neale et al., 2020). This highlights the need for 
more comprehensive approaches to uncover the drivers behind observed 
bioassay responses and thus mixture toxicity. Alternatively, non- 
targeted chemical screening approaches, possibly linked to pull-down 
assays or effect-directed analysis (EDA), can be used to identify the 
bioactive components within complex mixtures in water samples (Hong 
et al., 2023; Houtman et al., 2021; Mikušová et al., 2024; Neale et al., 
2023a). Indeed, Luo et al. (2024) and Mikušová et al. (2024) showed 
that high-efficiency EDA and a pull-down assay for the identification of 
endocrine disruptors can both play an important role in the identifica
tion of causative toxicants in aquatic environments. Moreover, Niarchos 
et al. (2024) proposed a workflow for proactive environmental moni
toring of hazardous chemicals in the environment with effect-based 
early warning systems, iceberg modelling, and EDA. Integrating pas
sive sampling methods with EDA would allow for a deeper exploration 
of the chemical and toxicity dynamics, capturing temporal and spatial 
variations within aquatic ecosystems and linking observed effects with 
causative chemicals..

Consistent with our findings, recent EDA studies have identified 
various azole fungicides as significant contributors to bioassay responses 
in surface water (e.g. Alygizakis et al., 2019; Houtman et al., 2021; 
Houtman et al., 2020). Moreover, evidence is accumulating that azole 
fungicides are potent endocrine-disrupting chemicals (Huang et al., 
2022). Yet, despite the increasing dominance of fungicides in the 
chemical profiles of agricultural areas, fungicide toxicity is currently not 
specifically covered in bioassay batteries, and their effects on aquatic 
fungi are still overlooked (Ittner et al., 2018; Zubrod et al., 2019). 
Hence, the development and standardisation of high-throughput specific 
fungal bioassays should allow the isolation of fungicide toxicity and is 
therefore highly recommended.

4.5. Identifying potential ecotoxicological risks

Given the very low explanatory power of the iceberg modelling 
based on the detected target chemicals, we could solely rely on the 
bioassay responses and corresponding EBTs to assess potential ecotoxi
cological risks. By doing so, our study revealed significant spatial and 
temporal variation in potential aquatic ecotoxicological risks, with 
frequent exceedances of EBTs in bioassays at all locations and during all 
sampling periods. The highest cumulative risks were found in drainage 
ditches during spring, with polar extracts causing more EBT exceedances 
compared to non-polar extracts, and responses in the PAH, anti-AR, and 
ERα CALUX assays contributing most to the calculated risks. These 
findings align with previous studies that reported widespread exceed
ances of EBTs for these bioassays, indicating consistent yet fluctuating 
potential ecotoxicological risks present in surface waters caused by 
complex and variable mixtures of chemicals (de Baat et al., 2020; de 
Baat et al., 2019; Leusch et al., 2024).

Due to the close vicinity to agricultural fields, drainage ditches 
experience peak pesticide concentrations, constituting variable chemi
cal pressures over time. Yet, the >300,000 km of Dutch agricultural 
ditches are generally overlooked in monitoring programs that predom
inantly focus on larger water bodies. Only a few studies examined the 
effects of pesticide mixtures in these smaller water bodies despite their 
ecological importance (e.g. Ieromina et al., 2016; Ieromina et al., 2014). 
More recent studies in agricultural ditches and small streams in the 
Netherlands and Germany have combined passive sampling and bio
assays to elucidate ecotoxicological risks, revealing similar findings to 
our study (de Baat et al., 2020; de Baat et al., 2019; Neale et al., 2020; 
van der Oost et al., 2017a). Moreover, Rakonjac et al. (2024) identified 
emerging contaminants from animal husbandry activities in Dutch 

surface waters within an agricultural region. These insights underpin the 
need for expanded effect-based monitoring that includes smaller, 
vulnerable ecosystems to better assess and manage their ecological and 
chemical status.

4.6. Optimizing effect-based water quality assessment

Effect-based methods have great potential for water quality moni
toring, as they can detect the combined effects of all bioactive known 
and unknown chemicals in a sample, which traditional chemical anal
ysis alone cannot capture (Neale et al., 2023a). Further optimization of 
effect-based methods requires capturing all relevant contaminants from 
the water, transferring these contaminants at environmentally relevant 
concentrations and compositions to a bioassay battery, ensuring that the 
battery covers all toxicological endpoints critical to aquatic ecosystem 
health, and relating the bioassay responses to thresholds indicative of 
ecotoxicological risks (de Baat, 2020). Neale et al. (2023a) recom
mended a comprehensive bioassay battery for surface water quality 
assessment including at least in vitro bioassays responsive to AhR, es
trogenic, and oxidative stress activities. Simultaneously, cytotoxicity 
should be measured to ensure that reported responses can indeed be 
attributed to the specific effect, serving as quality assurance while 
simultaneously providing information on nonspecific toxicity (Escher 
et al., 2021). Moreover, areas dominated by agricultural land use were 
characterized by bioassays responsive to anti-AR and anti-PR activities 
and cytotoxicity (de Baat et al., 2020), which was corroborated in the 
present study. Due to the overlap in responses between the anti-AR and 
anti-PR bioassay, the latter may be considered redundant in future 
monitoring programs in agriculture-dominated areas. The in vitro 
bioassay responsive to PPARγ activity, the whole organism AlgaTox 
bioassay exposed to non-polar extracts, and the whole organism Daph
niaTox exposed to polar extracts showed no response in this study and 
could, therefore, be omitted from future effect-based monitoring pro
grams in agriculture-dominated areas.

Knowledge gaps that still need to be addressed include the incor
poration of relevant endpoints including reproduction, developmental 
toxicity, neurotoxicity, and fungicide toxicity into bioassay batteries 
(Neale et al., 2023a) and the establishment of EBTs that harmonize with 
ecological protection goals. Our study demonstrated that combining 
passive sampling with bioassays provided valuable insights into the 
temporal variation of chemical mixture compositions and concentra
tions, and of bioanalytical responses. Timing of effect-based monitoring 
should, therefore, be aligned with the objectives of the sampling 
campaign and careful planning is crucial because the timing signifi
cantly impacts the detection of potential ecotoxicological risks and in
fluences the outcomes of chemical water quality assessments.

5. Conclusions

Potential ecotoxicological risks in agricultural water bodies vary 
significantly over time in both intensity and identity. While passive 
sampling and bioassays effectively captured the temporal variation in 
these risks, target chemical analyses and iceberg modelling provided 
only minimal evidence for causative compounds, indicating that the 
observed risks were predominantly attributable to the combined effects 
of undetected chemicals. Specific bioassay responses may narrow down 
the causative compounds, but advanced analyses, such as non-target 
screening and effect-directed analysis are required to link the 
observed bioanalytical response profiles to specific chemicals or pollu
tion sources. Hence, it is concluded that effect-based assessments better 
capture potential ecotoxicological risks than chemical target analysis, 
but advanced analyses are needed to formulate mitigation measures for 
improved chemical water quality.
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