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ARTICLE INFO ABSTRACT
Keywords: Pyrethroids are widely used synthetic insecticides. This study reports the occurrence, distribution, and ecotox-
Pyrethmidf icological risks of eight pyrethroids in sediments and biosolids from wastewater treatment plants (WWTPs) across
Co;centratlons Ireland. A total of 120 sediment samples were collected along with 3 biosolids samples from each of seven
:?0;35(:3 WWTPs (n = 21). The relative abundance of individual pyrethroids differed between sediment and biosolids

samples. Permethrin, cyfluthrin, and cypermethrin were predominant in sediments, with cyfluthrin, permethrin
and deltamethrin predominant in biosolids. Such disparities may reflect the anaerobic conditions and shorter
residence times of biosolids within WWTPs compared to sediments, which may influence the extent of degra-
dation of our target pyrethroids and drive differences in their relative abundance between biosolids and sedi-
ments. Pyrethroid concentrations in Irish sediments were generally within the global range. Among the four
pyrethroids currently registered in Ireland (cypermethrin, esfenvalerate, deltamethrin, and A-cyhalothrin),
cypermethrin showed the highest concentrations in sediments, likely reflecting both agricultural, aquacultural,
and indoor uses. Meanwhile, permethrin and cyfluthrin, although not registered for plant protection in Ireland,
were also prevalent—permissible biocidal uses may explain the presence of permethrin, while cyfluthrin war-
rants further scrutiny. Risk quotient assessment of pyrethroid concentrations in Irish sediments, revealed that

Ecotoxicological risk
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while bifenthrin and resmethrin posed low ecotoxicological risks, other pyrethroids such as permethrin, cyflu-
thrin, and cypermethrin presented moderate to high risk in many sediment samples. These findings highlight the
widespread distribution and ecotoxicological risks associated with pyrethroid contamination in Ireland's aquatic
environments, emphasising the need for continued monitoring and risk management strategies to mitigate their

environmental impacts.

1. Introduction

Pyrethroids are a class of highly effective organic insecticides widely
used around the world due to their excellent properties, such as broad
spectrum, biodegradable, and low mammalian toxicity (Gu et al., 2024;
Zhu et al., 2020). Structurally, pyrethroids are typically classified into
two groups based on the absence or presence of a cyano (also known as
nitrile) group at the a carbon of the 3-phenoxybenzyl alcohol moiety of
the compound (Table S1): Type I pyrethroids, which do not contain the
a-cyano moiety (e.g., bifenthrin, resmethrin, and permethrin), and Type
II pyrethroids, which contain it (e.g., cyfluthrin, A-cyhalothrin, esfen-
valerate, deltamethrin, and cypermethrin) (Shafer et al., 2005). Due to
their widespread use, pyrethroids have been frequently detected in
various environmental compartments such as sediments (Chai et al.,
2023; Liu et al., 2022), soil (Deng et al., 2020), and biological tissues
from animals (Alonso et al., 2012) and human tissues (Babina et al.,
2012; Feo et al., 2012).

Pyrethroids enter aquatic systems from multiple sources, including
agricultural applications, aquaculture, landscaping, structural pest
control, and indoor use (Hladik and Kuivila, 2012); with sources to
marine and freshwater sediments likely differing (Méjanelle et al.,
2020). Pyrethroids from indoor applications can enter wastewater sys-
tems via drain disposal, while outdoor sources may contribute through
inflow and infiltration of runoff into the sewer network (Weston et al.,
2013c). These pathways lead to the presence of pyrethroids in the
influent of wastewater treatment plants (WWTPs) (Weston et al., 2013c;
Wheeler et al., 2025). Since conventional WWTPs are not efficient at
removing hydrophobic compounds like pyrethroids, they may also be
present in treated effluent (Sutton et al., 2019). Sediments are often
studied to assess the contamination characteristics of pyrethroids,
because the relative hydrophobicity of pyrethroids (log Kow 5 to 7)
predisposes them to partition readily into sediments in aquatic envi-
ronments (Hladik and Kuivila, 2012). When pyrethroids accumulate in
aquatic sediment, they may cause harm to organisms, producing severe
oxidative stress and histopathological abnormalities (Ahamad and
Kumar, 2023). Although studies have shown that pyrethroids are
significantly less toxic to mammals than other types of insecticides such
as organophosphates and carbamates, they have been linked with
neurotoxicity, autism, and reproductive toxicity in humans (Barkoski
et al., 2021; Yoo et al., 2016). Moreover, their potential for harm to
other organisms in the aquatic environment cannot be ignored, espe-
cially to fish, to whom pyrethroids are highly toxic (Li et al., 2017). Once
in sediment, pyrethroids are accumulated by benthic organisms and via
biomagnification also pose a threat to organisms at higher trophic levels
(Parolini et al., 2010). Knowledge of the presence of pyrethroids in
sediments is thus crucial to understanding whether they pose an envi-
ronmental threat and if so, at what level.

At present, research on pyrethroids in sediments is mainly concen-
trated in the United States (Amweg et al., 2006; Anderson et al., 2014;
Anderson et al., 2006; Emert et al., 2023; Phillips et al., 2012; Phillips
et al., 2010) and China (Chai et al., 2023; Sun et al., 2015; Yi et al.,
2015), as well as in European countries such as Spain (Peris et al., 2022),
the United Kingdom (Bonwick et al., 1995; Long et al., 1998), and
Denmark (Kronvang et al., 2003). However, European data focus on
fewer compounds than for other regions of the world, and to our
knowledge data do not exist on concentrations of pyrethroids in sedi-
ments in Ireland. Cypermethrin, esfenvalerate, deltamethrin, and
A-cyhalothrin are currently registered for use in Ireland under the

regulation of the Department of Agriculture, Food and the Marine
(DAFM) (https://www.pcs.agriculture.gov.ie/pppd/Search/Substance).
In contrast, several of the selected pyrethroids (bifenthrin, permethrin,
resmethrin, and cyfluthrin) are not currently authorised for plant pro-
tection use in Ireland or the broader EU. Bifenthrin, for example, had its
EU approval withdrawn in 2019 and is no longer authorised ((EU) 2018/
291). Permethrin is not approved as a plant protection product in the
EU. However, it remains in use under the EU Biocidal Products Regu-
lation (EU) No.1090/2014 for applications such as insecticides, insect-
repellent textiles, and wood preservatives. Its detection in the environ-
ment may therefore be attributable to non-agricultural uses. Similarly,
resmethrin and cyfluthrin are not currently registered for use in Ireland,
but their inclusion in this study reflects their relevance in international
environmental monitoring programmes and risk assessments. Moreover,
cypermethrin (as a mixture of 5 isomers) possesses acute and chronic
Environmental Quality Standard (EQS) values in freshwater and tran-
sitional water and is listed as a Priority Substance under the European
Union's Water Framework Directive (WFD) daughter directive 2013/39/
EU. However, the proposed EQS for cypermethrin in sediment under the
WEFD is not endorsed by the Scientific Committee on Health, Environ-
mental, and Emerging Risks (SCHEER) (SCHEER, 2022). The agricul-
tural consumption of pyrethroids in Ireland (1.8 t in 2022) is notably
lower than in other European countries such as the UK (17.9 t), Spain
(142.9 t), and Denmark (28.8 t), representing a difference of one to two
orders of magnitude (Fig. S1). Given the widespread global use of py-
rethroids, country-level studies like this are essential for building a more
comprehensive understanding of their environmental fate. In particular,
the lack of data for Ireland highlights the need for targeted research to
assess the environmental distribution and ecotoxicological risks of py-
rethroids and may serve as a reference for broader risk assessment
strategies and environmental monitoring frameworks.

Wastewater treatment plants (WWTPs) are also a sink for pyre-
throids, with fertilisers produced from the solid fraction of wastewater
treatment (also known as “biosolids”) being a potential source of
contamination to the terrestrial food chain of any chemicals present.
Currently, around 98 % of processed biosolids generated in Ireland are
spread on agricultural land as fertiliser (Uisce Eireann, 2024), including
for crops such as cereals, oilseed rape, grass, and fodder beet (Nag et al.,
2022; Department of the Environment, Heritage and Local Government,
2009). As such crops may enter the human food chain either directly or
indirectly via animal feed, the presence of pyrethroids in biosolids
represents a potential route of exposure.

Given this, our aims were to: (a) assess the concentrations of various
pyrethroids in Irish sediment and biosolids samples from WWTPs,
generating data to serve as a baseline against which future contaminant
trends may be assessed; (b) compare the relative abundance of our target
pyrethroids in surficial sediment with those in biosolids; (c) conduct an
environmental risk assessment using a risk quotient (RQ) approach to
investigate the impacts of pyrethroid contamination of sediment on
organisms; (d) explore temporal trends in pyrethroid concentrations in
transitional sediments at locations with repeated sampling over multiple
years; and (e) investigate potential factors influencing pyrethroid
contamination of sediments and biosolids in Ireland.


https://www.pcs.agriculture.gov.ie/pppd/Search/Substance
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2. Methods
2.1. Chemicals and standards

Individual native pyrethroids standards (resmethrin (RES), bifen-
thrin (BIF), A-cyhalothrin (CYH), permethrin (PER), cyfluthrin (CYF),
cypermethrin (CYP), esfenvalerate (ESF), and deltamethrin (DEL))
(Table S1), internal (aka surrogate) standard 13Cﬁ-cypermethrin, and
recovery determination (syringe) standard PCB-62 (used to calculate
internal standard recovery) were purchased from Chem Service, Inc.
(West Chester, PA, USA) and Wellington Laboratories (Guelph, ON,
Canada). High purity (HPLC grade) solvents and reagents were used for
all analytical procedures and were purchased from Fisher Scientific
(Loughborough, UK) and Sigma-Aldrich (St Louis, MO, USA).

2.2. Sample collection

Sampling sites were selected to provide broad geographic coverage,
with the aim of capturing a representative overview of pyrethroid
contamination across Ireland. The sampling campaign was broadly
divided into three components: (1) inland and transitional sediments
collected by the project team in 2023; (2) analysis of historical transi-
tional sediment samples collected by the Marine Institute of Ireland
between 2018 and 2022; and (3) analysis of biosolid samples from Irish
WWTPs.

2.2.1. Inland and transitional sediments 2023

The project team collected inland and transitional sediment samples
at 81 sites across Ireland between January and September 2023 (Fig. 1).
Sediment samples were collected from rivers (n = 62) and estuaries (n =
19) using pre-cleaned collection equipment (cleaned with detergent and
rinsed with acetone, cyclohexane, methanol and distilled water). Sam-
ples (approximately 0.5-1 kg, where relevant) were collected to a depth
of 5 cm using a stainless-steel engraving tool or Van Veen Grabber and
then transferred to HDPE containers and transported to the laboratory.
Once at the laboratory, the samples were homogenised in the container
by constant stirring for 8-10 min using a pre-cleaned stainless-steel
spoon. The homogenised samples were passed through a 2 mm stainless
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steel sieve by stirring (without adding additional water) and then
transferred to 50 mL centrifuge tubes, which were then sealed with
parafilm and screw caps. Samples were stored at —80 °C until freeze-
drying, which was carried out shortly after collection—typically
within 1 to 2 weeks. Freeze-drying was performed using a Labconco
Freezone freeze dryer (Mason Technologies) under a maximum vacuum
of 0.133 mbar and at a temperature of —40 °C for approximately six
days. Following freeze-drying, the dried sediments were stored in a cold
room at 4 °C. All samples were analysed between June and July 2024.

2.2.2. Transitional sediments 2018-2022

To expand the range of sites examined and enable analysis of tem-
poral trends in contamination, we measured pyrethroid concentrations
in 39 transitional sediment samples (n = 39) collected from 23 sites
between 2018 and 2022, as part of routine monitoring conducted by the
Marine Institute of Ireland. Sampling procedures for these sediments
were broadly similar to those sediment samples collected in 2023;
however, non-metallic apparatus was used to avoid contamination with
heavy metals, which are also monitored by the Marine Institute, and
samples were stored in pre-rinsed amber glass containers. Unlike the
samples collected in 2023, these were sequentially passed through 2
mm, 1 mm, 125 pm, and 63 pm sieves using minimal amounts of distilled
water and gentle brushing. The 63 pm fraction was then oven-dried at
104 °C to a constant weight prior to contaminant analysis. The dried
sediment was stored in a cold room at 4 °C. All samples were analysed
between June and July 2024. Smaller sediment particles generally
exhibit higher contaminant concentrations due to their greater surface
area-to-mass ratio. Consequently, a direct comparison of pyrethroid
concentrations or risk quotient (RQseq) values between the two sample
sets was not performed. Additionally, the samples were processed using
different drying methods—freeze-drying and oven-drying—which may
affect analyte recovery and introduce variability. These methodological
differences represent a limitation for data interpretation; therefore, the
two datasets were analysed separately.

2.2.3. WWTP-derived biosolids
Biosolid samples were collected from seven WWTPs. Table S3 sum-
marises key characteristics of each WWTP. Overall, 21 biosolid samples

Fig. 1. Sampling locations for sediments: (a) collected in 2023 (b) 2018-2022 (Detailed information about sampling locations can be found in Tables S6 and S7).

Map adapted from Google Earth Pro.
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(n = 3 per WWTP) were collected from each WWTP in January, May,
and September 2023 and prepared for analysis in line with the pro-
cedures described in sediment samples (2023).

2.3. Sample extraction and clean-up

Sediment samples (1 g) and biosolid samples (0.1 g) were spiked
with 50 ng of internal (aka surrogate) standard and treated with 1 g of
copper powder. The samples were extracted with 5 mL n-hexane:
acetone (1:1, v/v), vortexed for 1 min and ultrasonic extraction for 30
min, before centrifugation at 4000 rpm for 10 min and transfer of the
supernatant into a clean centrifuge glass tube. The extraction procedure
was repeated twice, and the extracts combined and concentrated to a
volume of about 0.5 mL (solvent exchange to n-hexane). A Florisil SPE
cartridge (2 g, 15 mL) was used for cleanup of the sample concentrate.
First, the cartridge was preconditioned with 6 mL of n-hexane, loaded
with the concentrated sample, along with a 0.5 mL hexane rinse of the
glass tube containing the concentrated sample. Finally, 10 mL of n-
hexane: acetone (9:1, v/v) was used to elute the target pyrethroids (Sy
et al.,, 2024). The eluate was concentrated to incipient dryness and
reconstituted in 100 pL n-hexane with 50 ng of the recovery determi-
nation standard PCB-62, ready for GC-MS analysis.

2.4. Instrumental analysis

GC/MS analysis of target pyrethroids was carried out on a GC Agilent
6850 fitted with a Restek Rxi-5Sil MS column (30 m x 0.25 mm x 0.25
pm film thickness), coupled with a 5975C MSD operated in electron
ionisation (EI) and selected ion monitoring (SIM) mode. One pL of
sample extract was introduced via splitless injection with the injector
held at 250 °C. Helium flow through the GC column was 1 mL/min. The
GC oven programme was 50 °C for 1 min, ramp at 30 °C/min to 220 °C,
ramp at 10 °C/min to 300 °C, and held for 10 min. Temperatures of the
ion source, quadrupole and interface were: 230 °C, 150 °C, and 280 °C
respectively. Further details on the GC-MS quantification procedure are
provided in Text S2 and Table S2.

2.5. Data analysis and risk assessment

Statistical analyses were conducted using IBM SPSS 29.0. All data
were first analysed for normality via a one-sample Kolmogorov-Smirnov
test. Non-detects (values below the instrumental Limits of detection)
were treated as zero for the purposes of statistical analysis and calcu-
lation of summary statistics (e.g., mean, standard deviation). Log-
transformed data were used to perform an independent samples t-test
comparing concentrations between estuarine/transitional (n = 19) and
riverine (n = 62) sediments. Where data did not conform to a normal
distribution, the nonparametric Mann-Whitney U test was applied
instead.

The RQseq concept was used to evaluate the ecotoxicological risk of
target pyrethroids in sediments using (Eq. (1)):

MEC

RQgui = ———
QSed PNECsed

(€8]

where MEC is the measured environmental concentration and PNECgeq is
the lowest predicted no-effect concentration (ng/g dw) for a given py-
rethroid in sediments, taken from the Norman Ecotoxicology Database
(www.norman-network.com/nds/ecotox). RQ values ranging from 0.01
to 0.1 are classed as low risk, those between 0.1 and 1 as moderate risk,
while RQ values above 1 are considered high risk (Chai et al., 2023; Liu
et al., 2024; Sanchez-Bayo et al., 2002; Sharkey et al., 2024; Wee and
Aris, 2017).

2.5.1. Flow attenuation from rivers and lakes (FARL)
FARL is an index that weights each reservoir and lake area by the
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catchment area that feeds it. Values close to unity indicate the absence of
attenuation due to lakes and reservoirs, whereas index values below 0.8
indicate a substantial influence on flood response. FARL data from the
Irish EPA's GIS portal were obtained from https://gis.epa.ie/.

2.5.2. Standard average annual rainfall (SAAR)

The SAAR data were obtained from the Irish EPA's GIS portal
(https://gis.epa.ie/). FARL and SAAR values were available for 57
samples in set B (n = 81), accounting for 70.4 %. Both the FARL and
SAAR are based on monitoring points located within 1 km of each
sampling site.

Population size data were from Central Statistics Office 2023 Census
(https://www.cso.ie/en/census/). The population sizes are estimates of
the townships/localities/cities surrounding each sampling site (set b, n
= 81), with a 2 km radius defined as the upper limit for these estimates.

2.6. Quality control and quality assurance procedures

A procedural blank consisting of 1 g anhydrous sodium sulfate was
analysed with every 5-7 samples. Acceptable method accuracy and
precision for pyrethroids were demonstrated via replicate analysis (n =
4) of a river sediment (matrix spike) with more information provided in
Table S4. The limit of detection (LOD) and the limit of quantification
(LOQ) were calculated as the mass of analyte yielding signal-to-noise
ratios of 3 and 10, respectively. The instrumental LOD range was
0.09-4.00 pg/injection, leading to LOQs in sediment and biosolids in the
range 0.01-0.40 ng/g dw and 0.09-4.00 ng/g dw, respectively
(Table S2). The recoveries of the internal (aka surrogate) standard in
procedural blank samples were 79.8 % + 18.3 % (mean =+ standard
deviation), and in sediments and biosolids samples were 104 % + 26.2
% (mean =+ standard deviation).

3. Results and discussion

3.1. Concentrations of pyrethroids in Irish riverine and transitional
sediments and biosolids

Concentrations of pyrethroids in riverine and transitional sediments
collected in 2023, along with the associated statistical analyses, are
presented in Table 1. Average concentrations in these samples of: res-
methrin (3.65 ng/g dw), permethrin (8.53 ng/g dw), cyfluthrin (8.06
ng/g dw), cypermethrin (7.12 ng/g dw), and deltamethrin (1.47 ng/g
dw) were substantially higher than those of other targeted pyrethroids,
including bifenthrin (0.07 ng/g dw), A-cyhalothrin (0.10 ng/g dw), and
esfenvalerate (0.60 ng/g dw). Among the four compounds currently
registered under the Pesticide Registration and Control Divisions
(PRCD) of the Department of Agriculture, Food and the Marine (DAFM)
for agricultural use in Ireland—cypermethrin, esfenvalerate, delta-
methrin, and A-cyhalothrin—cypermethrin exhibited the highest con-
centrations, indicating a likely contribution from its agricultural and
indoor domestic applications. Notably, permethrin and cyflu-
thrin—neither of which is registered for plant protection in Ire-
land—were also detected at relatively high concentrations. In the case of
permethrin, its authorised use in biocidal products such as wood pre-
servatives likely accounts for its environmental occurrence (EC, 2014).
The comparatively elevated levels of cyfluthrin, despite its non-
registration, warrant closer scrutiny. By contrast, bifenthrin concentra-
tions were relatively low, which is consistent with its withdrawal from
the EU market in 2019 and may indicate that regulatory actions have
been effective (EU, 2018).

The concentrations of pyrethroids in sediments collected between
2018 and 2022 are also provided in Table 1. Average concentrations in
sediments collected between 2018 and 2022 of permethrin (9.06 ng/g
dw), cyfluthrin (8.89 ng/g dw), cypermethrin (9.51 ng/g dw), and
deltamethrin (2.22 ng/g dw) exceeded by one to two orders of magni-
tude those of our other target compounds.


http://www.norman-network.com/nds/ecotox
https://gis.epa.ie/
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https://www.cso.ie/en/census/
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Table 1
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Summary of concentrations (ng/g dw) of pyrethroids in sediment samples from Ireland collected in 2023 (inland (n = 62) and transitional (n = 19) sediments) and

2018-2022 (transitional sediments collected by the Marine Institute, n = 39).

Sediment Statistical Resmethrin  Bifenthrin ~ A-Cyhalothrin ~ Permethrin ~ Cyfluthrin  Cypermethrin  Esfenvalerate = Deltamethrin =~ Xg-
category parameter Pyrethroids
Sediments Minimum 0.23 ND ND ND ND ND ND ND 0.44
collected in Maximum 22.5 1.73 1.07 74.5 68.5 76.1 5.5 11.6 162
2023° Median 2.27 0.01 0.05 5.07 4.65 2.51 0.23 0.54 17.2
Mean 3.65 0.07 0.10 8.53 8.06 7.12 0.60 1.47 29.6
SD 4.25 0.24 0.17 10.6 10.4 12.9 0.92 2.35 30.6
Detection 100 64.2 74.1 97.5 95.1 93.8 82.7 61.7
frequency
(%)
Minimum ND ND ND 3.84 4.17 4.60 ND ND 18.2
Maximum 2.09 0.28 1.71 16.7 21.0 31.0 4.25 10.9 59.2
Median 0.56 0.03 0.04 7.87 7.40 8.45 0.19 1.22 26.6
Mean 0.73 0.05 0.10 9.06 8.89 9.51 0.54 2.22 31.1
Sediments SD 0.52 0.06 0.27 3.20 3.98 4.70 0.90 2.39 10.1
collected Detection
between 2018 frequency
& 2022° (%) 92.3 79.5 94.9 100 100 100 89.7 94.9
PNECseq” 18.3 105,078 0.2 0.84 0.52 0.15 0.0045 0.0046

2 Sieved to 2 mm mesh.
b Sieved to 63 pm mesh.

¢ PNECgeq: Predicted No Effect Concentration. Sediment PNECs taken from the NORMAN database in January 2025 (www.norman-network.com/nds/ecotox).

A statistical summary of pyrethroid concentrations in biosolid sam-
ples collected from seven Irish WWTPs is provided in Table 2.

3.2. Concentrations of pyrethroids in Irish sediments compared to similar
studies worldwide

Table 3 compares pyrethroid concentrations in sediments from this
study with data from previously published research. Compared with
other studies, the concentration of resmethrin, which has a very high
detection rate, accounts for a high proportion of total pyrethroids in the
two sets of sediments collected in this study. Hladik and Kuivila (2012)
reported concentrations of resmethrin to fall in the range ND-18.8 ng/g
dw, similar to the range in this study (0.23-22.5 ng/g dw, in 2023
samples; ND-2.09 ng/g dw, in 2018-2022 samples). In contrast, con-
centrations of bifenthrin in Irish sediments are relatively low in both sets
(median concentrations: 0.01 ng/g dw in 2023 samples; 0.03 ng/g dw,
in 2018-2022 samples), compared to other studies in which median
concentrations were 4.21 ng/g dw (USA; You et al. (2008)), 6.95 ng/g
dw (USA; Harwood et al. (2013)), and 4.67 ng/g dw (China; Liu et al.
(2022)). The median concentrations of permethrin, cyfluthrin, cyper-
methrin, and esfenvalerate generally fall within the ranges reported in
the literature. A-Cyhalothrin concentrations in this study were at the low
end of the global range, while the median concentration of deltamethrin
exceeded those reported in previous studies, suggesting the influence of
local sources or differing environmental conditions.

3.3. Year-on-year variations in concentrations of pyrethroids in estuarine
sediments collected between 2018 and 2022

Of the 39 transitional sediment samples collected between 2018 and
2022, four samples were obtained from the same location in consecutive

years (2018-2021). Additionally, samples were collected from two sites

Table 2

across three different years and from seven sites in two different years.
These time-series samples provide preliminary insights into the tempo-
ral variation of pyrethroid concentrations in Irish sediments.

The concentrations of Xg-pyrethroids in samples from the three sites
from which samples were available for 3 or more years are shown in
Fig. 2. At each individual site, concentrations in 2021 were lower than in
any other year for which samples were available. We performed an in-
dependent samples t-test by grouping the 2021 data from all three sites
and comparing them with data from the same sites in earlier years
(2018-2020). The result indicated statistically significant lower Xg-py-
rethroids concentrations in 2021 compared to previous years (p =
0.042). To evaluate whether this is an indicative downward trend and to
support effective environmental management, long-term monitoring at
these and additional sites is recommended.

3.4. Comparison of concentrations and relative abundance of individual
pyrethroids in riverine and transitional sediments collected in 2023

A one-sample Kolmogorov-Smirnov test revealed concentrations of
pyrethroids collected from the sediment samples (n = 81) in 2023 to
display a log-normal distribution. There was no significant difference in
concentrations between estuarine/transitional (n = 19) and riverine (n
= 62) sediments (independent sample t-test, p > 0.05), both for Zg-py-
rethroids and for each individual target pyrethroid.

Fig. 3 shows that on average, the relative abundance of our target
pyrethroids is similar in both riverine and estuarine/transitional sedi-
ments collected in 2023. The primary contributing compounds in the
estuarine/transitional sediments are: cyfluthrin (31.4 %), permethrin
(28.2 %), and cypermethrin (21.0 %), while in the riverine sediments,
the main contributors are permethrin (29.0 %), cyfluthrin (25.7 %), and
cypermethrin (25.2 %). This pattern contrasts to varying degrees with
that observed elsewhere. For example, a recent study on the distribution

Summary of concentrations (ng/g) of pyrethroids in biosolid samples from Ireland collected from 7 WWTPs in 2023.

Statistical parameter Resmethrin Bifenthrin A-Cyhalothrin Permethrin Cyfluthrin Cypermethrin Esfenvalerate Deltamethrin Yg-Pyrethroids
Minimum 2.16 0.51 0.23 43.1 540 28.0 11.5 25.6 740

Maximum 48.8 6.43 60.7 485 1740 360 294 672 3319

Median 9.75 1.90 3.53 268 920 77.8 107 147 1570

Average 13.4 2.31 8.79 265 1027 143 121 215 1795

SD 10.7 1.55 13.3 135 396 109 72.7 181 754

Detection frequency (%) 100 100 100 100 100 100 100 100
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Table 3
Comparison of pyrethroid concentrations (range (median) ng/g dw) in Irish sediments with those elsewhere in the world.
Reference Location Resmethrin Bifenthrin A-Cyhalothrin Permethrin Cyfluthrin Cypermethrin Esfenvalerate Deltamethrin
This study (2023) Ireland 0.23-22.5 ND"-1.73 ND-1.07 ND-74.5 ND-68.5 ND-76.1 ND-5.5 ND-11.6
(2.27)b (0.01) (0.05) (5.07) (4.65) (2.51) (0.23) (0.54)
This study (2018-2022) Ireland ND-2.09 ND-0.28 ND-1.71 3.84-16.7 4.17-21.0 4.60-31.0 ND-4.25 ND-10.9
(0.56) (0.03) (0.04) (7.87) (7.40) (8.45) (0.19) (1.22)
Bonwick et al. (1995) UK NM*® NM NM ND-335 ND NM NM NM
(2149)
Long et al. (1998) UK NM NM NM ND-5451¢ NM ND-1140 NM ND
(15) (ND) (ND)
House et al. (2000) UK NM NM NM 50-300 NM NM NM NM
(NA®)
Kronvang et al. (2003) Denmark NM NM ND-30 ND NM NM ND-10 ND-50
(NA) (NA) (NA)
Feo et al. (2010) Spain ND ND ND ND ND 8.27-71.9 ND ND
(NA)
Peris et al. (2022) Spain NM NM NM NM NM ND-327 NM NM
(NA)
Hladik and Kuivila (2012) USA ND-18.8 ND-30.1 ND-0.3 ND-180 ND-14.6 ND-21.8 NM ND-12.1
(ND) (0.6) (ND) (ND) (ND) (ND) (ND)
Amweg et al. (2006) USA NM ND-429 ND-10.7 ND-172 ND-60.4 ND-30.6 ND-4.4 ND-57.0
(NA) (NA) (NA) (NA) (NA) (NA) (NA)
Anderson et al. (2006) USA NM NM ND-59.4 ND-107 NM NM ND-32.6 NM
(9.25) (ND) (ND)
Ensminger et al. (2011) USA NM ND-74.4 ND-8.98 ND ND-4.19 ND ND ND
2.9) (ND) (ND)
Harwood et al. (2013) USA NM 1.2-329 ND-11.0 ND-58 ND-32 ND-36 NM NM
(6.95) (1.42) (3.3) (ND) (ND)
Holmes et al. (2008) USA NM 2.19-219 ND-24.2 ND-97.8 ND-127 ND-30.4 ND-6.90 ND-9.31
(13.5) (ND) (23.9) (6.53) (ND) (ND) (ND)
Phillips et al. (2010) USA NM 24.7-172 2.5-9.7 13.8-53.1 ND-67.5 ND-102 NM NM
(86.0) (4.77) (32.1) (ND) (18.8)
Phillips et al. (2012) USA NM ND-375 ND-125 ND-1279 ND-214 ND-499 ND-5.5 NM
(ND) (1.45) (ND) (ND) (3.25) (2.1)
Weston et al. (2013a) USA NM ND-32.2 ND-11.7 ND-158 ND-3.0 ND-6.7 ND-203 ND
(ND) (ND) (ND) (ND) (ND) (ND)
Weston et al. (2013b) USA NM ND-35.5 ND-4.2 ND-12.8 ND-7.7 ND-5.4 NM NM
(1.8) (ND) (ND) (ND) (ND)
You et al. (2008) USA NM ND-52.5 ND-6.55 ND-107 ND-38.5 ND-33.0 ND-5.56 ND-7.86
(4.21) (ND) (4.26) (ND) (ND) (ND) (ND)
Ding et al. (2010) USA NM ND-46 ND-25 ND-51 ND ND ND ND
3.4) (ND) (ND)
Emert et al. (2023) USA NM ND-0.82 ND-5.33 ND-3.57 NM NM ND-9.41 NM
(0.52) (1.82) (0.83) (3.78)
Miranda et al. (2008) Brazil NM NM ND-5.0 ND-7.0 NM ND NM ND-20.0
(1.65) (3.5) (ND)
Allinson et al. (2015) Australia NM ND-59 NM ND-34 NM NM NM NM
(ND) (ND)
Xue et al. (2008) China NM NM NM NM NM ND-0.009 NM ND-0.524
(0.006) (0.345)
Hu et al. (2015) China NM NM 0.04-6.40 ND-3.4 ND-5.7 ND-7.6 NA ND-0.19
(0.35) (0.38) (1.6) (1.75) (ND)
Qi et al. (2015) China NM ND 0.03-0.06 0.06-0.15 ND ND-0.04 ND-0.03 ND
(0.04) (0.12) (ND) (ND)
Wang et al. (2012) China NM ND-0.062 ND-0.064 ND-108 ND-0.203 ND-11.3 ND-187 ND-0.334
(0.002) (0.005) (0.937) (0.004) (0.082) (0.182) (0.026)
Li et al. (2011) China NM ND-135 ND-13.2 ND-91.4 ND-2.83 1.44-219 ND-15.7 ND-83.3
(ND) (0.65) (1.53) (ND) (18.3) (ND) (ND)
Sun et al. (2015) China NM ND-1.76 ND-7.44 ND-48.5 NM ND-29.8 ND-4.08 NM
(0.02) (0.03) (0.39) (0.25) (0.04)
Yi et al. (2015) China NM 0.63-3.48 9.87-90.7 20.4-132 ND-5.77 18.0-130 NM ND-227
(1.81) (14.0) (71.1) (ND) (115) (0.39)
Cheng et al. (2017) China NM 0.38-6.54 0.29-1.87 0.88-35.4 ND 0.14-20.4 ND ND-1.29
1.17) (0.59) (8.66) (2.46) (0.36)
Gu et al. (2024) China NM 0.12-5.59 NM ND-9.85 NM ND-25.4 NM 13.8-476
(NA) (NA) (NA) (NA)
Chai et al. (2023) China NM 5.96-10.12 1.77-3.77 NM NM 4.02-6.14 NM 7.68-28.6
(NA) (NA) (NA) (NA)
Liu et al. (2022) China NM ND-55.6 0.23-78.3 ND-10.2 ND-1.02 1.37-198 ND-7.32 ND-14.5
(4.67) (4.07) (0.62) (ND) (9.92) (0.63) (0.16)
2 ND: not detected.
b

Median concentration.
NM: not measured.
Cis-permethrin.

NA: not available.
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Fig. 2. Annual variation in Zg-Pyrethroids concentrations (ng/g dw) in sedi-
ment at 3 locations (Each bar represents one sample).

of pyrethroids in the sediments of Yangcheng Lake, China, revealed that
deltamethrin was the primary contributing compound (Gu et al., 2024);
while a study in California, USA, found that permethrin and cyper-
methrin were the primary contributing compounds, with cyfluthrin a
relatively low contributor (Delgado-Moreno et al. (2011). Such varia-
tions in composition across different regions likely reflect differences in
use patterns. Our data suggest the principal pyrethroids used in Ireland
are permethrin, cyfluthrin, and cypermethrin. Moreover, compared to
other pyrethroids targeted in this study, permethrin, cyfluthrin, and
cypermethrin exhibit high detection rates (97.5 %, 95.1 %, 93.8 %,
respectively). Due to their prevalence, these three pyrethroids warrant
increased attention in future studies.

Science of the Total Environment 995 (2025) 180108
3.5. Ecotoxicological risk assessment of pyrethroids in Irish sediments

Logarithmically transformed RQgeq values of each target pyrethroid
in sediment samples are presented in Fig. 4. For transitional sediment
samples collected between 2018 and 2022, bifenthrin exhibited low risk
levels (RQsed < 0.1) in all samples (n = 39). However, we note the much
higher PNEC for binfenthrin—at least 3 orders of magnitude higher than
those of our other target pyrethroids—and further study of bifenthrin's
ecotoxicity appears warranted given reports elsewhere of its impacts on
freshwater benthic invertebrates (Hasenbein et al., 2015). Resmethrin
presented a low risk in most samples (94.9 %), with the remaining 5.1 %
falling into the moderate risk category (0.1 < RQseq < 1). In contrast,
A-cyhalothrin posed a moderate risk in 76.9 % of the samples, while
concentrations in 5.1 % of the samples presented high risk (RQgeq > 1).
Concentrations of permethrin, cyfluthrin, and cypermethrin were cat-
egorised as high risk in all samples, while those of esfenvalerate and
deltamethrin were categorised as high risk in 89.7 % and 94.9 % samples
respectively, with the remainder deemed low risk.

In transitional sediment samples from 2023, concentrations of
bifenthrin fell into the low-risk category in all samples, with the same
caveat regarding the elevated PNECgeq as described for the samples
collected in 2022. However, those of resmethrin and A-cyhalothrin were
deemed moderate risk in 50.6 % and 59.26 % of samples respectively.
Moreover, concentrations of permethrin, cyfluthrin, cypermethrin,
esfenvalerate, and deltamethrin were categorised as high risk in 97.5 %,
93.8 %, 91.4 %, 82.7 %, and 61.7 % of samples, respectively. It is
important to note that the smaller sediment particle size (<63 pm) of
these samples provided by the Marine Institute, leads to higher pyre-
throid concentrations with concomitantly higher RQseq values.

These findings underscore the importance of continued monitoring

B Resmethrin Transitional sediments (2023) I Resmethrin Riverine sediments (2023)
[ Bifenthrin [ Bifenthrin
Il 1. 2mbda-Cyhalothrin [l 2mbda-Cyhalothrin
[ ] Permethrin [ ] permethrin
I Cyfluthrin 31.4% I Cyfluthrin 25.7%
[ ] Cypermethrin 70 [ ] Cypermethrin
I Esfenvalerate 21.0% I Esfenvalerate
Il Deltamethrin Il Deltamethrin
0,
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28.2% 11.6% 29.0% 12.6%
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Fig. 3. Pyrethroids pattern (expressed as percentage of Zg-Pyrethroids) in biosolids and surficial sediments from Ireland.
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Anything outside this range is considered a potential outlier).

and assessment of pyrethroids, considering their potential ecotoxico-
logical impacts and the complex interactions of multiple pollutants
within aquatic ecosystems.

3.6. Potential influences on pyrethroids concentrations in Irish sediment

There was a positive correlation between FARL values and concen-
trations of resmethrin (r = 0.513, p < 0.001) and cypermethrin (r =
0.274, p = 0.039), as determined by the Spearman correlation analysis.
No significant correlation was found for other pyrethroids (p > 0.05). As
higher FARL values indicate little flow attenuation due to presence of a
lake/reservoir, while <0.8 indicates a substantial impact on flow of
flood response, this positive correlation suggests that stable (low flow)
river states may contribute to the accumulation of pyrethroids in
sediment.

Related to this, cypermethrin concentrations were significantly
negatively correlated with the standard average annual rainfall
(Spearman correlation analysis, r = —0.333, p = 0.011). This finding
suggests higher rainfall leads to lower cypermethrin accumulation in
sediments. No significant correlation was found for other pyrethroids (p
> 0.05).

In addition, A-cyhalothrin exhibited a significant positive correlation
with population size (Spearman correlation analysis, r = 0.266, p =
0.016), as did cyfluthrin (r = 0.277, p = 0.012). These findings indicate
that concentrations of A-cyhalothrin and cyfluthrin in sediment are
positively associated with population size, suggesting anthropogenic
activities linked to higher population size may contribute to elevated
concentrations of these compounds.

3.7. Concentrations of pyrethroids in Irish WWTP-derived biosolids
compared to previous studies elsewhere

Among the four compounds currently registered for agricultural use
in Ireland—cypermethrin, esfenvalerate, deltamethrin, and A-cyhalo-
thrin—the mean concentration of A-cyhalothrin (8.79 ng/g dw) was
much lower than the other three, which were 143 ng/g dw, 121 ng/g
dw, and 215 ng/g dw, respectively. Compared to earlier data, the con-
centrations of pyrethroids in biosolids in this study are higher, but
similar to those seen elsewhere in recent years. In addition, previous
studies have focused on fewer pyrethroids in biosolids, primarily limited

to permethrin. Kupper et al. (2006) determined the permethrin con-
centration in sludge after digestion treatment from a sewage treatment
plant to be 290 ng/g dw (Switzerland). Plagellat et al. (2004) deter-
mined the mean concentration of permethrin in sewage sludge from
Swiss wastewater treatment plants was 49.1 ng/g dw, while the mean
concentration of permethrin in 12 UK sewage sludge samples was 5600
ng/g dw (Rogers et al., 1989). Table 2 summarises the concentrations of
pyrethroids in biosolids samples collected from seven wastewater
treatment plants in Ireland in 2023. Concentrations of permethrin in this
study ranged from 43.1 to 485 ng/g dw, with an average concentration
of 265 ng/g dw. These concentrations were much lower than those re-
ported in the UK in the 1980s but closer to those reported in Switzerland
in more recent years. More recently, Wheeler et al. (2025) conducted an
extensive survey of biosolids from 17 WWTPs across California, USA.
Their study detected multiple pyrethroids in 18 biosolids samples, with
permethrin showing a 100 % detection frequency and a median con-
centration of 694 ng/g—substantially higher than the values reported in
our Irish samples (median: 268 ng/g). Other frequently detected pyre-
throids included bifenthrin (94 %), cyhalothrin (89 %), and cyper-
methrin (50 %) with median concentrations of 116 ng/g, 16 ng/g, and
39 ng/g, respectively. The median concentrations of these pyrethroids
were higher or close to the median concentrations in this study. There
appears currently little data on concentrations of pyrethroids in bio-
solids. Consequently, the data from this study not only provides an
important point of comparison for Ireland but also a valuable compar-
ator for other regions.

3.8. Relative abundance of target pyrethroids in biosolids and sediment

Sediment samples collected in 2023 (n = 81) and transitional sedi-
ment samples from 2018 to 2022 (n = 39) displayed different relative
abundances of individual pyrethroids compared to biosolid samples. As
shown in Fig. 3, cyfluthrin accounts for 57.2 % of Xg-pyrethroids in
biosolid samples, followed by permethrin (14.7 %) and deltamethrin
(12.0 %). This compares to the more equal distribution of cyfluthrin,
permethrin, and cypermethrin in sediment samples. The differences in
the patterns of pyrethroid compounds between biosolids and sediments
suggest that biosolids/WWTP emissions are only one of many putative
sources of pyrethroids in Irish sediments. This may be partly explained
by the fact that biosolids typically have relatively short retention times
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in WWTP, in contrast to environmental sediments that accumulate
contaminants over longer periods. Moreover, anaerobic digestion pro-
cesses, commonly used in WWTPs, involve limited microbial activity
and influence the bioavailability of hydrophobic compounds (Wheeler
et al.,, 2025). In addition, the higher organic matter content and pro-
cessing conditions of biosolids may favour accumulation of pyrethroids
such as A-cyhalothrin, while in sediments, environmental factors such as
FARL, rainfall, and population size may affect pyrethroid
contamination.

3.9. Influence of season, wastewater treatment technology, and size of
population served by a given WWTP on concentrations of pyrethroids in
biosolids

For three WWTPs, concentrations of Xg-pyrethroids in biosolids
declined in the order Jan > Sep > May, while concentrations in the other
followed the order Jan > May > Sep (Fig. 5). This indicates that con-
centrations of pyrethroids in winter (January) exceed those in other
seasons. This could be due to lower pyrethroid inputs in spring (May)
and late summer/early autumn (September) than in winter (January).
Another possible reason is that the lower temperature in winter limits
volatilisation and degradation of pyrethroids (ATSDR, 2003; Harwood
et al., 2009). For the remaining three WWTPs (Fig. S2), two showed the
highest concentration in September and one showed the highest con-
centration in May.

The mean concentrations of Xg-pyrethroids across the three sampling
periods were also analysed in relation to the population equivalent (PE:
One PE represents the organic biodegradable load having a five-day
biochemical oxygen demand (BODs) of 60 g of oxygen per day) and
flow band (FB) of each WWTP, using the minimum recorded values for
PE and FB (Table S3). Spearman correlation analysis revealed a signif-
icant positive correlation between Xg-pyrethroids concentrations and
both PE and FB (r = 0.896, p = 0.006). This suggests that higher PE and
FB are associated with elevated pyrethroid concentrations in biosolids.
The influence of PE and FB is underlined by the observation that in
plants such as WWTP 2, WWTP 3, and WWTP 6, that employ the same
treatment methods (anaerobic digestion (AD) and thermal drying (TD));
the positive correlation between concentration of Xg-pyrethroids and PE
and FB remained (Fig. 5, Table S3). This suggests that the influence of PE
and FB on pyrethroid concentrations is in addition to any attributable to
the treatment processes themselves.

4. Conclusions

This study provides a comprehensive assessment of pyrethroid
contamination in freshwater and transitional sediments and wastewater
treatment plant derived biosolids across Ireland, offering valuable data
for future environmental monitoring and risk assessment. Pyrethroids,
particularly resmethrin, permethrin, cyfluthrin, and cypermethrin, were
widely detected in both sediments and biosolids, with higher concen-
trations observed in biosolids. While pyrethroid concentrations in Irish
sediments are generally within the ranges reported in other regions
worldwide, RQgeq analysis indicated moderate-to-high ecotoxicological
risks for several compounds, particularly permethrin, cyfluthrin, and
cypermethrin. This suggests that even relatively low environmental
concentrations may pose significant threats to aquatic ecosystems.
Among the four pyrethroids currently registered in Ireland, cyper-
methrin showed the highest concentrations in sediments, likely reflect-
ing both agricultural, aquacultural, and indoor uses. Permethrin and
cyfluthrin, although not registered for plant protection, were also
prevalent—permissible biocidal uses may explain the presence of
permethrin, while cyfluthrin warrants further scrutiny. Conversely,
bifenthrin concentrations were low, aligning with its regulatory with-
drawal in 2019. Our findings highlight the need for greater regulatory
controls on the use of certain pyrethroids, attention to contamination of
biosolids and continued long-term monitoring to mitigate their
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Fig. 5. Zg-Pyrethroids concentrations in biosolids from four selected WWTPs in
January, May, and September 2023. (Each bar represents one sample. The four
WWTPs were selected because they exhibited the highest Zg-pyrethroids con-
centrations in winter (January), highlighting seasonal variation. Data for all
seven WWTPs are provided in Fig. S2 in the Supplementary Information.)

ecotoxicological impacts and protect aquatic biodiversity.

CRediT authorship contribution statement

Shijie Wang: Writing — review & editing, Writing — original draft,
Visualization, Validation, Methodology, Investigation, Formal analysis,
Data curation, Conceptualization. Martin Sharkey: Writing — review &
editing, Visualization, Validation, Supervision, Resources, Project
administration, Methodology, Investigation, Funding acquisition, Data
curation. Jingxi Jin: Writing — review & editing, Methodology, Inves-
tigation, Formal analysis, Data curation. William Stubbings: Writing —
review & editing, Validation, Supervision, Resources, Methodology,
Investigation, Funding acquisition, Conceptualization. Habib Bagheri:
Writing — review & editing, Methodology, Investigation. Mark G.
Healy: Writing — review & editing, Project administration, Methodol-
ogy, Funding acquisition, Conceptualization. Marie Coggins: Writing —
review & editing, Supervision, Resources, Project administration,
Methodology, Funding acquisition, Conceptualization. Mohamed
Abou-Elwafa Abdallah: Writing — review & editing, Methodology, Data
curation. Stuart Harrad: Writing — review & editing, Visualization,
Validation, Supervision, Resources, Project administration, Methodol-
ogy, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This project (TERRACHEM) is funded under the EPA Research Pro-
gramme 2021-2030 (2021-HE-1056) and co-funded by the Department
of Agriculture, Food and the Marine. The EPA Research Programme is a
Government of Ireland Initiative funded by the Department of Com-
munications, Climate Action, and Environment. The authors would like
to thank the Marine Institute and Uisce Eireann for access to samples
required for the completion of this project. The authors would also like
to thank Dr. Liam Morrison at the University of Galway's School of
Natural Sciences, as well as Ronnie Snijder and Tim Mackie of the
Northern Ireland Department of Agriculture, Environment, and Rural
Affairs Marine and Fisheries Division, for their assistance in processing
samples, as well as the members of the project's Steering Committee for
their invaluable advice and assistance throughout the project's lifetime.
Shijie Wang gratefully acknowledges support from the China Scholar-
ship Council (CSC: 202206390014) and the University of Birmingham,



S. Wang et al.

while Habib Bagheri was supported by an International Exchanges Grant
(IES\R2\222097) from the Royal Society.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2025.180108.

Data availability
Data will be made available on request.

References

Ahamad, A., Kumar, J., 2023. Pyrethroid pesticides: an overview on classification,
toxicological assessment and monitoring. J. Hazard. Mater. Adv. 10. https://doi.org/
10.1016/j.hazadv.2023.100284.

Allinson, G., Zhang, P., Bui, A., Allinson, M., Rose, G., Marshall, S., Pettigrove, V., 2015.
Pesticide and trace metal occurrence and aquatic benchmark exceedances in surface
waters and sediments of urban wetlands and retention ponds in Melbourne,
Australia. Environ. Sci. Pollut. Res. Int. 22, 10214-10226. https://doi.org/10.1007/
s11356-015-4206-3.

Alonso, M.B., Feo, M.L., Corcellas, C., Vidal, L.G., Bertozzi, C.P., Marigo, J., Secchi, E.R.,
Bassoi, M., Azevedo, A.F., Dorneles, P.R., Torres, J.P., Lailson-Brito, J., Malm, O.,
Eljarrat, E., Barcelo, D., 2012. Pyrethroids: a new threat to marine mammals?
Environ. Int. 47, 99-106. https://doi.org/10.1016/j.envint.2012.06.010.

Amweg, E.L., Weston, D.P., You, J., Lydy, M.J., 2006. Pyrethroid insecticides and
sediment toxicity in urban creeks from California and Tennessee. Environ. Sci.
Technol. 40, 1700-1706. https://doi.org/10.1021/es051407c.

Anderson, B., Phillips, B., Hunt, J., Siegler, K., Voorhees, J., Smalling, K., Kuivila, K.,
Hamilton, M., Ranasinghe, J.A., Tjeerdema, R., 2014. Impacts of pesticides in a
Central California estuary. Environ. Monit. Assess. 186, 1801-1814. https://doi.org/
10.1007/510661-013-3494-7.

Anderson, B.S., Phillips, B.M., Hunt, J.W., Worcester, K., Adams, M., Kapellas, N.,
Tjeerdema, R.S., 2006. Evidence of pesticide impacts in the Santa Maria River
watershed, California, USA. Environ. Toxicol. Chem. 25, 1160-1170. https://doi.
org/10.1897/05-231r.1.

ATSDR, 2003. Toxicological Profile for Pyrethrins and Pyrethroids. Agency for Toxic
Substances and Disease Registry (US), Atlanta (GA).

Babina, K., Dollard, M., Pilotto, L., Edwards, J.W., 2012. Environmental exposure to
organophosphorus and pyrethroid pesticides in south Australian preschool children:
a cross sectional study. Environ. Int. 48, 109-120. https://doi.org/10.1016/j.
envint.2012.07.007.

Barkoski, J.M., Philippat, C., Tancredi, D., Schmidt, R.J., Ozonoff, S., Barr, D.B.,

Elms, W., Bennett, D.H., Hertz-Picciotto, I., 2021. In utero pyrethroid pesticide
exposure in relation to autism spectrum disorder (ASD) and other
neurodevelopmental outcomes at 3 years in the MARBLES longitudinal cohort.
Environ. Res. 194, 110495. https://doi.org/10.1016/j.envres.2020.110495.

Bonwick, G., Sun, C., Abdul-Latif, P., Baugh, P., Smith, C., Armitage, R., Davies, D., 1995.
Determination of permethrin and cyfluthrin in water and sediment by gas
chromatography-mass spectrometry operated in the negative chemical ionization
mode. J. Chromatogr. A 707, 293-302. https://doi.org/10.1016/0021-9673(95)
00362-Q.

Chai, D., Cui, K., Yu, K., Chen, X., Guo, Z., Chen, Y., 2023. Comprehensive insights into
the occurrence, distribution, risk assessment of typical pesticides and their
environmental driving effects in a large drinking water reservoir. J. Environ. Chem.
Eng. 11. https://doi.org/10.1016/j.jece.2023.110513.

Cheng, F., Li, H., Qi, H., Han, Q., You, J., 2017. Contribution of pyrethroids in large
urban rivers to sediment toxicity assessed with benthic invertebrates Chironomus
dilutus: a case study in South China. Environ. Toxicol. Chem. 36, 3367-3375.
https://doi.org/10.1002/etc.3919.

Delgado-Moreno, L., Lin, K., Veiga-Nascimento, R., Gan, J., 2011. Occurrence and
toxicity of three classes of insecticides in water and sediment in two Southern
California coastal watersheds. J. Agric. Food Chem. 59, 9448-9456. https://doi.org/
10.1021/j£202049s.

Deng, F., Sun, J., Dou, R., Yu, X., Wei, Z., Yang, C., Zeng, X., Zhu, L., 2020.
Contamination of pyrethroids in agricultural soils from the Yangtze River Delta,
China. Sci. Total Environ. 731, 139181. https://doi.org/10.1016/j.
scitotenv.2020.139181.

Department of the Environment, Heritage and Local Government, 2009. Codes of Good
Practice for the Use of Biosolids in Agriculture. https://www.housing.gov.ie/sites
/default/files/migrated-files/en/Publications/Environment/Water/FileDownLoad,
17228,en.pdf.

Ding, Y., Harwood, A.D., Foslund, H.M., Lydy, M.J., 2010. Distribution and toxicity of
sediment-associated pesticides in urban and agricultural waterways from Illinois,
USA. Environ. Toxicol. Chem. 29, 149-157. https://doi.org/10.1002/etc.13.

EC, 2014. In: Commission, E. (Ed.), Commission Implementing Regulation (EU) No
1090/2014 of 16 October 2014 Approving Permethrin as an Existing Active
Substance for Use in Biocidal Products for Product Types 8 and 18. Official Journal
of the European Union, pp. 10-14.

Eireann, Uisce, 2024. What is the regional biosolids storage facility? [online] available
at: https://www.water.ie/projects/local-projects/regional-biosolids-storag/faqs.

10

Science of the Total Environment 995 (2025) 180108

Emert, A.D., Subbiah, S., Green, F.B., Griffis-Kyle, K., Smith, P.N., 2023. Atmospheric
deposition of particulate matter from beef cattle feedlots is a likely contributor of
pyrethroid occurrence in isolated wetland sediment: source apportionment and
ecological risk assessment. Environ. Pollut. 316, 120493. https://doi.org/10.1016/j.
envpol.2022.120493.

Ensminger, M., Bergin, R., Spurlock, F., Goh, K.S., 2011. Pesticide concentrations in
water and sediment and associated invertebrate toxicity in Del Puerto and Orestimba
Creeks, California, 2007-2008. Environ. Monit. Assess. 175, 573-587. https://doi.
org/10.1007/5s10661-010-1552-y.

EU, 2018. In: Union, E. (Ed.), Commission Implementing Regulation (EU) 2018/291 of
26 February 2018 Amending Implementing Regulation (EU) No 540/2011 as
Regards the Conditions of Approval of the Active Substance Bifenthrin. Official
Journal of the European Union, pp. 30-33.

Feo, M.L., Ginebreda, A., Eljarrat, E., Barceld, D., 2010. Presence of pyrethroid pesticides
in water and sediments of Ebro River Delta. J. Hydrol. 393, 156-162. https://doi.
org/10.1016/j.jhydrol.2010.08.012.

Feo, M.L., Eljarrat, E., Manaca, M.N., Dobano, C., Barcelo, D., Sunyer, J., Alonso, P.L.,
Menendez, C., Grimalt, J.O., 2012. Pyrethroid use-malaria control and individual
applications by households for other pests and home garden use. Environ. Int. 38,
67-72. https://doi.org/10.1016/j.envint.2011.08.008.

Gu, M., Chen, S., Jiang, J., Liao, J., Long, T., Xie, Y., 2024. Do pyrethroid pesticide
residues in Chinese mitten crab aquaculture areas have an impact on the ecological
environment? A case study of Yangcheng Lake. J. Hazard. Mater. 480, 135920.
https://doi.org/10.1016/j.jhazmat.2024.135920.

Harwood, A.D., You, J., Lydy, M.J., 2009. Temperature as a toxicity identification
evaluation tool for pyrethroid insecticides: toxicokinetic confirmation. Environ.
Toxicol. Chem. 28, 1051-1058. https://doi.org/10.1897/08-291.1.

Harwood, A.D., Landrum, P.F., Weston, D.P., Lydy, M.J., 2013. Using SPME fibers and
Tenax to predict the bioavailability of pyrethroids and chlorpyrifos in field
sediments. Environ. Pollut. 173, 47-51. https://doi.org/10.1016/].
envpol.2012.09.012.

Hasenbein, S., Connon, R.E., Lawler, S.P., Geist, J., 2015. A comparison of the sublethal
and lethal toxicity of four pesticides in Hyalella azteca and Chironomus dilutus.
Environ. Sci. Pollut. Res. Int. 22, 11327-11339. https://doi.org/10.1007/s11356-
015-4374-1.

Hladik, M.L., Kuivila, K.M., 2012. Pyrethroid insecticides in bed sediments from urban
and agricultural streams across the United States. J. Environ. Monit. 14, 1838-1845.
https://doi.org/10.1039/c2em10946h.

Holmes, R.W., Anderson, B.S., Phillips, B.M., Hunt, J.W., Crane, D.B., Mekebri, A.,
Connor, V., 2008. Statewide investigation of the role of pyrethroid pesticides in
sediment toxicity in California’s urban waterways. Environ. Sci. Technol. 42,
7003-7009. https://doi.org/10.1021/es801346g.

House, W.A., Long, J.L.A., Rae, J.E., Parker, A., Orr, D.R., 2000. Occurrence and mobility
of the insecticide permethrin in rivers in the Southern Humber catchment, UK. Pest
Manag. Sci. 56, 597-606. https://doi.org/10.1002/1526-4998(200007)56:7<597::
Aid-ps181>3.0.Co;2-c.

Hu, X., Shi, W., Yu, N., Jiang, X., Wang, S., Giesy, J.P., Zhang, X., Wei, S., Yu, H., 2015.
Bioassay-directed identification of organic toxicants in water and sediment of Tai
Lake, China. Water Res. 73, 231-241. https://doi.org/10.1016/j.
watres.2015.01.033.

Kronvang, B., Laubel, A., Larsen, E., Friberg, N., 2003. Pesticides and heavy metals in
Danish streambed sediment. Hydrobiologia 494, 93-101. https://doi.org/10.1023/
A:1025441610434.

Kupper, T., Plagellat, C., Brandli, R.C., de Alencastro, L.F., Grandjean, D., Tarradellas, J.,
2006. Fate and removal of polycyclic musks, UV filters and biocides during
wastewater treatment. Water Res. 40, 2603-2612. https://doi.org/10.1016/].
watres.2006.04.012.

Li, H., Tyler Mehler, W., Lydy, M.J., You, J., 2011. Occurrence and distribution of
sediment-associated insecticides in urban waterways in the Pearl River Delta, China.
Chemosphere 82, 1373-1379. https://doi.org/10.1016/j.
chemosphere.2010.11.074.

Li, H., Cheng, F., Wei, Y., Lydy, M.J., You, J., 2017. Global occurrence of pyrethroid
insecticides in sediment and the associated toxicological effects on benthic
invertebrates: an overview. J. Hazard. Mater. 324, 258-271. https://doi.org/
10.1016/j.jhazmat.2016.10.056.

Liu, P., Zhang, L., Li, H., Wei, Y., Wu, F,, You, J., 2022. Reduced concentrations and
toxicity of sediment-associated pesticides from vegetable planting field to
surrounding waterways: impacts of chemical properties and intrinsic toxicity.

J. Hazard. Mater. 436, 129292. https://doi.org/10.1016/j.jhazmat.2022.129292.

Liu, Y.E., Luo, X.J., Huang, C.C., Lu, Q., Wang, S., Mai, B.X., 2024. Insights into the
occurrence, spatial distribution, and ecological implications of organophosphate
triesters in surface sediments from polluted urban rivers across China. Sci. Total
Environ. 915, 170108. https://doi.org/10.1016/j.scitotenv.2024.170108.

Long, J., House, W., Parker, A., Rae, J., 1998. Micro-organic compounds associated with
sediments in the Humber rivers. Sci. Total Environ. 210-211, 229-253. https://doi.
org/10.1016/s0048-9697(98)00015-1.

Méjanelle, L., Jara, B., Dachs, J., 2020. Fate of pyrethroids in freshwater and marine
environments. In: Pyrethroid Insecticides, pp. 81-107.

Miranda, K., Cunha, M.L., Dores, E.F., Calheiros, D.F., 2008. Pesticide residues in river
sediments from the Pantanal Wetland, Brazil. J. Environ. Sci. Health B 43, 717-722.
https://doi.org/10.1080/03601230802388843.

Nag, R., O'Rourke, S.M., Cummins, E., 2022. A GIS study to rank Irish agricultural lands
with background and anthropogenic concentrations of metal(loid)s in soil.
Chemosphere 286, 131928. https://doi.org/10.1016/j.chemosphere.2021.131928.

Parolini, M., Binelli, A., Matozzo, V., Marin, M.G., 2010. Persistent organic pollutants in
sediments from the lagoon of Venice—a possible hazard for sediment-dwelling


https://doi.org/10.1016/j.scitotenv.2025.180108
https://doi.org/10.1016/j.scitotenv.2025.180108
https://doi.org/10.1016/j.hazadv.2023.100284
https://doi.org/10.1016/j.hazadv.2023.100284
https://doi.org/10.1007/s11356-015-4206-3
https://doi.org/10.1007/s11356-015-4206-3
https://doi.org/10.1016/j.envint.2012.06.010
https://doi.org/10.1021/es051407c
https://doi.org/10.1007/s10661-013-3494-7
https://doi.org/10.1007/s10661-013-3494-7
https://doi.org/10.1897/05-231r.1
https://doi.org/10.1897/05-231r.1
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0035
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0035
https://doi.org/10.1016/j.envint.2012.07.007
https://doi.org/10.1016/j.envint.2012.07.007
https://doi.org/10.1016/j.envres.2020.110495
https://doi.org/10.1016/0021-9673(95)00362-Q
https://doi.org/10.1016/0021-9673(95)00362-Q
https://doi.org/10.1016/j.jece.2023.110513
https://doi.org/10.1002/etc.3919
https://doi.org/10.1021/jf202049s
https://doi.org/10.1021/jf202049s
https://doi.org/10.1016/j.scitotenv.2020.139181
https://doi.org/10.1016/j.scitotenv.2020.139181
https://www.housing.gov.ie/sites/default/files/migrated-files/en/Publications/Environment/Water/FileDownLoad,17228,en.pdf
https://www.housing.gov.ie/sites/default/files/migrated-files/en/Publications/Environment/Water/FileDownLoad,17228,en.pdf
https://www.housing.gov.ie/sites/default/files/migrated-files/en/Publications/Environment/Water/FileDownLoad,17228,en.pdf
https://doi.org/10.1002/etc.13
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0085
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0085
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0085
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0085
https://www.water.ie/projects/local-projects/regional-biosolids-storag/faqs
https://doi.org/10.1016/j.envpol.2022.120493
https://doi.org/10.1016/j.envpol.2022.120493
https://doi.org/10.1007/s10661-010-1552-y
https://doi.org/10.1007/s10661-010-1552-y
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0105
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0105
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0105
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0105
https://doi.org/10.1016/j.jhydrol.2010.08.012
https://doi.org/10.1016/j.jhydrol.2010.08.012
https://doi.org/10.1016/j.envint.2011.08.008
https://doi.org/10.1016/j.jhazmat.2024.135920
https://doi.org/10.1897/08-291.1
https://doi.org/10.1016/j.envpol.2012.09.012
https://doi.org/10.1016/j.envpol.2012.09.012
https://doi.org/10.1007/s11356-015-4374-1
https://doi.org/10.1007/s11356-015-4374-1
https://doi.org/10.1039/c2em10946h
https://doi.org/10.1021/es801346g
https://doi.org/10.1002/1526-4998(200007)56:7<597::Aid-ps181>3.0.Co;2-c
https://doi.org/10.1002/1526-4998(200007)56:7<597::Aid-ps181>3.0.Co;2-c
https://doi.org/10.1016/j.watres.2015.01.033
https://doi.org/10.1016/j.watres.2015.01.033
https://doi.org/10.1023/A:1025441610434
https://doi.org/10.1023/A:1025441610434
https://doi.org/10.1016/j.watres.2006.04.012
https://doi.org/10.1016/j.watres.2006.04.012
https://doi.org/10.1016/j.chemosphere.2010.11.074
https://doi.org/10.1016/j.chemosphere.2010.11.074
https://doi.org/10.1016/j.jhazmat.2016.10.056
https://doi.org/10.1016/j.jhazmat.2016.10.056
https://doi.org/10.1016/j.jhazmat.2022.129292
https://doi.org/10.1016/j.scitotenv.2024.170108
https://doi.org/10.1016/s0048-9697(98)00015-1
https://doi.org/10.1016/s0048-9697(98)00015-1
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0195
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0195
https://doi.org/10.1080/03601230802388843
https://doi.org/10.1016/j.chemosphere.2021.131928

S. Wang et al.

organisms. J. Soils Sediments 10, 1362-1379. https://doi.org/10.1007/s11368-010-
0277-4.

Peris, A., Barbieri, M.V., Postigo, C., Rambla-Alegre, M., Lopez de Alda, M., Eljarrat, E.,
2022. Pesticides in sediments of the Ebro River Delta cultivated area (NE Spain):
occurrence and risk assessment for aquatic organisms. Environ. Pollut. 305, 119239.
https://doi.org/10.1016/j.envpol.2022.119239.

Phillips, B.M., Anderson, B.S., Voorhees, J.P., Hunt, J.W., Holmes, R.W., Mekebri, A.,
Connor, V., Tjeerdema, R.S., 2010. The contribution of pyrethroid pesticides to
sediment toxicity in four urban creeks in California, USA. J. Pestic. Sci. 35, 302-309.
https://doi.org/10.1584/jpestics.G10-34.

Phillips, B.M., Anderson, B.S., Hunt, J.W., Siegler, K., Voorhees, J.P., Tjeerdema, R.S.,
McNeill, K., 2012. Pyrethroid and organophosphate pesticide-associated toxicity in
two coastal watersheds (California, USA). Environ. Toxicol. Chem. 31, 1595-1603.
https://doi.org/10.1002/etc.1860.

Plagellat, C., Kupper, T., de Alencastro, L.F., Grandjean, D., Tarradellas, J., 2004.
Biocides in sewage sludge: quantitative determination in some Swiss wastewater
treatment plants. Bull. Environ. Contam. Toxicol. 73, 794-801. https://doi.org/
10.1007/500128-004-0497-7.

Qi, H., Ma, P., Li, H., You, J., 2015. Assessment of sediment risk in the north end of Tai
Lake, China: integrating chemical analysis and chronic toxicity testing with
Chironomus dilutus. Arch. Environ. Contam. Toxicol. 69, 461-469. https://doi.org/
10.1007/500244-015-0162-7.

Rogers, H.R., Campbell, J.A., Crathorne, B., D.A., J., 1989. The occurrence of
chlorobenzenes and permethrins in twelve U.K. sewage sludges. Water Res. 23,
913-921. https://doi.org/10.1016/0043-1354(89)90017-1.

Séanchez-Bayo, F., Baskaran, S., Kennedy, L.R., 2002. Ecological relative risk (EcoRR):
another approach for risk assessment of pesticides in agriculture. Agric. Ecosyst.
Environ. 91, 37-57. https://doi.org/10.1016/50167-8809(01)00258-4.

SCHEER, 2022. Scientific opinion on “draft environmental quality standards for priority
substances under the water framework directive” — cypermethrin [online] available
at: https://health.ec.europa.eu/publications/scheer-scientific-opinion-draft-enviro
nmental-quality-standards-priority-substances-under-water-2_en.

Shafer, T.J., Meyer, D.A., Crofton, K.M., 2005. Developmental neurotoxicity of
pyrethroid insecticides: critical review and future research needs. Environ. Health
Perspect. 113, 123-136. https://doi.org/10.1289/ehp.7254.

Sharkey, M., Wang, S., Harrad, S., Stubbings, W.A., Healy, M.G., Jin, J., Coggins, A.M.,
2024. Legacy and emerging flame retardants in sediments and wastewater treatment
plant-derived biosolids. Sci. Total Environ. 954, 176582. https://doi.org/10.1016/j.
scitotenv.2024.176582.

Sun, B.Q., Wang, F., Li, H.Z., You, J., 2015. Occurrence and toxicity of sediment-
associated contaminants in Guangzhou College City and its adjacent areas: the
relationship to urbanization. Arch. Environ. Contam. Toxicol. 68, 124-131. https://
doi.org/10.1007/5s00244-014-0097-4.

Sutton, R., Xie, Y., Moran, K.D., Teerlink, J., 2019. Occurrence and sources of pesticides
to urban wastewater and the environment. In: Pesticides in Surface Water:
Monitoring, Modeling, Risk Assessment, and Management, pp. 63-88.

11

Science of the Total Environment 995 (2025) 180108

Sy, N.D., Cao, M., Hall, M., Kaur, P., Shi, Q., Xiong, Y., Gan, J., 2024. Distribution of
pyrethroid insecticides in urban storm drain structures: catch basins, open channels,
and outfalls. Environ. Pollut. 340, 122733. https://doi.org/10.1016/].
envpol.2023.122733.

Wang, J.Z., Li, H.Z., You, J., 2012. Distribution and toxicity of current-use insecticides in
sediment of a lake receiving waters from areas in transition to urbanization. Environ.
Pollut. 161, 128-133. https://doi.org/10.1016/j.envpol.2011.10.020.

Wee, S.Y., Aris, A.Z., 2017. Ecological risk estimation of organophosphorus pesticides in
riverine ecosystems. Chemosphere 188, 575-581. https://doi.org/10.1016/j.
chemosphere.2017.09.035.

Weston, D.P., Ding, Y., Zhang, M., Lydy, M.J., 2013a. Identifying the cause of sediment
toxicity in agricultural sediments: the role of pyrethroids and nine seldom-measured
hydrophobic pesticides. Chemosphere 90, 958-964. https://doi.org/10.1016/j.
chemosphere.2012.06.039.

Weston, D.P., Poynton, H.C., Wellborn, G.A., Lydy, M.J., Blalock, B.J., Sepulveda, M.S.,
Colbourne, J.K., 2013b. Multiple origins of pyrethroid insecticide resistance across
the species complex of a nontarget aquatic crustacean, Hyalella azteca. Proc. Natl.
Acad. Sci. USA 110, 16532-16537. https://doi.org/10.1073/pnas.1302023110.

Weston, D.P., Ramil, H.L., Lydy, M.J., 2013c. Pyrethroid insecticides in municipal
wastewater. Environ. Toxicol. Chem. 32, 2460-2468. https://doi.org/10.1002/
etc.2338.

Wheeler, J., Black, G.P., Hladik, M.L., Sanders, C.J., Teerlink, J., Wong, L., Zhang, X.,
Budd, R., Young, T.M., 2025. Characterizing pyrethroid and fipronil concentrations
in biosolids. Sci. Total Environ. 969, 178954. https://doi.org/10.1016/j.
scitotenv.2025.178954.

Xue, N., Li, F., Hou, H., Li, B., 2008. Occurrence of endocrine-disrupting pesticide
residues in wetland sediments from Beijing, China. Environ. Toxicol. Chem. 27,
1055-1062. https://doi.org/10.1897/07-511.1.

Yi, X., Li, H., Ma, P., You, J., 2015. Identifying the causes of sediment-associated toxicity
in urban waterways in South China: incorporating bioavailabillity-based
measurements into whole-sediment toxicity identification evaluation. Environ.
Toxicol. Chem. 34, 1744-1750. https://doi.org/10.1002/etc.2970.

Yoo, M., Lim, Y.H., Kim, T., Lee, D., Hong, Y.C., 2016. Association between urinary 3-
phenoxybenzoic acid and body mass index in Korean adults: 1(st) Korean National
Environmental Health Survey. Ann. Occup. Environ. Med. 28, 2. https://doi.org/
10.1186/s40557-015-0079-7.

You, J., Pehkonen, S., Weston, D.P., Lydy, M.J., 2008. Chemical availability and
sediment toxicity of pyrethroid insecticides to Hyalella azteca: application to field
sediment with unexpectedly low toxicity. Environ. Toxicol. Chem. 27, 2124-2130.
https://doi.org/10.1897,/08-016.1.

Zhu, Q., Yang, Y., Zhong, Y., Lao, Z., O'Neill, P., Hong, D., Zhang, K., Zhao, S., 2020.
Synthesis, insecticidal activity, resistance, photodegradation and toxicity of
pyrethroids (a review). Chemosphere 254, 126779. https://doi.org/10.1016/j.
chemosphere.2020.126779.


https://doi.org/10.1007/s11368-010-0277-4
https://doi.org/10.1007/s11368-010-0277-4
https://doi.org/10.1016/j.envpol.2022.119239
https://doi.org/10.1584/jpestics.G10-34
https://doi.org/10.1002/etc.1860
https://doi.org/10.1007/s00128-004-0497-7
https://doi.org/10.1007/s00128-004-0497-7
https://doi.org/10.1007/s00244-015-0162-7
https://doi.org/10.1007/s00244-015-0162-7
https://doi.org/10.1016/0043-1354(89)90017-1
https://doi.org/10.1016/S0167-8809(01)00258-4
https://health.ec.europa.eu/publications/scheer-scientific-opinion-draft-environmental-quality-standards-priority-substances-under-water-2_en
https://health.ec.europa.eu/publications/scheer-scientific-opinion-draft-environmental-quality-standards-priority-substances-under-water-2_en
https://doi.org/10.1289/ehp.7254
https://doi.org/10.1016/j.scitotenv.2024.176582
https://doi.org/10.1016/j.scitotenv.2024.176582
https://doi.org/10.1007/s00244-014-0097-4
https://doi.org/10.1007/s00244-014-0097-4
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0270
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0270
http://refhub.elsevier.com/S0048-9697(25)01748-6/rf0270
https://doi.org/10.1016/j.envpol.2023.122733
https://doi.org/10.1016/j.envpol.2023.122733
https://doi.org/10.1016/j.envpol.2011.10.020
https://doi.org/10.1016/j.chemosphere.2017.09.035
https://doi.org/10.1016/j.chemosphere.2017.09.035
https://doi.org/10.1016/j.chemosphere.2012.06.039
https://doi.org/10.1016/j.chemosphere.2012.06.039
https://doi.org/10.1073/pnas.1302023110
https://doi.org/10.1002/etc.2338
https://doi.org/10.1002/etc.2338
https://doi.org/10.1016/j.scitotenv.2025.178954
https://doi.org/10.1016/j.scitotenv.2025.178954
https://doi.org/10.1897/07-511.1
https://doi.org/10.1002/etc.2970
https://doi.org/10.1186/s40557-015-0079-7
https://doi.org/10.1186/s40557-015-0079-7
https://doi.org/10.1897/08-016.1
https://doi.org/10.1016/j.chemosphere.2020.126779
https://doi.org/10.1016/j.chemosphere.2020.126779

	Pyrethroids in sediments and wastewater treatment plant-derived biosolids from Ireland
	1 Introduction
	2 Methods
	2.1 Chemicals and standards
	2.2 Sample collection
	2.2.1 Inland and transitional sediments 2023
	2.2.2 Transitional sediments 2018–2022
	2.2.3 WWTP-derived biosolids

	2.3 Sample extraction and clean-up
	2.4 Instrumental analysis
	2.5 Data analysis and risk assessment
	2.5.1 Flow attenuation from rivers and lakes (FARL)
	2.5.2 Standard average annual rainfall (SAAR)

	2.6 Quality control and quality assurance procedures

	3 Results and discussion
	3.1 Concentrations of pyrethroids in Irish riverine and transitional sediments and biosolids
	3.2 Concentrations of pyrethroids in Irish sediments compared to similar studies worldwide
	3.3 Year-on-year variations in concentrations of pyrethroids in estuarine sediments collected between 2018 and 2022
	3.4 Comparison of concentrations and relative abundance of individual pyrethroids in riverine and transitional sediments co ...
	3.5 Ecotoxicological risk assessment of pyrethroids in Irish sediments
	3.6 Potential influences on pyrethroids concentrations in Irish sediment
	3.7 Concentrations of pyrethroids in Irish WWTP-derived biosolids compared to previous studies elsewhere
	3.8 Relative abundance of target pyrethroids in biosolids and sediment
	3.9 Influence of season, wastewater treatment technology, and size of population served by a given WWTP on concentrations o ...

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


