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Abstract: Pharmaceutical residues, particularly anthelmintics (AHs), are 
increasingly detected in water, sediments, soils, and wastewater biosolids due to 
high usage, poor removal in treatment plants, and extensive use in both humans and 
animals. Many AHs are persistent, lipophilic, and toxic to non-target organisms. 
Environmental monitoring of AHs in sediments and wastewater-derived biosolids 
is essential to manage ecological and human health risks. This study reports the 
concentration of four AHs, albendazole (ABZ), emamectin benzoate (EMB), 
fenbendazole (FEN), and ivermectin (IVE) in n = 81 inland and transitional/coastal 
sediment samples in Ireland. Additionally, concentrations in n = 21 wastewater 
treatment plant-derived biosolid samples collected from seven wastewater 
treatment plants in Ireland are reported. FEN was the most frequently detected (DF, 
86%) AH in sediment and also had the highest reported median concentration 
(0.103 µg/kg dw). Sediment concentrations were at the low end of those reported 
internationally. Comparison with Norman PNECsed values suggest that sediment 
ABZ concentrations present a low ecotoxicological risk, while concentrations of 
FEN present a moderate ecotoxicological risk. This study reports new data on 
sediment concentrations of EMB sampled at locations remote from aquacultural 
activities, with a small number of sample concentrations (n = 8) greater than 
concentrations suggested to present an ecological risk (0.2 ng/g). Both ABZ and 
IVE were frequently detected (100% DF) in biosolids. IVE had the highest median 
concentration (0.57 µg/kg dw) most likely due to higher logKow values promoting 
strong adsorption to the organic rich matrix. Biosolid concentrations were within 
the range of the limited previous reports for biosolids internationally. In light of the 
EU Soil Strategy and the ongoing review of the EU Sewage Sludge Directive 
(86/278/EEC), further studies on the concentrations of pharmaceutical residues, 
including AHs, are required to fully understand the impact of their reuse as 
agricultural fertilizers.  

 Keywords: anthelmintics; sediments; river; transitional; albendazole; emamectin 
benzoate; ivermectin; fendendazole 

1. Introduction 

The growing detection of hazardous chemicals, including pharmaceutical residues, across environmental 
compartments remains a critical environment concern [1]. In recent decades, the number and concentration of 
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pharmaceuticals entering the environment, particularly in developing countries [2], have risen due to higher 
consumption, improper disposal, and inadequate wastewater treatment. 

Pharmaceuticals are designed to have biological effects at low concentrations, which makes their presence in 
the environment concerning. As a result, when present in the environment they are referred to as emerging 
chemicals of concern due to their potential effects on non-target organisms [3]. Among the many drugs used in 
human and veterinary medicine, anthelmintics (AHs) represent a significant proportion of total pharmaceutical 
consumption across the European Union (EU) [4]. 

AHs are used in both human and veterinary medicine to treat infections caused by ecto- and endoparasites [5]. 
First introduced in the 1960s, compounds such as fenbendazole (FEN), levamisole, and albendazole (ABZ) are 
among the most commonly used. These drugs belong to the benzimidazole class and are primarily effective against 
nematodes, although ABZ also exhibits activity against trematodes and cestodes. 

A second major group of AHs, the macrocyclic lactones, include the avermectins—such as ivermectin (IVE) 
and emamectin benzoate (EMB). These compounds are active against nematodes and certain ectoparasites and 
represent the most widely used class of anthelmintic drugs used in veterinary medicine [5]. EMB is a broad 
spectrum avermectin used across agriculture, forestry and aquaculture. It is commonly used to treat sea lice on 
farmed salmon where it is administered via feed [6,7]. 

Many AHs such as FEN and ABZ and IVE are lipophilic and display high sorption efficiency to organic-rich 
materials such as sewage sludge [8–10] sediments, and soils [11], resulting in concentrations which are toxic to 
non-target organisms living in these microenvironments [12]. The impact of the presence of macrocyclic lactone 
residues in the environment, such as IVE, which can remain active for up to four months in stored manure, have 
been well documented [13]. IVE is harmful to both plants and non-target organisms such as the dung-beetle and 
earth worm [14–16]. Within the EU, abamectin, comprising a mixture of avermectin B1a and B1b, is classified as 
very toxic to aquatic life and is a suspected reproductive toxin [17]. It is no longer approved for use as a biocide [18] 
and is subject to Prior Informed Consent requirements for export. In 2025, abamectin was added to the Water 
Framework Directive (WFD) Watch List as an emerging pollutant of concern [19]. Since 2023 the Scottish EPA 
have implemented a new Environmental Quality Standard for the use of EMB in fish farming [7]. 

Direct discharges from pharmaceutical manufacturing (e.g., direct disposal on agricultural land or discharge 
to sewage treatment plants [4] are considered a negligible source of environmental contamination compared to 
emissions resulting from human and animal use. Intensive livestock and aquaculture systems are particularly 
vulnerable to parasitic infections and therefore rely heavily on AHs for treatment. However, up to 90% of orally 
administered AHs can be excreted as the parent compound or as active metabolites, which may enter the 
environment either directly following application or indirectly via agricultural runoff [20]. 

Once released, their mobility and persistence depend on several factors, including their chemical structure 
(e.g., the presence of functional groups susceptible to oxidation, reduction, or hydrolysis) which can result in the 
production of more reactive or mobile metabolites. Their octanol–water partition coefficient (Log Kow), which is 
typically high for many AHs and promotes strong adsorption to soil or sediment; as well as soil characteristics 
such as organic matter content, pH, and metal concentration [11], and the local hydrogeological conditions [21,22]. 

Previous studies have detected AHs in groundwater [22], surface waters [23–25], and coastal waters [26], 
linking their presence primarily to agricultural and aquacultural activities. Evidence of AH circulation from treated 
animals to their faeces, to fodder plants, and subsequently to untreated animals feeding on these plants illustrates 
potential environmental contamination pathways to the human food chain but also the risk of developing drug 
resistance. These findings underscore the importance of monitoring AHs and their residues in the environment [27]. 

Due to the high excretion rates of AHs in both humans and animals, wastewater also represents a significant 
source of these compounds in the environment. Elevated concentrations of AHs have been reported in both 
wastewater influents and effluents [28–30]. Zhao et al. [28] calculated removal efficiencies for 19 AHs in 
wastewater treatment plants (WWTPs) ranging from −425% to 100%, highlighting the potential risk posed by the 
more water-soluble AHs such as ricobendazole—a metabolite of ABZ to aquatic ecosystems. 

In some EU countries, such as Ireland and Spain, large quantities (>80%) of WWTP-derived biosolids are 
applied directly to agricultural land. AHs present in these biosolids, when used as soil fertilisers, could pose a 
threat to soil organisms as well as to surface and groundwater. Many anthelmintics are lipophilic, making it 
important to quantify their concentrations not only in WWTP-derived biosolids but also in sediments and soils. 
Currently, European data on AH concentrations in soils and sediments are limited [23,24], as are data for WWTP-
derived biosolids [31]. Therefore, obtaining this information is critical for assessing the environmental risks 
associated with the use of biosolids as agricultural fertilizers [32]. 

Moreno-González et al. [24] analysed 40 pharmaceuticals, including three AHs, in water and coastal sediment 
samples from a Mediterranean lagoon. Thiabendazole was detected in 83% of sediment samples, with agricultural 



Cogginsa et al.   Environ. Contam. Causes Solut. 2026, 2(2), 6 

https://doi.org/10.53941/eccs.2026.100006   3 of 12  

activity near the lagoon identified as the likely source of contamination. Similarly, Wagil et al. [23] reported 
concentrations of FEN and flubendazole in a limited number of water, sediment, and fish tissue samples collected 
near an animal breeding facility in Poland. Detection frequencies were highest in water samples compared to the 
other matrices. 

A study of human and veterinary pharmaceuticals in the marine environment in Korea [26] found that the 
four AHs tested in seawater accounted for only 3–5% of the total concentrations of target pharmaceuticals, 
compared to 50–60% in marine sediments. Thiabendazole (THI) was the most prominent AH, with sediment 
concentrations near fish farms two to three times higher than those in coastal sediments, and up to 4–1400 times 
higher than antibiotic concentrations in river sediments. Chen et al. [8] measured concentrations of 19 AHs in 
water and sediment samples collected along the Tujiang River in China. Benzimidazoles dominated both sediment 
and water samples, reflecting their widespread use, with ABZ and ricobendazole showing 100% detection 
frequencies. Concentrations of macrocyclic lactones were lower, likely due to their more limited use and higher 
pseudo-partitioning coefficients beween water and sediment (Kp,s). Elevated water concentrations were observed 
downstream of industrial and residential wastewater discharges. High Kp,s values calculated for AHs such as ABZ, 
levamisole (LEV) and THI indicate a strong tendency for these compounds to accumulate in sediments, with the 
highest concentrations detected near a large fish farm. In terms of ecotoxicological risk, macrolactones—including 
ivermectin (IVE) and eprinomectin (EPR) exhibited higher toxicity compared to benzimidazoles. 

AHs are increasingly detected in water, sediments, and wastewater-derived biosolids, with sediments often 
acting as environmental sinks. Climate change-related events, such as increased incidence of infectious diseases 
and higher demand for AH treatments, combined with altered precipitation and runoff patterns, could further 
exacerbate environmental contamination from domestic and agricultural sources [33]. Their persistence, 
bioaccumulation, and ecotoxicological risks to non-target organisms highlight the potential for environmental 
harm and the spread of drug resistance [5]. In response to growing concerns regarding drug resistance, since 
December 2025, in Ireland new rules on the use of antiparasitic medicines for animal healthcare were introduced, 
veterinary prescriptions are now required for all medicines [34]. Environmental monitoring of AHs in sediments 
and WWTP sludges is therefore essential to assess contamination pathways and manage ecological and human 
health risks. 

The aim of this paper is to present, for the first time, a baseline assessment of the concentration of four 
anthelmintics (IVE, EMB, ABZ and FEN) in inland and coastal/transitional sediment and WWTP-derived 
biosolids samples collected from around Ireland. To the authors’ knowledge, this study is the first report of 
background sediment concentrations of EMB remote from aquaculture activities. Biosolid concentrations are 
analysed alongside available metadata on population equivalent (PE), WWTP treatment type. Sediment 
concentrations are analysed using data on sediment type and water flow (sediment). An assessment of the 
ecotoxicology risk at the concentrations determined in sediment are performed using a risk quotient (RQ) approach 
and comparisons made with similar previous reported studies. 

2. Methods 

2.1. Sample Collection and Pre-Treatment 

The project sampling campaign involved the collection of transitional/estuarine and freshwater sediment 
samples and samples of wastewater treatment plant derived biosolids. A total of n = 81 sediment samples, both 
transitional/estuarine (n = 19) and fresh water (n = 62) were collected from sites across the Republic of Ireland in 
2023 (Figure 1). In addition, in collaboration with Uisce Éireann (www.water.ie (accessed on 20 May 2026)) a 
total of n = 21 samples of biosolids, destined to be used as agricultural fertilisers, were collected from seven 
WWTPs located across Ireland in 2023. Each of the WWTPs served different population equivalents (PEs) and 
had different sludge treatment processes (Table S1). Further details regarding the sampling methods employed for 
both sediment and biosolids sampling are reported previously [35]. All samples were analysed for four 
anthelmintics, namely ivermectin, emamectin benzoate, albendazole, and fenbendazole (Table 1). Ivermectin and 
emamectin benzoate were purchased from Chiron AS (Trondheim, Norway), while albendazole and fenbendazole 
were obtained from Merck KGaA (Darmstadt, Germany). 
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Figure 1. Locations sampled in 2023: red pins indicate inland sediment sites; blue pins indicate transitional/coastal 
sites (map adapted from https://irish.gridreferencefinder.com). The same map can also be found in our report 
entitled Assessment of the Environmental Contamination of Irish Soils and Sediments with Hazardous 
Chemicals (TERRAChem), available at: https://www.epa.ie/publications/research/environment--
health/research-516-assessment-of-the-environmental-contamination-of-irish-soils-and-sediments-
with-hazardous-chemicals-terrachem.php (accessed on 20 May 2026). 

Table 1. Overview of the anthelmintics measured in this study. 

Chemical  Chemical Class  Approved Uses in Ireland 

Ivermectin * Macrocyclic lactone 
Broad spectrum wormer, approved for use in humans and animals, 
used to treat for parasitic infections (round, eye & lung worm, 
warbles, lice and mites).  

Emamectin benzoate Macrocyclic lactone Approved for infestations of parasitic sea lice in Atlantic salmon.  

Albendazole Benzimidazole Approved for treatment of parasites (round, lung & tape worm and 
adult fluke) in cattle and sheep.  

Fenbendazole * Benzimidazole  
Approved for use in animals, used for the treatment of parasitic 
(round, lung and tape worm) in cattle, sheep pigs and companion 
pets such as dogs and cats.  

* Also available as a combination product. 
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2.2. Laboratory Processing of Sediment and WWTP-Derived Biosolids Samples 

Surficial sediment samples (0–5 cm depth) were collected from river sites using grab sampling. 
Approximately 1 kg of sediment was obtained from sites dominated by coarse (>2 mm) grain sizes, while ~0.5 kg 
was collected from sites with finer sediments (e.g., coastal sites). Sampling was conducted using either stainless-
steel digging tools or a Van Veen grab sampler, pre-cleaned prior to each use with a detergent wash followed by 
triple rinses in acetone, cyclohexane, methanol, and distilled water. Samples were placed into high density poly 
ethylene (HDPE) containers and transported to the laboratory, where they were homogenised and wet-sieved to 2 
mm before being transferred into 50 mL centrifuge tubes. Samples were then sealed and stored at −80 °C until 
freeze-drying which was performed using a Labconco FreeZone freezer at maximum vacuum of 0.133 mbar and 
a temperature of −40 °C for approximately six days, dried sediments were then stored for at 4 °C until analysis. 
Biosolid samples were prepared for analysis in line with the procedures outlined above. A summary of the 
characteristics of the WWTPs sampled in the study are provided in Section S1 of the SM. Three biosolids samples 
were collected from each site at four-month intervals, January, May and September 2023. 

2.3. Sample Preparation Protocols 

A 1 g aliquot of sediment (0.1 g for biosolid) was placed into an ASE extraction cell. To this was added 50 
ng of mixed internal standard (IS) solutions containing anthelmintics (d2-ivermectin, d3-albendazole; Greyhound 
Chromatography, Birkenhead, UK), followed by 30 min equilibration before extraction using an ASE 350 system 
with MeOH/H2O (optima grade 1:1, v/v) as the extraction solvent [29], with three static extraction cycles of 5 min 
each at 70 °C, followed by a 3 min purge. Following extraction, the extract was concentrated incipient dryness to 
remove methanol. After this, the concentrated extract was diluted to approximately 60 mL with H₂O. SPE 
cartridges (Waters PRiME HLB, 3 cc, 60 mg) were preconditioned with 12 mL H2O containing 5% MeOH, before 
loading the 60 mL aqueous extract onto the SPE cartridge. After loading, the cartridge was dried under vacuum 
for approximately 5 min to remove residual water, before analytes were eluted with 8 mL methanol, followed by 
2 mL acetone, under light vacuum. The combined eluate (~10 mL) was evaporated to incipient dryness under a 
gentle stream of nitrogen at 40 °C, before the residue was diluted in 0.25 mL H₂O and 0.25 mL MeOH, vortexed 
briefly, and syringe-filtered (0.22 μm) into an autosampler vial. Following this, the 0.5 mL final extract was 
transferred to an LC vial and spiked with 10 ng recovery determination standard (RDS) (d3-FEN; also referred to 
as syringe standard or internal standard). 

2.4. Instrumental Analysis 

Determination of anthelmintic concentrations was performed using a Sciex Exion UPLC coupled to a Sciex 
5600+ TripleTOF MS. Chromatographic separation was achieved with an Acquity UPLC BEH C18 column (100 
× 2.1 cm, 1.7 μm, Waters, Milford, CT, USA) using a mobile phase of high purity water with 0.05% formic acid 
and 5 mM ammonium formate (Optima grade, Fisher Scientific (Pittsburgh, PA, USA) (mobile phase A)) and 
methanol (Optima grade, Fisher Scientific (mobile phase B)). The LC program commenced with 10% B and was 
increased linearly to 100% over 3.5 min and held for a further 4 min. The mobile phase composition was returned 
to 10% B over 0.5 min and held for 2.5 min to equilibrate for the next sample. The overall method duration was 
10 min with a flow rate of 0.4 mL/min. The injection volume was 10 μL and the column oven was maintained at 
45 °C throughout. 

The TripleTOF MS was equipped with a Turbo V ion source, which was operated in positive ion mode using 
electrospray ionisation (ESI+) at 5000 V. Curtain gas was set to 25 psi, nebuliser gas (GS1) to 65 psi, and drying 
gas (GS2) to 35 psi. The CAD gas was set to medium, and the source temperature was maintained at 250 °C. The 
instrument was operated in high-resolution mode and scanned between 100 and 1000 Da. A SCIEX automated 
calibrant delivery system was used to maintain mass accuracy. A manual mass calibration was performed prior to 
each batch of samples, and an automatic mass calibration was performed after every five injections. Identification 
and quantification of target analytes were performed using Multiquant 2.0 software. Target analytes were identified 
using a combination of correct retention time and m/z transition values. Native anthelmintics were quantified with: 
Ivermectin m/z 892.5 > 569.3; Emamectin benzoate m/z 886.8 > 158.0; Albendazole m/z 266.1 > 232.1; FEN m/z 
300.1 > 268.0. For IS and RDS were: d2-ivermectin m/z 894.5 > 571.3; d3-Albendazole m/z 269.1 > 234.1; d3-FEN 
m/z 303.1 > 268.1. 
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2.5. Data Analysis and Risk Assessment 

Non-parametric statistical tests were used to make comparisons of mean concentration of target chemical and 
the various metadata recorded for the sample or sample location (population density, sediment type, river flow 
speed (FARL Index), and year of collection for sediments; PE, treatment type, and month of collection for 
biosolids). For two sample means, Mann-Whitney U tests were used, and for more than two sample sets, Kruskal-
Wallis H tests were used (confidence interval of 95%, Significance level (p) of 0.05). Where data were recorded 
to be below the limits of quantification (LoQ), proxy values were determined using {LOQ × Detection Frequency} 
according to [36]. Using predicted no effect concentration values for sediments (PNECsed), published by the 
NORMAN network www.norman-network.com/nds/ecotox (accessed on 23 May 2026) [37], available for two of 
the target anthelmintics (ABZ and FEN), RQs were calculated to evaluate ecotoxicological risks using the 
following equation: RQ =  MECLowest PNEC 

where MEC95 is the 95th percentile concentration in sediment samples and PNECsed is the PNEC for sediment values. 

3. Results and Discussion 

3.1. Concentrations of Anthelmintics in Irish Fresh Water and Transitional/Coastal Sediments 

Table 2 presents the descriptive statistics of the concentrations of target anthelmintics in Irish inland and 
coastal/transitional sediments collected in 2023. Concentrations reported for inland sediments were not 
significantly different to those reported in coastal/transitional sediments (p > 0.05). The most frequently detected 
anthelmintic was FEN (DF 86%), followed by EMB (69.1%), IVE (66%) and ABZ (38%). As shown in Figure 2, 
the target chemical with the highest median concentration was FEN (median; 0.103 mg/g dw), followed by IVE 
(median; 0.059 mg/g dw). 

 

Figure 2. Graphical overview of concentrations of anthelmintics in transitional/coastal and inland sediment 
samples collected around Ireland in 2023. Legend: Blue box denotes interquartile range (IQR) & median; bars 
denote non-outlier maxima and minima (<1.5 × IQR); circles denote mild outliers (1.5–3.0 × IQR); stars denote 
major outliers (>3.0 × IQR). 

Table 2. Statistical summary of concentrations, (µg/kg dry weight) of target anthelmintics in Irish inland and 
transitional/coastal sediments (sieved to 2 mm), samples were collected in 2023. 

Anthelmintic 
/Statistical Parameter 

DF 
(%) Range  Median  Arithmetic 

Mean SD PNECsed a RQ b  LOQ 

Albendazole (ABZ) 38.3 <0.002–0.760 <0.002 0.072 0.119 7.65 0.035 0.002 
Emamectin Benzoate (EMB) 69.1 <0.001–0.434 0.016 0.051 0.082 n/a n/a 0.001 
Fenbendazole (FEN)  86.4 <0.007–1.428 0.103 0.198 0.281 8.41 0.130 0.007 
Ivermectin (IVE) 65.4 <0.003–0.367 0.059 0.066 0.070 n/a n/a 0.003 

a predicted no effect concentration values for sediment from NORMAN database, 2024 b Risk Quotient. 



Cogginsa et al.   Environ. Contam. Causes Solut. 2026, 2(2), 6 

https://doi.org/10.53941/eccs.2026.100006   7 of 12  

3.2. Concentrations of Anthelmintics in Irish Sediments Compared to Previous International Data 

In comparison to previous studies (Table 3), data concentrations reported for Irish sediment are low and 
consistent with previous reports, and usage patterns in Ireland [22] which have shown benzimidazoles (BZD) to 
have highest detection frequencies. In this current study, FEN is detected more frequently than other target 
chemicals [8,38]. Although ABZ also a BZD had a DF of 38%, both BZDs are among the more commonly used 
BZDs in veterinary medicine in Ireland, collectively both active ingredients are approved for use in 51 products. 
FEN is more commonly used in lactating cows, whereas ADZ is more commonly used in housed animals [22]. 
Although the highest concentration of FEN (1.24 mg/g) was detected in a river situated in a rural area nearby 
agricultural activities, the sample size was insufficient to draw definitive conclusions regarding potential pathways 
of contamination. In addition, one limitation of this current study is that samples were only monitored for the 
parent drug and not metabolites. Both ABZ and FEN are sensitive to oxidation, ABZ is metabolised in mammals; 
however, its primary metabolite (ABZ-SO) is more soluble and mobile and perhaps less likely to be detected in 
sediment [21,22]. Similarly, FEN is transformed into FEN-SO or oxfendazole. 

Both FEN and ABZ sediment concentrations (µg/kg) are on the lower end (median; 0.103, <LoQ–1.43, 
median; 0.001, < LoQ–0.76 respectively) of the range of concentrations recently reported by Lei et al. [38] for 
sediment of the Lhasa River (in the dry season) (FEN; 0.36–12.60 mg/g, ABZ; ND-13.6 mg/g), and significantly 
lower than sediment concentrations reported for the Tuojiang river, China (median FEN; 2.69 mg/g, ABZ; 2.02 
mg/g) [8] and Jiangan river and Ming Yuan lake in China (FEN; 2.8–9.9 mg/g, ABZ 1.9–5.1 mg/g) [29]. ABZ and 
its metabolites were the most frequently detected anthelmintic in ground water and surface water sampling 
campaign in Ireland in 2017 [22]. At the time of that study, higher frequencies of detection and higher 
concentrations coincided with periods of increased usage and intensive meteorological events. Over 80% of 
samples collection in the current study took place between May and July 2023, and so the impact of seasonality 
on concentrations could not be examined. River FARL data (Available online: https://gis.epa.ie (accessed on 26 
April 2026) was obtained for 70% of the 2023 sampling locations, however no correlation was observed with 
sample concentrations. 

Table 3. Concentrations of target anthelmintics, (µg/kg dry wgt. range and median (italics) values are reported, 
unless indicated otherwise) in Irish sediment and WWTP-derived biosolids and previous reported data 
internationally. (* mean values). 

Reference Location ABZ EMB FEN IVE 
Sediment data 
This study (2023) 
µg/kg Ireland <0.0023–0.760, 0.001 <0.0014–0.434, 

0.016 
<LoQ0.0065–
1.428, 0.103 

<0.0031–0.367, 
0.059 

Lei  et al., [38] 
µg/kg 

Lhasa River, Xizang 
China 

ND-13.6, 3.7 * (dry 
season) 
4.07–146.0, 34.16 * 
(wet season) 

 

0.36–12.60, 1.67 * 
(dry season) 
6.70–99.40, 35.82 
* (wet season) 

ND-3.78, 0.84 
(Dry season) 
ND-23.80, 7.2 
* (wet season) 

Chen et al., [8] 
µg/kg Tuojiang River, China  ND-596.6  

2.02    2.26–6.27  
2.69  

ND-13.5  
ND  

Li et al., [29]  
µg/kg Chengdu, China 1.9–5.1    2.8–9.9  ND < 0.11  

Moreno-González et 
al., [24]  
µg/kg 

Spain  ND, <0.1        

Kim et al., [26] 
µg/kg Southern sea of Korea  (ND-14.8)  

11.9 *    (1.57–28.0)  
10.5 *   

Wagil et al., [23]  
µg/kg 

River Gościcina  
Poland      ND (<0.3)    

Lalonde et al., [39] 
mg/kg   

Atlantic Canada, 
downstream from a fish 
farm 

  <0.01–2.5 mg/Kg     

Tucca et al., [40] 
µg/kg  

Chile   
(at a maximum of 100 m 
from aquaculture)  

  2.2–14.6      

Wastewater treatment plant-derived biosolids  
This study (2023)  
µg/kg Ireland  0.201–0.938 <LoQ-0.037 <LoQ-5.868 0.240–2.266 

Zhao et al., [28]  
µg/kg Chengdu, China  2.87–5.11    3.46–5.23  0.61–3.16  
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Similarly, IVE was detected in low concentrations, and on the low end of those reported by [38] and also [29]. 
Ivermectin is very commonly used in Ireland, typically on housed animals, and is an active ingredient in eighty 
approved products. Lower concentrations relative to other target chemicals maybe due to the comparative lower 
therapeutic doses used. In addition, Ivermectin is tightly bound to organic matter, but is transformed into several 
transformation products, not analysed in this study [21]. 

Concentrations reported in this study are significantly lower than those reported by [40] for sediment near 
salmon cages in Chile and are orders of magnitude lower than those reported by [39] near an outflow from a salmon 
farm in Canada. The Scottish EPA (SEPA) have set a sediment environmental quality standard (EQS) of 0.272 
ng/g to regulate the quantity of EMB used on fish farms in Scotland. Recent research [41] suggests sediment 
concentrations as low as 0.2 ng/g (slightly lower than the SEPA EQS of 0.272 ng/g [42]) can result in reduced 
species diversity and disrupted community structure with crustaceans most at risk. Concentrations ≥ 0.2 ng/g were 
detected in this study at eight sites, many of which were remote from aquaculture activities. 

3.3. Ecological Risk Assessment of Anthelmintic Concentrations in Irish Sediments 

Table 2 presents the RQ values for ABZ and FEN. No PNECsed values are available for the other target 
chemicals included in the study. Calculated RQs suggest ABZ presents a low ecotoxicological risk and 
concentrations of FEN presents a moderate ecotoxicological risk. Previous studies have examined the ecological 
risks posed by anthelmintic concentrations to aquatic life by comparing concentrations in water with relevant 
PNECs [8,38]. Lei et al. [38] found that water fleas were the most sensitive species to antiparasitic compounds in 
river water, followed by fish and algae. Among the compounds studied, abamectin and ivermectin posed the 
highest ecological risk. In contrast to the current study, Lei et al. [38] performed the ecological risk assessments 
on water concentrations, however warned that the accumulation of these compounds in sediment may further 
increase ecological risk to invertebrates in water bodies. The ecological risk associated with FEN was found to be 
season-dependent, while ABZ was classified as presenting a medium risk in certain sections of the river. 

Chen et al., [8] concluded that IVE and eprinomectin posed high ecotoxicological risk to invertebrates in the aquatic 
environment at many sites along the Tuojiang River. The anthelmintics, FEN and ABZ and abamectin presented medium 
risk. Similar to Lei et al. [38] invertebrates such as water flea were the most sensitive to the presence of anthelmintics. 
Another ecotoxicological assessment of anthelmintic concentrations in soil highlighted abamectin and ivermectin as the 
two anthelmintics presenting highest risk to terrestrial organisms such as spring tails [43]. 

3.4. Concentrations of Anthelmintics in Irish WWTP-Derived Biosolids 

Table 4 and Figure 3 presents a summary of the concentrations of the target anthelmintics in biosolids. 
Albendazole and Ivermectin had a 100% DFs, followed by fenbendazole and EMB (86% and 67% respectively). 
While influent or effluent concentrations were not measured in this study, the higher biosolid concentrations 
compared to sediment data is most likely due to the concentration of contaminants in waste influents following 
sludge treatment processes. While mean concentrations of FEN and IVE are comparable, FEN concentrations are 
skewed by an unexplained outlier (5.9 µg/kg). Both ABZ and IVE have higher LogKow values (3.07 and 3.22) 
compared to FEN (1.95) [38], therefore these AHs are more likely to be strongly absorbed to the rich organic 
matrix and are less mobile. Zhao et al. [28] has previously shown the concentrations of anthelmintics in WWTP 
sludge to be significantly correlated with LogKow. Concentrations of FEN and IVE in the current study are within 
the range of the concentrations reported by Zhao et al. [28] for WWTP sludges. Results from the statistical analysis 
did not highlight any statistically significant association between biosolid concentrations for target chemicals and 
sludge treatment process or PE. Higher concentrations of the three target AHs were generally observed during the 
second sampling period in May. Elevated levels were recorded at three sites for FEN and at four sites for both 
ABZ and IVE. This period coincided with lower rainfall (47.4 mm) compared to January (79 mm) and September 
(121.5 mm). Biosolid concentrations showed a borderline significant relationship with rainfall (p = 0.06). 

Table 4. Statistical summary of concentrations (µg/kg dry weight) of target anthelmintics in wastewater treatment 
plant (WWTP)-derived biosolids (n = 21) from Ireland collected from 7 WWTPs in 2023. 

Anthelmintic 
/Statistical Parameter 

DF 
(%) Range Median Arithmetic 

Mean SD 95% 
Percentile LoQ 

Albendazole (ABZ) 100 0.201–0.938 0.302 0.360 0.201 0.895 0.023 
Emamectin Benzoate (EMB) 66.7 <0.014–0.037 0.022 0.021 0.010 0.035 0.014 
Fenbendazole (FEN)  85.7 <0.065–5.868 0.560 0.906 1.311 2.631 0.065 
Ivermectin (IVE) 100 0.240–2.266 0.570 0.604 0.421 0.096 0.031 
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Figure 3. Graphical overview of concentrations of anthelmintics in wastewater treatment plant derived biosolids 
collected around Ireland in 2023. Legend: Blue box denotes interquartile range (IQR) & median; bars denote non-
outlier maxima and minima (<1.5 × IQR); circles denote mild outliers (1.5–3.0 × IQR); stars denote major outliers 
(>3.0 × IQR). 

4. Conclusions 

Concentrations of all target anthelmintics (AHs) are at the low end of previous reported concentrations, 
however high detection frequencies in both sediment and biosolid samples suggest ubiquitous spread of 
contamination. Fenbendazole, followed by ivermectin were present in highest sediment and biosolid 
concentrations. Higher detection frequencies for ABZ and IVE in the organic rich biosolids reflect the high LogKow 
values for both. Concentrations of ABZ present a low, and FEN a moderate ecotoxicological risk when compared 
to PNECsed values promogulated by the NORMAN network. New data on EMB sediment concentrations remote 
from aquaculture farming is presented. Biosolid AH concentrations are within the range of those reported in the 
literature, of which there have been only a few previous reports. Further studies are required to investigate potential 
sources and likely determinants of sediment and biosolid concentrations, as well as the impact of the new 
veterinary prescription rules in Ireland since December 2025. 
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