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A B S T R A C T   

Intense agricultural activities are performed in the Ebro River Delta (NE Spain) with extensive use of pesticides. 
Medium to highly polar pesticides have not been studied intensively in sediments despite its larger use in the 
recent years. This work aimed at assessing the occurrence of 69 pesticides, including medium to highly polar 
compounds, in sediments collected from drainage and irrigation channels of the Ebro River Delta during the main 
rice growing season. In addition, an environmental risk assessment was performed to evaluate the potential 
adverse effects to sediment-dwelling organisms with the risk quotient approach. A total of 24 pesticides were 
detected in sediments with bentazone and cypermethrin exhibiting high detection frequencies (79%) as well as 
high mean concentration levels (61.9 and 81.8 ng g− 1 dw, respectively). Overall, the Alfacs bay, in the South of 
the delta, presented higher pesticide contamination than the Fangar bay, in the North. A similar pesticide dis-
tribution profile was observed in both bays, with oxadiazoles, organochlorines, pyrethroids, benzothiazinones 
and organophosphates as major, predominant classes. The presence of oxadiazon, pendimethalin and thi-
fensulfuron methyl in the sediments may pose a moderate risk to sediment-dwelling organisms while bentazone, 
chlorpyrifos, and cypermethrin exhibited a potential high risk. Thus, the importance of the inclusion of medium 
to highly polar pesticides in the analysis of sediments is emphasized since some polar pesticides such as ben-
tazone, imidacloprid, and thifensulfuron-methyl have been detected at concentrations that may pose a risk to 
aquatic organisms. Moreover, the co-occurrence of pesticides may potentially pose a high risk to sediment- 
dwelling organisms in 13 out of the 14 investigated locations. Finally, it could be concluded that the risk 
derived from the presence of pesticides in sediments must be assessed since some pesticides not detected at 
concerning levels in water, may pose a moderate/high risk in the sediments.   

1. Introduction 

The global burden of pesticides on the environment is widely known. 
Due to their potential toxicity, they may pose a risk to non-target or-
ganisms through their presence in water, accumulation in sediments, 
soils and potential biomagnification through the food chain (Ccanccapa 
et al., 2016; Terrado et al., 2007). Water contaminated with pesticides 
from cultivated land can reach groundwater and surface water by 
percolation and runoff/drift, respectively (Katagi, 2006; Pérez et al., 
2021), and pollute related water systems (Gavrilescu, 2005). Upon 
release into the aquatic environment, pesticides distribute among the 
various compartments of the aquatic ecosystems (water, suspended 
matter, biota) depending on their physicochemical properties such as 

solubility and octanol-water partition coefficient (KOW) (Katagi, 2006). 
Suspended matter, together with those pesticides that are likely to sorb 
onto it, eventually deposits on the bottom of the water bodies forming 
the sediment layers (Barbieri et al., 2019). Thus, sediments act as a 
pollution sink. However, sediments can also act as a pollution source, 
because retained contaminants can be bioaccumulated by 
sediment-dwelling organisms and subsequently pose a risk to higher 
trophic organisms through biomagnification among the food chain 
(Parolini et al., 2010). Moreover, retained pollutants can be released at 
any time via re-suspension by natural processes or human actions 
(Gavrilescu, 2005; Pinto et al., 2016), and it is thus important to 
consider the sediment phase of the aquatic environments (Warren et al., 
2003; Gavrilescu, 2005; Katagi, 2006; Masiá et al., 2013). 
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The European Union (EU) has included various pesticides within the 
List of Priority Substances in the field of Water Policy (Directive 2013/ 
39/EU (EC, 2013)) and within the Watch Lists (Commission Imple-
menting Decisions (EU) 2015/495, 2018/840 and 2020/1161 (EC, 
2020)). Priority substances are those that pose a significant risk to the 
aquatic environment or through it, while the substances listed within the 
Watch List are those that may pose a significant risk to the aquatic 
environment or through it, but current available data are insufficient to 
determine the risk (EC, 2020, 2013). Directive 2013/39/EU provides 
environmental quality standards (EQS) for priority substances in water 
and biota, which are concentration values that must not be exceeded to 
reach a good chemical status of freshwater bodies. There are currently 
no EQS for pesticides in sediments but the Directive 2013/39/EU states 
that the monitoring of these substances must be performed in order to 
provide enough data to adopt measures aimed to reduce the concen-
tration of priority substances in sediments. 

The Ebro River is located in the northeastern part of Spain and oc-
cupies an area of approximately 85,000 km2. It is 928 km long and forms 
a delta in the Mediterranean Sea with an area of more than 300 km2 

(Ccanccapa et al., 2016). The main economic activity in the delta is 
agriculture, with rice cultivation as the predominant activity (Terrado 
et al., 2007). Pesticides have been used extensively as previous studies 
have reported with high levels of propanil, molinate, bentazone, 
organophosphate pesticides (Barbieri et al., 2021; Campo et al., 2013; 
Kuster et al., 2008), and pyrethroid insecticides (Feo et al., 2010), 
among others, in water exceeding, in some cases, EQS. The presence of 
these compounds may pose a risk to aquatic organisms, since some of 
them are persistent, toxic, and have endocrine disrupting properties. 
There are a few studies on the occurrence of pesticides in sediments from 
the Ebro River Basin (Ccanccapa et al., 2016; Feo et al., 2010; Lacorte 
et al., 2006; Navarro-Ortega et al., 2010; Veses et al., 2012), but only 
one of them focused on the Ebro River Delta region (Feo et al., 2010). 

Most of the few works that have studied the fate of pesticides in 
sediments focus on non-polar pesticides, while little attention has been 
paid to medium and highly polar pesticides (Barbieri et al., 2019). In the 
last years, the large use of the latter pesticides in agriculture has led to 
their persistence in the water ecosystems (Barbieri et al., 2019; Kuster 
et al., 2009; Narenderan et al., 2019; Taylor et al., 2020). Thus, the 
screening of these substances in sediments is critical to better under-
stand and assess their fate and potential risks to aquatic organisms 
(Pinto et al., 2016). 

In this context, the aim of this study was to assess the occurrence of a 
variety of pesticides, including medium to highly polar pesticides, in 
sediments from the Ebro River Delta and their associated risks. To study 
the implications of the sediment pesticide contamination for freshwater 
organisms, an environmental risk assessment was performed using the 
risk quotient (RQ) approach. This type of risk assessment based on 
experimental concentrations in the sediment is scarce for polar pesti-
cides where the values in surface waters are generally used. Finally, the 
environmental risk assessment was complemented, thanks to a previous 
study by Barbieri et al. (2021), with results in water collected in the 
same sampling areas and at the same time to give a complete view of the 
risk status. 

2. Materials and methods 

2.1. Standards and solvents 

Sixty-nine pesticides and 51 isotopically labelled pesticides used as 
internal standards (IS) were purchased from Fluka (Honeywell Specialty 
Chemicals Seelze GmbH, Germany), Sigma Aldrich (Merck KGaA, 
Darmstadt, Germany), Toronto Research Chemicals (North York, ON, 
Canada), Cambridge Isotope Laboratories (Tewksbury, MA, USA) and 
Dr. Ehrenstorfer (LGC Standards, Teddington, UK). Selected pesticides 
and IS used for quantification can be found in Tables S1 and S2 (Sup-
porting Information (SI)), respectively. Pesticides were carefully chosen 

to cover a wide range of applications (herbicides, acaricides, in-
secticides, fungicides, etc.), classes (organophosphates, neonicotinoids, 
pyrethroids, triazines, organochlorines, etc.), physico-chemical proper-
ties (persistence, solubility, volatility, polarity, etc.), and legal status 
(approved and banned). The list includes: 18 organophosphates (azin-
phos-ethyl, azinphos-methyl, azinphos-methyl-oxon, chlorfenvinphos, 
chlorpyrifos, diazinon, dichlorvos, dimethoate, fenitrothion, feni-
trothion oxon, fenthion, fenthion oxon, fenthion oxon sulfone, fenthion 
oxon sulfoxide, fenthion sulfone, fenthion sulfoxide, malathion, 
malaoxon), 12 organochlorines (2,4′-DDD, 4,4′-DDD, 2,4’-DDE, 4,4′- 
DDE, 2,4′-DDT, 4,4′-DDT, dicofol, endosulfan, heptachlor epoxide, 
hexachlorobenzene, lindane, mirex), 8 triazines (atrazine, deisopropy-
latrazine, desethylatrazine, cyanazine, irgarol, simazine, terbuthylazine, 
terbutryn), 5 neonicotinoids (acetamiprid, clothianidin, imidacloprid, 
thiacloprid, thiamethoxam), 4 phenylureas (chlorotoluron, diuron, iso-
proturon, linuron), 2 chloroacetamides (alachlor, metolachlor), 2 
diphenyl ethers (bifenox, oxyfluorfen), 2 pyrethroids (cyhalothrin, 
cypermethrin), 2 aryloxyalkanoic acids (MCPA, mecoprop), 2 thio-
carbamates (molinate, triallate), 2 dinitroanilines (pendimethalin, 
trifluralin), and 10 pesticides of other classes (2,4-D, bentazone, bro-
moxynil, diflufenican, fluroxypyr, methiocarb, oxadiazon, propanil, 
quinoxyfen, thifensulfuron methyl). All purchased standards were of 
high purity (96–99.9%). 

For polar compounds, individual stock solutions were prepared at a 
concentration of 1000 μg mL− 1 in methanol (MeOH), while non-polar 
compounds solutions were prepared at 100 μg mL− 1 in ethyl acetate 
(EtAc). As an exception, simazine and its isotopically labelled analogue 
were prepared in dimethyl sulfoxide. Mixtures containing all the ana-
lytes and/or the IS were used to prepare the calibration solutions and the 
spiking of the samples and the procedural blanks. All solutions were 
stored in amber glass bottles at − 20 ◦C, protected from light. 

Pesticide-grade solvents of MeOH, EtAc, hexane, acetone (ACE), 
acetonitrile (ACN), dichloromethane (DCM), formic acid (FA) and LC- 
grade water were supplied by Merck (Darmstadt, Germany). Hydro-
matrix, florisil (FL) and alumina (Al2O3) were purchased from Merck 
(Darmstadt, Germany). 

2.2. Sample collection 

Sampling was conducted in the Ebro Delta in June 2017 during the 
main rice-growing season when the highest use of pesticides occurs in 
the area (Köck et al., 2010). Sampling sites included seven locations in 
the northern part (Fangar bay) and seven in the southern part (Alfacs 
bay). Details on the sampling locations are shown in Fig. 1 and Table S3. 
A series of 13 drainage channels discharging the output water from the 
rice fields were sampled. Only one irrigation channel was analyzed. The 
irrigation channels bring water to the agricultural fields and it is later 
collected by the drainage channels discharging the water ultimately 
straight to the sea (Terrado et al., 2007). 

The sediment samples were taken at the bottom in the center, 
whenever possible, of the irrigation or drainage channel with a Van 
Veen grab sampler, placed in aluminum trays, and wrapped with 
aluminum foil. The samples were kept refrigerated at 4 ◦C until they 
arrived at the laboratory, where they were frozen at − 20 ◦C and 
lyophilized with a LyoAlfa 6–50 freeze-dryer (Telstar) to eliminate the 
water content. Once lyophilized, they were sieved (125 μm) and kept 
frozen at − 20 ◦C in the dark until analysis. 

2.3. Extraction procedures and instrumental analysis 

Two different analytical methodologies were employed for the 
determination of the selected analytes. Medium to highly polar com-
pounds were analyzed according to Barbieri et al. (2019). Briefly, 
sediment samples (5 g) were PLE-extracted using a Dionex accelerated 
solvent extraction (ASE) 350 apparatus (Vertex Technics S.L, Barcelona) 
with an acidified mixture of ACE/DCM (1:1 and 1% FA, v/v). The 
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extracts were purified using Oasis HLB cartridges (500 mg, 6-cc car-
tridges, Waters, Milford, MA, USA), and the resulting extracts were 
reconstituted in 5 mL of MeOH. LC-MS/MS analysis was performed 
using a reversed phase Purospher® STAR RP-18 end-capped column 
(150 × 2.1 mm, 2 μm particle size) from Merck with an Aria™ LC system 
equipped with two Transcend quaternary pumps (Thermo Fisher Sci-
entific Inc.) and coupled to a TSQ Quantiva triple-quadrupole mass 
spectrometer (Thermo Fisher Scientific Inc.). The ionization of the 
analytes was achieved with a heated electrospray ionization source 
(HESI) operated in both positive and negative modes, while mass 
acquisition was performed in the selected reaction monitoring (SRM) 
mode. 

As for non-polar pesticides, their analysis was done following a 
method previously described by Peris and Eljarrat (2021) based on PLE 
and gas chromatography coupled to tandem mass spectrometry 
(GC-MS/MS) determination. Sediment samples (1 g) were extracted by 
PLE with a mixture of hexane/DCM (1:1) and FL to perform a clean-up 
step within the extraction cell. Extracts were evaporated until dryness, 
reconstituted with EtAc, and analyzed by GC-MS/MS using a 7890 B GC 
system coupled to a 7000C triple quadrupole detector (Agilent Tech-
nologies, Santa Clara, CA, USA). Acquisition was performed in the SRM 
mode, while chromatographic separation was achieved with a DB-5MS 
column (30 m × 250 μm x 0.25 μm) from Agilent Technologies. 

Analyte quantification was performed using an isotope dilution 
method. Table S2 summarizes the IS used for quantification. Details on 
the analytical limits of detection (LODs) and quantification (LOQs) 
achieved with the aforedescribed methodologies can be found in 
Table S4. 

2.4. Risk assessment 

The potential ecotoxicological risk derived from the presence of 
pesticides in the sediments was assessed with the RQ approach. This 
approach compares the measured environmental concentration (MEC) 
with the predicted no-effect concentration (PNEC) at which no adverse/ 
harmful effects are expected. PNECsed values were derived following the 

equilibrium partitioning approach (Eq. (1)) as stated in the NORMAN 
Ecotoxicology Database (Dulio and von der Ohe, 2013). 

PNECsed = Lowest PNECfresh*2.6*(0.615 + 0.019*Koc) (1)  

Where PNECfresh is the predicted no-effect concentration in freshwater 
and Koc is the organic carbon-water partition coefficient. PNECfresh and 
Koc values were extracted from the NORMAN Ecotoxicology database 
(Dulio and von der Ohe, 2013) (lowest PNEC predicted by QSAR models 
or obtained experimentally) and the Pesticide Properties DataBase 
(Lewis et al., 2016), respectively. 

In this study, two scenarios were evaluated, the normal-case scenario 
and the worst-case scenario that were assessed using the mean con-
centration (MEC-Mean) and the maximum concentration (MEC-Max) of 
pesticides found in the investigated locations, respectively. The risk 
evaluation of the pesticides found in sediments was performed consid-
ering RQ values below 1 to pose a low risk to aquatic organisms, be-
tween 1 and 10 as moderate risk, and above 10 as high risk for aquatic 
organisms (Aydin et al., 2019). Furthermore, an additive model was 
applied to assess the total pollution by pesticides in the samples. 
Therefore, each individual RQ associated with each site was summed 
accordingly obtaining the RQ of each sampling site (Pérez et al., 2021). 
Then, risk evaluation was performed using the same criteria described 
above. 

3. Results and discussion 

3.1. Occurrence of pesticides 

Table 1 summarizes the results of the analysis of the 69 target pes-
ticides in the 14 sediment samples collected from the Ebro River Delta 
(for detailed sample results see Table S5). Pesticides were detected in all 
samples analyzed, at total concentration levels ranging between 50.8 
and 1912 ng g− 1 dry weight (dw). 

Twenty-four of the 69 target pesticides were detected in the inves-
tigated samples. Eight out of the 24 detected compounds (acetamiprid, 

Fig. 1. Map of the Ebro Delta showing the sampling locations. A: Alfacs bay. F: Fangar bay. CD: drainage channel. CE: irrigation channel.  
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bentazone, cypermethrin, diflufenican, imidacloprid, oxyfluorfen, pen-
dimethalin and thifensulfuron methyl) are currently allowed for use as 
pesticides and hence, their presence in the environment could be ex-
pected. Among these, bentazone and cypermethrin stand out, since they 
presented a high detection frequency in the samples, 79%, as well as 
high levels of contamination, with mean values of 62 and 82 ng g− 1 dw, 
respectively. A high level of pendimethalin was also found in the Alfacs 
area, 627 ng g− 1 dw, but in only one sample (ACD3). 

The presence of banned pesticides among the detected substances is 
indicative of their persistence in the environment. Among these, chlor-
pyrifos, metolachlor, hexachlorobenzene, oxadiazon, and molinate 
stand out due to their high frequency of detection in the samples 
(≥50%), and the latter two also due to their high mean concentration 
levels (303 and 27 ng g− 1 dw, respectively). 

Five TPs were found among the detected compounds: 2,4′-DDD, 4,4′- 
DDD, 4,4′-DDE, fenthion oxon and fenthion oxon sulfoxide. DDDs (2,4′- 
DDD and 4,4’-DDD) and DDEs (2,4’-DDE and 4,4’-DDE) are TPs of DDTs 
(2,4’-DDT and 4,4’-DDT), pesticides that, despite being banned for a 
long time, were also detected in the investigated samples due to their 
high persistence in the environment (DT50 of 17 years in soils) (Lewis 
et al., 2016). In general, the total amount of DDDs and DDEs in the 
samples was higher than that of DDTs, which suggests their origin from a 
legacy contamination of DDTs in the area. DDTs and their metabolites 
(DDXs) presented a high detection frequency in the samples, especially, 

DDDs metabolites (93%) and 4,4′-DDT (86%) with mean levels of 4.08, 
11.3, 16.7, 2.49, and 8.33 ng g− 1 dw for 2,4′-DDD, 4,4′-DDD, 4,4′-DDE, 
2,4′-DDT, and 4,4′-DDT, respectively. As for the fenthion TPs, namely 
fenthion oxon and fenthion oxon sulfoxide, their presence could be also 
attributed to legacy contamination of fenthion in the area, although 
fenthion was not found in any sediment sample. Note that these TPs 
were only found in one sample (FCD5 and FCD6, respectively) and at 
very low levels (0.06 and 0.31 ng g− 1 dw in the case of fenthion oxon 
and fenthion oxon sulfoxide, respectively). 

Most of the detected pesticides have a non-polar character, with log 
Kow values higher than 3, Koc values higher than 1000 mL g− 1, water 
solubility values lower than <50 mg L− 1, and present a high persistence 
in soils (DT50 values higher than 100 days). Therefore, they are more 
likely to accumulate in sediments than in water. Notable exceptions are 
the highly polar pesticides bentazone (log Kow of − 0.46), thiamethoxam 
(log Kow of − 0.13), and thifensulfuron methyl (log Kow of − 1.65). 
Nevertheless, despite that these pesticides tend to remain more in the 
aqueous phase than in the particulate phase, this fact does not exempt 
the possibility that they get also absorbed in the sediments. In fact, their 
behavior is reflected in the low concentrations of these pesticides found 
in the sediment samples (mean concentrations of 0.03 and 2.82 ng g− 1 

dw for thiamethoxam, and thifensulfuron methyl, respectively) with 
bentazone as an exception (mean concentration of 61.9 ng g− 1 dw). This 
could be attributed to an extensive use of bentazone in the area since a 
mean concentration in waters collected in the same site at the same time 
of 53,000 ng L− 1 has previously been reported (Barbieri et al., 2021). 

3.2. Main pesticide classes and spatial distribution 

The pesticides detected have mostly herbicidal (11) and insecticidal 
(7) activity being hexachlorobenzene the only pesticide with fungicidal 
activity. The class with the highest number of detected congeners in the 
investigated area was organochlorines (6 compounds), followed by 
neonicotinoids (3), organophosphates (3), triazines (2), and dini-
troanilines (2). Fig. 2 shows the mean contribution of each class of 
pesticides to total pesticide concentrations in the samples. The highest 
contribution corresponds to oxadiazoles (30%) followed by organo-
chlorines (25%), benzothiazinones (18%), pyrethroids (17%), dini-
troanilines (5%), and organophosphates (4%). The other classes (10 
pesticides belonging to 7 different classes) constitute the remaining 2%. 
Oxadiazon represents the 100% of the oxadiazoles contribution, being 
the pesticide detected at the highest concentrations in the samples, with 
a maximum value of 1252 ng g− 1 dw. Likewise, cypermethrin and 
bentazone represent the 100% of the pyrethroids and benzothiazinones 
contributions. Regarding organochlorines, DDTs metabolites (DDDs and 
DDEs) are responsible for 75% of the organochlorine contribution, while 
hexachlorobenzene only makes 0.3% of the organochlorine total 
amount. Chlorpyrifos represents the 99.9% of the organophosphate 
contribution with a mean concentration of 26.8 ng g− 1 dw and a 
maximum value of 274 ng g− 1 dw. These results are expected since both 
oxadiazon and bentazone have been extensively used in the area as 
herbicides to protect rice crops. The advantage of analyzing sediment 
over water is that this matrix reflects long-term contamination and 
hence the presence of legacy pesticides such as DDXs, hexa-
chlorobenzene, metolachlor, and molinate, among others. 

Regarding geographical distribution of pesticides, in general, Alfacs 
bay presented higher pesticide contamination than Fangar bay (see 
Fig. 3 and Table S6). Higher levels of benzothiazinones, dinitroanilines, 
diphenyl ethers, neonicotinoids, organophosphates, oxadiazoles, pyre-
throids and sulfonylureas were found at sampling locations in the Alfacs 
bay compared to those in the Fangar bay. However, the pesticide dis-
tribution profile is similar in both bays, with oxadiazoles, organochlo-
rines, pyrethroids, benzothiazinones, and organophosphates among the 
pesticides that contribute the most to total pesticide concentrations in 
each location. Nonetheless, some differences were observed: oxadiazoles 
represent the major pesticide class in the Alfacs bay, while 

Table 1 
Pesticides found in the sediments from the Ebro River Delta: detection frequency 
and mean, maximum and minimum concentrations measured (expressed in ng 
g− 1 dw).  

Pesticides Detection 
Frequency (%) 

Concentration (ng g− 1 dw) 

Meana Maximum Minimumb 

Benzothiazinones 
Bentazone 79 61.9 232 2.57 
Carboxamides 
Diflufenican 7.1 0.04 0.59 0.59 
Chloroacetamides 
Metolachlor 86 0.33 0.50 0.25 
Dinitroanilines 
Pendimethalin 7.1 44.8 627 627 
Trifluralin 7.1 0.16 2.29 2.29 
Diphenyl ethers 
Oxyfluorfen 14 6.03 59.0 25.4 
Neonicotinoids 
Acetamiprid 21 0.25 2.35 0.39 
Imidacloprid 14 0.36 3.76 1.26 
Thiamethoxam 7.1 0.03 0.46 0.46 
Organochlorines 
2,4′-DDD 93 4.08 10.8 1.92 
4,4′-DDD 93 11.3 42.2 4.26 
4,4′-DDE 36 16.7 89.7 8.84 
2,4′-DDT 14 2.49 24.0 10.9 
4,4′-DDT 86 8.33 17.9 3.56 
Hexachlorobenzene 57 0.12 0.70 0.01 
Organophosphates 
Chlorpyrifos 86 26.8 274 0.80 
Fenthion Oxon 7.1 0.004 0.06 0.06 
Fenthion Oxon 

Sulfoxide 
7.1 0.02 0.31 0.31 

Oxadiazoles 
Oxadiazon 57 303 1252 57.0 
Pyrethroids 
Cypermethrin 79 81.8 327 4.00 
Sulfonylureas 
Thifensulfuron Methyl 14 2.82 21.5 18.0 
Thiocarbamates 
Molinate 50 1.21 8.15 0.49 
Triazines 
Irgarol 7.1 0.01 0.16 0.16 
Terbutryn 43 0.10 0.49 0.06  

a For mean values calculation, n. d. were assigned as zero, and n. q. as LOQ/2. 
b Minimum values obtained, excluding n. d. 
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organochlorines is the main chemical class in the Fangar bay, with a 
mean contribution in the samples of 56% and 44%, respectively. This 
difference is mainly attributed to a higher contamination of oxadiazon in 
the Alfacs bay since organochlorine contamination is similar in both 
bays. Oxadiazon is an oxadiazole herbicide, largely used in rice crops 
against both mono and dicotyledonous weeds (Pietrzak et al., 2019). 
Therefore, oxadiazon presence in the samples is likely related with the 
predominant rice cultivation in the Ebro River Delta. These differences 
between Alfacs and Fangar bay could be related with a higher use of dry 
seeding in the Fangar bay, a technique that could reduce the use of 
herbicides. In addition, a lower mean contribution of dinitroanilines in 
the Fangar area (0.6%) was observed compared to the Alfacs bay (10%). 
However, this is due to a high level of contamination with pendime-
thalin in one sediment sample from the Alfacs bay. 

Also, an apparent increase of pesticide levels in the river direction 

(ACD1-ACD7) to the bay can be observed (Table S5). The most 
contaminated samples were ACD5 and ACD7 with total pesticide con-
centrations of 1682 and 1912 ng g− 1 dw, respectively. These levels result 
from the high amount of oxadiazon detected in these samples (1252 and 
1230 ng g− 1 dw in ACD5 and ACD7, respectively). ACE2, the only irri-
gation channel analyzed, presented contamination levels similar to the 
samples from the drainage channels. This is because, when the water 
level decreases, it is filled with water from the drainage channels to 
cover the water demand of the adjacent fields. 

This work is complementary to the study conducted by Barbieri et al. 
(2021) in which the occurrence of the target pesticides was evaluated in 
water samples collected in the same sampling locations at the same time. 
In Barbieri et al.‘s study, 35 pesticides were detected in the Ebro Delta 
surface waters with bentazone showing the highest concentrations in all 
analyzed samples (up to 177 μg L− 1), followed by propanil, MCPA, 
acetamiprid, triallate, imidacloprid and 2,4-D. In general, pesticides 
detected in aqueous phase are more polar (log Kow values lower than 3) 
than those detected in the particulate phase, and hence their presence is 
less relevant in sediments. 

Furthermore, experimental sediment-water distribution coefficients 
(Kd) were calculated in order to evaluate the pesticide partition between 
the sediment and the aqueous phase. Kd was only calculated for the 
analytes that were present in both phases in at least 30% of the samples. 
Results of experimental Kd are summarized in Table S7. Based on these 
results, oxadiazon presented the highest tendency to be absorbed into 
the sediments (Kd: 17,733 L kg− 1; Log Kd: 4.25), followed by chlorpyr-
ifos (Kd: 3270 L kg− 1; Log Kd: 3.51), terbutryn (Kd: 96.7 L kg− 1; Log Kd: 
1.99), molinate (Kd: 67.1 L kg− 1; Log Kd: 1.83), metolachlor (Kd: 14.9 L 
kg− 1; Log Kd: 1.17), and bentazone (Kd: 1.41 L kg− 1; Log Kd: 0.15). 

Several experimental sediment-water Kd values have been published 
for diverse pesticides around the world. In the case of chlorpyrifos, Zhen 
et al. (2019), who studied the fate and ecological effects of current-use 
pesticides in the Xiaoqing River, reported a Log Kd of 2.21, lower than 
the one obtained in this study (Log Kd 3.51). Gebremariam et al. (2012) 
reviewed the sorption of chlorpyrifos to aquatic sediments and reported 
values ranging from 40 L kg− 1 to 767 L kg− 1, lower than the one from 
this study (3270 L kg− 1). Carazo-Rojas et al. (2018) reported Kd values 
for chlorpyrifos and terbutryn of 326.04 L kg− 1 and 97.28 L kg− 1, 
respectively. The Kd value of terbutryn is similar to that obtained in the 
present study (96.7 L kg− 1) despite that the Kd reported by Carazo-Rojas 
et al. (2018) was derived from the Koc value and the fraction of total 

Fig. 2. Contribution of the different pesticide classes investigated to total pesticide levels in the sediments.  

Fig. 3. Total pesticide concentrations in each sampling location of the Alfacs 
and Fangar Bays. 
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organic carbon measured in the sediment samples. Cruzeiro et al. (2016) 
reported a log Kd value of terbutryn from samples collected from the 
Tagus River Estuary of 2.91, higher than the one obtained in this study of 
1.99. In Cruzeiro et al.‘s study, Kd values were calculated with suspended 
sediments concentration instead of bottom sediments. Xue et al. (2005) 
reported a sediment-water Kd of 3.3 L kg− 1 for metolachlor derived from 
the analyses of both water and sediments from the Beijing Guanting 
reservoir. This value is lower than the one obtained in the present study 
(14.9 L kg− 1). Chaumet et al. (2021) reported higher mean Kd values for 
metolachlor than this study, calculated from sediments collected from 
the Bassioué Pond (Gers, France) in autumn (480 L kg− 1) and summer 
(210 L kg− 1). 

The variability among peer-reviewed data and those generated in our 
study could be explained by different environmental conditions in each 
location such as the organic carbon content of the sediments, or the ionic 
strength, temperature, and pH of the water, which affect compound 
sorption (Warren et al., 2003; Zhen et al., 2019). Additional differences 
can also be attributed to the fact that the experimental Kd derived from 
flowing systems cannot be assumed to be at equilibrium. Moreover, 
exceptional events (e.g. storms, floods, delivered disposal) altering 
surface water concentrations and normal diffusion rates of compounds 
can affect sediment-water Kd (López-García et al., 2021). 

3.3. Historical data of pesticide occurrence in sediments from the ebro 
river basin 

A comparison between our results with previously published pesti-
cide levels in sediments from the Ebro River basin can be found in Fig. 4 
(for detailed information see Table S8). For this comparison, the studied 
area was expanded to the whole Ebro River basin since there are very 
few studies focused on the occurrence of pesticides in sediments from 
the delta area. Most of these studies targeted non-polar pesticides, while 
only two studies (Ccanccapa et al., 2016; Navarro-Ortega et al., 2010) 

included pesticides with a broader range of polarity. 
Ccanccapa et al. (2016) analyzed 50 pesticides (23 of which were 

also analyzed in our study) in sediments collected in two consecutive 
years (2010 and 2011) along the Ebro River basin. However, only four 
pesticides were detected: terbutryn, chlorpyrifos, diazinon, and mala-
thion. Diazinon and malathion presented lower concentrations in 2011 
than 2010. This decreasing trend is confirmed in our study, since none of 
them were detected in 2017. Similar results were found for terbutryn 
since the mean found in this study (0.10 ng g− 1 dw) was similar to the 
one single measured concentration in 2011 (0.10 ng g− 1 dw) when the 
overall mean was near zero and lower than that calculated in 2010 (1.16 
ng g− 1 dw). On the other hand, an increasing trend of chlorpyrifos is 
observed since the mean concentration in this study (26.8 ng g− 1 dw) 
was higher than that obtained in 2011 and 2010 (7.66 and 1.06 ng g− 1 

dw, respectively). In addition, an apparent increase of cypermethrin can 
be observed since higher ranges were obtained in this study compared to 
the one obtained in June 2009 (4.00–327 vs. 8.27–71.9 ng g− 1 dw) by 
Feo et al. (2010) that analyzed pyrethroid insecticides in sediments 
collected in the Ebro Delta. 

On the other hand, compared to Navarro-Ortega et al. (2010) that 
analyzed polycyclic aromatic hydrocarbons (PAHs), pesticides and 
alkylphenols in sediments collected in the Ebro River basin between 
2004 and 2006, a decrease in lindane, diazinon, propanil, and alachlor 
has been observed since they were not detected in the present study. 
This could be attributed to the low presence in the environment of these 
pesticides, since their use, except that of propanil (Spanish Ministry of 
Agriculture, 2017), has been already banned for years. However, sub-
stances such as hexachlorobenzene, DDXs, and molinate were also 
detected in the present study despite being banned. Nonetheless, a 
considerable decrease in hexachlorobenzene concentrations has been 
observed (0.12 vs. 88.48 ng g− 1 dw) as well as some DDXs (4.08 vs. 
11.92 ng g− 1 dw for 2,4’-DDD, 2.49 vs. 15.10 ng g− 1 dw for 2,4’-DDT, 
8.33 vs. 48.38 ng g− 1 dw for 4,4’-DDT, and below LOD vs. 2.78 ng g− 1 

Fig. 4. Summary of data, mean, minimum (min) and maximum (max) pesticide concentrations, expressed in ng g− 1 dw, in sediments from the Ebro river basin. 
References: year 2003 (Lacorte et al., 2006), 2004–2006 (Navarro-Ortega et al., 2010), 2009 (Feo et al., 2010), 2010–2011 (Ccanccapa et al., 2016), 2011 (Veses 
et al., 2012), and 2017 (present study). 
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dw for 2,4’ DDE), and molinate (1.21 vs. 3.45 ng g− 1 dw). However, 
similar levels of some TPs of DDT such as 4,4’-DDD and 4,4’-DDE were 
obtained in our study (11.3 vs. 10.52 and 16.7 vs. 14.09 ng g− 1 dw, 
respectively) as well as metolachlor and trifluralin (0.33 and 0.16 ng g− 1 

dw vs. below LODs). This decreasing trend of hexachlorobenzene and 
DDXs is also supported by Lacorte et al. (2006) and Veses et al. (2012) 
studies. Moreover, an apparent increase in chlorpyrifos has also been 
observed since it was detected in our study with a mean concentration of 
26.8 ng g− 1 dw that was absent in the sediments analyzed between 2004 
and 2006. 

In general, it can be concluded a decreasing tendency of DDXs, 
hexachlorobenzene, diazinon, lindane and malathion levels in the sed-
iments of the Ebro River basin, and an increasing trend of pesticides such 
as chlorpyrifos, cypermethrin, and imidacloprid. However, it must be 
noted that most of the samplings of aforementioned studies were con-
ducted along the Ebro River basin while the present study only focuses 
on the Ebro Delta area, hence results should be taken with caution. 

3.4. Environmental risk assessment 

The results from the evaluation of the potential ecotoxicological risk 
derived from the presence of pesticides in the sediments with the RQ 
method are summarized in Table 2. 

Regarding the “normal-case” scenario, where MEC-Mean was used 
for evaluation, six out of the 24 detected pesticides presented RQs higher 
than 1 indicating at least a moderate risk to sediment-dwelling 

organisms. These pesticides are bentazone, pendimethalin, chlorpyrifos, 
oxadiazon, cypermethrin, and thifensulfuron methyl. Among these, 
bentazone, oxadiazon and cypermethrin presented RQs higher than 10 
indicating that they can pose a potential high risk. A high RQ can be a 
result of a high environmental concentration of the pollutant and/or a 
low PNEC. The high RQ values of aforementioned pesticides are mainly 
a result of their high concentrations in the sediment samples. These 
results are not only of concern for sediment-dwelling organisms but also 
for higher trophic organisms through bioaccumulation and bio-
magnification of pesticides along the food chain potentially affecting 
humans. Moreover, four out of the six aforementioned pesticides (ben-
tazone, pendimethalin, cypermethrin, and thifensulfuron methyl) are 
still in use, in accordance with Regulation (EC) No 1107/2009 (EC, 
2009), hence an increase of their environmental concentrations in the 
near future could be speculated, as seen in the case of pesticides such as 
cypermethrin and chlorpyrifos (Fig. 4). The observed toxicological ef-
fects in fish include developmental malformations, cellular damage, 
behavioral alterations, and alterations of biochemical and hematologi-
cal parameters among others (Burgos-Aceves et al., 2019; Fathy et al., 
2019; Gupta and Verma, 2020; Jee et al., 2005; Oliveira et al., 2017; 
Saglio et al., 2001; Shankar Murthy et al., 2013; Tabassum et al., 2015). 

Similar results were obtained when assessing the “worst-case” sce-
nario, where MEC-Max was used for evaluation, since all six afore-
mentioned pesticides presented RQs higher than 10 indicating that they 
can pose a potential high risk to sediment-dwelling organisms. Only one 
of the remaining 18 pesticides, imidacloprid, had a RQ higher than 1 

Table 2 
Risk quotients (RQs) for the worst-case (RQ-Max) and the normal (RQ-mean) contamination scenarios.  

Pesticides PNECfresh
a (μg L− 1) PNECsed

b (ng g− 1) MEC-Meanc (ng g− 1) MEC-Maxc (ng g− 1) RQ-Meand RQ-Maxd 

Benzothiazinones 
Bentazone 0.1 0.43 61.9 232 144 538 
Carboxamides 
Diflufenican 0.009 2.46 0.04 0.59 0.02 0.24 
Chloroacetamides 
Metolachlor 0.2 1.51 0.33 0.50 0.22 0.33 
Dinitroanilines 
Pendimethalin 0.018 15.6 44.8 627 2.89 40.2 
Trifluralin 0.03 23.5 0.16 2.29 0.007 0.10 
Diphenyl ethers 
Oxyfluorfen 0.094 218 6.03 59.0 0.03 0.27 
Neonicotinoids 
Acetamiprid 3.74 42.9 0.25 2.35 0.006 0.06 
Imidacloprid 0.0083 2.77 0.36 3.76 0.13 1.37 
Thiamethoxam 2.96 12.9 0.03 0.46 0.002 0.04 
Organochlorines 
2,4′-DDD 0.0039 30.0 4.08 10.8 0.14 0.37 
4,4′-DDD 0.025 192 11.3 42.2 0.06 0.22 
4,4′-DDE 0.025 188 16.7 89.7 0.09 0.48 
2,4′-DDT 0.025 187 2.49 24.0 0.01 0.13 
4,4′-DDT 0.01 74.6 8.33 17.9 0.11 0.24 
Hexachlorobenzene 0.05 124 0.12 0.70 0.001 0.006 
Organophosphates 
Chlorpyrifos 0.03 8.21 26.8 274 3.29 33.4 
Fenthion Oxon 0.2 0.34 0.004 0.06 0.01 0.18 
Fenthion Oxon Sulfoxide 0.48 0.77 0.02 0.31 0.03 0.40 
Oxadiazoles 
Oxadiazon 0.088 14.1 303 1252 21.6 89.1 
Pyrethroids 
Cypermethrin 0.00008 1.22 81.8 327 67.5 269 
Sulfonylureas 
Thifensulfuron Methyl 0.2 0.60 2.82 21.5 4.70 36.9 
Thiocarbamates 
Molinate 3.8 41.7 1.21 8.15 0.03 0.20 
Triazines 
Irgarol 0.0025 0.20 0.01 0.16 0.05 0.81 
Terbutryn 0.065 7.91 0.10 0.49 0.01 0.06  

a PNECfresh: water predicted no-effect concentration. Data extracted from the NORMAN Ecotoxicology database (Dulio and von der Ohe, 2013). 
b PNECsed: sediment predicted no-effect concentration. 
c MEC-Mean: Mean concentration of detected pesticides in the samples; MEC-Max: Maximum concentration of detected pesticides in the samples. 
d RQ values > 10 are highlighted in bold. 
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indicating that it may pose a moderate risk to sediment-dwelling or-
ganisms at high concentrations (MEC-Max of 3.76 ng g− 1 dw), while the 
remaining pesticides would not represent ecological risk (RQ below 1). 
As mentioned above, these results are not only of concern for stream 
ecology but also for higher trophic organisms potentially affecting 
humans through bioaccumulation and biomagnification along the food 
chain. Among toxicological effects in humans are endocrine and estro-
genic effects (cypermethrin), blood, liver and kidney toxicity (benta-
zone), thyroid and liver toxicity (pendimethalin), and possible human 
carcinogenic effects (cypermethrin, pendimethalin) (Lewis et al., 2016). 

Similar results were obtained by Eissa et al. (2022) that detected 
chlorpyrifos (13–360 ng g− 1 dw), cypermethrin (10–38 ng g− 1 dw), and 
pendimethalin (10 ng g− 1 dw), among others, in sediments from the 
Rosetta branch of the Nile River (Egypt). Results of the ecotoxicological 
risk assessment revealed that chlorpyrifos and cypermethrin could pose 
a potential high risk for aquatic organisms at all sites while pendime-
thalin presented a medium risk for aquatic organisms. High RQs posing a 
potential high risk to aquatic organisms have also been reported in water 
and sediments for chlorpyrifos and cypermethrin (León et al., 2020; 
Tsaboula et al., 2016; Vryzas et al., 2011). 

In addition, similar results were obtained by Pérez et al. (2021) that 
reported imidacloprid in sediments at concentrations ranging between 
7.00 and 8.00 ng g− 1 dw (mean of 4.85 ng g− 1 dw) that could pose 
potential acute toxicity to sediment-dwelling organisms. Other studies 
have reported imidacloprid at concentrations ranging from 0.02 to 25.2 
ng g− 1 dw (Calvo et al., 2021; Matić Bujagić et al., 2019; Zhang et al., 
2019) in line with reported concentrations in the present study. More-
over, other studies like Wang et al. (2021) have reported imidacloprid at 
concentrations in water posing a potential high risk to aquatic 
organisms. 

Furthermore, bentazone was reported in sediments from The Natural 
Park of the Albufera (Spain) at high concentrations up to 898 ng g− 1 dw 
(mean of 82 ng g− 1 dw) by Calvo et al. (2021) in line with reported 
concentrations in this study. Bentazone has already been reported to 
cause a high risk to aquatic organisms in Palma et al. (2021) study 
derived from its presence in surface waters collected in the Guadina 
Basin (Southern of Portugal) with mean concentrations ranging from 
44.8 to 795.9 ng L− 1. On the other hand, other studies have reported 
oxadiazon in sediments with concentrations ranging from 1.3 to 382 ng 
g-1 dw (Crane and Younghans-Haug, 1992; Le Gaudu et al., 2022; Peris 
and Eljarrat, 2021) in line with our study. Oxadiazon was already re-
ported to cause a potential high risk to aquatic organisms by Peris and 
Eljarrat (2021) in sediments collected from several Catalonian river 
basins with a mean concentration of 44 ng g− 1 dw. Moreover, thi-
fensulfuron methyl was detected in sediment samples collected from 
wetlands of Saskatchewan and Manitoba (Canada) with concentrations 
below LOQ (1 ng g− 1 dw) (Degenhardt et al., 2010). Reported concen-
trations in our study are slightly higher with a mean of 2.82 ng g− 1 dw. 
Nevertheless, thifensulfuron methyl has already been reported to cause a 
potential moderate risk to aquatic organisms derived from its presence 
in surface waters at mean concentrations ranging from 44.0 to 78.0 ng 
L− 1 (Palma et al., 2021). 

Moreover, a tentative risk assessment derived from the simultaneous 
presence of pesticides in the sediments was performed through a simple 
additive model of the RQ values (Fig. 5, Table S9). As mentioned by 
other authors (Backhaus et al., 2000; Barbieri et al., 2021; Belden et al., 
2007), this model may underestimate the risk since synergistic effects 
that may occur between contaminants are not considered. Nevertheless, 
this model can be useful as a first picture of the risk status that can lead 
to further studies. Results are of concern since all monitored sites, except 
one (FCD2), presented RQs higher than 10 indicating that the simulta-
neous presence of pesticides in the sediments may pose a potential high 
risk to sediment-dwelling organisms. Nevertheless, calculated risk was 
obtained using a conservative approach since predicted PNECs in sedi-
ment were derived from the lowest freshwater PNECs obtained experi-
mentally or predicted by QSAR models extracted from the NORMAN 

Ecotoxicology database (Dulio and von der Ohe, 2013). In addition, an 
apparent increase in the RQ was also observed in the river direction 
(ACD1-ACD7) as previously observed with total pollution by location. 
Moreover, the highest contribution to the total RQ in the samples cor-
responded to the class of benzothiazinones (49.7%) followed by pyre-
throids (23.3%), oxadiazoles (12.6%), dinitroanilines (4.53), 
organochlorines (3.91%), and organophosphates (3.14%). The other 
classes (10 pesticides belonging to 7 different classes) constitute the 
remaining 3%. Interestingly, this result differs slightly from the contri-
bution to total pesticide contamination where oxadiazoles was the main 
class followed by organochlorines, benzothiazinones, pyrethroids, 
dinitroanilines, and organophosphates. These results remark that 
despite oxadiazoles and organochlorines presented higher concentra-
tions in the samples than benzothiazinones and pyrethroids their con-
centrations represented less risk to sediment-dwelling organisms, 
respectively. 

Results of the comparison between the environmental risk assess-
ment in the sediments from this study and the water samples from 
Barbieri et al. (2021)’s study are summarized in Fig. 6. Results from the 
environmental risk assessment in the water samples by Barbieri et al. 
(2021) indicated that acetamiprid, azinphos-ethyl, bentazone, cybu-
tryne, dicofol, imidacloprid, MCPA, and propanil could pose, at least, a 
moderate risk to aquatic organisms. Out of these, bentazone, dicofol, 
imidacloprid, and propanil exhibited RQs higher than 10 indicating a 
potential high risk to aquatic organisms. In sediments, bentazone and 
imidacloprid also exhibited levels that could pose a potential high and 
moderate risk to aquatic organisms, respectively. However, no risk is 
expected from the presence of acetamiprid in sediments. On the other 
hand, the presence of chlorpyrifos, oxadiazon, and pendimethalin in the 
sediments could pose, at least, a moderate risk to aquatic organisms 
while no risk was concluded from their presence in surface waters. These 
differences between water and sediment could be attributed to differ-
ences in the application of pesticides since a recent use of a pesticide 
would reflect high concentrations in water compared to sediment and 
vice versa for a past-used pesticide. 

Similar results were obtained for both water and sediment when 
comparing the cumulative risk at each sampling location. All sampling 
locations exhibited RQs higher than 10 in water. Furthermore, in gen-
eral, Alfacs bay presented higher RQs than the Fangar bay in the sedi-
ments while in water no apparent differences could be appreciated. 

Nevertheless, additional research needs to be conducted to assess the 
risk derived from the presence of mixtures of pesticides in both the water 

Fig. 5. Total risk quotient (RQ) associated to pesticide presence in each sam-
pling location. 
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Fig. 6. Environmental risk assessment of water and sediment samples.  
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and the sediment compartments. In addition, results from this study 
should be taken with caution since sediment PNECs were derived from 
freshwater PNECs as toxicity data on sediments was limited for our se-
lection of pesticides. Therefore, the risk could be overestimated or 
underestimated in some cases. In fact, a comparison of the results was 
performed with available toxicity data of sediment-dwelling organisms 
(Table S10) and revealed that chlorpyrifos and pendimethalin risks were 
underestimated and overestimated, respectively. Nevertheless, the use 
of predicted PNECs was preferred in order to assess the risk status of the 
area derived from the presence of all detected pesticides in the sediment 
that can lead to further studies. Moreover, results from this study 
highlight the importance of their simultaneous evaluation in both 
matrices since some pesticides, which are not detected at concerning 
levels in water, may pose a moderate/high risk in the sediments and vice 
versa. 

4. Conclusions 

Twenty-four of the 69 target pesticides were detected in the sediment 
samples analyzed with bentazone and cypermethrin exhibiting high 
detection frequencies, 79%, as well as high mean levels of 61.9 and 81.8 
ng g− 1 dw, respectively. In general, the Alfacs bay presented higher 
pesticide contamination than the Fangar bay, but exhibiting similar 
distribution profiles, with oxadiazoles, organochlorines, pyrethroids, 
benzothiazinones and organophosphates among the major classes of 
detected pesticides. A historical comparison of pesticide levels in sedi-
ments collected from the Ebro River basin showed a decreasing tendency 
of DDXs, hexachlorobenzene, diazinon, lindane and malathion levels as 
well as an increasing trend in the levels of chlorpyrifos, cypermethrin, 
molinate and imidacloprid. The presence of chlorpyrifos, pendimethalin 
and thifensulfuron methyl in the sediments represents a potential 
moderate risk to aquatic organisms based on the RQ method, while 
bentazone, cypermethrin and oxadiazon exhibit a potential high risk. As 
a complement to the study of Barbieri et al. (2021) it could be concluded 
that additional work is needed to assess the risk derived from the 
simultaneous presence of pesticides in both the water and the sediment 
compartments since the results obtained suggest that some pesticides, 
not detected at concerning levels in water, may pose a moderate/high 
risk in the sediments, and vice versa for the water matrix. In addition, 
the importance of the inclusion of medium to highly polar pesticides in 
the analysis of sediments is emphasized since some polar pesticides such 
as bentazone, imidacloprid, and thifensulfuron-methyl have been 
detected at concentrations that may pose a risk to aquatic organisms. 
Moreover, aforementioned pesticides should be prioritized for further 
consideration of pesticide control and management interventions in the 
studied area and other areas of the world as they have been reported at 
similar levels by other studies. To the best of the author’s knowledge, 
this is the most complete risk assessment of pesticide contamination in 
sediments from the Ebro Delta, and the first report of the occurrence of 
bentazone, oxadiazon, pendimethalin and thifensulfuron methyl, with 
mean concentrations of 61.9, 303, 44.8 and 2.82 ng g− 1 dw, respec-
tively, that may pose a moderate risk (pendimethalin and thifensulfuron 
methyl) and high risk (bentazone and oxadiazon) to sediment-dwelling 
organisms. 
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the Ebro river basin: occurrence and risk assessment. Environ. Pollut. 211, 414–424. 
https://doi.org/10.1016/j.envpol.2015.12.059. 

Chaumet, B., Probst, J.-L., Eon, P., Camboulive, T., Riboul, D., Payré-Suc, V., 
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Kuster, M., López de Alda, M.J., Barata, C., Raldúa, D., Barceló, D., 2008. Analysis of 17 
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