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Abstract 26 

This study investigates for the first time the contamination of water and sediment of the Venice 27 

Lagoon by twenty Contaminants of Emerging Concern (CECs): three hormones, six pharmaceutical 28 

compounds (diclofenac and five antibiotics, three of which are macrolides), nine pesticides 29 

(methiocarb, oxadiazon, metaflumizone, triallate, and five neonicotinoids), one antioxidant (BHT), 30 

and one UV filter (EHMC). Water and sediment samples were collected in seven sites in four seasons, 31 

with the aim of investigating the occurrence, distribution, and possible emission sources of the 32 

selected CECs in the studied transitional environment. The most frequently detected contaminants 33 

in water were neonicotinoid insecticides (with a frequency of quantification of single contaminants 34 

ranging from 73% to 92%), and EHMC (detected in the 77% of samples), followed by BHT (42%), 35 

diclofenac (39%), and clarithromycin (35%). In sediment the highest quantification frequencies were 36 

those of BHT (54%), estrogens (ranging from 35% to 65%), and azithromycin (46%). Although this 37 

baseline study does not highlight seasonal or spatial trends, results suggested that two of the major 38 

emission sources of CECs in the Venice Lagoon could be tributary rivers from its drainage basin and 39 

treated wastewater, due to the limited removal rates of some CECs in WWTPs. These preliminary 40 

results call for further investigations to better map priority emission sources and improve the 41 

understanding of CECs environmental behavior, with the final aim of drawing up a site-specific 42 

Watch List of CECs for the Venice Lagoon and support the design of more comprehensive monitoring 43 

plans in the future. 44 

 45 

Keywords 46 

Emerging contaminants; Pharmaceuticals; Neonicotinoid insecticides; Plant Protection Products 47 

(PPPs); Industrial chemicals; Watch List. 48 

 49 

Abbreviations 50 

BHT: 2,6-Di-tert-butyl-4-methylphenol; EHMC: 2-Ethylhexyl-4-methoxycinnamate; WWTP: Waste 51 

Water Treatment Plants.  52 
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1. Introduction 53 

The Lagoon of Venice is a complex and vulnerable transitional environment where human activities 54 

and natural dynamics have always been interconnected. Chemical pollution has been recognized as 55 

one of the major threats to this environment, posing risks to human health and local ecosystems 56 

(Micheletti et al., 2011). Pollutants may reach lagoon waters both directly from civil, agricultural, 57 

and industrial discharges, or through the hydrographic network of its drainage basin. 58 

Because of its peculiarity, the occurrence of target and “conventional” pollutants in water, 59 

sediment, and biota of the Venice Lagoon has been quite extensively studied, focusing particularly 60 

on heavy metals and certain categories of persistent organic substances (Corami et al., 2020; Losso 61 

and Volpi Ghirardini, 2010; Manodori et al., 2006; Morabito et al., 2018; Pizzini et al., 2021). The 62 

occurrence of priority substances in the Venice Lagoon is routinely controlled by dedicated periodic 63 

monitoring, according to the requirements of the EU Water Framework Directive (WFD; Directive 64 

2000/60/EC; European Commission, 2000), other related directives, and the corresponding national 65 

regulations. Conversely, pollutants that are not on the list of priority substances, such as many 66 

Contaminants of Emerging Concern (CECs), have been only marginally investigated (Feltracco et al., 67 

2022; Vecchiato et al., 2016), and their potential for adverse effects on human health and local 68 

ecosystems is still largely unknown. 69 

CECs are defined as “any synthetic or naturally occurring chemicals that are not already regulated 70 

and not commonly monitored, though having the potential to enter soil and aquatic ecosystems and 71 

cause adverse effects in humans, wildlife, and the environment” (Barbosa et al., 2016; US EPA, 72 

2008). CECs include synthesized and commercialized compounds that have just entered the 73 

environment as well as a range of chemicals that have been produced and released for long, for 74 

which new concerns on their occurrence, fate, adverse effects on human health and the 75 

environment, have recently been raised. CECs encompass different classes of substances like 76 

Pharmaceuticals and Personal Care Products (PPCPs), pesticides, industrial and household products. 77 

The hazard of these substances is mainly linked to their ability to generate long-term toxic effects 78 

(Carvalho et al., 2015; Loos et al., 2018), individually and in mixture. Furthermore, locally their 79 

impact on the environmental quality of water bodies could be even higher than that of other well-80 

known priority pollutants (Hernando et al., 2006; Kümmerer, 2009; Sposito et al., 2018). 81 

Although over the past recent years there has been an increase in publications dealing with CECs in 82 

the environment (e.g., Ramírez-Malule et al., 2020; Sousa et al., 2018), available studies do not 83 
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homogenously cover different classes of CECs or complex environmental media, such as brackish 84 

water or sediment. Most of the available studies investigated the occurrence of CECs in surface 85 

freshwater, mainly in rivers and lakes, rather than transitional environments, and often including 86 

sampling points downstream to Waste Water Treatment Plants (WWTPs). Moreover, information 87 

about the presence of CECs in the sediment compartment is relatively scarce, and this limitation can 88 

hamper the understanding of partitioning and transformation dynamics of different classes of CECs 89 

in water systems. Indeed, hydrophobic CECs, easily bound to sediment, can be mobilized if changes 90 

in site-specific hydrodynamic conditions (flow rate, tidal currents, Eh and pH values, etc.; Eggleton 91 

and Thomas, 2004; Fitri et al., 2019) and/or sediment resuspension occur, enhancing their 92 

bioavailability and ability to enter the food chain (Pignotti and Dinelli, 2018). Therefore, to better 93 

understand the behavior and impacts of CECs within aquatic ecosystems and better target 94 

environmental monitoring efforts, it is important to include sediment as target medium of chemical 95 

characterization. 96 

If we look at recent studies in Italy, there are still significant knowledge gaps about CEC occurrence 97 

and dynamics, especially for certain environmental compartments. Most of the literature studies 98 

focused on freshwater (Calamari et al., 2003; Castiglioni et al., 2018a; Mascolo et al., 2019; Pignotti 99 

and Dinelli, 2018; Riva et al., 2018; Verlicchi et al., 2014), on WWTPs to attest their removal 100 

efficiency (Andreozzi et al., 2004, 2003; Castiglioni et al., 2005; Spataro et al., 2019; Zuccato et al., 101 

2010), and just a few studies included groundwater (Castiglioni et al., 2018b; Riva et al., 2018). 102 

Knowledge about CEC contamination of transitional environments in Italy is still scarce and studies 103 

mostly targeted estrogenic compounds (Casatta et al., 2015; Feo et al., 2020; Pojana et al., 2007). 104 

With regard to the Venice Lagoon, data on CEC concentration in water and sediment are almost 105 

absent and this area is not covered by the national monitoring network of Watch List contaminants 106 

(ISPRA, 2017). The only exception is represented by two studies (Pojana et al., 2007, 2004) 107 

investigating the occurrence of some estrogenic compounds. 108 

This work reports and discusses, for the first time, data on the environmental occurrence in the 109 

Venice Lagoon of the twenty CECs listed in the EU Watch Lists issued in 2015 and 2018 (Decisions 110 

2015/495/EU and 2018/840/EU; European Commission, 2018, 2015), investigated through the 111 

analysis of water and sediment samples across four seasons. This study is meant to act as a baseline 112 

for further investigations, with the final aim of drawing up a site-specific Watch List for the Venice 113 

Lagoon (based on additional investigations on CEC exposure and hazard) and providing 114 

recommendations for CEC monitoring in the area. Although a specific case study is described, the 115 
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presented results could have widespread implications also at a global scale, providing useful data to 116 

better address existing knowledge gaps on the occurrence, sources, transport, and fate of CECs in 117 

aquatic ecosystems. 118 

2. Materials and methods 119 

2.1 Analytes 120 

The analytes considered in this work are the twenty CECs listed in the first and the second EU Watch 121 

Lists (Table S1), due to the absence of systematic monitoring activities in Italy to investigate their 122 

presence in transitional waters. 123 

17β-Estradiol (E2) and estrone (E1) are the main human estrogens, natural feminine sexual 124 

hormones, commonly used in the menopausal hormone therapy, whereas 17α-Ethynylestradiol 125 

(EE2) is a synthetically produced hormone, metabolite of mestranol, the estrogen used in 126 

contraceptives. All of them are known to act as Endocrine Disrupting Chemicals (EDCs) on aquatic 127 

organisms (Nikolaou et al., 2007; Sumpter and Johnson, 2008), and EE2 has proven to be more 128 

persistent than natural estrogens in WWTPs (Miège et al., 2009). Diclofenac is one of the most 129 

frequently and abundantly detected Non-Steroidal Anti-Inflammatory Drug (NSAID; Bonnefille et al., 130 

2018; Gusmaroli et al., 2019), due to its widespread usage in human and veterinary medical care to 131 

treat pain and inflammatory diseases, and to the low removal rates recorded in WWTPs (Al Aukidy 132 

et al., 2012; Castiglioni et al., 2018b; Miège et al., 2009). Antibiotics are unstable and biologically 133 

active substances that could undergo environmental degradation in the time scale of days. 134 

Amoxicillin, which is a broad-spectrum aminopenicillin antibiotic, shows fast degradation in water, 135 

with a half-life time that ranges from 1 to 8 days (Andreozzi et al., 2004), due to the chemical 136 

instability of the β-lactam ring that readily undergoes hydrolysis, shortly after excretion. Conversely, 137 

the fluoroquinolone antibiotic ciprofloxacin shows high resistance towards abiotic degradation 138 

reactions such as hydrolysis (Girardi et al., 2011). The three macrolide antibiotics erythromycin, 139 

clarithromycin, and azithromycin are commonly employed to treat severe bacterial infections in 140 

humans, animals, and in aquaculture, and there is evidence in literature studies of their incomplete 141 

removal by WWTPs, in particular for clarithromycin and azithromycin (Al Aukidy et al., 2012; Miège 142 

et al., 2009; Verlicchi et al., 2014). Their widespread use has been recognized as one of the major 143 

causes of the spread of antibiotic resistance genes and antibiotic resistant bacteria in the 144 

environment (Grenni et al., 2018). 145 
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Neonicotinoids (i.e. imidacloprid, clothianidin, thiacloprid, thiamethoxam, and acetamiprid) 146 

represent the most widely used insecticide class worldwide, which find several applications, from 147 

the protection of plants (crops, vegetables, fruit) to the use as veterinary products and as biocides 148 

to invertebrate pest control in fish farming. Their high persistence, water solubility, and mobility, 149 

combined with an extensive use, have led to a widespread environmental contamination (ISPRA, 150 

2020). As for the others Plant Protection Products (PPPs) included in the EU Watch Lists, methiocarb 151 

is a carbamate pesticide used as insecticide, acaricides, molluscicide, and bird repellent; oxadiazon 152 

is a oxadiazole herbicide used for control of a wide variety of annual broadleaf and grassy weeds; 153 

metaflumizone is a broad-spectrum semicarbazone insecticide used to prevent lepidopterous pests 154 

and indicated also for the veterinary treatment of fleas and ticks; triallate is a thiocarbamate 155 

herbicide widely used to control annual and perennial grasses in wheat, barley, legumes, and a 156 

number of other crops. These PPPs are characterized by scarce literature data, both about their 157 

occurrence in different environmental matrices, their effects and fate, and about their removal by 158 

WWTPs (Pietrzak et al., 2019). 159 

2,6-Di-tert-butyl-4-methylphenol (BHT) is an antioxidant commonly used to preserve and stabilize 160 

the freshness, nutritive value, flavor, and color of food and animal feed products. It is also used to 161 

improve the stability of pharmaceuticals and cosmetics and increase the durability of rubber and 162 

plastics (Barbosa et al., 2016). 2-Ethylhexyl-4-methoxycinnamate (EHMC) is an organic UV filter used 163 

in many PCPs that could enter in the environment by wash off from skin, through wastewater or 164 

swimming pool water and, finally, reach the sediment and the biota (Barbosa et al., 2016). 165 

All the chemicals and reagents employed in this study are detailed in the Supplementary data. 166 

2.2 Study area 167 

With an extension of about 550 km2, the Lagoon of Venice is the largest transitional water system 168 

of the Mediterranean Sea (Madricardo et al., 2019), characterized by a variety of valuable habitats 169 

and high biodiversity (Sfriso et al., 2019). It is a shallow coastal lagoon (average depth of 1 m) 170 

featured by the presence of fens, salt marshes, and a complex network of tidal canals. Its drainage 171 

basin extends for about 2500 km2 and a freshwater input of about 35.5 m3 s-1 is ensured by natural 172 

rivers and artificially-controlled canals that flows into the Lagoon (Zuliani et al., 2005). The high 173 

population density (about 250 inhabitants per km2) and the intense agricultural and industrial 174 

activities in the surroundings result in diverse anthropogenic pressures on the area, including 175 
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chemical contamination (Micheletti et al., 2011). Since more than half of the drainage basin surface 176 

is devoted to agriculture (Veneto Region, 2020), different types of PPPs, such as herbicides and 177 

pesticides, are widely applied and can eventually reach lagoon waters due to run-off or leaching to 178 

surface and groundwater (Calgaro et al., 2023). Moreover, the dense urbanization and highly-179 

developed animal breeding activities (UNEP/MAP Plan Bleu, 2020) lead to the discharge of several 180 

components used in PPCPs, as well as hormones of natural origin, through the effluents from 181 

WWTPs and the improper disposal of unused and/or expired pharmaceuticals (Fernandes et al., 182 

2021). 183 

The sampling sites (Figure 1) were chosen as representative either of potential CEC emission sources 184 

or of zones where the diffusion and mixing of pollutants are expected to occur, to obtain an 185 

overview of the three main Lagoon areas (Northern, Central, and Southern). 186 

The sites associated to specific sources were the mouth of the Dese River (DE), St. Erasmo (SE), the 187 

Venice hospital (OS), and Rio Marin (RM). The first sampling site is in proximity to the mouth of the 188 

Dese River, which is a tributary of the Venice Lagoon drainage basin: with a main stream of about 189 

50 km, it covers an area of more than 240 km2, receiving the inputs from several pumping plants 190 

(Zonta et al., 2005). St. Erasmo is an island of the Northern Lagoon historically devoted to agriculture 191 

(so much to be called “the vegetable garden of Venice”), and the related sampling site is close to a 192 

WWTP. The site close to the Venice hospital has been selected as possibly affected by the discharge 193 

of pharmaceutical products in its treated wastewater, while Rio Marin can provide information 194 

about inputs deriving from the activities of the Venice historical center, being one of the most 195 

important urban canals. According to the second sampling criterion, three sites were chosen: Palude 196 

Maggiore (PM), Sacca Sessola (SS), and Petta di Bò (PB), located in the Northern, Central, and 197 

Southern Lagoon, respectively. 198 

2.3 Sample collection 199 

The sampling campaigns were carried out considering weather and tidal conditions, to avoid the 200 

dilution effect due to heavy rain or tide entering the Lagoon from the Adriatic Sea. In particular, at 201 

the mouth of the Dese River, the sampling was always performed during the outgoing tide, in order 202 

to be sure to sample the actual contribution of the river. Four sampling campaigns were carried out 203 

during April-May 2019 (spring campaign), October-November 2019 (autumn campaign), July 2020 204 

(summer campaign), and January-February 2021 (winter campaign). The sampling at Rio Marin was 205 
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only performed during the summer and winter campaigns. In Table S2 the sampling data for the 206 

four campaigns are reported. 207 

About 20 L of water were collected at each site by immersing solvent-rinsed steel bottles to a depth 208 

of approximately 10-20 cm below the surface, in order to minimize any enrichment effect due to 209 

the microlayer (Manodori et al., 2006; Zaborska et al., 2019). To avoid any contamination, the 210 

immersion pump has not been used and the sampling was carried out with the boat in slight motion 211 

and the engine stopped. The 0-10 cm sediment layer was sampled in three or more replicates by 212 

using a SG-400 stainless steel Van Veen grab (Aquatic BioTechnology, Cádiz, Spain), with a sampling 213 

area of roughly 400 cm2. Immediately before sampling, water temperature, pH, and Eh were 214 

measured at each site with a multiparametric probe (Table S2). 215 

2.4 Sample treatment 216 

On return to the laboratory the water samples were filtered by a Combisart® six-branch stainless 217 

steel vacuum manifold (Sartorius Lab Instruments, Göttingen, Germany), using Whatman® glass 218 

microfiber filters (Grade GF/F, 0.7 μm, 47 mm diameter; Sigma-Aldrich, Saint Louis, MO, USA) 219 

previously decontaminated in a muffle furnace at 400°C for 4 h. The sediment samples were 220 

homogenized and quartered in a glovebox, under a nitrogen flow, to minimize any eventual 221 

interference with the chemical and redox equilibria. Filtered water and quartered sediment were 222 

divided into different sub-samples, depending on the planned analytical methodology, in solvent-223 

rinsed glass bottles or aluminum containers, respectively, and stored at -20°C until processing and 224 

analysis. 225 

Each sample-preparation phase was performed inside an ISO class 7 cleanroom at the Ca’ Foscari 226 

University of Venice and all glassware and tools were previously pre-cleaned with dichloromethane 227 

and methanol. 228 

The analytical pretreatment procedure differed according to the investigated contaminant and the 229 

individual adopted protocols are described in detail in the Supplementary data. 230 

2.5 Instrumental analysis 231 

Pharmaceutical, methiocarb, oxadiazon, and metaflumizone analyses were performed using a 232 

Bruker Elute LC series UHPLC, coupled with a quadrupole-time of flight Bruker Compact™ LC-MS/MS 233 

System, equipped with an ElectroSpray Ionization (ESI) source (Bruker Daltonik, Bremen, Germany), 234 
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operating both in positive and negative polarity. The chromatographic separation was obtained as 235 

detailed in Table S3. Data acquisition was obtained in bbCID (broad-band Collision Induced 236 

Dissociation) mode, alternating HRMS and stepping fragmentation between 24 and 36 eV. 237 

Neonicotinoid insecticide analyses were performed using an Agilent 1100 Series HPLC Value System 238 

(Agilent Technologies, Santa Clara, CA, USA), coupled with a triple quadrupole API 4000™ LC-MS/MS 239 

System, equipped with an ESI Turbo V™ source (Applied Biosystems/MDS SCIEX, Toronto, ON, 240 

Canada), operating in positive polarity. The chromatographic separation was obtained as detailed 241 

in Table S4. Data acquisition was obtained in MRM (Multiple Reaction Monitoring) mode with a 50 242 

ms dwell time/transition. 243 

Triallate, BHT, and EHMC analyses were performed using a TRACE™ 1310 GC, coupled with a triple 244 

quadrupole TSQ™ 9000 GC-MS/MS System (Thermo Fisher Scientific, Waltham, MA, USA), operating 245 

in Electron Ionization (EI, 70 eV) mode. The chromatographic separation was obtained as detailed 246 

in Table S5. Data acquisition was obtained in MRM mode with a 30 ms dwell time/transition. 247 

For all the analytes, quantification was performed using internal standards and the isotopic dilution 248 

technique. Results were corrected using the instrumental response factors and subtracting the 249 

procedural blanks. All sediment concentrations were calculated on a dry weight (dw) basis. 250 

Instrumental operating conditions and target ion masses are presented in detail in Table S6. 251 

2.6 Quality control 252 

The concentration ranges in which the linearity of the instrumental response was checked, as well 253 

as the related coefficients of determination (R2), are reported in detail in Table S7 for each analyte 254 

under investigation. The Instrumental Detection Limits (IDLs) were obtained by setting a Signal-to-255 

Noise ratio (S/N) ≥ 3, whereas Instrumental Quantification Limits (IQLs) by setting a S/N ≥ 10 (Table 256 

S7). Since there was no available Standard Reference Materials (SRMs) for the analytes of interest 257 

in water and sediment, the quality control of the entire analytical procedure, in terms of 258 

repeatability (expressed as relative standard deviation), trueness (expressed as relative error), and 259 

percentage of recovery, was performed on five replicates of fortified artificial/real environmental 260 

matrices (Table S7). Thus, for the validation of the analytical method for the determination of 261 

neonicotinoid insecticides in brackish water and sediment, a known amount of surrogate and 262 

isotope-labeled internal standards was spiked to filtered lagoon water and to sediment collected in 263 

Venice Lagoon at a depth of 10 m, dated back to Pleistocene age (Teatini et al., 2017), and for this 264 
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reason judged free from modern contaminants. For the validation of the analytical methods for the 265 

determination of the other compounds, a known amount of surrogate and isotope-labeled internal 266 

standards was spiked to artificial lagoon water and sediment, following the procedure described in 267 

the Joint Research Centre (JRC) Technical Report on the first Watch List (Carvalho et al., 2015). Both 268 

the matrices without the addition of surrogate spikes were considered as blanks. Method Detection 269 

Limits (MDLs) and Method Quantification Limits (MQLs) were estimated using the concentrations 270 

equivalent to three (MDLs) or ten (MQLs) times the standard deviation of five replicate 271 

measurements of spiked blanks (Table S7). The MDLs achieved were lower than the maximum 272 

acceptable ones required by the two EU Decisions (Table S1). 273 

3. Results and discussion 274 

The concentration range and quantification frequency of the studied compounds are shown in 275 

Figure 2, while all the concentration values for water and sediment samples are reported in Table 276 

S8, Table S9, and Table S10. The occurrence, seasonality, and concentration range of the 277 

investigated CECs in the Venice Lagoon are described and discussed in the following paragraphs 278 

according to the classes of chemicals to which they belong. 279 

3.1 Pharmaceuticals 280 

3.1.1 Estrogenic compounds 281 

At all seven sites and in all sampling campaigns, EE2 and E2 were always undetectable in water 282 

samples, while E1 was occasionally quantified in samples collected at SS, OS, DE, SE, and RM sites 283 

(range between 0.9-4.2 ng L-1), except for the winter sampling. 284 

In sediment samples, all estrogenic compounds were detected with a similar range of concentration 285 

(about 102-104 ng kg-1 dw). In particular, E1 was detected during all the sampling campaigns with 286 

the highest overall quantification frequency (65%), while EE2 was found only in summer and winter 287 

at all the sampling sites except for OS and SE. The highest concentrations were found at PM, RM, 288 

and DE sites for EE2, E2, and E1, respectively. 289 

Estrogenic compounds were measured in the Venice Lagoon in 2000s, when the concern about EDCs 290 

was growing worldwide (Pojana et al., 2007, 2004). A comparison with these previous data is not 291 

straightforward, since these studies included several sampling sites and seasonal samplings and, 292 

consequently, the results showed a significant spatial and temporal variability. In general, it can be 293 
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observed that in the studies carried out by Pojana and colleagues, estrogens showed higher 294 

concentrations in water compared to the present study, especially EE2 and E2, detected at 295 

concentrations from < 1 ng L-1 up to more than 100 ng L-1. Conversely, in sediment samples only EE2 296 

was detected, at concentrations in the range < 2000-41000 ng kg-1 dw (Pojana et al., 2004). 297 

Our data on water samples are in accordance with those found in literature related to coastal and 298 

riverine water (Barreca et al., 2019; Castiglioni et al., 2020; Feo et al., 2020; Solaun et al., 2021). In 299 

particular, literature data on EE2 and E2 were often under the quantification limits (EE2: 0.035-3.51 300 

ng L-1; E2: 0.1-1.0 ng L-1) while E1 values ranged from the quantification limits (0.07-0.13 ng L-1) to 301 

488 ng L-1 (Augusta Bay, Southern Italy; Feo et al., 2020). 302 

A comparison for sediment samples is feasible with quite recent data from Augusta Bay (Feo et al., 303 

2020), and Emilia Romagna Region (Northern Italy; Pignotti and Dinelli, 2018), where estrogen 304 

concentrations in sediment were often under the quantification limits (EE2: 2780 ng kg-1 dw; E2: 305 

2490 ng kg-1 dw; E1: 1600 ng kg-1 dw), or with data from another coastal lagoon (Sacca di Goro, 306 

Northern Italy; Casatta et al., 2015), where estrogens in sediment were always undetectable (EE2 < 307 

670 ng kg-1 dw; E2 < 330 ng kg-1 dw; E1 < 50 ng kg-1 dw). In our study, estrogen concentrations in 308 

sediment, when above the MQLs, are significantly higher than those found in cited literature. 309 

The concentrations of estrogens measured in our study suggest that their occurrence in the Venice 310 

Lagoon is largely driven by the discharge of wastewater (SE and RM sites) and of the tributary rivers 311 

of the Lagoon drainage basin (DE site), confirming the indications of the Italian Institute for 312 

Environmental Protection and Research (Calgaro et al., 2023; ISPRA, 2017). Moreover, the data 313 

indicates evidence of accumulation of these compounds in the sediment compartment. It is well-314 

known that sediment is one of the major sinks for EDCs due to their high hydrophobicity (Gong et 315 

al., 2012): rather high values of log Kow (between 3.40 and 4.31, Table S1) indicate a significant 316 

potential for their sorption onto sediment. 317 

3.1.2 Diclofenac 318 

Diclofenac was quantified in 39% of water samples in all the sampling campaigns, with the highest 319 

concentrations at the SE site (181-371 ng L-1) while the levels detected at the DE and RM sites were 320 

about an order of magnitude lower. This might suggest that, similarly to estrogenic compounds, its 321 

occurrence in the Venice Lagoon can be due mainly to wastewater discharge and riverine inputs. 322 
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Furthermore, despite the direct discharge of hospital wastewater into the Lagoon close to the OS 323 

site, diclofenac was detected there only once, during the fourth sampling campaign (4.9 ng L-1). 324 

In sediment, diclofenac was detected only at the RM site during the winter campaign (253 ng kg-1 325 

dw), confirming its low affinity to organic matter and adsorption onto sediment (Buser et al., 1998; 326 

ISPRA, 2017). Furthermore, it has been shown that diclofenac is not very persistent in brackish 327 

environments where it is rapidly degraded, most likely via direct photolysis (Buser et al., 1998; Tixier 328 

et al., 2003), and the same process can be expected in other water bodies such as streams and rivers 329 

(Radke et al., 2010). 330 

To our knowledge, no previous data on diclofenac within the Venice Lagoon and its drainage basin 331 

are available, since this pharmaceutical has been mostly analyzed in influents/effluents of WWTPs 332 

(Al Aukidy et al., 2012; Andreozzi et al., 2003; Verlicchi et al., 2014) and in riverine water (Castiglioni 333 

et al., 2018b; da Silva et al., 2011; Feo et al., 2020; Mandaric et al., 2017; Mascolo et al., 2019; Riva 334 

et al., 2019). 335 

The concentrations found in the water of the Venice Lagoon are in accordance with those detected 336 

in the coast of the Basque Country (Spain; Solaun et al., 2021) , in the Ebro River (Northern Spain; 337 

da Silva et al., 2011), and in the Como Lake in Northern Italy (Castiglioni et al., 2020), and are on 338 

average lower than those detected in other Northern Italy rivers (e.g., Lambro River basin) and 339 

WWTP influents and effluents (Castiglioni et al., 2020; Mandaric et al., 2017; Riva et al., 2019). 340 

Only a few studies examined diclofenac occurrence in sediment. Concentrations found in the Venice 341 

Lagoon are in accordance with those measured in the Augusta Bay (< 560-1100 ng kg-1 dw; Feo et 342 

al., 2020), in the salt marsh area of the Bay of Cádiz in Southern Spain (100-1500 ng kg-1 dw; 343 

Maranho et al., 2015), and in the sediment of the Ebro River (< 90-3360 ng kg-1 dw; da Silva et al., 344 

2011). 345 

3.1.3 Antibiotics 346 

Amoxicillin was not quantified in any of the investigated water and sediment samples. In literature, 347 

except for the investigations related to WWTP inflow and outflow (Feo et al., 2020; Spataro et al., 348 

2019), only few studies report concentrations of amoxicillin in surface water: 1.5-25.2 ng L-1 were 349 

detected in the Lambro River basin (Riva et al., 2019), < 100 ng L-1 in the Jarama River sub-basin in 350 

Central Spain (de Santiago-Martín et al., 2020), < 6 ng L-1 in the Po and Lambro Rivers in Northern 351 

Italy (Calamari et al., 2003), but limited data are available for marine water and sediment (Bonnefille 352 
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et al., 2018; Sathishkumar et al., 2020). This is also in accordance with literature information on the 353 

fast degradation of this antibiotic in both the water and sediment compartments (half-life time of 354 

about 9 and 25 hours, respectively; Andreozzi et al., 2004). 355 

Ciprofloxacin was quantified in water samples only during the spring and autumn campaigns, with 356 

concentration values ranging from 7 (OS 2 sample) to 678 ng L-1 (SE 1 sample). The absence of 357 

detectable concentrations in all sediment samples could be attributed to the low affinity of this 358 

substance to organic matter (log Kow of 0.28, Table S1). According to the available literature, 359 

ciprofloxacin was frequently detected in surface water: in the range 1.67-236 ng L-1 in the coast of 360 

the Basque Country (Solaun et al., 2021), 4.9-60.1 ng L-1 in the Lambro River basin (Riva et al., 2019), 361 

< 0.27 to 26.15 ng L-1 in surface water of the Po and Lambro Rivers (Calamari et al., 2003), < 100 ng 362 

L-1 in the Jarama River sub-basin (de Santiago-Martín et al., 2020), while Castiglioni and coworkers 363 

(2018b) reported concentration values ranging between 6 and 70 ng L-1 in surface water of the Po 364 

River. To the best of our knowledge, the majority of studies in literature focused on WWTPs and 365 

very few reported ciprofloxacin analysis in marine water and sediment (Feo et al., 2020; Verlicchi et 366 

al., 2014; Zuccato et al., 2010). 367 

As for macrolide antibiotics, among 2792 surface water samples considered by Loos and coworkers 368 

(2018) from different European countries, erythromycin was detected with a frequency of 8.4% 369 

(range of mean detected values: 5-26 ng L-1), clarithromycin with a frequency of 58.8% (range of 370 

mean detected values: 16-34 ng L-1), and azithromycin with a frequency of 17.1% (range of mean 371 

detected values: 22-23 ng L-1). 372 

In our study, erythromycin was quantified in four water samples of the autumn campaign (mean of 373 

quantified values: 7 ng L-1) and in two of the summer campaign (5-54 ng L-1). It was also detected in 374 

most of the sediment samples collected during the spring and autumn campaigns (mean of 375 

quantified values: 3524 ng kg-1 dw). This can be associated with the half-life time of erythromycin in 376 

seawater (about 38 days; Kwon, 2016), relatively longer than that in freshwater (3-10 days; Batchu 377 

et al., 2014). Moreover, the hydrophobic behavior of the substance (log Kow of 3.06, Table S1) could 378 

lead to higher concentrations in the sediment compartment. Erythromycin also showed significant 379 

differences in its partitioning between water and sediment among the sampling campaigns: in water 380 

it had higher concentrations in autumn than in spring, while in sediment it showed an opposite 381 

tendency. In literature, most of the studies investigating erythromycin occurrence focused on 382 

aqueous matrices and reported concentration values often lower than the detection/quantification 383 
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limits, both in studies in surface freshwater (Castiglioni et al., 2020; da Silva et al., 2011; Mandaric 384 

et al., 2017; Riva et al., 2019), and in WWTP influents and effluents (Castiglioni et al., 2018a; Feo et 385 

al., 2020; Spataro et al., 2019). Erythromycin presence in solid environmental matrices has been less 386 

studied, and in general it showed concentrations ranging from values lower than the 387 

detection/quantification limits to hundreds of ng g-1 dw (Kafaei et al., 2018; Li et al., 2020; Senta et 388 

al., 2021; Yang et al., 2010; Zhao et al., 2016). 389 

In the Venice Lagoon, clarithromycin was quantified in 35% of the water samples, mostly during the 390 

spring and autumn campaigns, at concentrations ranging from 1.6 up to 193 ng L-1, with a mean of 391 

quantified values of 36 ng L-1. The highest concentration was found at DE site, suggesting an 392 

important contribution of the Lagoon drainage basin to the clarithromycin contamination, while the 393 

concentration levels detected near the Hospital (OS site) and the St. Erasmo WWTP (SE site) were 394 

significantly lower. In sediment clarithromycin was quantified only at DE and RM sites, at 395 

concentration ranging from 664 to 5366 ng kg-1 dw. The concentrations found in the Venice Lagoon 396 

fall in the range of those measured in the marine water samples collected at the Augusta Bay (Feo 397 

et al., 2020), except for the water sample collected during the first sampling campaign at DE site 398 

(193 ng L-1), that is considerably higher. 399 

Azithromycin was quantified in 46% of sediment samples, showing a similar range of concentrations 400 

(about 1600-6000 ng kg-1 dw) at PM, SS, OS, DE, and SE sites, while the concentrations detected 401 

within Venice historical center (RM site) were about one order of magnitude higher (48-102 μg kg-1 402 

dw). Conversely, azithromycin was not quantified in any water sample, probably due to its high 403 

affinity to organic matter (log Kow of 4.02, Table S1) and low water solubility (2.3 mg L-1; PubChem, 404 

2019). Azithromycin is among the less studied macrolide antibiotics (Loos et al., 2018; Sousa et al., 405 

2018), even if have been show that its environmental concentration may reach levels of µg L-1 (e.g., 406 

16.633 µg L-1 along the El Albujón watercourse, in Southern Spain (Moreno-González et al., 2014), 407 

reflecting the fact that it is one of the most widely consumed macrolide antibiotics (Robertson et 408 

al., 2021). Similarly to other considered antibiotics, most of the available studies on this compound 409 

neglect transitional and marine environments, being mostly focused on WWTPs and riverine water 410 

analysis (Solaun et al., 2021; Verlicchi et al., 2014), and often report concentration values above the 411 

detection limits (Fick et al., 2011; Gusmaroli et al., 2019). 412 

In our study, the macrolide antibiotics in water were more frequently detected at sites in proximity 413 

of anthropogenic sources, such as OS (near the Venice hospital), DE (near the mouth of Dese River), 414 
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SE (near St. Erasmo WWTP), and RM (within the Venice historical center), while in the sampling sites 415 

characterizing the rest of the Lagoon (i.e. PB, PM, and SS) only in the latter two a low concentration 416 

of erythromycin and clarithromycin was found. Among all the considered antibiotics, only 417 

erythromycin, clarithromycin, and azithromycin were quantified in sediment, and the highest 418 

concentrations were found at RM, SS, DE, and OS sites. As found also for other pharmaceutical 419 

compounds, an important emission source of antibiotics in the Venice Lagoon is the discharge of 420 

tributaries from its drainage basin, even if the emissions from the historical center and hospital 421 

should not be disregarded, especially in the case of azithromycin (101733 ng kg-1 dw detected at RM 422 

site during the winter campaign). Furthermore, while the highest concentrations of these 423 

compounds were found near the above-mentioned point sources, a lower diffuse contamination 424 

was detected also at the sampling sites further inside the Lagoon, such as PB and PM sites (Figure 425 

1). 426 

3.2 Plant Protection Products (PPPs) 427 

3.2.1 Neonicotinoid insecticides 428 

The concentration of neonicotinoid insecticides detected in water samples ranged between 0.03-429 

40.4 ng L-1 for imidacloprid, 0.01-1.55 ng L-1 for clothianidin, 0.001-0.39 ng L-1 for thiacloprid, 0.02-430 

1.97 ng L-1 for thiamethoxam, and 0.004-2.64 ng L-1 for acetamiprid. Neonicotinoid insecticides 431 

showed a widespread occurrence across all the sampling sites, with a quantification frequency 432 

ranging from 73% to 92% if considering the four sampling campaigns. It is not surprising that the 433 

highest concentrations of these systemic insecticides were detected at DE and SE sites, because the 434 

sampling at DE site intercepts contributions from the run-off water from the agricultural land 435 

located in the Lagoon drainage basin, while samples collected at SE site are affected by chemical 436 

releases related to agricultural activities on St. Erasmo Island. Furthermore, these compounds were 437 

detected in water samples mainly during spring, summer, and winter campaigns, which coincide 438 

with their main periods of application (e.g., for the treatment of winter wheat, corn, soybeans, and 439 

rice; Morrissey et al., 2015; van der Zee et al., 2015; Zhang et al., 2016). Based on sales data of 440 

neonicotinoid insecticides in the Veneto Region for the 2016-2020 period (Calgaro et al., 2023), the 441 

concentration ranges detected in water mirrored the sold amount of each compound. Moreover, it 442 

is worth noting that, since only a limited amount of PPPs containing clothianidin were sold, part of 443 

its presence could be attributed to the degradation of its precursor thiamethoxam (Nauen et al., 444 

2003; Simon-Delso et al., 2015). 445 
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A quite diffuse contamination by neonicotinoids was detected also in the sediment samples. 446 

However, they were quantified only in samples collected during the spring and summer campaigns, 447 

except for imidacloprid, whose concentration was always lower than the MQL at all the sampling 448 

sites. The detected concentration ranged between 2.44-60.3 ng kg-1 dw for clothianidin, 0.56-54.3 449 

ng kg-1 dw for thiacloprid, 3.15-12.7 ng kg-1 dw for thiamethoxam, and 0.68-51.8 ng kg-1 dw for 450 

acetamiprid. The highest concentrations were found at DE and RM sites, which were the only 451 

sampling sites where clothianidin was quantified. Thiacloprid was detected at OS and DE sites 452 

(average value of 27.3 ng kg-1 dw), while acetamiprid at PM, DE, and SE sites, with an average value 453 

of 15.3 ng kg-1 dw. Finally, thiamethoxam highlighted a widespread diffusion within the Venice 454 

Lagoon, reaching also an usually less-polluted site such as PM (11.5 ng kg-1 dw detected during the 455 

spring campaign, Figure 2). 456 

Generally, concentrations of neonicotinoids detected in the Venice Lagoon water samples are lower 457 

than those reported in the last national monitoring of pesticides (ISPRA, 2020). Most literature 458 

studies report the presence of neonicotinoids in riverine and surface water, only rarely groundwater 459 

and coastal water (De Liguoro et al., 2014; Li et al., 2019; Xie et al., 2019). The reported 460 

concentration of each neonicotinoid insecticide ranges from values lower than the MQLs (0.01-25 461 

ng L-1) to hundreds of ng L-1. Similarly to what has been observed in the Venice Lagoon, imidacloprid 462 

concentration is often higher than that of other analyzed neonicotinoids (Criquet et al., 2017; 463 

Gusmaroli et al., 2019; Loos et al., 2018; Rubirola et al., 2017; Solaun et al., 2021; Sousa et al., 2019; 464 

Xiong et al., 2019; Zhang et al., 2019). 465 

Only a few articles in literature deal with neonicotinoid concentrations in sediment, and mostly 466 

focus on riverine ecosystems, reporting values considerable higher than those found in our study 467 

(Chen et al., 2015; Zhang et al., 2019). However, it is worth noting that the cited studies investigated 468 

very polluted areas, with many sampling sites close to WWTP discharge points and areas with 469 

intensive agricultural activities, probably explaining the significant difference with respect to the 470 

concentrations found in the Venice Lagoon. 471 

The results obtained also showed that neonicotinoid insecticides were detected much more 472 

frequently in the water than in the sediment compartment (average quantification frequency of 473 

83% and 12%, respectively), and this could be attributed to their low affinity to organic matter (log 474 

Kow values ranging between -0.10 and 2.06, Table S1) and their high water solubility (Bonmatin et 475 

al., 2015; Zhang et al., 2019). 476 
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3.2.2 Other pesticides 477 

Methiocarb was quantified in the water samples only at the DE site during the spring campaign (1.27 478 

ng L-1), and this could be ascribed to the run-off or leaching of this compound from croplands located 479 

in the Venice Lagoon drainage basin. Indeed, the period of maximum utilization of methiocarb is 480 

spring, in particular for the treatment of vineyards and as bird repellent on corn (Arena et al., 2018; 481 

Bailey and Smith, 1979; Rawn et al., 2004). Not negligible concentrations of methiocarb were 482 

detected also in sediment samples collected at OS sites, within the historical center of Venice, during 483 

the summer and winter campaigns (about 20 ng kg-1 dw). 484 

The main application period of oxadiazon is the spring and early summer season, before the target 485 

weeds (i.e. annual broad-leaved weeds and grasses in fruit trees, vines, rice, cotton, soybeans, 486 

onions, and flowers) have germinated or emerged (Pietrzak et al., 2019). This oxadiazole herbicides 487 

was detected in water samples of the Venice Lagoon at low concentrations (1.20-2.83 ng L-1) only 488 

during the summer campaign. In the sediment compartment, oxadiazon was found at 489 

concentrations in the range 26-49 ng kg-1 dw at PM, OS, and RM sites. 490 

Metaflumizone was detected only in the sediment collected at DE sampling site (216 ng kg-1 dw), 491 

while its concentration in the water samples was always below its MQL (1.43 ng L-1). Similarly, in all 492 

four sampling campaigns and at all the sampling sites investigated, triallate was always below the 493 

MQLs, both in water (4.9 ng L-1) and in sediment (6434 ng kg-1 dw) samples. 494 

In the recent Italian national monitoring of pesticides in water (ISPRA, 2020), metaflumizone and 495 

triallate were not detected at any monitoring point, methiocarb was present with a detection 496 

frequency of 2.1%, and oxadiazon with a detection frequency of 17.5%. As far as methiocarb and 497 

oxadiazon are concerned, literature data mainly focused on their occurrence in freshwater and 498 

often report values lower than their MQLs, that ranges from 0.3 to 10 ng L-1 for methiocarb 499 

(Gusmaroli et al., 2019; Loos et al., 2018; Masiá et al., 2015; Rubirola et al., 2017; Solaun et al., 2021; 500 

Sousa et al., 2019) and from 0.17 to 90 ng L-1 for oxadiazon (Gusmaroli et al., 2019; Loos et al., 2018; 501 

Solaun et al., 2021; Sousa et al., 2019). According to literature (Pietrzak et al., 2019), metaflumizone 502 

was rarely analyzed (Loos et al., 2018; Solaun et al., 2021), while triallate has been more frequently 503 

studied, mainly in freshwater and WWTPs. As noticed for other PPPs, literature studies report that 504 

triallate concentration in freshwater is often lower than its MDL (0.035-17 ng L-1) and MQL (0.17-52 505 

ng L-1; Gusmaroli et al., 2019; Rubirola et al., 2017; Solaun et al., 2021; Sousa et al., 2019; Wu et al., 506 

2017). 507 
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3.3 Industrial chemicals 508 

BHT was detected in about half of the water and sediment samples (quantification frequency of 42% 509 

and 54%, respectively), especially during the summer and winter campaigns. In spring and autumn 510 

BHT was quantified in water samples only at SE site, with concentrations of 2.4 and 20 ng L-1, 511 

respectively, while remaining below its MQL (1.7 ng L-1) at the other sampling sites. Higher 512 

concentration levels were found during the summer and winter campaigns (17-104 ng L-1), in which 513 

BHT was detected in almost all the sampling sites, except for DE. In sediment, BHT was found at all 514 

the sampling sites (except for PM), at concentrations ranging from 760 up to 17397 ng kg-1 dw, with 515 

the highest levels detected at DE and RM sites. 516 

The diffuse accumulation of this preservative in sediment can be attributed both to its high affinity 517 

to organic matter (log Kow of 6.20, Table S1), and persistence in the sediment (half-life time of 340 518 

days; Liu and Mabury, 2020). BHT concentrations in water fall in a similar range to that found in 519 

natural surface freshwaters of Germany (Fries and Püttmann, 2004), Sweden (Bendz et al., 2005), 520 

Spain (Gusmaroli et al., 2019), and USA (Benotti et al., 2009). On the other hand, BHT concentrations 521 

in sediment are substantially lower than those found in lacustrine sediment in the Nanjing area 522 

(China; 90-6390 μg kg-1 dw; Zhang et al., 2018) and in surface sediment from the Bohai Sea and 523 

Yellow Sea (China; 76.7-2510 μg kg-1 dw; Wang et al., 2018). 524 

EHMC was detected in 77% of the water samples, at all the sampling sites, with a concentration 525 

range of 0.23-22.4 ng L-1. The highest concentrations were found during the summer campaign, 526 

when an increased use of PCPs containing UV filters to protect from sunlight is expected. The SE site 527 

always turned out to be the most contaminated one in all the sampling campaigns, suggesting a key-528 

influence of WWTP effluents to the load of this contaminant to the Venice Lagoon. A slight seasonal 529 

trend was detected also for the EHMC concentration in sediment. During the spring and summer 530 

campaigns it ranged between 470 and 4890 ng kg-1 dw, while in autumn and winter ones it remained 531 

below the MQL (469 ng kg-1 dw), except for the RM 4 sample (3316 ng kg-1 dw), confirming a general 532 

tendency to follow the usage period of this compound. 533 

The concentrations of EHMC determined in the Venice Lagoon water fall among the lowest ranges 534 

characterizing various riverine and marine environments of Europe (Balmer et al., 2005; Gusmaroli 535 

et al., 2019; Negreira et al., 2010; Picot-Groz et al., 2018; Sousa et al., 2019; Vila et al., 2016), 536 

Australia (Allinson et al., 2018), and Japan (Kameda et al., 2011; Tashiro and Kameda, 2013), where 537 

the maximum concentrations detected exceed the µg L-1 level. Similarly, concentration levels 538 
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quantified in the sediment samples of the Venice Lagoon are lower than those found in the sediment 539 

of other areas of the Adriatic Sea (900-10400 ng kg-1 dw; Combi et al., 2016). Similar wide ranges of 540 

values have also been detected in sediment along the coasts of Spain (Gago-Ferrero et al., 2011; 541 

Pintado-Herrera et al., 2016), Lebanon (Amine et al., 2012), and Brazilian rivers (Mizukawa et al., 542 

2017). 543 

4. Conclusions 544 

This study provides the first monitoring data on twenty CECs in water and sediment of seven 545 

sampling sites in the Venice Lagoon, selected with the aim of intercepting possible sources of 546 

contamination and characterizing the three macro-areas of the Lagoon. 547 

While the characteristics of this baseline study prevent the identification of significant spatial and 548 

temporal contamination trends, the outcomes suggests that two of the major emission sources of 549 

CECs in the Venice Lagoon could be tributary rivers and treated wastewater, since the existing 550 

WWTPs seems to be not entirely efficient in the removal of some CECs. 551 

The information obtained can be considered a suitable starting point for planning further 552 

investigations with a possibly higher spatial and temporal resolution within the Venice Lagoon, as 553 

well as for other transitional environments subjects to anthropogenic pressures. In particular, the 554 

identification of multiple CEC sources showed the need for more dedicated strategies for the 555 

management of CEC emission within the agricultural, industrial, and PPCP sectors to avoid water 556 

quality deterioration, especially within sensitive ecosystems such as the Venice Lagoon. 557 

It is worth reporting that this baseline study is being complemented by the application of a fate and 558 

transport multimedia model to simulate the environmental behavior of the target CECs, to 559 

investigate the potential relevance of different emission sources and to better understand the 560 

drivers of environmental partitioning in different media. The integration of experimental and 561 

modeling efforts will support the development of a Watch List of CECs for the Venice Lagoon, 562 

including contaminants to be included in future, and more comprehensive monitoring plans to 563 

improve local environmental management. 564 

CRediT author statement 565 

Sarah Pizzini: Validation, Writing - Original Draft, Writing - Review & Editing; 566 

Elisa Giubilato: Formal analysis, Writing - Original Draft, Writing - Review & Editing, Supervision; 567 

Jo
urn

al 
Pre-

pro
of



20 
 

Elisa Morabito: Conceptualization, Writing - Original Draft, Project administration; 568 

Elena Barbaro: Formal analysis, Investigation, Writing - Review & Editing, Project administration; 569 

Alessandro Bonetto: Formal analysis, Investigation, Writing - Review & Editing; 570 

Loris Calgaro: Formal analysis, Writing - Original Draft, Writing - Review & Editing, Visualization; 571 

Matteo Feltracco: Formal analysis, Investigation, Writing - Review & Editing; 572 

Elena Semenzin: Writing - Review & Editing, Project administration; 573 

Marco Vecchiato: Formal analysis, Investigation, Writing - Review & Editing; 574 

Roberta Zangrando: Formal analysis, Investigation, Writing - Review & Editing; 575 

Andrea Gambaro: Conceptualization, Writing - Review & Editing, Supervision, Project 576 

administration; 577 

Antonio Marcomini: Conceptualization, Writing - Review & Editing, Funding acquisition. 578 

Declaration of competing interests 579 

The authors declare that they have no known competing financial interests or personal relationships 580 

that could have appeared to influence the work reported in this paper. 581 

Acknowledgments 582 

The scientific activity was performed in the Research Program Venezia2021, coordinated by CORILA 583 

(Consorzio per il coordinamento delle ricerche inerenti al sistema lagunare di Venezia), with the 584 

contribution of the Interregional Provveditorato for the Public Works of Veneto, Trentino Alto Adige, 585 

and Friuli Venezia Giulia. The authors are grateful to Elga LabWater (Veolia Water VWS Ltd., High 586 

Wycombe, UK) for supplying the Purelab Ultra System used in this study.587 

Jo
urn

al 
Pre-

pro
of



21 
 

References 588 

Al Aukidy, M., Verlicchi, P., Jelic, A., Petrovic, M., Barcelò, D., 2012. Monitoring release of pharmaceutical 589 

compounds: Occurrence and environmental risk assessment of two WWTP effluents and their receiving 590 

bodies in the Po Valley, Italy. Science of The Total Environment 438, 15-25. 591 

https://doi.org/10.1016/j.scitotenv.2012.08.061. 592 

Allinson, M., Kameda, Y., Kimura, K., Allinson, G., 2018. Occurrence and assessment of the risk of ultraviolet 593 

filters and light stabilizers in Victorian estuaries. Environmental Science and Pollution Research 25, 594 

12022-12033. https://doi.org/10.1007/s11356-018-1386-7. 595 

Amine, H., Gomez, E., Halwani, J., Casellas, C., Fenet, H., 2012. UV filters, ethylhexyl methoxycinnamate, 596 

octocrylene and ethylhexyl dimethyl PABA from untreated wastewater in sediment from eastern 597 

Mediterranean river transition and coastal zones. Mar Pollut Bull 64, 2435-2442. 598 

https://doi.org/10.1016/j.marpolbul.2012.07.051. 599 

Andreozzi, R., Raffaele, M., Nicklas, P., 2003. Pharmaceuticals in STP effluents and their solar 600 

photodegradation in aquatic environment. Chemosphere 50, 1319-1330. 601 

https://doi.org/10.1016/S0045-6535(02)00769-5. 602 

Andreozzi, R., Caprio, V., Ciniglia, C., De Champdoré, M., Lo Giudice, R., Marotta, R., Zuccato, E., 2004. 603 

Antibiotics in the Environment: Occurrence in Italian STPs, Fate, and Preliminary Assessment on Algal 604 

Toxicity of Amoxicillin. Environ Sci Technol 38, 6832-6838. https://doi.org/10.1021/es049509a. 605 

Arena, M., Auteri, D., Barmaz, S., Brancato, A., Brocca, D., Bura, L., Carrasco Cabrera, L., Chiusolo, A., Civitella, 606 

C., Court Marques, D., Crivellente, F., Ctverackova, L., De Lentdecker, C., Egsmose, M., Erdos, Z., Fait, 607 

G., Ferreira, L., Greco, L., Ippolito, A., Istace, F., Jarrah, S., Kardassi, D., Leuschner, R., Lostia, A., Lythgo, 608 

C., Magrans, J.O., Medina, P., Mineo, D., Miron, I., Molnar, T., Padovani, L., Parra Morte, J.M., Pedersen, 609 

R., Reich, H., Sacchi, A., Santos, M., Serafimova, R., Sharp, R., Stanek, A., Streissl, F., Sturma, J., Szentes, 610 

C., Tarazona, J., Terron, A., Theobald, A., Vagenende, B., Van Dijk, J., Villamar‐Bouza, L., 2018. Peer 611 

review of the pesticide risk assessment of the active substance methiocarb. EFSA Journal 16. 612 

https://doi.org/10.2903/j.efsa.2018.5429. 613 

Bailey, P., Smith, G., 1979. Methiocarb as a bird repellent on wine grapes. Aust J Exp Agric 19, 247. 614 

https://doi.org/10.1071/EA9790247. 615 

Balmer, M.E., Buser, H.-R., Müller, M.D., Poiger, T., 2005. Occurrence of Some Organic UV Filters in 616 

Wastewater, in Surface Waters, and in Fish from Swiss Lakes. Environ Sci Technol 39, 953-962. 617 

https://doi.org/10.1021/es040055r. 618 

Barbosa, M.O., Moreira, N.F.F., Ribeiro, A.R., Pereira, M.F.R., Silva, A.M.T., 2016. Occurrence and removal of 619 

organic micropollutants: An overview of the watch list of EU Decision 2015/495. Water Res 94, 257-279. 620 

https://doi.org/10.1016/j.watres.2016.02.047. 621 

Barreca, S., Busetto, M., Colzani, L., Clerici, L., Daverio, D., Dellavedova, P., Balzamo, S., Calabretta, E., Ubaldi, 622 

V., 2019. Determination of estrogenic endocrine disruptors in water at sub-ng L−1 levels in compliance 623 

with Decision 2015/495/EU using offline-online solid phase extraction concentration coupled with high 624 

Jo
urn

al 
Pre-

pro
of



22 
 

performance liquid chromatography-tandem mass spectrometry. Microchemical Journal 147, 1186-625 

1191. https://doi.org/10.1016/j.microc.2019.04.030. 626 

Batchu, S.R., Panditi, V.R., O’Shea, K.E., Gardinali, P.R., 2014. Photodegradation of antibiotics under simulated 627 

solar radiation: Implications for their environmental fate. Science of The Total Environment 470-471, 628 

299-310. https://doi.org/10.1016/J.SCITOTENV.2013.09.057. 629 

Bendz, D., Paxéus, N.A., Ginn, T.R., Loge, F.J., 2005. Occurrence and fate of pharmaceutically active 630 

compounds in the environment, a case study: Höje River in Sweden. J Hazard Mater 122, 195-204. 631 

https://doi.org/10.1016/j.jhazmat.2005.03.012. 632 

Benotti, M.J., Trenholm, R.A., Vanderford, B.J., Holady, J.C., Stanford, B.D., Snyder, S.A., 2009. 633 

Pharmaceuticals and Endocrine Disrupting Compounds in U.S. Drinking Water. Environ Sci Technol 43, 634 

597-603. https://doi.org/10.1021/es801845a. 635 

Bonmatin, J.-M.M., Giorio, C., Girolami, V., Goulson, D., Kreutzweiser, D.P., Krupke, C., Liess, M., Long, E., 636 

Marzaro, M., Mitchell, E.A.D., Noome, D.A., Simon-Delso, N., Tapparo, A., 2015. Environmental fate and 637 

exposure; neonicotinoids and fipronil. Environmental Science and Pollution Research 22, 35-67. 638 

https://doi.org/10.1007/s11356-014-3332-7. 639 

Bonnefille, B., Gomez, E., Courant, F., Escande, A., Fenet, H., 2018. Diclofenac in the marine environment: A 640 

review of its occurrence and effects. Mar Pollut Bull 131, 496-506. 641 

https://doi.org/10.1016/j.marpolbul.2018.04.053. 642 

Buser, H.-R., Poiger, T., Müller, M.D., 1998. Occurrence and Fate of the Pharmaceutical Drug Diclofenac in 643 

Surface Waters: Rapid Photodegradation in a Lake. Environ Sci Technol 32, 3449-3456. 644 

https://doi.org/10.1021/es980301x. 645 

Calamari, D., Zuccato, E., Castiglioni, S., Bagnati, R., Fanelli, R., 2003. Strategic Survey of Therapeutic Drugs in 646 

the Rivers Po and Lambro in Northern Italy. Environ Sci Technol 37, 1241-1248. 647 

https://doi.org/10.1021/es020158e. 648 

Calgaro, L., Giubilato, E., Lamon, L., Calore, F., Semenzin, E., Marcomini, A., 2023. Emissions of 649 

pharmaceuticals and plant protection products to the lagoon of Venice: development of a new emission 650 

inventory. J Environ Manage 330, 117153. https://doi.org/10.1016/j.jenvman.2022.117153. 651 

Carvalho, R.N., Ceriani, L., Ippolito, A., Lettier, T., 2015. Development of the first Watch List under the 652 

Environmental Quality Standards Directive, JRC Technical Report - Report EUR 27142 EN. 653 

https://doi.org/10.2788/101376. 654 

Casatta, N., Mascolo, G., Roscioli, C., Viganò, L., 2015. Tracing endocrine disrupting chemicals in a coastal 655 

lagoon (Sacca di Goro, Italy): Sediment contamination and bioaccumulation in Manila clams. Science of 656 

The Total Environment 511, 214-222. https://doi.org/10.1016/j.scitotenv.2014.12.051. 657 

Castiglioni, S., Bagnati, R., Calamari, D., Fanelli, R., Zuccato, E., 2005. A multiresidue analytical method using 658 

solid-phase extraction and high-pressure liquid chromatography tandem mass spectrometry to 659 

measure pharmaceuticals of different therapeutic classes in urban wastewaters. J Chromatogr A 1092, 660 

206-215. https://doi.org/10.1016/j.chroma.2005.07.012. 661 

Jo
urn

al 
Pre-

pro
of



23 
 

Castiglioni, S., Davoli, E., Riva, F., Palmiotto, M., Camporini, P., Manenti, A., Zuccato, E., 2018a. Mass balance 662 

of emerging contaminants in the water cycle of a highly urbanized and industrialized area of Italy. Water 663 

Res 131, 287-298. https://doi.org/10.1016/j.watres.2017.12.047. 664 

Castiglioni, S., Davoli, E., Riva, F., Palmiotto, M., Camporini, P., Manenti, A., Zuccato, E., 2018b. Data on 665 

occurrence and fate of emerging contaminants in a urbanised area. Data Brief 17, 533-543. 666 

https://doi.org/10.1016/j.dib.2018.01.029. 667 

Castiglioni, S., Zuccato, E., Fattore, E., Riva, F., Terzaghi, E., Koenig, R., Principi, P., Di Guardo, A., 2020. 668 

Micropollutants in Lake Como water in the context of circular economy: A snapshot of water cycle 669 

contamination in a changing pollution scenario. J Hazard Mater 384, 121441. 670 

https://doi.org/10.1016/j.jhazmat.2019.121441. 671 

Chen, M., Yi, Q., Hong, J., Zhang, L., Lin, K., Yuan, D., 2015. Simultaneous determination of 32 antibiotics and 672 

12 pesticides in sediment using ultrasonic-assisted extraction and high performance liquid 673 

chromatography-tandem mass spectrometry. Analytical Methods 7, 1896-1905. 674 

https://doi.org/10.1039/C4AY02895C. 675 

Combi, T., Pintado-Herrera, M.G., Lara-Martin, P.A., Miserocchi, S., Langone, L., Guerra, R., 2016. Distribution 676 

and fate of legacy and emerging contaminants along the Adriatic Sea: A comparative study. 677 

Environmental Pollution 218, 1055-1064. https://doi.org/10.1016/j.envpol.2016.08.057. 678 

Corami, F., Morabito, E., Gambaro, A., Cescon, P., Libralato, G., Picone, M., Ghirardini, A.V., Barbante, C., 679 

2020. Geospeciation, toxicological evaluation, and hazard assessment of trace elements in superficial 680 

and deep sediments. Environmental Science and Pollution Research 27, 15565-15583. 681 

https://doi.org/10.1007/s11356-020-07784-7. 682 

Criquet, J., Dumoulin, D., Howsam, M., Mondamert, L., Goossens, J.-F., Prygiel, J., Billon, G., 2017. Comparison 683 

of POCIS passive samplers vs. composite water sampling: A case study. Science of The Total 684 

Environment 609, 982-991. https://doi.org/10.1016/j.scitotenv.2017.07.227. 685 

da Silva, B.F., Jelic, A., López-Serna, R., Mozeto, A.A., Petrovic, M., Barceló, D., 2011. Occurrence and 686 

distribution of pharmaceuticals in surface water, suspended solids and sediments of the Ebro river 687 

basin, Spain. Chemosphere 85, 1331-1339. https://doi.org/10.1016/j.chemosphere.2011.07.051. 688 

De Liguoro, M., Bona, M.D., Gallina, G., Capolongo, F., Gallocchio, F., Binato, G., Di Leva, V., 2014. A 689 

monitoring of chemical contaminants in waters used for field irrigation and livestock watering in the 690 

Veneto region (Italy), using bioassays as a screening tool. Environmental Science and Pollution Research 691 

21, 3546-3557. https://doi.org/10.1007/s11356-013-2357-7. 692 

de Santiago-Martín, A., Meffe, R., Teijón, G., Martínez Hernández, V., López-Heras, I., Alonso Alonso, C., 693 

Arenas Romasanta, M., de Bustamante, I., 2020. Pharmaceuticals and trace metals in the surface water 694 

used for crop irrigation: Risk to health or natural attenuation? Science of The Total Environment 705, 695 

135825. https://doi.org/10.1016/j.scitotenv.2019.135825. 696 

Eggleton, J., Thomas, K. V, 2004. A review of factors affecting the release and bioavailability of contaminants 697 

during sediment disturbance events. Environ Int 30, 973-980. 698 

https://doi.org/10.1016/j.envint.2004.03.001. 699 

Jo
urn

al 
Pre-

pro
of



24 
 

European Commission, 2015. Commission Implementing Decision (EU) 2015/495 of 20 March 2015 700 

establishing a watch list of substances for Union-wide monitoring in the field of water policy pursuant 701 

to Directive 2008/105/EC. 702 

European Commission, 2018. Commission Implementing Decision (EU) 2018/840 of 5 June 2018 establishing 703 

a watch list of substances for Union-wide monitoring in the field of water policy pursuant to Directive 704 

2008/105/EC of the European Parliament. 705 

European Commission, 2000. Directive 2000/60/EC of the European Parliament and of the Council of 23 706 

October 2000 establishing a framework for Community action in the field of water policy. in Official 707 

Journal of the European Union (OJ L) No 327 of 22/12/2000, pp. 1-73. 708 

Feltracco, M., Barbaro, E., Morabito, E., Zangrando, R., Piazza, R., Barbante, C., Gambaro, A., 2022. Assessing 709 

glyphosate in water, marine particulate matter, and sediments in the Lagoon of Venice. Environmental 710 

Science and Pollution Research 29, 16383-16391. https://doi.org/10.1007/s11356-021-16957-x. 711 

Feo, M.L., Bagnati, R., Passoni, A., Riva, F., Salvagio Manta, D., Sprovieri, M., Traina, A., Zuccato, E., Castiglioni, 712 

S., 2020. Pharmaceuticals and other contaminants in waters and sediments from Augusta Bay (southern 713 

Italy). Science of The Total Environment 739, 139827. https://doi.org/10.1016/j.scitotenv.2020.139827. 714 

Fernandes, J.P., Almeida, C.M.R., Salgado, M.A., Carvalho, M.F., Mucha, A.P., 2021. Pharmaceutical 715 

compounds in aquatic environments - occurrence, fate and bioremediation prospective. Toxics 9, 257. 716 

https://doi.org/10.3390/TOXICS9100257/S1. 717 

Fick, J., Lindberg, R.H., Kaj, L., Brorström-Lundén, E., 2011. Results from the Swedish National Screening 718 

Programme 2010 - Subreport 3 - Pharmaceuticals. 719 

Fitri, A., Hashim, R., Abolfathi, S., Abdul Maulud, K.N., 2019. Dynamics of Sediment Transport and Erosion-720 

Deposition Patterns in the Locality of a Detached Low-Crested Breakwater on a Cohesive Coast. Water 721 

(Basel) 11, 1721. https://doi.org/10.3390/w11081721. 722 

Fries, E., Püttmann, W., 2004. Monitoring of the antioxidant BHT and its metabolite BHT-CHO in German river 723 

water and ground water. Science of The Total Environment 319, 269-282. 724 

https://doi.org/10.1016/S0048-9697(03)00447-9. 725 

Gago-Ferrero, P., Díaz-Cruz, M.S., Barceló, D., 2011. Fast pressurized liquid extraction with in-cell purification 726 

and analysis by liquid chromatography tandem mass spectrometry for the determination of UV filters 727 

and their degradation products in sediments. Anal Bioanal Chem 400, 2195-2204. 728 

https://doi.org/10.1007/s00216-011-4951-1. 729 

Girardi, C., Greve, J., Lamshöft, M., Fetzer, I., Miltner, A., Schäffer, A., Kästner, M., 2011. Biodegradation of 730 

ciprofloxacin in water and soil and its effects on the microbial communities. J Hazard Mater 198, 22-30. 731 

https://doi.org/10.1016/j.jhazmat.2011.10.004. 732 

Gong, J., Ran, Y., Chen, D., Yang, Y., Zeng, E.Y., 2012. Association of endocrine-disrupting chemicals with total 733 

organic carbon in riverine water and suspended particulate matter from the Pearl River, China. Environ 734 

Toxicol Chem 31, 2456-2464. https://doi.org/10.1002/etc.1961. 735 

Jo
urn

al 
Pre-

pro
of



25 
 

Grenni, P., Ancona, V., Barra Caracciolo, A., 2018. Ecological effects of antibiotics on natural ecosystems: A 736 

review. Microchemical Journal 136, 25-39. https://doi.org/10.1016/j.microc.2017.02.006. 737 

Gusmaroli, L., Buttiglieri, G., Petrovic, M., 2019. The EU watch list compounds in the Ebro delta region: 738 

Assessment of sources, river transport, and seasonal variations. Environmental Pollution 253, 606-615. 739 

https://doi.org/10.1016/j.envpol.2019.07.052. 740 

Hernando, M., Mezcua, M., Fernandezalba, A., Barcelo, D., 2006. Environmental risk assessment of 741 

pharmaceutical residues in wastewater effluents, surface waters and sediments. Talanta 69, 334-342. 742 

https://doi.org/10.1016/j.talanta.2005.09.037. 743 

ISPRA – Italian Institute for Environmental Protection and Research, 2017. First Monitoring of Watch List 744 

Substances [Primo monitoraggio delle sostanze dell’Elenco di controllo]. 745 

ISPRA – Italian Institute for Environmental Protection and Research, 2020. National report on pesticides in 746 

water, 2017-2018 (in Italian). 747 

Kafaei, R., Papari, F., Seyedabadi, M., Sahebi, S., Tahmasebi, R., Ahmadi, M., Sorial, G.A., Asgari, G., 748 

Ramavandi, B., 2018. Occurrence, distribution, and potential sources of antibiotics pollution in the 749 

water-sediment of the northern coastline of the Persian Gulf, Iran. Science of The Total Environment 750 

627, 703-712. https://doi.org/10.1016/j.scitotenv.2018.01.305. 751 

Kameda, Y., Kimura, K., Miyazaki, M., 2011. Occurrence and profiles of organic sun-blocking agents in surface 752 

waters and sediments in Japanese rivers and lakes. Environmental Pollution 159, 1570-1576. 753 

https://doi.org/10.1016/j.envpol.2011.02.055. 754 

Kümmerer, K., 2009. Antibiotics in the aquatic environment - A review - Part I. Chemosphere 75, 417-434. 755 

https://doi.org/10.1016/j.chemosphere.2008.11.086. 756 

Kwon, J.-W.W., 2016. Environmental impact assessment of veterinary drug on fish aquaculture for food 757 

safety. Drug Test Anal 8, 556-564. https://doi.org/10.1002/dta.2007. 758 

Li, F., Chen, L., Chen, W., Bao, Y., Zheng, Y., Huang, B., Mu, Q., Wen, D., Feng, C., 2020. Antibiotics in coastal 759 

water and sediments of the East China Sea: Distribution, ecological risk assessment and indicators 760 

screening. Mar Pollut Bull 151, 110810. https://doi.org/10.1016/j.marpolbul.2019.110810. 761 

Li, X., Chen, J., He, X., Wang, Z., Wu, D., Zheng, X., Zheng, L., Wang, B., 2019. Simultaneous determination of 762 

neonicotinoids and fipronil and its metabolites in environmental water from coastal bay using disk-763 

based solid-phase extraction and high-performance liquid chromatography-tandem mass 764 

spectrometry. Chemosphere 234, 224-231. https://doi.org/10.1016/j.chemosphere.2019.05.243. 765 

Liu, R., Mabury, S.A., 2020. Synthetic Phenolic Antioxidants: A Review of Environmental Occurrence, Fate, 766 

Human Exposure, and Toxicity. Environ Sci Technol 54, 11706-11719. 767 

https://doi.org/10.1021/acs.est.0c05077. 768 

Loos, R., Marinov, D., Sanseverino, I., Napierska, D., Lettieri, T., 2018. Review of the 1st Watch List under the 769 

Water Framework Directive and recommendations for the 2nd Watch List | EU Science Hub. 770 

https://doi.org/http://dx.doi.org/10.2760/614367. 771 

Jo
urn

al 
Pre-

pro
of



26 
 

Losso, C., Volpi Ghirardini, A., 2010. Overview of ecotoxicological studies performed in the Venice Lagoon 772 

(Italy). Environ Int. https://doi.org/10.1016/j.envint.2009.07.017. 773 

Madricardo, F., Foglini, F., Campiani, E., Grande, V., Catenacci, E., Petrizzo, A., Kruss, A., Toso, C., Trincardi, 774 

F., 2019. Assessing the human footprint on the sea-floor of coastal systems: the case of the Venice 775 

Lagoon, Italy. Sci Rep 9. https://doi.org/10.1038/s41598-019-43027-7. 776 

Mandaric, L., Diamantini, E., Stella, E., Cano-Paoli, K., Valle-Sistac, J., Molins-Delgado, D., Bellin, A., Chiogna, 777 

G., Majone, B., Diaz-Cruz, M.S., Sabater, S., Barcelo, D., Petrovic, M., 2017. Contamination sources and 778 

distribution patterns of pharmaceuticals and personal care products in Alpine rivers strongly affected 779 

by tourism. Science of The Total Environment 590-591, 484-494. 780 

https://doi.org/10.1016/j.scitotenv.2017.02.185. 781 

Manodori, L., Gambaro, A., Piazza, R., Ferrari, S., Stortini, A.M., Moret, I., Capodaglio, G., 2006. PCBs and 782 

PAHs in sea-surface microlayer and sub-surface water samples of the Venice Lagoon (Italy). Mar Pollut 783 

Bull 52, 184-192. https://doi.org/10.1016/j.marpolbul.2005.08.017. 784 

Maranho, L.A., DelValls, T.A., Martín-Díaz, M.L., 2015. Assessing potential risks of wastewater discharges to 785 

benthic biota: An integrated approach to biomarker responses in clams (Ruditapes philippinarum) 786 

exposed under controlled conditions. Mar Pollut Bull 92, 11-24. 787 

https://doi.org/10.1016/j.marpolbul.2015.01.009. 788 

Mascolo, G., Murgolo, S., Stefani, F., Viganò, L., 2019. Target and suspect contaminants of emerging concern 789 

in the Po River Delta lagoons. Estuar Coast Shelf Sci 230, 106424. 790 

https://doi.org/10.1016/j.ecss.2019.106424. 791 

Masiá, A., Vásquez, K., Campo, J., Picó, Y., 2015. Assessment of two extraction methods to determine 792 

pesticides in soils, sediments and sludges. Application to the Túria River Basin. J Chromatogr A 1378, 793 

19-31. https://doi.org/10.1016/j.chroma.2014.11.079. 794 

Micheletti, C., Gottardo, S., Critto, A., Chiarato, S., Marcomini, A., 2011. Environmental quality of transitional 795 

waters: The lagoon of Venice case study. Environ Int 37, 31-41. 796 

https://doi.org/10.1016/j.envint.2010.06.009. 797 

Miège, C., Choubert, J.M., Ribeiro, L., Eusèbe, M., Coquery, M., 2009. Fate of pharmaceuticals and personal 798 

care products in wastewater treatment plants - Conception of a database and first results. 799 

Environmental Pollution 157, 1721-1726. https://doi.org/10.1016/j.envpol.2008.11.045. 800 

Mizukawa, A., Molins-Delgado, D., de Azevedo, J.C.R., Fernandes, C.V.S., Díaz-Cruz, S., Barceló, D., 2017. 801 

Sediments as a sink for UV filters and benzotriazoles: the case study of Upper Iguaçu watershed, Curitiba 802 

(Brazil). Environmental Science and Pollution Research 24, 18284-18294. 803 

https://doi.org/10.1007/s11356-017-9472-9. 804 

Morabito, E., Radaelli, M., Corami, F., Turetta, C., Toscano, G., Capodaglio, G., 2018. Temporal evolution of 805 

cadmium, copper and lead concentration in the Venice Lagoon water in relation with the speciation and 806 

dissolved/particulate partition. Mar Pollut Bull 129, 884-892. 807 

https://doi.org/10.1016/j.marpolbul.2017.10.043. 808 

Jo
urn

al 
Pre-

pro
of



27 
 

Moreno-González, R., Rodríguez-Mozaz, S., Gros, M., Pérez-Cánovas, E., Barceló, D., León, V.M., 2014. Input 809 

of pharmaceuticals through coastal surface watercourses into a Mediterranean lagoon (Mar Menor, SE 810 

Spain): Sources and seasonal variations. Science of The Total Environment 490, 59-72. 811 

https://doi.org/10.1016/j.scitotenv.2014.04.097. 812 

Morrissey, C.A., Mineau, P., Devries, J.H., Sanchez-Bayo, F., Liess, M., Cavallaro, M.C., Liber, K., 2015. 813 

Neonicotinoid contamination of global surface waters and associated risk to aquatic invertebrates: A 814 

review. Environ Int. https://doi.org/10.1016/j.envint.2014.10.024. 815 

Nauen, R., Ebbinghaus-Kintscher, U., Salgado, V.L., Kaussmann, M., 2003. Thiamethoxam is a neonicotinoid 816 

precursor converted to clothianidin in insects and plants. Pestic Biochem Physiol 76, 55-69. 817 

https://doi.org/10.1016/S0048-3575(03)00065-8. 818 

Negreira, N., Rodríguez, I., Rubí, E., Cela, R., 2010. Dispersive liquid-liquid microextraction followed by gas 819 

chromatography-mass spectrometry for the rapid and sensitive determination of UV filters in 820 

environmental water samples. Anal Bioanal Chem 398, 995-1004. https://doi.org/10.1007/s00216-010-821 

4009-9. 822 

Nikolaou, A., Meric, S., Fatta, D., 2007. Occurrence patterns of pharmaceuticals in water and wastewater 823 

environments. Anal Bioanal Chem 387, 1225-1234. https://doi.org/10.1007/s00216-006-1035-8. 824 

Picot-Groz, M., Fenet, H., Martinez Bueno, M.J., Rosain, D., Gomez, E., 2018. Diurnal variations in personal 825 

care products in seawater and mussels at three Mediterranean coastal sites. Environmental Science and 826 

Pollution Research 25, 9051-9059. https://doi.org/10.1007/s11356-017-1100-1. 827 

Pietrzak, D., Kania, J., Malina, G., Kmiecik, E., Wątor, K., 2019. Pesticides from the EU First and Second Watch 828 

Lists in the Water Environment. Clean (Weinh) 47, 1800376. https://doi.org/10.1002/clen.201800376. 829 

Pignotti, E., Dinelli, E., 2018. Distribution and partition of endocrine disrupting compounds in water and 830 

sediment: Case study of the Romagna area (North Italy). J Geochem Explor 195, 66-77. 831 

https://doi.org/10.1016/j.gexplo.2018.02.008. 832 

Pintado-Herrera, M.G., González-Mazo, E., Lara-Martín, P.A., 2016. In-cell clean-up pressurized liquid 833 

extraction and gas chromatography-tandem mass spectrometry determination of hydrophobic 834 

persistent and emerging organic pollutants in coastal sediments. J Chromatogr A 1429, 107-118. 835 

https://doi.org/10.1016/j.chroma.2015.12.040. 836 

Pizzini, S., Morabito, E., Gregoris, E., Vecchiato, M., Corami, F., Piazza, R., Gambaro, A., 2021. Occurrence and 837 

source apportionment of organic pollutants in deep sediment cores of the Venice Lagoon. Mar Pollut 838 

Bull 164, 112053. https://doi.org/10.1016/j.marpolbul.2021.112053. 839 

Pojana, G., Bonfà, A., Busetti, F., Collarin, A., Marcomini, A., 2004. Determination of natural and synthetic 840 

estrogenic compounds in coastal lagoon waters by HPLC-electrospray-mass spectrometry. Int J Environ 841 

Anal Chem 84, 717-727. https://doi.org/10.1080/03067310410001729060. 842 

Pojana, G., Gomiero, A., Jonkers, N., Marcomini, A., 2007. Natural and synthetic endocrine disrupting 843 

compounds (EDCs) in water, sediment and biota of a coastal lagoon. Environ Int 33, 929-936. 844 

https://doi.org/10.1016/j.envint.2007.05.003. 845 

Jo
urn

al 
Pre-

pro
of



28 
 

PubChem, 2019. Azithromycin - PubChem [WWW Document]. URL 846 

https://pubchem.ncbi.nlm.nih.gov/compound/447043 (accessed 1.15.20). 847 

Radke, M., Ulrich, H., Wurm, C., Kunkel, U., 2010. Dynamics and Attenuation of Acidic Pharmaceuticals along 848 

a River Stretch. Environ Sci Technol 44, 2968-2974. https://doi.org/10.1021/es903091z. 849 

Ramírez-Malule, H., Quiñones-Murillo, D.H., Manotas-Duque, D., 2020. Emerging contaminants as global 850 

environmental hazards. A bibliometric analysis. Emerg Contam 6, 179-193. 851 

https://doi.org/10.1016/j.emcon.2020.05.001. 852 

Rawn, D.F.K., Roscoe, V., Krakalovich, T., Hanson, C., 2004. N -methyl carbamate concentrations and dietary 853 

intake estimates for apple and grape juices available on the retail market in Canada. Food Addit Contam 854 

21, 555-563. https://doi.org/10.1080/02652030410001704267. 855 

Riva, F., Castiglioni, S., Fattore, E., Manenti, A., Davoli, E., Zuccato, E., 2018. Monitoring emerging 856 

contaminants in the drinking water of Milan and assessment of the human risk. Int J Hyg Environ Health 857 

221, 451-457. https://doi.org/10.1016/j.ijheh.2018.01.008. 858 

Riva, F., Zuccato, E., Davoli, E., Fattore, E., Castiglioni, S., 2019. Risk assessment of a mixture of emerging 859 

contaminants in surface water in a highly urbanized area in Italy. J Hazard Mater 361, 103-110. 860 

https://doi.org/10.1016/j.jhazmat.2018.07.099. 861 

Robertson, J., Vlahović-Palčevski, V., Iwamoto, K., Högberg, L.D., Godman, B., Monnet, D.L., Garner, S., Weist, 862 

K., 2021. Variations in the Consumption of Antimicrobial Medicines in the European Region, 2014-2018: 863 

Findings and Implications from ESAC-Net and WHO Europe. Front Pharmacol 12. 864 

https://doi.org/10.3389/fphar.2021.639207. 865 

Rubirola, A., Boleda, M.R., Galceran, M.T., 2017. Multiresidue analysis of 24 Water Framework Directive 866 

priority substances by on-line solid phase extraction-liquid chromatography tandem mass spectrometry 867 

in environmental waters. J Chromatogr A 1493, 64-75. https://doi.org/10.1016/j.chroma.2017.02.075. 868 

Sathishkumar, P., Meena, R.A.A., Palanisami, T., Ashokkumar, V., Palvannan, T., Gu, F.L., 2020. Occurrence, 869 

interactive effects and ecological risk of diclofenac in environmental compartments and biota - a review. 870 

Science of The Total Environment 698, 134057. https://doi.org/10.1016/j.scitotenv.2019.134057. 871 

Senta, I., Terzic, S., Ahel, M., 2021. Analysis and occurrence of macrolide residues in stream sediments and 872 

underlying alluvial aquifer downstream from a pharmaceutical plant. Environmental Pollution 273, 873 

116433. https://doi.org/10.1016/j.envpol.2021.116433. 874 

Sfriso, A.A.A., Buosi, A., Mistri, M., Munari, C., Franzoi, P., Sfriso, A.A.A., 2019. Long-term changes of the 875 

trophic status in transitional ecosystems of the northern Adriatic Sea, key parameters and future 876 

expectations: The lagoon of Venice as a study case. Nat Conserv 34, 193-215. 877 

https://doi.org/10.3897/natureconservation.34.30473. 878 

Simon-Delso, N., Amaral-Rogers, V., Belzunces, L.P., Bonmatin, J.M., Chagnon, M., Downs, C., Furlan, L., 879 

Gibbons, D.W., Giorio, C., Girolami, V., Goulson, D., Kreutzweiser, D.P., Krupke, C.H., Liess, M., Long, E., 880 

McField, M., Mineau, P., Mitchell, E.A.D., Morrissey, C.A., Noome, D.A., Pisa, L., Settele, J., Stark, J.D., 881 

Tapparo, A., Van Dyck, H., Van Praagh, J., Van der Sluijs, J.P., Whitehorn, P.R., Wiemers, M., 2015. 882 

Jo
urn

al 
Pre-

pro
of



29 
 

Systemic insecticides (neonicotinoids and fipronil): trends, uses, mode of action and metabolites. 883 

Environmental Science and Pollution Research 22, 5-34. https://doi.org/10.1007/s11356-014-3470-y. 884 

Solaun, O., Rodríguez, J.G., Menchaca, I., López-García, E., Martínez, E., Zonja, B., Postigo, C., López de Alda, 885 

M., Barceló, D., Borja, Á., Manzanos, A., Larreta, J., 2021. Contaminants of emerging concern in the 886 

Basque coast (N Spain): Occurrence and risk assessment for a better monitoring and management 887 

decisions. Science of the Total Environment 765, 142765. 888 

https://doi.org/10.1016/j.scitotenv.2020.142765. 889 

Sousa, J.C.G., Ribeiro, A.R., Barbosa, M.O., Pereira, M.F.R., Silva, A.M.T., 2018. A review on environmental 890 

monitoring of water organic pollutants identified by EU guidelines. J Hazard Mater 344, 146-162. 891 

https://doi.org/10.1016/j.jhazmat.2017.09.058. 892 

Sousa, J.C.G., Ribeiro, A.R., Barbosa, M.O., Ribeiro, C., Tiritan, M.E., Pereira, M.F.R., Silva, A.M.T., 2019. 893 

Monitoring of the 17 EU Watch List contaminants of emerging concern in the Ave and the Sousa Rivers. 894 

Science of the Total Environment 649, 1083-1095. https://doi.org/10.1016/j.scitotenv.2018.08.309. 895 

Spataro, F., Ademollo, N., Pescatore, T., Rauseo, J., Patrolecco, L., 2019. Antibiotic residues and endocrine 896 

disrupting compounds in municipal wastewater treatment plants in Rome, Italy. Microchemical Journal 897 

148, 634-642. https://doi.org/10.1016/j.microc.2019.05.053. 898 

Sposito, J.C.V., Montagner, C.C., Casado, M., Navarro-Martín, L., Jut Solórzano, J.C., Piña, B., Grisolia, A.B., 899 

2018. Emerging contaminants in Brazilian rivers: Occurrence and effects on gene expression in zebrafish 900 

(Danio rerio) embryos. Chemosphere 209, 696-704. 901 

https://doi.org/10.1016/j.chemosphere.2018.06.046. 902 

Sumpter, J.P., Johnson, A.C., 2008. 10th Anniversary Perspective: Reflections on endocrine disruption in the 903 

aquatic environment: from known knowns to unknown unknowns (and many things in between). 904 

Journal of Environmental Monitoring 10, 1476. https://doi.org/10.1039/b815741n. 905 

Tashiro, Y., Kameda, Y., 2013. Concentration of organic sun-blocking agents in seawater of beaches and coral 906 

reefs of Okinawa Island, Japan. Mar Pollut Bull 77, 333-340. 907 

https://doi.org/10.1016/j.marpolbul.2013.09.013. 908 

Teatini, P., Isotton, G., Nardean, S., Ferronato, M., Mazzia, A., Da Lio, C., Zaggia, L., Bellafiore, D., Zecchin, M., 909 

Baradello, L., Cellone, F., Corami, F., Gambaro, A., Libralato, G., Morabito, E., Volpi Ghirardini, A., 910 

Broglia, R., Zaghi, S., Tosi, L., 2017. Hydrogeological effects of dredging navigable canals through lagoon 911 

shallows. A case study in Venice. Hydrol Earth Syst Sci 21, 5627-5646. https://doi.org/10.5194/hess-21-912 

5627-2017. 913 

Tixier, C., Singer, H.P., Oellers, S., Müller, S.R., 2003. Occurrence and Fate of Carbamazepine, Clofibric Acid, 914 

Diclofenac, Ibuprofen, Ketoprofen, and Naproxen in Surface Waters. Environ Sci Technol 37, 1061-1068. 915 

https://doi.org/10.1021/es025834r. 916 

UNEP/MAP Plan Bleu – United Nations Environment Programme/Mediterranean Action Plan, Plan Bleu, 917 

2020. State of the Environment and Development in the Mediterranean. Nairobi. 918 

Jo
urn

al 
Pre-

pro
of



30 
 

US EPA – United States Environmental Protection Agency, 2008. White Paper - Aquatic Life Criteria for 919 

Contaminants of Emerging Concern - Part I - General Challenges and Recommendations - Prepared by 920 

the OW/ORD Emerging Contaminants Workgroup. 921 

van der Zee, R., Gray, A., Pisa, L., de Rijk, T., 2015. An Observational Study of Honey Bee Colony Winter Losses 922 

and Their Association with Varroa destructor, Neonicotinoids and Other Risk Factors. PLoS One 10, 923 

e0131611. https://doi.org/10.1371/journal.pone.0131611. 924 

Vecchiato, M., Cremonese, S., Gregoris, E., Barbaro, E., Gambaro, A., Barbante, C., 2016. Fragrances as new 925 

contaminants in the Venice lagoon. Science of The Total Environment 566-567, 1362-1367. 926 

https://doi.org/10.1016/j.scitotenv.2016.05.198. 927 

Veneto Region, 2020. The Geoportal of the Veneto Region - Land Cover Map database 2018 update [Il 928 

Geoportale della Regione del Veneto - Banca dati della Carta della Copertura del Suolo aggiornamento 929 

2018] [WWW Document]. URL 930 

https://idt2.regione.veneto.it/geoportal/catalog/search/resource/details.page?uuid=r_veneto:c05061931 

51_CCS2018. 932 

Verlicchi, P., Al Aukidy, M., Jelic, A., Petrović, M., Barceló, D., 2014. Comparison of measured and predicted 933 

concentrations of selected pharmaceuticals in wastewater and surface water: A case study of a 934 

catchment area in the Po Valley (Italy). Science of The Total Environment 470-471, 844-854. 935 

https://doi.org/10.1016/j.scitotenv.2013.10.026. 936 

Vila, M., Lamas, J.P., Garcia-Jares, C., Dagnac, T., Llompart, M., 2016. Ultrasound-assisted emulsification 937 

microextraction followed by gas chromatography-mass spectrometry and gas chromatography-tandem 938 

mass spectrometry for the analysis of UV filters in water. Microchemical Journal 124, 530-539. 939 

https://doi.org/10.1016/j.microc.2015.09.023. 940 

Wang, X., Hou, X., Zhou, Q., Liao, C., Jiang, G., 2018. Synthetic Phenolic Antioxidants and Their Metabolites 941 

in Sediments from the Coastal Area of Northern China: Spatial and Vertical Distributions. Environ Sci 942 

Technol 52, 13690-13697. https://doi.org/10.1021/acs.est.8b04448. 943 

Wu, X., Davie-Martin, C.L., Steinlin, C., Hageman, K.J., Cullen, N.J., Bogdal, C., 2017. Understanding and 944 

Predicting the Fate of Semivolatile Organic Pesticides in a Glacier-Fed Lake Using a Multimedia Chemical 945 

Fate Model. Environ Sci Technol 51, 11752-11760. https://doi.org/10.1021/acs.est.7b03483. 946 

Xie, H., Wang, X., Chen, J., Li, X., Jia, G., Zou, Y., Zhang, Y., Cui, Y., 2019. Occurrence, distribution and ecological 947 

risks of antibiotics and pesticides in coastal waters around Liaodong Peninsula, China. Science of The 948 

Total Environment 656, 946-951. https://doi.org/10.1016/j.scitotenv.2018.11.449. 949 

Xiong, J., Wang, Z., Ma, X., Li, H., You, J., 2019. Occurrence and risk of neonicotinoid insecticides in surface 950 

water in a rapidly developing region: Application of polar organic chemical integrative samplers. Science 951 

of The Total Environment 648, 1305-1312. https://doi.org/10.1016/j.scitotenv.2018.08.256. 952 

Yang, J.-F., Ying, G.-G., Zhao, J.-L., Tao, R., Su, H.-C., Chen, F., 2010. Simultaneous determination of four classes 953 

of antibiotics in sediments of the Pearl Rivers using RRLC-MS/MS. Science of The Total Environment 954 

408, 3424-3432. https://doi.org/10.1016/j.scitotenv.2010.03.049. 955 

Jo
urn

al 
Pre-

pro
of



31 
 

Zaborska, A., Siedlewicz, G., Szymczycha, B., Dzierzbicka-Głowacka, L., Pazdro, K., 2019. Legacy and emerging 956 

pollutants in the Gulf of Gdańsk (southern Baltic Sea) - loads and distribution revisited. Mar Pollut Bull 957 

139, 238-255. https://doi.org/10.1016/j.marpolbul.2018.11.060. 958 

Zhang, C., Tian, D., Yi, X., Zhang, T., Ruan, J., Wu, R., Chen, C., Huang, M., Ying, G., 2019. Occurrence, 959 

distribution and seasonal variation of five neonicotinoid insecticides in surface water and sediment of 960 

the Pearl Rivers, South China. Chemosphere 217, 437-446. 961 

https://doi.org/10.1016/j.chemosphere.2018.11.024. 962 

Zhang, P., Zhang, X., Zhao, Y., Wei, Y., Mu, W., Liu, F., 2016. Effects of imidacloprid and clothianidin seed 963 

treatments on wheat aphids and their natural enemies on winter wheat. Pest Manag Sci 72, 1141-1149. 964 

https://doi.org/10.1002/ps.4090. 965 

Zhang, R., Li, C., Li, Y., Cui, X., Ma, L.Q., 2018. Determination of 2,6-di-tert-butyl-hydroxytoluene and its 966 

transformation products in indoor dust and sediment by gas chromatography-mass spectrometry 967 

coupled with precolumn derivatization. Science of The Total Environment 619-620, 552-558. 968 

https://doi.org/10.1016/j.scitotenv.2017.11.115. 969 

Zhao, S., Liu, X., Cheng, D., Liu, G., Liang, B., Cui, B., Bai, J., 2016. Temporal-spatial variation and partitioning 970 

prediction of antibiotics in surface water and sediments from the intertidal zones of the Yellow River 971 

Delta, China. Science of The Total Environment 569-570, 1350-1358. 972 

https://doi.org/10.1016/j.scitotenv.2016.06.216. 973 

Zonta, R., Costa, F., Collavini, F., Zaggia, L., 2005. Objectives and structure of the DRAIN project: An extensive 974 

study of the delivery from the drainage basin of the Venice Lagoon (Italy). Environ Int 31, 923-928. 975 

https://doi.org/10.1016/j.envint.2005.05.002. 976 

Zuccato, E., Castiglioni, S., Bagnati, R., Melis, M., Fanelli, R., 2010. Source, occurrence and fate of antibiotics 977 

in the Italian aquatic environment. J Hazard Mater 179, 1042-1048. 978 

https://doi.org/10.1016/j.jhazmat.2010.03.110. 979 

Zuliani, A., Zaggia, L., Collavini, F., Zonta, R., 2005. Freshwater discharge from the drainage basin to the Venice 980 

Lagoon (Italy). Environ Int 31, 929-938. https://doi.org/10.1016/j.envint.2005.05.004. 981 

  982 

Jo
urn

al 
Pre-

pro
of



32 
 

Figures 983 

 984 

Figure 1. Location of the seven sampling sites under investigation.  985 
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Figure 2. Concentration range (a) and quantification frequency (b) of the contaminants of emerging 
concern investigated in this study. ACE: Acetamiprid; AZI: Azithromycin; BHT: 2,6-Di-tert-butyl-4-
methylphenol; CIP: Ciprofloxacin; CLA: Clarithromycin; CLO: Clothianidin; DIC: Diclofenac; E1: Estrone; 
E2: 17β-Estradiol; EE2: 17α-Ethynylestradiol; EHMC: 2-Ethylhexyl-4-methoxycinnamate; ERI: 
Erythromycin; IMI: Imidacloprid; MET: Methiocarb; MTF: Metaflumizone; OXA: Oxadiazon; TCLO: 
Thiacloprid; TMX: Thiamethoxam. 
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HIGHLIGHTS 

• The first investigation of twenty CECs in water and sediment of the Venice Lagoon 

• The most frequently quantified contaminants in water were neonicotinoids and EHMC 

• Estrogens and BHT had the higher quantification frequencies in sediment samples 

• The major emission sources turned out to be tributary rivers and treated wastewater 

• The study provides baseline knowledge to draft a Watch List for the Venice Lagoon 
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