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This work presents a spatial and temporal distribution of tributyltin (TBT) and TBT pollution assessment of the Croatian Adriatic coast in the period 2016 – 2023. The monitoring of TBT pollution was carried out within the Water Framework Directive (2000/60/EC) and the Marine Strategy Framework Directive (2008/56/EC). TBT concentrations were measured at 63 sites in coastal and transitional waters in three compartments - water, sediments and mussels. The ranges of TBT concentrations were <0.06 – 6.40 ng(TBT)/L in the water column, <1 – 2546 ng(TBT)/g(d.w.) in sediments, and <1 – 655 ng(TBT)/g(d.w.) in mussels, while transitional waters were in general more polluted than coastal waters. Monitoring of TBT concentrations in water showed that 30% of monitored sites were continuously polluted with TBT with average annual concentrations exceeding AA-EQS [0.2 ng(TBT)/L], while 20% of the sites had concentrations in sediments above the proposed EQS for sediments [1.6 ng(TBT)/g(d.w.)]. In mussels, TBT was detected at 70% of the sites with more than 60% of the sites exceeding the OSPAR criteria [12.6 ng(TBT)/g(d.w.)], indicating that the occurrence of imposex in gastropods at these sites is very likely. Only a slight decrease in TBT levels was observed over the investigated period, but concentrations at most contaminated sites did not fall below the EQS. This study shows that, despite the ban of TBT-based antifouling paints more than 15 years ago (except for public and military vessels), contamination of the Croatian Adriatic coast with TBT still exists and regular monitoring is essential. The TBT distribution was primarily determined by the vicinity of the pollution source, i.e. shipping traffic, but the role of physicochemical parameters, such as dissolved organic carbon (DOC) and transparency of the water column, should not be disregarded as well as the influence of hydrodynamics in the transitional waters. Although monitoring of TBT concentrations in water is an established approach to assess recent pollution, this long-term study has shown that mussels can be the most reliable indicator of pollution in a given area over the last several months.
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1 Introduction

Tributyltin (TBT) is listed in water policy as one of the priority hazardous substances, while its presence in the environment is exclusively of anthropogenic origin. Its main application refers to antifouling paints in which it has been used as biocide since the 1960s (Omae, 2003). It was considered the most effective antifouling biocide used throughout history, as it was extremely effective against a variety of fouling communities even at concentrations as low as 0.01 to 1 mg/L, with one coating being effective for up to five years (Omae, 2003). TBT was used intensively for more than two decades until the devastating effects on aquatic life began to be revealed. Today, it is considered as the most toxic pollutant that has been intentionally introduced into the aquatic environment on a daily basis over such a long period of time, and the case of TBT is one of the most striking examples of human impact on the natural environment affecting the fitness of natural populations (Lagadic et al., 2018; Šrut et al., 2023). Although numerous papers have been published on this topic over the last three decades, it still attracts a great deal of attention.

Tributyltin has numerous negative effects on non-target aquatic species; it is a strong endocrine disruptor and has immunotoxic effects on aquatic invertebrates as well as negative effects on the functionality of microbial communities (Dubey and Roy, 2003; Da Silva et al., 2023). It is also known as a DNA-hypomethylating agent and causes non-adaptive epigenetic alterations in various animals, including mollusks, fish and mammals (Šrut et al., 2023). A detailed overview of its toxicity is given in several recent reviews (Antizar-Ladislao, 2008; Beyer et al., 2022; Da Silva et al., 2023). The most profound effect of TBT is the induction of imposex in gastropods, an irreversible superimposition of male sexual characteristics on females, which occurs even at environmental concentrations as low as few ng(TBT)/L and can substantially impair the female reproductive ability (Beyer et al., 2022). Although triphenyltin (TPhT) also has an inducing effect on the development of imposex, albeit in a limited number of species and at much higher concentrations than TBT (Laranjeiro et al., 2016), the occurrence of imposex is considered as a TBT-specific biological effect and imposex is widely used as a bioindicator of TBT pollution. Indeed, it has been proposed as a biomonitoring tool in the assessment of ecological quality status under the Water Framework Directive (WFD) (Laranjeiro et al., 2015; Erdelez et al., 2017; Cacciatore et al., 2018a).

These serious consequences in the aquatic environment led to the use of TBT in antifouling paints being banned in many countries around the world, including whole of Europe. In 2001, the International Maritime Organization (IMO) adopted the AFS Convention and called for a global ban on TBT paints. The European Union implemented the Convention through Regulation 782/2003/EC, with 2008 as the final deadline for the complete ban on the use and removal of old TBT coatings from ships. As in the whole of Europe, TBT has also been banned in Croatia since 2008 (NN 10/2008). However, this regulation did not apply to military and public vessels until 2022 (NN 109/2022).

The global ban has been partially successful and a decline in TBT levels and incidence of imposex has been reported both in Europe and worldwide (e.g., Castro et al., 2012; Cuevas et al., 2014; Langston et al., 2015; Nicolaus and Barry, 2015; Laranjeiro et al., 2018; Cacciatore et al., 2018b; Harrison et al., 2020). However, many studies over the last decade continue to report a high incidence of imposex as well as persistent pollution by TBT in various coastal environments, both in Europe (e.g., Mikac et al., 2022a; Raudonytė-Svirbutavičienė et al., 2023; Chouba et al., 2024; Filipkowska and Kowalewska, 2019; Concha-Graña et al., 2021; Beyer et al., 2022; Kucharski et al., 2022) and around the world (e.g., Metelkova et al., 2022; Gomez et al., 2024; Bandara et al., 2021; Paz-Villarraga et al., 2015; Quintas et al., 2019).

Once TBT enters the marine environment, it undergoes processes such as photolytic and microbiological degradation, bioaccumulation by biota and adsorption to particles that settle out, allowing TBT to eventually end up in sediments (Hoch, 2001). The behavior of TBT is determined by its lipophilic and hydrophobic properties, while its fate and the contribution of each individual process is determined by various environmental factors. While physicochemical parameters, such as pH, temperature, salinity, and dissolved organic carbon (DOC) determine its solubility, bioavailability and partitioning between solid and soluble fraction (Inaba et al., 1995; Arnold et al., 1998; Fang et al., 2017), the presence of UV light and oxygen promotes its photolytically and microbial degradation (Rodriguez-Gonzalez et al., 2013; Furdek et al., 2016). In the water column, it degraded quite rapidly due to effective photolytic and microbial degradation (half-life of several days to weeks; Rodriguez-Gonzalez et al., 2013), but not all TBT is degraded before being settled to sediments. Namely, in the aquatic environment, TBT has low solubility and is readily adsorbed on suspended particle matter (SPM) which eventually settle to sediments (log Kd > 3.5; e.g., Berg et al., 2001; Furdek et al., 2016). Tessier et al. (2007) in microcosms study showed that almost 70% of TBT ended up in the sediments after two weeks, while Furdek Turk et al. (2020) studied the relation between butyltins and inorganic Sn in sediments and concluded that only a small portion of TBT (< 10%) reached the sediment before being degraded in the water column. In sediments, TBT is persistent and degrades slowly, with half-lives of several years to decades (Omae, 2003; Furdek et al., 2016), which makes sediments not only a reservoir but also a potential long-term source of pollution to the water column. Many studies demonstrated that TBT can be desorbed from the sediments, but these were either laboratory experiments (Berg et al., 2001; Burton et al., 2004; Gomez et al., 2024) or studies in which the diffusion of TBT from the sediments was assessed based on its concentrations in the pore water (Briant et al., 2016; Burton et al., 2005). However, field studies on this topic are scarce; while ones considered desorption of TBT from undisturbed sediments is insignificant (Stuer-Lauridsen and Dahl, 1995; Formalewicz et al., 2019), others demonstrated that TBT can be desorbed to a small extent into the water column (Point et al., 2007; Furdek Turk et al., 2020). The role of contaminated sediments as a potential source of TBT to the water column has never been fully clarified.

There are two main EU directives that aim to protect the aquatic environment from anthropogenic influences and achieve and maintain its good status. These are Water Framework Directive 2000/60/EC (WFD), which provides a framework for action in the field of water policy, and the Marine Strategy Framework Directive 2008/56/EC (MSFD), which establish a framework for action in the field of marine environmental policy. In both, TBT is listed as a priority pollutant whose levels in the environment, both freshwater and marine, should be regularly monitored. The level of pollution should be assessed on the basis of the relevant environmental criteria, i.e. environmental values that protect aquatic organisms from both acute and chronic effects. For the water column these criteria are defined as Environmental Quality Standards (EQS) - maximum allowable concentration [MAC-EQS; 1.5 ng(TBT)/L] and annual average concentration [AA-EQS; 0.2 ng(TBT)/L], but for sediments and biota these criteria are still not defined by EU directives. An EQS for TBT in sediments of 1.6 ng(TBT)/g(d.w.) has recently been proposed and is under discussion (SCHEER, 2023). On the other hand, OSPAR (Oslo – Paris Convention, i.e. Convention for the protection of the marine environment of the North-East Atlantic) has established Environmental Assessment Criteria (EAC) for TBT in mollusks; the lower EAC [EAClow= 12.0 ng(TBT)/g(d.w.)] is defined as the threshold for protection of all marine species from chronic effects and the upper EAC [EAChigh=175 ng(TBT)/g(d.w.)] as the threshold for protection from acute toxic effects (OSPAR, 2004). According to the directives, in Croatia, as in all other EU Member States, monitoring of TBT levels should be implemented for ongoing assessment of environmental status in both coastal and transitional waters.

This research presents the data obtained through the monitoring of TBT pollution of the entire Croatian Adriatic coast, which is carried out within the framework of the European WFD and MSFD. The objectives of this study are: i) the assessment of TBT pollution of the Croatian Adriatic coast in the period 2016 – 2023 based on its distribution in the water column, mussel tissues and surface sediments; ii) the comparison of the assessment of pollution based on three different compartments (water column, sediments, biota); iii) the comparison of TBT pollution of coastal and transitional waters; iv) the evaluation of TBT distribution in relation to physicochemical parameters of the water column; v) the assessment of the temporal trend of TBT levels in the period 2016 – 2023; vi) the assessment of the seasonal distribution of TBT in the water column over a year.




2 Materials and methods



2.1 Study area

The research area refers to the coastal zone of the eastern Adriatic Sea, which is a part of the Mediterranean Sea (Figure 1). The Adriatic Sea is a small and relatively shallow sea (74% of the surface refers to a depth of up to 200 m). The total length of the coastline is 5835 km, of which 1777 km is on the mainland coast and 4058 km on the islands, while the air distance between the end points of the coastline is 526 km. The coefficient of intendedness is 11.10, which makes the coastline a highly indented area with many bays and channels and more than 1200 islands, 67 of which are inhabited (Duplančić Leder et al., 2000). The coastal zone is a densely populated area and a well-known tourist destination with active nautical tourism. There are 106 nautical ports, 67 of which are marinas, as well as several large harbors and shipyards (according to the Croatian Statistical Office in 2013). Most of the coastal area is under strong anthropogenic influence caused by urbanization, intense shipping activities, tourism and industry.




Figure 1 | Map of sampling sites in coastal and transitional waters at Croatian Adriatic coast [C – coastal waters (yellow), T – transitional waters (red), M – mussels (green)].



The study area includes both coastal and transitional waters. According to the WFD, coastal waters are those water bodies that are located within one nautical mile seaward of the nearest point on the baseline from which the width of territorial waters is measured. Transitional waters are waters in estuaries that are partially saline due to their proximity to coastal waters (seawater) but are influenced by river inflows (freshwater). In Croatia, transitional waters have been identified in the estuaries of 10 rivers (going from the north to the south: Dragonja, Mirna, Raša, Rječina, Zrmanja, Krka, Jadro, Cetina, Neretva and Ombla). These rivers are generally small and flow through the karstic terrain and, therefore, do not carry large amounts of material that could be deposited in estuaries.




2.2 Sampling

Monitoring under the WFD consists of surveillance and operational monitoring. Surveillance monitoring was carried out at a sufficient number of sites to assess the overall status of all water bodies along the entire coast. On the other hand, operational monitoring was carried out at those sites which are previously established as contaminated and are usually under the high anthropogenic pressure, such as urban harbors. In WFD monitoring, TBT pollution of transitional and coastal waters was assessed based on TBT levels in the water and sediments. In addition, mussels were analyzed for their TBT content as part of the MSFD monitoring (Descriptor 8). The map of sampling locations is shown in Figure 1, while the description of each site, including geographical coordinates, water depth and a brief description of the site, can be found in Supplementary Table S1 (for transitional waters), Supplementary Table S2 (for coastal waters) and Supplementary Table S3 (for mussel sampling sites).

The surveillance monitoring was conducted at 31 sites in coastal waters and 20 sites in transitional waters, while operational monitoring was conducted at 12 sites identified as potential hotspots of pollution (6 in coastal waters and 6 in transitional waters) (Figure 1; Supplementary Tables S1, S2). Transitional waters include 10 estuaries, with several sites covering the inner and outer parts of each estuary. The surveillance monitoring was carried out one year in the transitional waters (2016, 2018, 2020 and 2022) and the other year in the coastal waters (2017, 2019 and 2021). Sediment and seawater samples were then collected at each site (except in 2018 and 2019, when water samples were not collected). Operational monitoring sites were sampled every year from 2016 to 2022 in both coastal and transitional waters. In both surveillance and operational monitoring, the water column was sampled seasonally (3 – 6 campaigns per year), while sediments were sampled once a year (July – September). Salinity and temperature were measured in situ with CTD (conductivity-temperature-depth) probe (Sea-Bird SBE 25), while pH was measured with a pH meter (Mettler-Toledo, SevenCompact S210). Transparency was determined as the depth of disappearance of a white Secchi disk (diameter 30 cm) when viewed from the deck of a ship. In addition, dissolved organic carbon (DOC) in the water column and total organic carbon (TOC) in the sediments were measured.

The monitoring program established under the MSFD included the analysis of TBT concentrations in mussels’ tissue at 31 coastal sites. This monitoring began in 2017 and was carried out annually until 2023 (except 2018 when mussels were not collected). The mussels were collected within the same water bodies where water and sediment were collected, but usually not at the same locations (Figure 1; Supplementary Table S3). They were collected along the coastline where they were available, in smaller or large ports, in the urban areas as well as on the rocky shores away from the urban areas.

Water samples were collected using a ˝butterfly˝-type water sampler. In the surveillance monitoring, samples were taken only from the surface layer (depth of 0.5 m), while in the operational monitoring samples were taken from both surface and bottom layers. The depth at which the bottom water samples were taken varied from site to site and was determined by the depth of the water column at a particular location. Samples were transferred to clean dark glass bottles (1 L) and acidified with concentrated HNO3 to a pH of 2 immediately after sampling. They were stored in the dark at a temperature of 4°C until analyzes. The analyzes were carried out within 3 weeks of sampling.

The sampling of sediments (0 - 5 cm) was carried out with a grab sampler. The sediments were frozen within a few hours of sampling and transported frozen to the laboratory. They were freeze-dried or air-dried in the dark at 20°C, sieved (2 mm) and homogenized by grinding. The dried samples were stored at -20°C until the analyzes, which were carried out within 6 months of sampling.

The mussels Mytilus galloprovincialis were collected from the docks, rocky shores or boat strands, depending on availability. To reduce the influence of biological factors on TBT accumulation, such as reproductive cycle and metabolism rate, mussels were collected in early spring (March to April) before the spawning season. The size of the mussels was 3 – 6 cm (age 1 – 2 years). The gender of the mussels was not determined. Approximately 30 specimens were collected from each sampling site, placed in a clean plastic bag and transported to the laboratory in a refrigerated container. The soft tissue was removed from the shells, mixed together and homogenized in a blender, and freeze-dried. The dried samples were stored at -20°C until analyzes, which were performed within three months of sampling.




2.3 Analytical methods



2.3.1 The determination of TBT concentration in seawater

The analytical method used for the analysis of TBT in seawater is described in Furdek et al. (2012). In brief, TBT was extracted from 300 ml of non-filtered seawater, while simultaneous extraction and derivatization in a sodium acetate-acetic acid buffer (pH 4.8) was performed with NaBEt4 (1%, w/v) and hexane, and mechanical shaking for 30 min at 350 rpm. Instrumental analyzes were performed using a gas chromatograph (GC, Agilent 6890) coupled to an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7900). Quality control was performed by a recovery experiment with known amounts of TBT. The limit of quantification was 0.06 ng(TBT)/L.




2.3.2 The determination of TBT concentration in sediment and mussel tissue

The analytical methods used for the analysis of TBT in sediments and mussels are described in Furdek Turk et al. (2020) and Furdek et al. (2012), respectively. TBT was extracted from 2 g of dried sediments with acetic acid and ultrasonic-assisted stirring (30 min, 55 Hz), and from 0.7 g of dried mussel tissue (whole tissue) with 0.1 mol/L HCl in methanol and ultrasonic-assisted stirring (30 min, 55 Hz). For both sediments and tissues, derivatization of compounds in the extract was performed in sodium acetate-acetic acid buffer (pH 4.8) with NaBEt4 (1%, w/v) and transferred to hexane by mechanical shaking at 350 rpm for 30 min. The analyzes were performed using a gas chromatograph (GC, Varian CP 3800) with pulsed flame photometric detector (PFPD, Varian) or GC (Agilent 8890) coupled to a triple quadrupole mass spectrometer with inductively coupled plasma (ICP-QQQ, Agilent 8900). Quality control of the analytical procedure was performed by analyzing the certified reference materials (CRM) for mussels (CE 477, ERM, European Commission, Geel, Belgium) and marine sediments (PACS 2, Ottawa, Canada). The quantification limit was 1.0 ng(TBT)/g(d.w.) for both matrices. The accuracy of all three methods was further confirmed by successful participation in the international proficiency tests for TBT determination in water, sediment and biota (WEPAL-QUASIMEME Proficiency Tests). The analyzes were performed in duplicate.




2.3.3 The analysis of dissolved and total organic carbon

The concentrations of DOC were determined in filtered (glass fiber GF/F filter, Whatman, pore-size 0.7 μm) seawater samples by the high-temperature catalytic oxidation (HTCO) method with non-dispersive infrared (NDIR) detection using a TOC-VCPH carbon analyzer (Shimadzu, Japan), as described in Dautović et al. (2017). The TOC analyzes in the sediment samples were performed using the same method, with SSM-5000A module (Shimadzu, Japan) in a stream of pure oxygen at 900°C with a mixture of Pt/Si and CoO catalyst, calibrated with glucose. To remove the inorganic carbon, the sample was acidified (2 M HCl) and left overnight at a temperature of about 40°C (Dautović et al., 2023). Both methods are accredited according to HRN EN ISO/IEC 17025:2017 (certificate no. 1577). The analyzes were performed in duplicate.




2.3.4 Data processing and statistics

The data were statistically analyzed using Statistica 7.0 (StatSoft, Inc.). For the calculation of average concentrations, the measurement result was set to half of the value of the limit of quantification if the concentration was below the limit of quantification (< LOD). The average concentrations were expressed as mean ± standard deviation. As the data were not normally distributed (Shapiro-Wilk normality test), a Kruskal-Wallis and Mann-Whitney U tests were performed to examine whether the concentrations differed significantly between the groups.






3 Results



3.1 Distribution of TBT in the water column



3.1.1 Coastal waters

The annual average concentrations (AAC) of TBT detected in the water column at 37 sites in coastal waters are shown in Figure 2, while the individual concentrations detected in each sampling campaign (season) at each site during the year are shown in Supplementary Figure S1 (surveillance monitoring) and Supplementary Figure S3a (operational monitoring). In addition, the basic statistical data of the entire data set presented in this study are listed in Table 1. During the surveillance monitoring conducted at 31 sites in 2017 and 2021, TBT was detected in the surface waters at 6 sites (19% of sites) in 2017 and 10 sites (32% of sites) in 2021, with similar levels in both years (Figure 2). The AAC ranged from < LOQ to 0.41 ± 0.27 ng(TBT)/L, while the average of all AACs for 2017 and 2021 was 0.058 ± 0.062 and 0.064 ± 0.076 ng(TBT)/L, respectively. TBT was only detected at 4 sites (C16a, C24, C27 and C30) in both annual campaigns. In contrast, TBT was detected in each year at each of the 6 sites sampled annually in 2017 – 2022 as part of operational monitoring; the AAC then ranged from < LOQ to 0.99 ± 1.38 ng(TBT)/L, while the average of all AAC (considering all sites in a year) was similar for all years and ranged from 0.44 ± 0.39 (in 2022) to 0.55 ± 0.30 ng(TBT)/L (in 2018). The highest single concentration of 2.93 ng (TBT)/L was detected at site C15a in summer 2018 (Supplementary Figure S3a). The most contaminated sites were the port of Split (C15a), Kastela Bay (C16, C16a, C17a), the area in front of the port of Zadar (C24), Bakar Bay (C37), the port of Rijeka (C38) and the port of Pula (C45). As expected, the results showed a much higher contamination of the operational monitoring sites (Mann-Whitney U test, p < 0.01). The decreasing trend in TBT levels in the period 2017 – 2022 was generally not observed; only at sites C17a and C45 a slight but statistically insignificant decrease in TBT levels was observed. An increase in TBT levels over the years has been observed at site C16, although this is not statistically significant.


Table 1 | Basic statistical data on TBT concentrations in seawater, sediments and mussels determined in the period 2016 - 2023 as part of the surveillance and operational monitoring of Croatian Adriatic waters.






Figure 2 | Average annual tributyltin (TBT) concentrations in the surface layer of coastal waters, determined in the period 2017 - 2022 as part of the surveillance and operational monitoring of the Croatian Adriatic within Water Framework Directive (2000/60/EC). (AA-EQS, annual average concentration - Environmental Quality Standard).








3.1.2 Transitional waters

The average annual TBT concentrations detected in the surface waters of the transitional waters are shown in Figure 3, while the individual concentrations detected in each sampling campaign (season) at each site during the year are shown in Supplementary Figure S2 (surveillance monitoring) and Supplementary Figure S3b (operational monitoring). In general, TBT levels and the frequency of TBT detections were higher in transitional waters than in coastal waters. The surveillance monitoring of transitional waters was carried out at 20 sites in 2016, 2020 and 2022; TBT was detected at 70, 95 and 65% of the sites, respectively. It was detected in at least one annual campaign, while at 8 sites it was detected in all three years (T2, T5b, T7, T8, T10, T20, T21 and T22). In general, the highest concentrations were detected at sites T2, T5a, T5b, T10, T20 and T24. The highest single concentration of 6.40 ng (TBT)/L was recorded at site T5b in May 2022 (Supplementary Figure S2c). The AAC ranged from < LOQ to 1.82 ± 3.07 ng(TBT)/L, while the average of all AAC (considering all sites per year) was 0.36 ± 0.20, 0.26 ± 0.21 and 0.28 ± 0.47 ng(TBT)/L in 2016, 2020 and 2022, respectively. Although the decrease in TBT levels was not generally observed during investigated period, concentrations at some specific sites (T4a, T8, T13b, T14, T17a, T20, T21 and T22) decreased over the years. In the frame of the operational monitoring carried out annually in the period 2016 – 2022, TBT was detected at 6 investigated sites in each year (except at site T3, where it was not detected in 2021 – 2022). The average annual concentrations at individual sites were in the range from < LOQ to 1.59 ± 0.88 ng(TBT)/L. The average of all AAC (taking into account all sites per year) was highest in 2016 (0.52 ± 0.55 ng(TBT)/L) and 2020 (0.41 ± 0.30 ng(TBT)/L), but similar in 2018, 2019, 2021 and 2022 (from 0.20 ± 0.17 to 0.28 ± 0.26 ng(TBT)/L). The sites investigated as part of operational monitoring are more polluted compared to surveillance monitoring sites, although the difference is not as pronounced as for coastal waters. Finally, the most polluted sites in transitional waters were T5b (Neretva estuary, port of Ploče), T10 (Jadro estuary), T13 (Krka estuary), T18 (Rječina estuary) and T20 (Raša estuary).




Figure 3 | Average annual tributyltin (TBT) concentrations in the surface layer of transitional waters, determined in the period 2016 - 2022 as part of the surveillance and operational monitoring of the Croatian Adriatic within Water Framework Directive (2000/60/EC). (AA-EQS, annual average concentration - Environmental Quality Standard).






3.1.3 Seasonal distribution of TBT

The seasonal distribution of TBT in the water column is shown in Supplementary Figures S1, S2 (for surveillance monitoring) and in Supplementary Figure S3 (for operational monitoring) where individual concentrations detected in each sampling campaign (season) at each site are presented. In the surveillance monitoring of coastal waters, the higher concentrations of TBT were more frequently detected in the winter season (i.e. November to February; average is 0.055 ± 0.13 ng(TBT)/L) than in spring (i.e. March to May; average is 0.004 ± 0.019 ng(TBT)/L) and summer (i.e. June to September; average is 0.032 ± 0.089 ng(TBT)/L) (Supplementary Figure S1); however, the concentrations in winter were not significantly higher compared to summer and spring seasons. On the other hand, in the big city ports studied as part of the operational monitoring, higher concentrations were generally found in the summer season, and were significantly higher than those in winter (Kruskal-Wallis test; p < 0.01). The average of all concentrations detected in summer months was 0.74 ± 0.38 ng(TBT)/L, while in spring and winter was 0.43 ± 0.23 and 0.32 ± 0.14 ng(TBT)/L, respectively (Supplementary Figure S3a). In the transitional waters, considering both surveillance (Supplementary Figure S2) and operational monitoring sites (Supplementary Figure S3b), higher TBT concentrations were found in spring and summer than in winter season (Kruskal-Wallis test; p < 0.05); an average of all concentrations detected in spring, summer and winter season was 0.35 ± 0.87, 0.30 ± 0.49 and 0.14 ± 0.18 ng(TBT)/L, respectively.




3.1.4 Depth distribution of TBT

As part of the operational monitoring, TBT was determined in both the surface and bottom layers of the water column at 6 sites in coastal waters and 6 sites in transitional waters. The AAC determined in the surface and bottom waters are shown in Figure 4. In coastal waters, TBT concentrations in the surface layer were generally somewhat higher (up to 2-fold) than in the bottom layer. At the transitional water sites, however, concentrations in the bottom layer were higher (up to 15-fold) than in the surface layer, with the only exception of site T13, where higher concentrations (10-14-fold) were measured in the surface layer.




Figure 4 | Average annual tributyltin (TBT) concentrations in the surface and bottom water layers at 6 sites in (A) coastal waters and (B) transitional waters, determined in the period 2016 - 2022 as part of the operational monitoring of the Croatian Adriatic within Water Framework Directive (2000/60/EC).







3.2 Distribution of TBT in the sediments



3.2.1 Coastal waters

The TBT concentrations determined in the surface sediments of the coastal waters in the period 2017 – 2022 are shown in Figure 5. At the surveillance monitoring sites, TBT was detected at 11 sites (35% of the sites) in concentrations from < LOQ to 69.7 ng(TBT)/g(d.w.). In 2017, it was detected at 4 sites (C23, C34a, C39 and C42), in 2019 at 5 sites (C9, C14, C21, C35 and C43a) and in 2021 at only 2 sites (C14b and C24). TBT was not detected at any of the sites in more than one annual campaign. In contrast, TBT was detected at all 6 operational monitoring sites in almost every year of the period 2017 – 2022, in concentrations from 4.8 to 52.5 ng(TBT)/g(d.w.). The simultaneous pollution of sediment (Figure 5) and water column (Figure 2) was only detected at 4 sites (C14, C14b, C24 and C43a). The exceptions are operational monitoring sites where TBT pollution was confirmed by high TBT concentrations both in waters and in sediments. A clear decreasing trend over time could not be observed at any of these sites, as TBT concentrations were either consistently high or fluctuated over the years; however, the increased TBT levels in 2022 compared to previous years were not observed at any of the sites. The highest long-term sediment contamination was observed at sites C15a (Port of Split), C37 (Bakar Bay) and C45 (Port of Pula).




Figure 5 | Tributyltin (TBT) concentrations in the surface sediments of coastal waters, determined in the period 2017 - 2022 as part of the surveillance and operational monitoring of the Croatian Adriatic within Water Framework Directive (2000/60/EC). (EQS, Environmental Quality Standard).






3.2.2 Transitional waters

The TBT concentrations determined in the surface sediments of the transitional waters in the period 2016 – 2022 are shown in Figure 6. TBT was detected in sediments at 11 out of 19 (58%) surveillance monitoring sites in the concentration range between 1.0 and 58.5 ng(TBT)/g(d.w.); in 2016, 2018 and 2020 it was detected at 7 – 9 sites, but in 2022 the number of sites decreased to 2 (sites T2 and T10). On the other hand, TBT was detected at each of the 6 operational monitoring sites in concentrations from < LOQ to 93.3 ng(TBT)/g(d.w.) (except the extremely high concentration of 2547 ng(TBT)/g(d.w.) detected at site T9a in 2020), while sites T3 and T19 were much less contaminated compared to sites T1, T9a, T13 and T18. The long-term TBT pollution over the entire period 2016 – 2022 was determined at 6 sites of operational monitoring (T1, T2, T9a, T10, T13 and T18). Only at two of these sites (T1 and T2 – the estuary of the Ombla River) a decreasing trend in TBT concentrations was observed during the period studied, while concentrations at the other sites were either variable (T9a, T13, T18) or consistently high (T10). The highest pollution of sediments in the transitional waters was observed in the estuary of the Ombla River (T1, T2), the Jadro river (T9a, T10), the Krka River (T13) and the Rječina river (T18). The locations where the highest TBT levels were detected in the sediments were not always the same as in the water column, even though both types of samples were taken at the same location (Figures 3, 6). In general, the surface sediments in the transitional waters (Figure 6) were slightly more contaminated with TBT than in the coastal waters (Figure 5), even though the difference in pollution is not statistically significant and not as pronounced as for the water column (Figures 2, 3).




Figure 6 | Tributyltin (TBT) concentrations in the surface sediments of transitional waters, determined in the period 2016 - 2022 as part of the surveillance and operational monitoring of the Croatian Adriatic within Water Framework Directive (2000/60/EC). (EQS, Environmental Quality Standard).







3.3 Distribution of TBT in the mussels

The spatial distribution of TBT in mussels sampled in coastal waters at 23 - 31 sites (depending on the year) in the period 2017 – 2023 is shown in Figure 7. In general, TBT was detected in mussels’ whole tissue at more than 75% of the sites, while in 2017 and 2023 it was detected at all sites. The exception is 2022, when it was detected at 43% of the sites. The individual concentrations ranged from <1 to 655 ng(TBT)/g(d.w.), while the average annual concentrations (considering all sites in a year) ranged from 28.9 ± 51.7 (2022) to 144.4 ± 137.6 ng(TBT)/g(d.w.) (2017), being significantly higher in 2017 than in 2019 - 2023. The high TBT levels [> EAChigh of 175 ng(TBT)/g(d.w.)] were found both in large city ports (M15a, M38 and M45) and in small local ports (M2, M23, M24 and M46). At half of the investigated sites, no decrease in TBT levels was observed over the entire period (M1, M7, M14, M15a, M16, M16b, M16a, M32, M37, M42, M43a, M45, M49 and M49a), while at other sites a decreasing trend in TBT concentrations from 2017 – 2019 to 2023 could be observed (M2, M2a, M7b, M23, M24, M27, M28a, M30, M38, M39 and M46) (Figure 7).




Figure 7 | Tributyltin (TBT) concentrations in mussels M. galloprovinciallis determined in the period 2017 - 2023 as part of the monitoring of coastal waters of the Croatian Adriatic within Marine Strategy Framework Directive (2008/56/EC). (EAC, Environmental Assessment Criteria).






3.4 Physicochemical parameters of the water column (salinity, temperature, pH, DOC, transparency) and sediment (TOC)

Physicochemical parameters of the water column, i.e. temperature, salinity, pH and transparency, are given in Supplementary Table S4 (for coastal waters) and Supplementary Table S5 (for transitional waters). The temperature ranged from 4.8 to 28.0°C, with an average temperature of 17.2 ± 1.6°C in the coastal waters and 16.8 ± 2.1°C in the transitional waters. The pH ranged from 7.2 to 8.6, with the average value in the transitional waters (8.1 ± 0.2) being similar to that in the coastal waters (8.2 ± 0.0). Salinity ranged from 20.0 to 39.1 in the coastal waters, with an average value of 36.8 ± 2.3 and 38.1 ± 0.4, in the surface and bottom layers, respectively. In the transitional waters, salinity ranged from 0.2 to 28.5; an average value in the surface layer (20.7 ± 12.2) was significantly lower than in the bottom layers (30.2 ± 6.4) (Mann-Whitney U-test; p<0.05), and it was lower in the inner part of the estuary and higher in the outer part of the estuaries. One of the main characteristics of Croatian karst estuaries is the vertical stratification in terms of salinity and the pronounced halocline. The transparency, measured as the depth of disappearance of a Secchi disk, was between 0.2 and 28 m in the transitional waters, and between 2.5 and 37.8 m in the coastal waters. The transparency in the coastal waters was significantly higher than in the transitional waters (Mann-Whitney U-test, p<0.05), while average values were 14.9 ± 4.3 and 5.8 ± 4.3 m, respectively.

In addition, the concentration of organic matter in TOC and DOC fraction was measured, and the results are summarized in Dautović et al. (2023). The highest single DOC concentration of 3.778 mg/L was measured in the bottom layer of the water column at site T1 (May 2022), while the lowest concentration of 0.362 mg/L was measured in the surface layer at site T17a (winter 2022). The average annual concentrations at a given site in coastal waters ranged from 0.727 ± 0.146 (C37 in 2022) to 1.400 ± 0.477 mg/L (C42 in 2021), with the average of all concentrations being 1.007 ± 0.099 mg/L. The higher concentrations were measured at sites C15a, C16, C27, C32, C37, C42, C43a, C45, C46, C48, and C52a. In transitional waters, DOC concentrations ranged from 0.506 ± 0.112 (T9a in 2016) to 1.536 ± 0.478 mg/L (T21a in 2019), while the average of all concentrations was 0.988 ± 0.189. The higher concentrations were measured at sites T5b, T10, T11, T13, T14, T16a, T19, T20, T22, T23, and T24. The DOC concentrations in the coastal waters were significantly higher than in the transitional waters (Mann-Whitney U-test, p<0.05). In coastal waters, the DOC concentrations significantly differ between seasons (Krusal-Wallis, p<0.05), and were highest in summer and lowest in winter. In the transitional waters, DOC concentrations were significantly higher in summer than in spring and winter (Krusal-Wallis, p<0.05). Based on the calculated average DOC concentrations, the status of all coastal and transitional waters can be described as oligotrophic (<1.44 mg/L), with the exception of sites T21a (in 2016 and 2020) and T18 (in 2018), which are mesotrophic (1.44 – 2.50 mg/L).

The TOC concentration in the sediments ranged from 0.1% (P1 in 2016, P3 in 2016 and 2022) to 6.1% (C37 in 2019). Considering all sampling campaigns, the average of all TOC concentrations measured in the sediments of transitional waters was 1.4 ± 0.8%, and was thus significantly higher than in the sediments of coastal waters (1.2 ± 1.2%) (Mann-Whitney U-test, p<0.05). The higher concentrations in coastal waters were measured at sites C21a, C37, C43a and C45, and at sites T5b, T9a, T10, T11, T13, T18, T23 and T24 in the transitional waters.





4 Discussion



4.1 The evaluation of TBT pollution at the Croatian Adriatic coast in the period 2016 – 2023

The monitoring of TBT pollution carried out within the framework of the WFD and MSFD showed the widespread pollution of the coastal environment of the Croatian Adriatic in the period 2016 – 2023. Both the spatial and temporal distribution of TBT in water column and sediments, as well as the level of pollution, varied among sites. The transitional waters in the estuaries were in general more polluted with TBT than coastal waters, while the TBT distribution detected in mussels further confirmed the widespread pollution of coastal waters. Low levels of pollution occur sporadically in areas far from the coast, but the most polluted are coastal areas where intensive shipping traffic takes place, such as large city ports and bays within urban areas, as well as river estuaries.

The level of TBT pollution was assessed on the basis of the relevant environmental criteria. The percentage of sites where TBT was detected (i.e. TBT concentration > LOQ) and the percentage of sites where the measured TBT concentrations were above the environmental criteria (i.e. TBT concentration > EQS or EAC) are shown separately for each sample type and the sampling year in Figure 8. The lowest percentage of samples containing TBT relates to sediments (16 – 27% in coastal waters and 24 – 60% in transitional waters), the slightly higher percentage relates to waters (32 – 43% in coastal waters and 69 – 92% in transitional waters) and the highest percentage relates to mussels (57 – 100%). However, the TBT content did not exceed the environmental criteria at all sites. TBT in the water was above AA-EQS of 0.2 ng(TBT)/L at 15 – 20% of the sites in coastal waters and at 35 – 50% of the sites in transitional waters. In sediments, it was above the proposed EQS of 1.6 ng(TBT)/g(d.w.) at 15 – 30% of the sites in coastal waters and at 20 – 50% of the sites in transitional waters. The worst environmental status was assessed on the basis of TBT detected in mussels as concentrations were above the EAClow at 30 – 70% of the sites (depending on the year, Figure 8), while at 30% of the sites were above the EAChigh at some point during the investigated period. At all these sites where TBT is above the EQS or EAC, negative effects on marine biota are expected and the occurrence of imposex in gastropods is very likely.




Figure 8 | The assessment of tributyltin (TBT) pollution based on the percentage of locations where TBT was detected in water, sediment and mussels (i.e. where AAC > LOQ) and where the measured TBT concentrations were above the environmental criteria (i.e. where AAC > EQS or EAC). (AAC, Annual Average Concentrations; LOQ, Limit of Quantification; EQS, Environmental Quality Standards; EAC, Environmental Assessment Criteria).



The results presented in this study show that the coastal environment of the Croatian Adriatic was still contaminated with TBT in 2023, as the levels in mussels were above the EAC values at more than 60% of the sites. This suggests that TBT has recently entered the waters through the ongoing use of banned TBT-based antifouling paints, which are apparently still produced and available on the market (Uc-Peraza et al., 2022). The contaminated sediments should not be disregarded as a potential source of pollution of a water column, nor should paint particles usually found in the sediments near service hoists (Turner, 2010; Furdek Turk et al., 2020). Recent studies in the Nordic countries have shown that subsurface layers of old TBT paints that are not properly removed from the boat represent a significant source of TBT pollution (Lagerström et al., 2017, 2019). Some studies have also identified urban runoff and wastewater treatment effluents as a potential source of TBT to the marine environment (Cornelissen et al., 2008; Chahinian et al., 2013), but their contribution to the overall TBT pollution is rarely discussed in the literature.

There are two main approaches to tackling the problem of the ongoing pollution. First, both regulatory authorities and non-governmental organizations should act to control the illegal market and prevent the use of TBT-based antifouling paints. Although the ban on the trade and use of these paints applies to all ships, regardless of their length and purpose (1907/2006/EC), only ships of 400 gross tonnage or more in weight and ships of 25 meters or more in length, are required to be inspected or have a declaration of compliance with the regulation. Smaller ships do not have to be controlled (782/2003/EC), and therefore recreational craft and fishing vessels are not subject to any control of the antifouling paints used. This control should be implemented, but also the methodology for the routine control of antifouling paint applied should be developed. For example, Lagerström et al. (2019) proposed a simple method for rapid screening and identification of vessels coated with banned organotin paint by measuring Sn on the hulls with a portable X-ray fluorescence (XRF) spectrometer. The second approach refers to the measures that should be taken to eliminate pollution in contaminated areas. Since dredging of contaminated sediments may lead to recontamination of the water column with TBT, alternative methods for in situ remediation should be considered, such as capping of contaminated sediments, but the application of these alternative methods is still under investigation (Lofrano et al., 2017). As the natural remediation of TBT-contaminated sediments is a slow process, current research topic is to define biotechnological processes that could accelerate the bioremediation, but this methodology is still far from commercial application (Cruz et al., 2015).




4.2 The comparison of TBT distribution in coastal and transitional waters

In coastal areas, as expected, the most polluted areas are those under strong anthropogenic influence that are exposed to intensive ship traffic, such as large city ports that handle the traffic of large ships (C15a, C38, C45), areas in front of large ports (C14b, C24) and various coastal bays and urban areas (C16, C17a, C37) (Figures 2, 4). Other coastal sites show minimal or no pollution of both the water and the sediment, but most of these sites are not exposed to intensive ship traffic as they are located in deeper waters more than 1 km from the coast or in channels between islands. On the other hand, the TBT concentrations measured in mussels indicate widespread recent TBT pollution in the coastal region, both in urban areas and in large ports (M15a, M16, M16b, M38, M37, M45) as well as in small ports used by the local population to moor their boats (M1, M2, M14, M23, M24, M46, M49a), but also in areas that are only occasionally exposed to shipping traffic without ships being detained (M16a, M34b, M43a, M49) (Figure 7). The fresh input of TBT into the water column at the most polluted sites (C15a, C16, C17a, C37, C38 and C45; Figure 2) is confirmed by higher (up to 3 times) TBT concentrations measured in the surface than in the bottom water layer (Figure 4A).

The transitional waters are assessed to be more polluted with TBT than the coastal waters (Mann-Whitney U-test, p<0.05). The estuaries of all 10 rivers were classified as polluted with TBT, considering both TBT in the water and in the sediments (Figures 3, 5). The observed difference in pollution between coastal and transitional waters can primarily be explained by the distance from the pollution source and hydrodynamic conditions at a given site. Namely, while most sites in coastal waters are located away from the shore in deep waters, sites in estuaries are located closer to shore, in shallow waters or narrow channels. Offshore areas are under the influence of currents that favors the dilution of pollutants in large water volume. As TBT is only occasionally introduced into these areas, it is diluted or degraded in the deep-water column and only a minor quantity, if all, may reach the sediments. As there is no large port located at the mouth of river in any estuary, more polluted sites in transitional waters are in general located in the outer part of the estuary - T2 (Ombla estuary), T8 (Cetina estuary), T10 (Jadro estuary) and T18 (Rječina estuary) or in the middle part - T13 (Krka estuary – near city port).

The observed TBT distributions in coastal and transitional waters were investigated in relation to the physicochemical parameters such as salinity, pH, temperature, DOC and transparency of the water column. In general, low salinity increases the solubility of TBT (Fang et al., 2017; Inaba et al., 1995), which can lead to higher levels of dissolved TBT in the water column. In this study, apart from the fact that generally higher TBT concentrations were found in the transitional waters, the relationship between salinity and TBT distribution within the individual estuary was not found. Due to the lower salinity, the pH in transitional waters may be lower than in coastal areas, while even a small decrease in pH can shift the speciation of TBT from neutral TBTOH (which dominates in seawater at pH 8) to the higher fraction of cationic species (TBT+) (pKa of TBT is 6.51; Burton et al., 2004; Fang et al., 2017). This could significantly alter the behavior of TBT during sediment-water partitioning by increasing its adsorption to the negatively charged surface of organic material and mineral particles. As most of the estuaries studied are located in the carbonate environment, a pH below 8 (pH 7.6 – 7.9; Supplementary Table S5) is only determined at 4 sites (T17a, T19, T21a and T23), but increased TBT levels were observed only in the water column of the site T17a. However, when discussing the influence of salinity and pH on the behavior of TBT it should have in mind that this relationship is complex, and also depends on the composition of the mineral and organic fractions to which TBT is bound. Consequently, the observations on how salinity affects the behavior of TBT are often contradictory in the literature (Burton et al., 2004; Hoch and Schwesig, 2004; Fang et al., 2017).

Although the average temperature in the coastal waters was slightly higher than in the transitional waters, no correlation was found between the TBT distribution and the temperature of the water column in either the transitional waters or the coastal waters. On the other hand, the observed TBT distributions could be determined by the transparency of the water column. A higher transparency indicates a better penetration of UV light, which leads to a more efficient degradation of TBT by photolysis. Lower TBT levels in coastal compared to transitional waters can therefore be associated with a significantly higher transparency of the water column in coastal waters (Mann-Whitney U-test, p<0.05). In addition, the DOC content can influence the distribution of TBT by increasing its residence time in the water column. The complexation of TBT with DOC in solution prevents its degradation as well as its sorption on particles and deposition in sediments (Tessier et al., 2007). However, the correlation between DOC and TBT was not found in the water coulumn of both transitional and coastal waters, when considering all data (all sites in all sampling campaigns) or when considering the seasons separately (summer, spring, winter).

The relationship between DOC and TBT distribution, and the role of transparency of the water column on the determined TBT distributions, was further investigated considering only the operational monitoring sites where continuous and similar level of TBT input can be assumed. A significant negative correlation was established between transparency and TBT concentrations in the water column of coastal waters (Spearman, r=-0.83, p<0.05). A significant positive correlation was also found between TBT and DOC in the coastal waters in 2020 and 2022 (Spearman, r=0.48, 0.52; p<0.05; Supplementary Figure S4). These results indicate that these parameters may have an important role in TBT behavior and may influence TBT distribution in the water column. However, these correlations were not found for transitional waters, indicating that TBT distribution in estuaries should be explained by various environmental factors. Many studies investigated the effects of salinity, pH, temperature and DOC on the distribution of TBT in estuaries, but did not reach the same conclusion; while some studies have reported that pH and organic matter play an important role (Buggy and Tobin, 2006; Chen et al., 2022), others found no relationship between salinity, temperature, DOC or pH and TBT distribution (Bancon-Montigny et al., 2004; Sheikh et al., 2007; Concha-Graña et al., 2021). This is somewhat expected because estuaries are complex dynamic mixing zones where freshwater from rivers interacts with seawater, resulting in a change in water chemistry that can affect the speciation, behavior and distribution of TBT, while each estuary is a unique and specific environment (Chen et al., 2022). In addition, estuaries are regions of intense deposition of suspended particles; this occurs due to the influence of the seawater cations on the aggregation of colloidal material, which eventually settles in the sediments leading to the enhanced input of pollutants into the sediments (Mosley and Liss, 2019). However, significantly higher TBT levels in sediments of transitional waters were not observed in this study.

Finally, when investigating the distribution of TBT in the water column within the estuary, the effects of waves and tidal currents on the resuspension of sediments and the resulting desorption of TBT should not be disregarded. Bancon-Montigny et al. (2004) concluded that the TBT levels in the water column was primarily correlated with river flow, while Chen et al. (2022) studied the distribution of TBT during the tidal change and found that the dissolved TBT in the water column increased during the change from flood to ebb current, while SPM with high loads of TBT reached the highest levels during the change of water currents. They concluded that currents caused the resuspension and advective transport of surface sediments, resulting in the input of TBT into the water column. High salinity of seawater in the bottom layer could reduce the adsorption capacity of TBT, which could promote its load into the water column (Chen et al., 2022). Tidal currents as a dominant factor in the remobilization of SPM-associated pollutants have also been found for other hydrophobic organic pollutants such as polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) (Cailleaud et al., 2009). In this study, it was found that the TBT concentration detected in the bottom water was higher than in the surface water layer at sites in the inner part of the estuaries where water depth was <10 m (T1, T3, T9a, T18, T19; Figure 4B; Mann-Whitney U-test, p<0.05 – for T1, T3 and T9a). Obviously, resuspension of sediments and desorption of TBT from the sediment particles into the water column occurs at these shallow sites. The significant correlation found between TBT levels in sediments and bottom waters at operational monitoring sites in coastal waters (Spearman, r=0.59, p<0.05; Supplementary Figure S5) may indicate the sorption-desorption process at the sediment-water interface, which further support the assumption that sediments act as a secondary source of TBT for the water column.

In conclusion, when discussing TBT distribution in a given environment, it is often difficult to separate the contribution of fresh TBT input due to the ongoing use of TBT paints from the fraction of old TBT that may enter the water column from contaminated sediments, as well as to distinguish clearly the contribution of various environmental factors and physicochemical processes on the behavior and fate of TBT. In this study, as expected, the TBT distribution was primarily determined by the distance from the source of pollution, i.e. shipping traffic, but the role of DOC and transparency of the water column should not be disregarded, as well as the role of hydrodynamics, especially in the transitional waters.




4.3 The evaluation of pollution based on different types of samples

The level of pollution was assessed on the basis of the TBT distribution in the three compartments - water, sediments and mussels. In general, not all three compartments indicate the same level of pollution of a given area (Figure 8). The TBT distribution in mussels indicates higher pollution in coastal waters than seawater and sediments content, while transitional waters are assessed as slightly more polluted based on TBT levels in the water column than in sediments (Figure 8). Furthermore, the sediments are not polluted at all sites where the pollution is present in the water column, and vice versa (Figures 2–5). Consequently, the correlation between the TBT distributions in the different matrices was not found.

The main reason why mussels in coastal waters indicate a higher level of TBT pollution of a given area compared to water and sediments is that mussels were collected directly from the coast in areas more exposed to shipping traffic, whereas seawater and sediments were often collected further from the coast at the sites only occasionally exposed to shipping traffic (Figure 1; Supplementary Tables S1-S3). Another reason is the low persistence of TBT in the water column compared to its efficient bioaccumulation in mussels. Namely, TBT in the water column degrades rather fast by photolysis and microbial activity, with half-lives (t1/2) of several days to weeks (Rodriguez-Gonzalez et al., 2013); therefore, the analysis of seawater provides information on the momentary TBT concentration at the time of sampling. On the other hand, TBT as a lipophilic compound accumulates efficiently in mussels, while mussels have a limited ability to metabolize it; the steady state between uptake and depuration is reached after 60 – 90 days (Salazar and Salazar, 1996; Gomez-Ariza et al., 1999), while the depuration half-life values ranged from several days to 60 days (Page et al., 1995). Therefore, the concentration in mussels reflects the average level of pollution at a given site over the last several months. Although the reliable conclusion on recent pollution could be drawn on the basis of determined TBT levels in seawater and mussels and the knowledge of its degradation kinetics and half-lives in these compartments, data on TBT degradation products [monobutyltin (MBT) and dibutyltin (DBT)] would be beneficial for a more accurate assessment of recent pollution.

In contrast to seawater and mussels, the distribution of TBT in sediments indicates past pollution over a much longer period of time. This is because TBT input into the sediments is determined by the sedimentation rate, which means that the surface sediment layer may indicate the TBT input over a last few years. In sediments, TBT is very persistent as degrades slowly with a half-life in a range of years to decades (Viglino et al., 2004; Furdek et al., 2016). Therefore, it is often difficult to evaluate whether the determined TBT concentration in sediment is the result of its input from the water column over the investigated period, or slow degradation. Moreover, its distribution and persistence in sediments is strongly influenced by sediment properties such as grain size, mineral composition and especially the amount of TOC (Burton et al., 2004, 2006; Hoch et al., 2002; Hoch and Schwesig, 2004). Organic carbon not only influences the adsorption of TBT, but also influences its degradation efficiency, resulting in higher TBT persistence in sediments rich in organic matter (Furdek et al., 2016). Although higher TBT levels were found in some sediments with higher TOC content, no correlation between the TBT and TOC was found in the sediments, neither in coastal nor in transitional waters (Supplementary Figure S6). However, the sediments were generally not rich in organic matter; indeed, TOC < 1% was measured in 30 and 70% of the sediments from transitional and coastal waters, respectively. These sediments have limited capacity to retain TBT even when pollution is present in the water column, and therefore may not provide a reliable assessment of actual TBT pollution level of a given environment (Furdek Turk et al., 2020). Another factor that can determine the TBT content in sediments is the depth of the water column. Considering efficient TBT degradation in the water column (Rodriguez-Gonzalez et al., 2013), the deeper the water column is the greater is the probability that TBT will be degraded before it reaches the sediment. This may explain the unpolluted sediments in deeper coastal waters (Figure 5) and the lower TBT levels in bottom compared to the surface layer of the water column in coastal waters (Figure 4A).

When assessing pollution level of a given area, this discrepancy in assessment based on different types of samples should be considered. Although monitoring TBT concentrations in the water column is a good indicator of recent TBT input at a given site, this long-term study has shown that mussels may be the most reliable indicator of TBT pollution that has occurred in a given area in recent months. Finally, the distribution of TBT in all three compartments – seawater, sediments and mussels – showed the high pollution of large city ports (C15a, C38, C45) and urbanized and industrialized coastal bays such as Kaštela Bay (C16, C16a, C17a) and Bakar Bay (C37).




4.4 Seasonal and temporal trends of TBT pollution

For 6 operational monitoring sites in coastal and transitional waters, where monitoring was carried out 3 – 6 times in each year during the investigated period, an average TBT concentration for each season is shown in Figure 9 (spring: March to May; summer: June to September; winter: October to February). The seasonal distributions show contrasting seasonal trends between coastal and transitional waters (Figure 9; Supplementary Figure S3). In coastal waters, significantly higher TBT levels were found in summer (Kruskal-Wallis test; p<0.01); this is because these locations are exposed to heavy ship traffic in the summer season and increased concentrations at this time of year are not unexpected. On the other hand, in transitional waters the higher concentrations at all sites were observed in the spring season. At this time of the year, a lower salinity of surface water was observed as well, which is due to increased rainfalls and river flows, suggesting an influence of river flow on TBT distribution. The same was found in other studies and discussed as the higher river inflow that increase the load of TBT but also cause the turbulence and sediment disturbance, which leads to remobilization of TBT from the particulate to the dissolved fraction (Bancon-Montigny et al., 2004; Sheikh et al., 2007; Raudonytė-Svirbutavičienė et al., 2023). The seasonal variations in TBT concentrations may be the result of seasonally variable environmental factors such as intensity of shipping traffic, but also river flow and precipitation, DOC, temperature and UV irradiation. In that manner, the seasonal variations in TBT concentrations are reported in many studies, but the variations were site-specific, so the maximum TBT levels are reported in different seasons (Sheikh et al., 2007; Quintas et al., 2019; Chouba et al., 2024). In this study, the determined seasonal TBT distribution could not be explained by physicochemical parameters of the water column.




Figure 9 | Seasonal distribution of tributyltin (TBT) concentrations in surface water at 6 sites in coastal and transitional waters, determined in the period 2016 – 2022 as part of the operational monitoring of the Croatian Adriatic within Water Framework Directive (2000/60/EC) [average concentrations in spring (March to May), summer (June to September) and winter (October to February)].



The general temporal trends in TBT pollution from 2016 to 2023 can be assessed by looking at the frequency of sites where TBT was detected or was above the EQS in each year during this period (Figure 8). A more detailed insights into the temporal trends in TBT levels can be gained by looking at the temporal distribution patterns at each individual site (Figures 2–5, 7). TBT levels in the sediments of coastal waters showed a slight decrease in pollution; the percentage of sites where TBT was > LOQ or > EQS was lower in 2021 than in previous campaigns (Figure 8). However, TBT levels at the most polluted operational monitoring sites were high and variable throughout the period, but generally lower in 2022 than in previous years (Figure 5). On the other hand, sediments in the transitional waters showed more obvious decrease in pollution, but concentrations were still above the EQS for sediments at 20% of sites in 2022 (Figure 8), while the significant decrease in TBT levels was only observed in the Ombla river estuary (sites T1 and T2) (Figure 6). However, the actual temporal trends of pollution over such a short period of time cannot be accurately estimated from the change of TBT concentrations in sediments, as TBT in 0 – 5 cm thick sediment layer reflects input over several years or more. The sedimentation rate in the Adriatic varies from a few mm/year in the open waters (Petrinec et al., 2012) to a maximum of 50 mm/year in the coastal bays (Mikac et al., 2022b). The observed trends are therefore more an indication of the TBT degradation rate and its persistence in these sediments than of the actual TBT input into these environments.

In general, TBT distribution in the water column indicates a slow decrease in pollution in both coastal and transitional waters, but 16 and 35% of the sites in coastal and transitional waters, respectively, were still found polluted in 2021 – 2022. In contrast, mussels showed a continuous decrease in pollution from 2017 to 2022, but with another significant increase of TBT levels in 2023; then, all sites were polluted with TBT and concentrations in mussels were above the EAC values at more than 70% of the sites.

The first assessment of TBT pollution on the Croatian Adriatic coast refers to the period 2010 – 2012 (Furdek et al., 2012; Furdek Turk et al., 2020). This study has shown that today, 10 years after the first assessment, the contamination of the coastal area with TBT has generally decreased. However, the comparison of these two studies is probably not entirely trustworthy, as the first study mainly covered locations where TBT contamination was expected, such as marinas, ports and shipyards, while the regular monitoring gives an overview of the entire coastal area. In conclusion, the situation regarding TBT pollution of coastal areas in Croatia is slowly improving, but further monitoring of the environmental status is needed in the coming years.




4.5 Comparison with recent levels of TBT pollution in the Europe

A review of the literature data on TBT pollution in Europe over the last decade shows that in some coastal areas TBT pollution is still an environmental problem that is far from being solved more than a decade after it was banned (Table 2). The data presented in Table 2 indicate that pollution of the Croatian Adriatic coast with TBT is comparable with the pollution of other coastal areas in Europe. However, these recent studies are mainly focused on sediments, which are not a reliable indicator of the level of current TBT input to the environment; meanwhile, many of these studies cover only one or several sites. Therefore, on the basis of the data listed in Table 2 it is difficult to draw a general conclusion about the overall level of recent pollution with TBT in European coastal waters, but it is believed that the level of pollution in Europe has generally decreased over the last two decades. However, there are many studies showing that there are numbers of hotspots where TBT pollution is persistent, particularly in sediments (Beyer et al., 2022). Although in all EU Member States the TBT concentrations are regularly monitored, the published data on TBT levels in the seawater are only a few, showing that TBT is still present in the water column in concentrations that could have both chronic and acute toxic effects on aquatic biota (Table 2; this study; Concha-Graña et al., 2021; Chouba et al., 2024).


Table 2 | Literature data on tributyltin (TBT) concentrations (minimum and maximum values) in seawater, sediments and biota from European coastal areas reported in the last decade.
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Seawater Sediment Mussels

Area and year of sampling Reference
[ng(TBT/L)I [ng(TBT)/g (d.w.)] [ng(TBT)/g (d.w.)]
Fast Adriatic coast <0.06 - 64 <1-107* <1-650 This stud
CRO, 2016 - 2023 006 RSy
East Adriatic coast Furdek et al. (2012); Furdek
02 - 35 1 - 1900 (76000)* 2 - 2500
CRO, 2010 - 2012 < (75000 E Turk et al. (2020)
East Adriatic coast ” Furdek Turk et al. (2019);
02 - 15 1-220 1- 140
CRO, 2015 - 2017 < < Erdelez et al. (2017)
Southeast Adriatic coast
- R ™ . ;
MNE, 2015 <1 - 3000 (35000) 17 - 430 Mikac et al. (2022a)
East - West Adriatic coast .
CRO, MNE, ALB, 2014 <2 7 - 1300 48 - 400 Romanelli et al. (2019)
North Adriatic coast ;
ITA, SYN, 2016 - 127 - 418 - Formalewicz et al. (2019)
North Sea
= 24 - 72 - E . (2017)
SWE, 2014 720 gardt et al. (2017)
Baltic Sea Raudonyte-Svirbutaviciene
- 12-823 -
LTU, 2019 - 2020 < etal. (2023)
Baltic sea p— Filipkowska and
POL, 2018 Kowalewska (2019
Baltic Sea
DEU, 2015 - 5-910 - Abraham et al. (2017)
Baltic Sea %
ROL,2018 - <2 - 3900 - Kucharski et al. (2022)
Baltic Sea
FIN, 2017 - - nd - 180 Lehtonen et al. (2019)
Mediterranean
FRA, 2018 - 2022 0.1-5 15 - 11500 - Chouba et al. (2024)
Mediterranean and Atlantic coast "
ESB3015 1.08 - 7.50 nd - 186 - Concha-Graiia et al. (2021)
Svalbard, Barents Sea i
NOR: RUS 2019 - 5-57 nd - 95 Metelkova et al. (2022)
North and Norwegian Sea
NOR 303 = 0.04 - 90000 - Beyer et al. (2022)
*without extremely high outlier detected at one location in 2020; **including samples from shipyard and service hoists; “gastropods; “bivalves. nd - not detected; symbol "-" refers to

"not investigated”.
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TBT concentration

[ng(TBT)/L for water, ber of locations with  Number of locations with
ng(TBT)/g(d.w.) for sediment and mussels] AAC > LOQ AAC > EQS*
Min Max Average + STD
WATER

Transitional waters (26 locations)

2016 <0.06 241 036 +0.33 2 14
2020 <0.06 1.93 0.26 + 0.19 24 10
2022 <0.06 6.40 0.28 + 045 18 9
Coastal waters (37 locations)

2017 <0.06 1.60 017 +022 12 7
2021 <0.06 1.80 016 + 023 16 6

SEDIMEN'I;

Transitional waters (25 locations)

2016 <1 918 108 + 218 15 10
2018 <1 919 7.7+ 187 11 9
2020 <1 50.4 (2546)** 58+ 110 % 14 12
2022 <1 95.60 60+195 6 6
Coastal waters (37 locations)

2017 <1 52.0 48+ 109 10 10
2019 <1 69.7 58+ 133 10 10
2021 <1 60.8 51131 6 6

MUSSELS

2017 (25 locations) 18.1 543 144 + 138 25 25
2019 (25 locations) <1 650 106 + 163 19 17
2020 (23 locations) <1 174 347 + 481 21 13
2021 (27 locations) <1 650 54.6 + 124 20 15
2022 (30 locations) <1 198 289 + 51.7 17 10
2023 (31 locations) 36 236 394 + 466 31 23

*for water - average annual TBT concentrations higher than 0.2 ng(TBT)/L (EU Directive 2013 or NN 20/23); for sediment - TBT concentration higher than 1.6 ng(TBT)/g(d.w.) (EU proposal
2023); for mussels - TBT concentrations higher than 12.0 ng(TBT)/g(d.w.) (OSPAR, 2004).

**extremely high TBT concentration at location T9a that is not considered in average calculation.

For the calculation of AAC, half of the LOQ was taken if the TBT concentrations were < LOQ.
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