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Abstract

:

Copper (Cu) has a narrow range between optimal concentrations as a micronutrient critical for phytoplankton growth and concentrations potentially toxic to living organisms. This sensitivity indicates an ecosystem vulnerability that threatens not only nature but also human health due to bioaccumulation. An important source of elevated Cu concentrations in coastal environments are biocides used as antifouling protection on ships. A pilot study conducted in the Marine Protected Area (MPA) of the Krka Estuary (Croatia) over a period of 16 months investigated the relationship between ship traffic and Cu concentrations. The aim was to contribute to more informed environmental management by assessing the associated risks. In the study presented here, Cu concentrations were monitored, analyzed, and correlated with vessel traffic. Observations revealed that the seasonal increase in maritime traffic caused by nautical tourism was associated with an increase in Cu concentrations of more than five times, posing a toxicity risk to the environment. In order to understand the distribution of copper emissions, a mapping of maritime traffic was carried out by counting transits, radar imagery, and drone photography. This approach has proven sufficient to identify the potential risks to the marine environment and human health, thus providing an effective assessment tool for marine stakeholders.
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1. Introduction


Over a 10-year period, tourist arrivals in the EU have increased by 60%, with coastal tourism accounting for a significant share of the EU maritime economy, with 86 billion EUR in gross value added [1]. As a result, maritime transport in the Mediterranean is increasing in all sectors and geographical areas. The seasonality of tourism leads to a disproportionate spatial and temporal distribution of maritime traffic, with pressure often concentrated in the most attractive and vulnerable locations, threatening their ecological status [2,3,4,5,6,7].



Nautical tourism causes environmental impacts through the discharge of effluents into the sea, the emission of air pollutants, and the degradation of marine organisms and their habitats [5,8,9]. The impacts vary depending on the size, type of vessel, and its use [5,6].



While some environmental aspects of nautical tourism, such as the discharge of effluents, chemicals or waste, the emission of air pollutants, and the impact on marine organisms and their habitats, are partially regulated, others are not [7]. A typical example of the latter is the pollutant emissions from antifouling paints, particularly copper (Cu), which was the focus of this study. Antifouling paint, also known as bottom paint, is a coating used to prevent the growth of marine organisms (biofouling) on the parts of the vessel immersed in water. Biofouling starts as soon as the surface is submerged in water [10,11,12]. This leads to a reduction in the ship’s speed and increased fuel consumption due to the increased frictional resistance [12]. In addition, the process of biofouling can lead to the introduction of new species into areas where they do not naturally occur, as they become attached to the hull of the vessel [9,13]. Antifouling biocides consist of metallic compounds that effectively kill marine organisms that attach to ship hulls, but also have serious environmental impacts due to their longevity and accumulation in the food web [14]. One of the most effective antifouling paints contains the organotin tributylin (TBT) [15,16,17]. Due to the serious negative effects, paints containing TBT are banned in the EU and many other countries [16]. Since the ban of tributyltin antifouling paints, copper-based antifouling paints now dominate [18]. Exposure to Cu can affect seagrass photosynthesis, inhibit the development of some larvae, cause genotypic shifts in polychaete populations, and bioaccumulate in marine fish, turtles, snails, barnacles, and mussels [19]. Recently, various non-toxic paints have been developed, mostly silicone-based, which do not allow fouling due to their very smooth surface [20]. These paints are still significantly more expensive and cannot be applied on uneven and unprepared surfaces, but the transition to their use is inevitable.



Copper pollution is a worldwide problem, especially in semi-enclosed areas, recreational marinas, and anchorages [21,22,23,24,25]. Research was initiated to relate shipping traffic and copper concentrations in order to develop a model for understanding environmental pollution and impacts through a pilot study on the influence of nautical tourism and associated copper (Cu) content. A highly stratified estuary of the Krka River on the eastern Adriatic coast (Croatia) was selected for the pilot study. This work aims primarily to assess the correlation between Cu concentration and nautical activities and to inform the discussion on policy structures related to Cu-related ecological and toxicological risks. The survey methodology used should also be applicable to other types of contaminants in order to estimate their ecotoxicological risk (hydrocarbons, fecal coliforms, marine litter, underwater noise, etc.). This work aims primarily to assess the relationship between Cu concentrations and nautical activities and to direct the discussion towards policy structures related to Cu-related ecological and toxicological risks, based on the literature data. The survey methodology used should also be applicable to other types of contaminants to estimate their ecotoxicological risk (hydrocarbons, fecal coliforms, marine litter, underwater noise, etc.).



Most antifouling research has focused on evaluating emissions from stationary sources [17]. The work presented here attempts to contribute by assessing the impact of antifouling on the dynamic aspects of maritime transport. In addition, the paper takes the first steps towards developing a model that maps the potential dissemination of toxic Cu through traffic counting and heat mapping. Policymakers are struggling to find effective approaches to mitigate the enormous pressures on the marine environment. The evidence presented here may prompt policy makers to bring the problem of marine pollution to the forefront and apply the precautionary principle using the methods employed here.



Study Site


The estuary of the Krka River is a marine protected area. The length of the freshwater section is 49 km, while the estuary stretches for another 23.5 km. Since the largest part of the freshwater course, the Krka River, is protected as the Krka National Park, there is no significant pollution entering the Krka Estuary from this direction and the estuary is considered relatively unpolluted [26,27,28,29,30,31]. The estuary itself is formally protected as a NATURA 2000 site (“Krka Mouth”) and two protected regions categorized as “Significant Landscapes” by the County of Šibenik-Knin. The Krka River estuary is known as a mussel farming area (Figure 1). Numerous aquaculture facilities (20) for mussel (Mytilus galloprovincialis) farming are located mainly in the lower part of the estuary. The production of mussels in this area is about 500 tons per year.



The estuary is a popular destination for nautical tourists, as the attractions of the aforementioned Krka National Park and the attractive coastal and estuarine landscapes are within easy reach. It is visited by more than 1 million people annually (before the COVID-19 pandemic). The environmental impacts of nautical and land-based tourism have not been adequately assessed due to a lack of data that would allow informed decision-making. Our preliminary “spot” count of maritime traffic (summer season 2014) showed that the number of transits during the nautical season increases by up to 1500 per day, which corresponds to a total number of almost 100,000 vessels during the summer. Although a considerable number of tourist boats pass through the area and anchor off the sensitive estuarine ecosystem of the Krka National Park, there was no reliable information on the actual movements and spatial and temporal distribution of the nautical vessels. The initial perceived risk was related to probable incidents and accidents due to seasonal intensity and overcrowding with unclear dimensions and aspects of potential impacts.



Research studies on the sources, distribution, and behavior of ecotoxic metals in the Krka River estuary have revealed an irregular “anomaly” in copper (Cu) concentrations: during the summer season, Cu concentrations are up to 20 times higher compared to the winter season [26]. The main source of the increased copper concentrations in the coastal environment is the release of copper from antifouling paints, for which it is used as a biocide.





2. Materials and Methods


2.1. Video Surveillance System for Real-Time Automatic Counting Off Vessel Passes


The camera model used for automatic vessel tracking was: DAHUA SD -59230U-HNI (Dahua Technology) with 30× optical zoom. Two cameras were used: one camera monitored the entrance to the estuary and captured vessels entering and leaving the channel, the other camera monitored vessels travelling upstream (red arrows in Figure 1).



The in-house software called: “Boats Monitoring” used for automatic counting of the vessels in real time was developed (on the Borland Delphi XE8 platform under the Windows OS environment). The description of the software can be found in the Supplementary Materials (Figures S1–S4). It has been estimated that the efficiency of automatic vessel detection is ~95% on average. The typical example of a daily “monitoring signal” is presented in Figure S5. Each peak in the figure corresponds to a passing vessel (in or out of the channel).



A separate software (“Check Boats”) was also developed to analyze the collected data in manual/automatic mode and to generate numerical and graphical reports for the selected period. The screenshots of the program are shown in Figures S3 and S4. The software was adapted to automatically exclude “false-positive” signals and to include signals for which no image was taken.



As it was not possible to find adequate non-commercial software that could automatically classify vessels from the “side view” images, the classification of vessel types into 6 different categories for 4 seasons was done manually (see Supplementary Materials for details). However, the size classification was done automatically based on the area of the vessel signal (Figure S6). The underwater surface of the vessels was classified into 3 classes (less than 7 m, 7–15 m, and more than 15 m).




2.2. Assessment of Nautical Status Using Drone Spot Monitoring and Heat Maps


To complement the video monitoring system for the defined positions within the estuary, which represents the dynamic aspect of traffic, we undertook an assessment of maritime traffic and permanent anchorages along the estuary using drones equipped with cameras. For flight planning and preparation, Litchi and Google Earth Pro software was used with the following drones and cameras:




	(a)

	
DJI Phantom 3 Advanced with 12-megapixel camera HD Vide (DJI, Shenzhen, China).




	(b)

	
DJI Inspire 1 v2 + Zenmuse X5 with 16-megapixel camera 2HD Video (DJI, China).









Images collected during the overflights of anchoring/docking sites were processed using Microsoft Image Composite Editor for image stitching and Agisoft Metashape for photogrammetry testing. The pixel-based image processing package ImageJ was used for object detection and measurement, allowing for the estimation of vessel dimensions (length, width) and calculation of total area for each unit.



The survey was carried out in August 2018 by UAS Consulting. All locations along the estuary used by vessels as berths and/or anchoring sites were surveyed. The number and size of vessels were revealed, which allowed for the next step—the development of an algorithm that would use the traffic count data to more accurately predict Cu loading for each location. The typical examples of the drone surveys for Skradin marina/port and Zaton port are shown in Figure S7, and the table showing the number of anchoring sites within the estuary is included in Table S1.



In order to assess the spatial distribution of Cu concentrations in the sea surface at the regional level, a picture of the intensity of maritime traffic, spatial distribution, and seasonality of maritime traffic was heat mapped (Figure S8). The mapping was carried out by the Ministry of the Sea, Transport, and Infrastructure—Maritime Safety Directorate—Using Vessel Traffic Monitoring and Information System (VTMIS) and Croatian Integrated Maritime Information System (CIMIS-a). It is based on radar tracking signals and data from Automatic Identification System (AIS) and is illustrated with pixels where the traffic intensity gradually changes from yellow to red with increasing density.




2.3. Sampling, Sample Pre-Treatment and Measurement of Copper Content


The survey was conducted between June 2018 and October 2019. Surface water sampling was carried out regularly (every 2–5 days) in front of the marine station of the Ruđer Bošković Institute in the lower part of the estuary, while additional “transect” sampling was carried out across the Šibenik bay, essentially in the direction of the upper red arrow (Figure 1).



Surface samples (depth ~ 0.5 m) were collected using a telescopic sampler or by hand-grab technique from a rubber boat (Figure S9). The sampling and storage bottles for dissolved Cu measurement and Cu speciation analysis (fluorinated ethylene-propylene (FEP), Nalgene) were previously cleaned with 10% HNO3 (analytical reagent grade) and washed several times with ASTM Type I water. A total of 90 samples were taken for the analysis of dissolved Cu concentrations. The main physico-chemical parameters (salinity, temperature, pH, and dissolved oxygen) were measured in situ using the EXO2 CTD multi-parameter probe (YSI, Xylem).



For the determination of dissolved Cu concentrations, samples were filtered immediately after sampling using precleaned 0.22 μm cellulose acetate syringe filters (Minisart, Sartorius). For the analysis of total dissolved Cu concentration, the samples were acidified in the laboratory with trace metal grade nitric acid (TraceSelect, Fluka) to a pH of <2 and directly irradiated with UV light (150 W medium pressure Hg lamp, Hanau, Germany) for at least 24 h within the next few days in the FEP bottles to decompose natural organic matter [26].



Dissolved Cu concentrations were determined by differential pulse anodic stripping voltammetry (DPASV). Measurements were performed on a Metrohm Autolab (EcoChemie) potentiostat (PGSTAT128N) controlled by GPES 4.9 software in a three-electrode cell (663 VA Stand, Metrohm). Analyses were performed using a fully automated system consisting of the instrument, a home-made autosampler and five Cavro XE 1000 syringe pumps (Tecan, San Jose, CA, USA). The concentrations of trace metals were determined using the standard addition method. A certified “Nearshore seawater reference material for trace metals”—CASS-5 (NRC CNRC) was used to validate the Cu analysis. The value obtained (±standard deviation) was 0.370 ± 0.030 μg L−1 (the certified value was 0.380 ± 0.028 μg L−1).




2.4. Estimation of the Antifouling Emission


Larger estimates of biocide emissions were carried out for the German and world merchant fleets and were validated with theoretical biocide concentrations in the North Sea [32]. Several statistical models were developed to estimate the wetted surface area (WSA) for a given set of fleet data [33]. Initially, 190,000 vessels were identified representing a WSA of 571 × 106 m2 for the global fleet, but only 120,000 vessels could be confirmed to be active. This results in a global minimum WSA estimate of approximately 325 × 106 m2. The other approach to estimate emissions was used for the Galician coast, where the mass of cupric oxides in antifouling paints was calculated [34]. The correlation between the number of recreational boats at anchorages and Cu concentrations in the water column was investigated [35,36] and hypothetical Cu loadings were calculated for cruise ships based on port data and were confirmed by bioindicators and a re-survey of sediments in the field.



Once the dimensions of the ships are known, biocide leaching rates are the final component needed for the calculation. Some of the existing research has provided the following findings:




	-

	
Leaching of Cu increases with increasing salinity and higher temperatures (19° vs. 4 °C) resulted in greater metal leaching under many conditions [37].




	-

	
Emissions of 8.2 ± 2.7 µg/cm2/day were measured in recreational boats [38],




	-

	
Antifouling paints with nano-additives showed a slow and steady release rate in the range of 20 to 25 µg/cm2/day [39].




	-

	
The copper release rate along the salinity gradient varied from almost 0 in freshwater to 25 µg/cm2/day [40].




	-

	
It was recommended that future environmental impact assessments of antifouling products [21] use site-specific release rates to estimate exposures to copper and other biocides.









The antifouling used in the Adriatic Sea has already been considered in research [35], and the estimated dissolution rate was 14.1 µg/cm2/day. For an even more accurate estimate, information should be obtained from the main charter fleet providers to reveal the main antifouling brands (i.e., chemical compounds) used.





3. Results and Discussion


3.1. Monitoring of Nautical Traffic and Copper Concentrations


Figure 2 shows an overview of the number of vessel passages (NVP) for the 4-year period. As the estuary is a popular destination for nautical tourism, there is a clear difference in NVP between winter and summer periods: about 60 in the winter low season compared to 1400 in the summer high season. The daily distribution of averaged NVP based on a one-hour time frame is shown in Figure 3 for the winter and summer periods. In summer, the average NVP intensity increased 25-fold compared to the winter period, with the highest intensity at noon (around 11 h) and in the afternoon (around 17 h). Most vessels entered the estuary in the morning and left it in the afternoon. From the data in Figure 3, the estimated average daily NVP for the three summer months (June–August) was 750, while in winter (January–March) it was 65.



The cumulative monthly NVP for the period studied (May 2018–October 2019) is 110,000 (Figure 4). Since most boats pass in front of the camera twice (into and out of the estuary), with an average of 5 people per boat, this results in 275,000 visitors to the area for the study period. As more than 80% of the traffic in the sensitive ecosystem of the estuary takes place in a narrow summer period, this can be considered as having a very high impact and risk. The impact of the intensity of the NVP is clearly reflected in the copper concentration in the surface water at the studied site (Figure 4). In winter, dissolved copper concentrations were mostly between 3 and 7 nM. However, with the increase in NVP, the Cu concentration also increased and reached values around 20 nM. In the area of the marina in Šibenik Bay, Cu concentrations of up to 70 nM were found [26], which is more than a 20-fold increase compared to the lowest concentrations measured in our study. Note that the Cu concentration in the lower seawater layer changes only slightly throughout the year, i.e., the vertical transport down to deeper layers is insignificant (for more details see [26,27]).




3.2. Estimating Cu Emission from Stationary Vessels


The underwater surface area of boats in the Krka River estuary was calculated using the following equation:


  A = 0.9 × L × ( 0.9 × B + D )  



(1)







In the equation, A is the submerged hull area (cm2), L is the length of the vessel, B (beam) is the width of the hull at water level, D (draft/draught) is the depth at which the vessel is below the water surface.



The size of the anchored boats was determined from images obtained from the aerial survey and the pixel-based image processing program ImageJ. Data on passing boats was obtained from a stationary camera at Naval Station Martinska, as described previously. The estimated submerged boats are listed in Table 1.



Copper emission from antifouling paints depends on salinity, which means that antifouling paints leach more Cu in seawater than in freshwater [41]. In the Krka River estuary, the salinity of the surface water at the study site varies from 5 in winter to almost seawater in midsummer. Most boats enter the estuary in summer, late spring, and early autumn, when salinity and copper leaching are higher. Copper emission was calculated for brackish and seawater using the estimates of Valkiris et al., 2003, and Lagerstroem et al., 2020. They estimated copper leaching to be between 0.05 and 0.25 g/m2/day. According to this estimate, between 5 and 27 kg Cu was washed out daily in the Krka River estuary during the summer season. During the winter season, the amount of copper released is much lower due to the smaller number of vessels and lower salinity.




3.3. Estimating the Cu Toxicity Risk


The notable increases in copper concentrations occur in spring, which coincides with the start of the nautical tourist season. At this time, charter yachts and private boats begin their maritime activities with freshly applied antifouling paint. Research has shown that the paint has more intense leaking at the early stages of application than at the end of the season [42]. At the same time, mussels Mytilus galoprovincialis from mussel farms and other wild mussels from the estuary release their eggs into the water column [43]. Due to this overlap of high Cu emission from the newly applied antifouling paints and the sensitive larval phase of mussels, the estuarine environment in spring can be considered toxic and therefore poses a high risk. The study on Cu toxicity to mussel embryos (48-h bioassay experiment, EC50) performed by Zitoun et al. (2019) found that Cu toxicity depends on dissolved organic carbon concentration (DOC) and salinity [44]. Furthermore, the same study found that estuarine DOC is more protective against Cu toxicity than pure marine (oceanic) DOC by buffering the effects of Cu. This is related to the higher input of humic substances by the rivers, which form strong Cu complexes, making it less bioavailable. Salinity was found to correlate negatively with the toxicity threshold, indicating a salinity-induced change in the physiology of exposed mussel embryos and/or Cu- DOC reactivity [44]. In this study, the 48 h EC50 Cu concentration was found to range from 82 to 250 nM. Cu concentrations measured in the pilot area during the summer season were up to ~ 20 nM, which is lower than the minimum Cu concentration estimated in the study by Zitoun et al. (2019). On the other hand, comparing the threshold for toxicity based on Species Sensitivity Distributions (SSD) curves, the estimated Hazardous Concertation at 5% (HC5) value for Cu is 21.9 nM [45], which is at the level we measured in the pilot area. However, we would like to emphasize that, in the study area, concentrations even more than twice as high Cu were measured [26]. Based on the above mentioned threshold literature values, these data indicate a clear toxicity risk for Mytilus galoprovincialis embryos.



In discussions with owners of mussel farms, we concluded that the first negative effects were already noticeable, as the number of larvae decreased and the farmed mussels were sometimes leaner.



In addition, many other animals besides mussels are in the larval stage, so there is a high probability of:




	
Bioaccumulation;



	
Reduction in food availability due to the negative effects of Cu on phytoplankton [46].








The above risks are sufficient to warrant caution.





4. Conclusions


The gaps in the implementation of the relevant policy are described in the Supplementary Materials and point to the overarching challenge—effective monitoring. Nevertheless, it should be emphasized here that environmental risks in the EU legal framework are grounded on the precautionary principle. As the toxicity of copper in the marine environment is generally neglected as a threat, it contributes to the existing unresolved problems in policy implementation. The EU’s ambitions to end emissions of hazardous substances are far from being achieved, and they are additionally compromised by new trends such as those described in this article. In other words, the research presented has provided evidence of significant ‘chemical’ threats that should be considered in marine management and planning.



Because of the vessel’s movement, Cu is emitted more rapidly than when it is at anchor or at berth [40]. In conjunction with the dramatic seasonal impacts, at least a five-fold increase in ecotoxic Cu has been found, which can harm not only marine ecosystems but also the people who depend on them.



The correlation between the seasonality of nautical tourism and copper concentrations was made possible by using existing techniques for monitoring nautical traffic (cameras, radar, drones). The data analysis system used was semi-automated and could be upgraded to a financially feasible, fully automated monitoring system.



The threats and opportunities described are an asset for informed and more competent management of marine and environmental risks, as well as for decision-making and policymaking. It also points to the need to advance research to abandon the use of heavy metal biocides as an antifouling method.



There are already alternatives to biofouling paints that can be considered as economically viable options (the initial investment is higher, but they are maintenance free for 5 years, e.g., MacGlide), although some of them are a cause for concern [47,48]. Other protective coatings against marine fouling have been proposed [49,50].



The work presented here offers a framework by relating traffic intensity to copper emissions and risks. With a closer monitoring of ship parameters, it is possible to consider other environmental impacts. The framework presented here could incorporate other parameters such as black and gray water inputs (bacteria, organic matter), bilge water (hydrocarbon emissions), marine debris (floating waste, plastics), air emissions, and underwater noise. The promotion of the ecological footprint in nautical tourism could be used with the best available methodologies for monitoring and mitigation such as: Copernicus, the EU Earth Observation Program, citizen science, real-time data sources (national and EU), artificial intelligence and Big Data. Once fully developed, the advantage could be its low cost and applicability in similar ecological areas that are understaffed, underfunded, and ineffectively monitored, such as most MPAs and NATURA 2000 marine areas in the Mediterranean.



As GDPs of EU Mediterranean member states are dependent on tourism in the range from 12 to 25%, the COVID-19 crisis has highlighted the harsh lesson of economic dependency on tourism, especially when it is positioned as an economic monoculture. As the main tourism sustainability discourse, at the moment, is centered around post-COVID-19 opportunities, with the central question being asked: is a shift away from the growth-only paradigm possible? The work presented here alarms that, not only is it possible, but past urgent.
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Figure 1. Map of the study site: Red arrows show the directions of the video cameras for vessels monitoring. The colored parts represent two protected areas: the “Krka–lower part” (light orange) and the “Channel-Harbour” (light blue). 
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Figure 2. Seasonality of maritime traffic: long-term maritime traffic counting through the channel (2016–2019). 
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Figure 3. Seasonal average daily vessel frequencies: distribution of average number of vessels for summer (June–August) and winter (January–March) periods. 
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Figure 4. Correlation of maritime traffic and Cu concentrations: Cumulative monthly vessel frequencies for the period May 2018 to October 2019 and the related concentrations of dissolved Cu. 






Figure 4. Correlation of maritime traffic and Cu concentrations: Cumulative monthly vessel frequencies for the period May 2018 to October 2019 and the related concentrations of dissolved Cu.



[image: Sustainability 13 11897 g004]







[image: Table] 





Table 1. Estimated vessels’ underwater surface.
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Number

	
Large

	
Medium

	
Small

	
TOTAL




	

	

	
m2

	
m2

	
m2

	
m2






	
Šibenik port

	
267

	
2091

	
4378

	
644

	
7113




	
Šibenik Vernaža

	
479

	
805

	
10,353

	
487

	
11,645




	
D-Marin

	
183

	
17,763

	
1175

	
55

	
18,993




	
Skradin

	
280

	
10,130

	
2474

	
613

	
13,217




	
Bilice

	
120

	
1312

	
1456

	
811

	
3579




	
Bilice Vrulje

	
94

	
517

	
811

	
387

	
1715




	
Rasline

	
121

	
0

	
939

	
679

	
1618




	
Zaton

	
224

	
454

	
3551

	
586

	
4591




	
Jadrija

	
243

	
272

	
3938

	
621

	
4831




	
Moving boats

	
887

	
17,452

	
19,112

	
3554

	
40,118




	
TOTAL

	
2898

	
50,796

	
48,187

	
8437

	
107,420
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