

  water-16-02411




water-16-02411







Water 2024, 16(17), 2411; doi:10.3390/w16172411




Article



Copper as a Complex Indicator of the Status of the Marine Environment Concerning Climate Change



Tamara Zalewska 1,*, Beata Danowska 1, Bartłomiej Wilman 1, Michał Saniewski 1, Michał Iwaniak 1, Jaśmina Bork-Zalewska 2 and Małgorzata Marciniewicz-Mykieta 3





1



Institute of Meteorology and Water Management—National Research Institute, Waszyngtona 42, 81-342 Gdynia, Poland






2



Faculty of Medicine, Medical University of Gdańsk, M. Skłodowskiej-Curie 3a, 80-210 Gdańsk, Poland






3



Chief Inspectorate of Environmental Protection, AL. Jerozolimskie 92, 00-807 Warszawa, Poland









*



Correspondence: tamara.zalewska@imgw.pl; Tel.: +48-503158131







Citation: Zalewska, T.; Danowska, B.; Wilman, B.; Saniewski, M.; Iwaniak, M.; Bork-Zalewska, J.; Marciniewicz-Mykieta, M. Copper as a Complex Indicator of the Status of the Marine Environment Concerning Climate Change. Water 2024, 16, 2411. https://doi.org/10.3390/w16172411



Academic Editor: Chin H Wu



Received: 12 July 2024 / Revised: 21 August 2024 / Accepted: 22 August 2024 / Published: 27 August 2024



Abstract

:

Studies covering key elements of the marine ecosystem based on current and long-term data have made it possible to assess both the current situation in terms of copper concentrations in commercially used fish and benthic plants and in surface bottom sediments, as well as enabled the analysis of the temporal variability of copper levels in relation to changes in its inflow to the southern Baltic Sea. By applying the threshold values, determining the boundary between good and not good status of the marine environment, set in this study, it was found that good environmental status has been achieved in the case of Cu in seawater and plants and has not been achieved in the case of sediments and fish for consumption. The study showed that climate change, the main feature of which is an increase in seawater temperature, significantly impacts the distribution and levels of copper in individual elements of the marine environment. It influences the vegetative season length and bioaccumulation efficiency and is of key importance for copper toxicity.
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1. Introduction


The average copper content in the Earth’s crust is 55 ppm, of which 87 ppm is found in the basaltic rocks that are part of the igneous rocks, and 45 ppm is found in the shales that are part of the sedimentary rock [1]. At the same time, due to its wide industrial applications, copper concentrations in the environment can be much higher due to anthropogenic activities, which can lead to toxic levels in organisms. Despite a slight downward trend of total annual copper emissions from anthropogenic sources of HELCOM countries from 1990 to 2019 [2], significant amounts of copper are still discharged into the Baltic Sea. The main source of copper reaching the Baltic Sea is the riverine input, which accounts for 90.7%, the share of atmospheric deposition is 7.8%, and releases from direct point sources account for 1.5% [3]. The average copper load introduced by river waters in 2018–2021 amounted to 987 tonnes/year, with 400 tonnes/year on average in 2018 and 2019 and an increase to 1105 tonnes/year in 2020 and 855 tonnes/year in 2021. The average inflow from the Polish area in this period amounted to 59 tonnes/year, 6% of the total riverine input. Atmospheric copper deposition remained relatively stable in 2018–2021 at 85 tonnes/year [3].



Copper is considered to be very toxic [4,5], but at the same time, copper is a crucial micronutrient for organisms. Copper is one of the essential trace metals in the human organism, and third in abundance after iron and zinc [6]. The overall concentration of the element in the body is approximately 100 mg, with the greatest proportion found in the liver, accounting for 10% of the total amount [7]. The oxidised Cu(II) and reduced Cu(I) forms are pivotal for cell physiology since they act as a catalytic cofactor for enzymes and participate in mitochondrial respiration, iron absorption, antioxidant activities and elastin cross-linking. Several necessary cellular enzymes, including cytochrome-c oxidase, copper/zinc superoxide dismutase (Cu/Zn-SOD), metallothioneins, ceruloplasmin, hephaestin, cartilage matrix glycoprotein (CMGP), and lysyl oxidase, need copper for their function. The impact of Cu is easily recognised in the global antioxidant response since the Cu/Zn superoxide dismutase 1 (SOD1) is a main free-radical scavenger within the cell, and its mutations cause amino acid, lipid, and nucleic-acid damage. Mutant versions of SOD1 increase oxidative stress, contributing to the development of numerous diseases, for instance, hepatocellular carcinoma, macular degeneration, and amyotrophic lateral sclerosis. Viewed collectively, Cu-dependent functions of cytochrome-c oxidase, SOD1, and glutathione indicate the importance of copper as a static cofactor in energy production and cellular redox metabolism [8].



Another vital aspect of the role of copper is connective and bone tissue formation due to the cuproenzyme lysyl oxidase (LOX), which facilitates cross-linking of collagen and elastin fibres. Moreover, interactions of Cu and Fe in biological systems via copper-dependent ferroxidases such as ceruloplasmin and hephaestin mean that copper scarcity precipitates limited iron absorption, thus causing defective erythropoiesis and microcytic anaemia due to iron depletion. Another Cu-containing enzyme, cytochrome-c oxidase (COX), is necessary for synthesising sphingolipids, which constitute a part of the myelin sheath. Therefore, the deficit in copper might impair central nervous system development and post-development functioning. Nevertheless, redundant Cu can be both cytotoxic and genotoxic. Similarly to iron, copper is involved in reactions producing highly reactive oxygen species (ROS), thus leading to direct oxidations of proteins, lipid peroxidation in membranes, and damage to DNA and RNA molecules [9].



In the presence of redox agents, such as ascorbic acid or glutathione, copper catalyses the synthesis of highly reactive hydroxyl radicals from hydrogen peroxide in the Haber–Weiss cycle [10]. These radicals initiate oxidative damage in various ways. Additionally, Cu ions accelerate lipid peroxidation by breaking lipid hydroperoxides in a process similar to the Fenton reaction, resulting in aloxyl and peroxyl radicals, which propagates the chain reaction [11]. Apart from the generation and action of ROS, copper demonstrates its toxicity by the displacement of other metal cofactors from their naturally existing ligands [8]. Copper genotoxicity at the chromosomal level can be measured with a cytogenetic tool, the Cytokinesis-Block Micronucleus Cytome (CBMN Cyt) assay, since it analyses the incidence of micronuclei (biomarker of breakage or loss of chromosomes), nucleoplasmic bridges (biomarker of DNA strand breakage, misrepair, and telomere end fusion), and nuclear buds (biomarker of DNA repair complexes elimination and gene amplification). This bioassay also allows assessing the cytotoxicity of copper via nuclear division index (NDI) and a number of apoptotic or necrotic cells. Applying this method for WIL2-NS human B lymphoblastoid cells shows considerable cytogenotoxic damage is observed with copper at the concentration of 10–100 µM, and total cytotoxicity is noticed at 1000 µM [12].



According to the research with different copper extracts administered to Chinese hamster ovary cells (CHO-K1), the reduction of mitochondrial activity caused by Cu ions is recognised at ≥7.42 mg/L concentrations, decrease in cell viability at 10.85 mg/L, as well as copper-induced DNA damage at 5.67–7.42 mg/L concentration range [13]. Having numerous proofs of Cu-induced toxicity in human organisms, safe upper levels of copper intake per day were proposed: 10–12 mg/day by the International Program on Chemical Safety (1998) and the World Health Organization (1996), 10 mg/day for adults by Institute of Medicine (US) Panel on Micronutrients (2001), and 0.07 mg/kg of body weight per day for adults by The European Food Safety Authority (2023) [14].



Copper as a microelement also plays a key role in marine organisms, both fauna and flora. In algae, it is crucial for ensuring electron transport in photosynthesis and the proper functioning of enzymatic systems [15]. At the same time, as in humans, it may have toxic effects, i.e., inhibit photosynthesis, disrupt electron transport, reduce pigment concentration, affect the permeability of plasma membrane, inhibit nitrate uptake, restrict growth, and affect the distribution of other compounds (e.g., lipids, proteins, and sterols) [15] w where its concentration exceeds acceptable levels. Copper concentration in water above 0.1 mg/L slows down the growth of macrophytes [16]. At a copper concentration of 0.45 mg/L, the development of humpback duckweed is inhibited by approximately 50% [17]. At the same time, algae use protective mechanisms involving exclusion by producing metal-binding compounds [18] or intracellular detoxification [19].



Copper toxicity to aquatic organisms depends on its “bioavailability,” which determines its transfer to receptors like gills and olfactory neurons [20]. In fish, copper effects are “acute” (lethal) or “chronic” (sublethal), impacting growth, immune response, reproduction, and survival [21,22]. Copper adversely affects gills, olfactory receptors, and lateral line cilia, reducing disease resistance, disrupting migration, altering swimming, causing oxidative damage, impairing respiration, and affecting osmoregulation and organ structure. It also changes behaviour, blood chemistry, enzyme activities, corticosteroid metabolism, and gene expression [23,24].



Taking into account the potential risks associated with the presence of copper in the marine environment, both related to the harmful effects on marine organisms and humans due to fish consumption, studies were carried out to determine the actual levels of Cu in selected elements of the southern Baltic ecosystem, including seawater as the primary source of Cu, bottom sediments as the final reservoir, and selected species of fish and algae. The complex indicator described as copper levels in various (living and non-living) elements was proposed to assess the state of the environment. It covers multiple aspects of the entire ecosystem (distribution in the water column as a result of the introduction of Cu to the marine environment, bioaccumulation in organisms (fish and plants), and accumulation in bottom sediments. The research was complemented by fish blood analysis using a micronucleus test to indicate genotoxic effects. An analysis of the risks associated with fish consumption in relation to the acceptable levels of Cu was carried out. Taking into account the current physicochemical characteristics of the southern Baltic area and potential changes resulting from climate change, the levels of Cu in seawater corresponding to toxic conditions were determined in this area. Quality standards have been set for macrobenthic plants and bottom sediments. For fish, the threshold value is based on acceptable levels of copper in fish for consumption.




2. Materials and Methods


2.1. Study Area and Matrices


The study area covered the southern Baltic Sea, including the Gulf of Gdańsk with discriminated Puck Bay, the Gdańsk Deep, the eastern Gotland Basin, the Bornholm Basin, and Pomeranian Bay (Figure 1). The studies were also conducted in the Szczecin Lagoon and the Vistula Lagoon. In the area of research, the following fisheries were also distinguished: Kołobrzesko-Darłowowskie (LKOL) and Władysławowskie (LWLA). Studies of copper levels included key elements of the marine environment: fish (muscles), macrobenthic plants, and bottom sediments. Studies using the micronucleus test were carried out in fish blood samples.




2.2. Sampling


2.2.1. Fish for Copper Analysis


The study covered three fish species: herring (Clupea harengus) collected in 1994–2022 from the Kołobrzesko-Darłowskie fishery and in 1998–2022 from the Władysławowskie fisheries, flounder (Platychtys flesus) collected in 2012–2022 from the Pomeranian Bay and in 2016–2022 from the Gulf of Gdańsk, and perch (Perca fluviatilis) collected in 2004–2022 from the Szczecin Lagoon and in 2014–2022 from the Vistula Lagoon (Figure 1). Each time, 10 to 15 individuals (females) were taken for the study. Muscles were taken from each specimen, and Cu concentrations were tested. Since 2014, the collected individuals have undergone ichthyological analysis to determine the following biometric parameters: length [cm], weight [g], stage of gonadal development, age based on otolith analysis, and sex.




2.2.2. Fish Blood for Micronucleus Test Analysis


Studies were carried out using the micronucleus test (MN) involving herring in 2014–2022 and perch in 2018–2022 to determine the impact of hazardous substances on marine organisms. The micronucleus test is the most commonly used test to assess cytogenetic damage at the cellular level caused by exposure to hazardous substances [25]. Blood samples were collected from commercially caught fish in the southern Baltic region: Baltic herring (Clupea harengus) and perch (Perca fluviatilis) from areas most similar to the fish fisheries used for Cu analyses in muscles (Figure 1). Blood collected from the caudal fin was applied to slides, stained with Giemsa reagent (1:9) and microscopically analysed using the brightfield technique at 1000× magnification. The observation consisted of counting abnormalities (micronucleated changes) occurring within the cell according to established criteria [25]. The number of counted micronuclei converted to 1000 erythrocytes is a parameter that measures the harmfulness of the impact of hazardous substances on the organism [26].




2.2.3. Sediment


Sediments for copper studies were collected in six locations, including four open sea areas of silty sediment formation characterised by the presence of a dominant fraction below 63 μm and a significant content of organic matter, which guaranteed copper detection (stations P1, P140, P5, P39—Figure 1) and in two lagoon areas: the Vistula Lagoon (KW) and the Szczecin Lagoon (GJ), where silty sediments also occur. Sediments were collected using a core probe, and the sediment cores were divided into layers 2 cm thick to a depth of 10 cm. Then, 2 cm thick layers were collected, discarding the 5 cm layers. Finally, copper analyses were carried out in layers of 0–2 cm, 2–4 cm, 4–6 cm, 6–8 cm, 8–10 cm, 15–17 cm, 22–24 cm, 29–31 cm, and 36–38 cm in the case of open sea areas. In the case where the length of the core allowed it, samples were also taken from deeper layers: 43–45 cm, 50–52 cm, 57–59 cm, 61–63 cm, and 68–70 cm. The samples were taken into plastic vessels, frozen, and dried by freeze-drying before analysis. Sediment samples were collected in 2012–2021 with different temporal resolution depending on the location. For the P5 station, samples taken from 2002–2018 were used in the analyses to check the reliability of the results.




2.2.4. Macrobenthic Plants


For copper analysis in a macrobenthic plant, samples were taken in five locations: in the Gulf of Gdańsk (KO) in 2008–2010 and 2013–2022, in the Bay of Puck (JK), in the coastal area (RO) and Slupsk Bank (ŁS) in 2010, 2013–2022, and the Wolin National Park (WP) in 2019–2021 (Figure 1). Algae species representing red algae and green algae, vascular plant species and one species representing charophytes were collected for the study. Sampling was carried out during the peak of plant growth in June and during the slow growth of macroalgae in September. In the case of the Orłowski Cliff and Jama Kuźnicka transects, samples were taken from a depth of 1 m to the maximum depth of plant occurrence. In the Slupsk Bank and the Rowy Boulder, sampling was carried out at previously designated points due to the lack of constant depth change. Plant material was collected from 0.25 m × 0.25 m, limited by the frame, and randomly placed four times at each depth. In the case of hard bottom, organisms were taken from the surface of stones. The collected material was stored in a frozen state at −18 °C until analysis [27].





2.3. Analysis


2.3.1. Copper Analysis


	
Fish






Prior to Cu analysis, the collected muscle tissue was mineralised in nitric acid using Milestone’s Ultra Wave microwave mineralizer. In the obtained mineralizates, the copper concentration was determined using the flame atomic absorption (AAS-FL) and electrothermal (AAS-GF) methods using spectrometers from Thermo Scientific. In each series, standard solutions and a blank sample were analysed. To ensure the quality of the measurements, metal determinations were performed in parallel with the Cu determinations in fish in six samples of Dolt-5 certified material. The accuracy of the method was calculated as the average recovery percentage in the five samples at 91%. The repeatability of the method was determined as the relative standard deviation for the six parallel Dolt-5 material determinations, which was at the level of 2%. The limit of copper quantification in fish was 0.03 mg kg−1 wet weight.



	
Plants






Before the copper analysis, the collected plant material was washed 4–5 times in trays filled with distilled water with a volume of not less than two litres. The material was analysed taxonomically according to the guidelines [27]. Individual species occurring in the samples were identified, separated, placed in plastic string bags, and frozen. Taxonomic analyses and biomass determination were carried out. For copper determination, the selected plant species were freeze-dried. The dry biomass of each species was determined gravimetrically. Then, samples were ashed in platinum vessels at 450 °C and mineralised in ultra-pure nitric acid in a Milestone Ultra Wave mineraliser. This allowed the process to run at circa 300 °C and pressure up to 200 bars. The glassware used for the sample preparation was cleaned with ultra-pure nitric acid with a concentration of approximately 10% for three days. Before direct use, the glass was rinsed several times with deionised water. Copper content in plant samples was determined using a flame atomic absorption spectrometer—Scientific ICE 3300. To ensure the quality of measurements, metal determinations were performed in parallel with Cu determinations in phytobentos in six samples of MPH-2-certified material. The accuracy of the method was calculated as the average recovery percentage in the five samples at 96%. The repeatability of the method was determined as the relative standard deviation for six parallel MPH-2 material determinations of 4%. The limit of copper quantification in phytobentos was 0.035 mg kg−1 dry weight.



	
Sediment






Before copper analysis, the dried sediment samples were homogenised. Copper concentrations were measured in the sediment mineralizates, obtained by treating the sediment samples (ca. 1.5 g) with concentrated acids HNO3 and HF. The mineralisation was carried out in Teflon vessels at elevated temperatures. The metal concentrations were measured using atomic absorption spectrometry (AAS). To ensure the quality of measurements, Cu analyses were performed in six samples of certified MESS-4 material. The accuracy of the method was calculated as the average percentage recovery in the samples at the level of 93%. The repeatability of the method was determined as the relative standard deviation for six parallel determinations of MESS-4 material at the level of 7%. The limit of quantification of copper in sediments was at the level of 0.035 mg kg−1 dry weight.




2.3.2. Sediment Dating


To trace historical changes in copper concentrations in bottom sediments, the results of dating bottom sediments carried out in 2009 and 2020 were used [28,29]. Samples for dating were taken in the exact locations for Cu analysis. The dating was carried out using an isotope method based on measurements by gamma spectrometry of radioactive activity of 210Pb and 137Cs, with caesium being used to verify the correctness of the results of modelling the age of sediments. Dating was carried out using the following models: the Constant Rate of Supply (RSC) model (based on the assumption that the supply of 210Pb to the sea surface is constant, while the sedimentation rate might vary) and the Constant Flux Constant Sedimentation Rate (CF:CS) model (assumes a constant dry-mass sedimentation rate). The 210Pb dating method allows determining the age of sediments up to approximately 150 years based on measurement data. Using the dependence of sediment age on depth described by the second-degree polynomial equation in individual locations, extrapolation beyond the measurement range was carried out, and the age of deeper sediment layers was determined.




2.3.3. Processing Results


Statistical analysis and graphic representation of the results were performed using STATISTICA 13.3 (StatSoft 2023/2024). The analysed data were characterised by non-normal distribution (Shapiro–Wilk test p < 0.05). The ANOVA Kruskal–Wallis tests were used to determine the significance of differences between the Cu concentration and biometric parameters. The relationships between the analysed variables were determined based on Spearman’s coefficient, with a confidence interval of at least 95%. p < 0.05 was regarded as a statistically significant difference.



The estimated daily intake (EDI) expressed in mg kg−1 body-weight day−1 of the Cu was calculated by using the below equation as reported by [30]:


EDI = (Celement × Dfood intake)/BW



(1)




where Celement: is the concentration of HM in the muscle tissue of fish (as mg kg−1 wet weight), Dfood intake: is the mean food (fish) consumption daily (g/person/day), that is 2.88 kg per person per year in Poland in 2022 and BW is the mean body weight (70 kg for adults).






3. Results and Discussion


3.1. Copper in Fish and Micronucleus Test Results


Fish, typically at the top of the trophic level in aquatic habitats, absorb heavy metals (HMs) from their environment due to factors like species characteristics, exposure duration, element concentration, and water parameters [31,32]. This study found that commercial fish in the southern Baltic Sea contain varying concentrations of copper (Cu), with accumulation levels differing among species. The mean copper concentration during the study period in herring muscles in the Kołobrzesko-Darłowskie fishery was 3.32 mg/kg mm. The minimum value, equal to 1.23 mg/kg mm, was determined in 2020, while the maximum value in 1995 was equal to 6.69 mg/kg ww.



In the case of the Władysławowskie fishery, the mean Cu value was 3.40 mg/kg mm. The minimum value of 1.61 mg/kg mm was determined in 2007, with a maximum value of 5.37 mg/kg ww in 1994. The mean copper concentration during the study period in flounder in the Pomeranian Bay area was 15.34 mg/kg mm. The minimum value, equal to 4.01 mg/kg mm, was determined in 2013, and the maximum value in 2020, equal to 28.59 mg/kg ww. In the case of the Gulf of Gdansk, the mean value of Cu was 4.59 mg/kg mm. The minimum value of 1.71 mg/kg mm was determined in 2022, with a maximum value of 14.89 mg/kg ww in 2017. The mean copper concentration during the study period in perch muscles in the Szczecin Lagoon area was 4.59 mg/kg mm. The minimum value, equal to 1.57 mg/kg mm, was determined in 2006, and the maximum value in 2014, equal to 10.47 mg/kg ww. In the case of the Vistula Lagoon, the mean Cu value was 4.49 mg/kg mm. The minimum value, equal to 1.67 mg/kg mm, was determined in 2017 and 2022, while the maximum value in 2019, equal to 12.00 mg/kg ww.



The highest mean concentration of copper in muscles during the study period was determined in flounder: 12.0 mg kg−1 ww and was statistically significantly higher (Kruskal–Wallis test, p < 0.05) than the average concentration of Cu in herring muscles: 3.8 mg kg−1 ww and perch: 4.2 mg kg−1 ww (Table 1). This relationship results from the life niche and food preference characteristic of a particular species. The lowest concentrations of the metal were determined in planktivorous herring (Table 1). The inversely proportional relationship between Cu concentration and the mass (r = −0.32) and age (r = −0.19) of herring may indicate the effect of metal biodilution in this species (Table 1). Metal concentrations increase with age and size when the growth of the organism is slow relative to the rate of metal accumulation [33]. In contrast, in this case, the rate of organism growth outweighed the bioaccumulation of Cu. Although in predatory perches, the average concentration of Cu in the muscles was at a similar level and did not differ statistically significantly from that of herring, an inverse relationship was observed. The copper concentration was directly proportionally correlated with the mass (r = 0.29) and length (r = 0.30) of P. fluviatilis individuals (Table 1). This indicates the process of bioaccumulation of Cu in the muscles of perch during the growth process, which is associated with a change in diet in the size classes of this species: from zooplanktonic juveniles to predatory (adult) individuals feeding on small fish [34]. Statistical analysis showed bioaccumulation of copper in the muscles of benthivorous flounder, reaching the highest concentrations in the oldest individuals, and its average concentration was three times higher compared to the other species studied (Table 1). Macrozoobenthos organisms, the main food of flatfish (including flounder), are characterised by up to twice higher concentrations of metals than sediments [35,36]. Nowadays, when the inflow of metals to the seas is lower, the remobilisation of metals from the sediment is becoming more important as a source. As a result of several biotic and abiotic processes, Cu has become remobilised into the marine environment. In this way, it can be bioaccumulated in benthic organisms and accumulated in the subsequent links of the trophic chain, thereby representing the greatest threat to marine ecosystems, including fish [37]. Hence, this could explain a significantly higher concentration of Cu in benthic flounder compared to other fish species.



In the present study, the temporal variability of Cu concentration in the muscles of the three studied fish species was also characterised, taking into account spatial changes (fishery area, Figure 2). In the case of C. harengus, a statistically significant decrease in the concentration of the metal was observed from 5.0 mg kg−1 ww in 1995 to 2.8 mg kg−1 ww in 2022 in the area of the Kołobrzesko-Darłowskie fishery and from 4.6 mg kg−1 ww in 1998 to 2.5 mg kg−1 ww in 2022 in the area of the Władysławowo fishery (Figure 2a,b). The mean concentration of Cu in herring muscles did not differ statistically significantly between fisheries (p > 0.05). The average concentration of Cu in flounder muscles was statistically significantly higher in the Pomeranian Bay region (Kruskal–Wallis test, p < 0.05), where an increase in copper concentration was observed from 8.0 mg kg−1 ww in 2012 to 16.0 mg kg−1 ww in 2022 compared to the Gulf of Gdańsk, where the concentration from 2016 decreased almost six times compared to 2022, reaching an average value of 2 mg kg−1 ww (Figure 2c,d). In the case of perches, the statistical analysis of the time trend did not show a significant statistical change in Cu in the muscles of P. fluviatilis. However, over the years, a downward trend was observed until 2022 in the case of populations from the Vistula Lagoon and the Szczecin Lagoon (Figure 2e,f). Also, no statistically significant difference in Cu concentration was found between fisheries (p > 0.05).



The observed decrease in Cu concentrations in the muscles of herring and perch from both fisheries and flounder from the Gulf of Gdańsk is related to the reduction of Cu concentrations in the river waters of the Vistula and Oder, which are the main source of metals discharged into the southern Baltic Sea. The most significant decrease occurred until 1995, and the current concentrations are at the level of 1.45 µg L−1 in Vistula and 1.85 µg L−1 in Odra (Figure 3), reflected in the copper loads discharged into marine waters.



The results obtained for copper were supplemented by analyses of a micronucleus (MN) test in the blood of fish from similar fisheries, which is a measure of the genotoxicity of specific substances present in the environment [25]. Some metals can cause nuclear abnormalities. The formation of nuclear abnormalities has been reported in fish erythrocytes due to exposure to environmental and chemical contaminants of cytotoxic, genotoxic, mutagenic or carcinogenic action [38]. Higher copper concentrations in fish muscles did not correlate with an increase in the occurrence of aberrations in the blood of herring and perch (Figure 4a,b). Differences in erythrocyte micronucleus (MN) frequencies are generally linked to cell kinetics and replacement. This may explain our results, which showed that while fish exposed to heavy metals, both individually and in combination, accumulated these metals in their bodies, there was no increase in MN frequency in peripheral blood erythrocytes. It is possible that this fish species has a defense mechanism that protects against toxic substances in the early stages of exposure. Micronucleus and nuclear abnormality tests revealed that exposure to Cu and Cd did not significantly increase MN frequency in Gambusia affinis [39].



The trend of change in the occurrence of aberrations in blood was identical to the change in Cu concentration in fish muscles, where in 2022, the MN test result reached the value below the threshold value of good environmental status (GES): 0.39 (Figure 4a,b).




3.2. Copper in Macrobenthic Plants


Macrobethic plants play an important role as indicators of contamination of the marine environment with pollutants due to their ability to accumulate metals directly from the surrounding environment [40,41,42]. The concentrations observed in their tissues are proportional to those observed in water, and the response rate to environmental changes is virtually instantaneous [43]. The bioaccumulation efficiency of an element is primarily determined by its bioavailability resulting from concentrations and forms (speciation). Copper in the marine environment occurs as free copper, organically complexed and inorganically complex [15]. The most available form of copper is the ionic form, while the most common form is copper complexed by organic ligands (the content of this form can be greater than 90% depending on the availability of dissolved organic matter). The ability to accumulate copper depends on the type of ligand, which can reduce toxicity or increase it by facilitating its introduction into the tissue, as is the case with, e.g., hydrophobic compounds [15]. Copper concentrations were determined in 25 species of macrobethic plants representing green algae, red algae, brown algae, characea, and vascular plants (Figure 5). In the case of green algae, Cu concentrations ranged from 3 mg kg−1 dw in Rhizoclonium riparium to 30.5 mg kg−1 dw in Ulva flexuosa. It should be emphasised that the analyses of most green algae species included only a single sample during the study period. The most common species of green algae is Cladophora glomerata, for which the average concentration of Cu was 13.2 mg kg−1 dw. The concentration of Cu in the only species representing brown algae (Pylaiella littoralis) was 10.7 mg kg−1 dw. Similar values were specific to vascular plant tissues (6.7–19.3 mg kg−1 dw). Differentiation in concentrations occurred for two species of Characea, with a significantly higher concentration in Tolypella nidifica determined in only one sample due to the rarity of this species. Tissues of all red algae species, which constituted the most numerous group of plants due to their prevalence, were characterised by higher concentrations of Cu, which ranged from 19.7 mg kg−1 dw to 31.6 mg kg−1 dw. The best-characterised species in terms of bioaccumulation capacity of metals and radionuclides in the southern Baltic area is Vertebrata fucoides [40,41,42], in which copper concentrations ranged from 3.8 mg kg−1 dw to 83 mg kg−1 dw in 183 samples.



The analysis of temporal changes in the most common and most numerous species in terms of biomass showed the lack of a clear downward trend that occurs in the case of fish or bottom sediments, which can be identified with the decline in the inflow of Cu with river waters. In 2018 and 2019, a visible increase in the average annual concentrations of Cu in red algae tissues was observed compared to the previous period (Figure 6a). A significant decrease in concentrations in four red algae species was recorded in 2022. Similar characteristics were found for vascular plants, with the highest concentrations of Cu in three of the four species studied recorded in 2019, followed by a systematic decrease (Figure 6b). Such variability is directly related to changes in seawater temperature in individual years. In the years 2008–2017, the average annual temperature of the surface layer of the southern Baltic Sea remained in the range of 10.9–12.8 °C, and in the 0–10 m layer, it was 10.8–12.0 °C [44]. The year 2018, with an average annual temperature of 17.8 °C in the surface layer and 15.3 °C in the 0–10 m layer, was the warmest year since the beginning of regular monitoring conducted in 1969 [44]. In 2019, the average annual value dropped to 13.0 °C, and in the following years, it remained at 12 °C. The strong relationship between seawater temperature and Cu levels in macrobenthic plant tissues clearly indicates an increase in the rate of Cu bioaccumulation in both algae and vascular plants resulting from temperature increases. Such a relationship, assuming an increase in temperature resulting from climate change, will have an impact on copper levels in plants, which may be reflected in the harmful effects on the plant organisms.



Climate change is causing a shorter or no icing period, which affects the circulation of metals between the overwater, sediments and benthic organisms [45]. A similar trend was observed in the case of Cu in the case of Hg, which suggests that the extension of the growing season of macrophytobenthos may be one of the factors causing an increase in metal concentrations. Previous observations regarding other heavy metals and the radioactive isotope Cs-137 [40,41] are confirmed by the results of this study showing that at lower biomass, which is the case at greater depths, the concentrations of Cu in the V. fucoides increase (Figure 7a). This applies to the average for all periods of biomass uptake and to the sum of biomass taken up in different periods from the same depths. At depths from 1 to 4 m, where the biomass reaches maximum values, the average concentration of Cu in V. fucoides is at the level of 20–25 mg kg−1 dw. Below, there is a slight increase at 7 m depth and the largest at 8 m depth to 40 mg kg−1 dw, where biomass size is already at the level of single grams per 1 m2. Integrated results of Cu concentrations in V. fucoides from five locations confirm the increase in Cu content in tissues of V. fucoides with depth (Figure 7b). Such relationships result from the dilution effect in the case of larger biomass.




3.3. Copper in Sediments


Analysis of copper concentrations in stratified bottom sediment cores allows us to determine historical changes in copper levels in the marine environment. Copper introduced into marine waters undergoes form transformations, bioaccumulation, and sorption, which is finally deposited in bottom sediments. In the Bornholm and Gdańsk Basins, periods of limited anthropogenic impact can be distinguished, characterised by relatively constant copper concentrations (Figure 8). In the Bornholm Basin, which is outside of the direct influence of rivers, until about 1950, Cu concentrations remained in a narrow range from 35 mg kg−1 dw to 39 mg kg−1 dw for all years except 2018, in which concentrations in the deepest layers remained in the range of 40–42 mg kg−1 dw. After 1950, there was a visible increase in concentrations related to the intensification of industrial development. Still, its signal is shifted in relation to the actual period of the Industrial Revolution. Current concentrations in the Bornholm Basin are at the level of 40–45 mg kg−1 dw.



In the Gdańsk Basin, which is under the direct influence of the waters of the Vistula, an increase in copper concentrations has been observed since about 1850, corresponding to the intensification of industrial development (Figure 8). Until then, the copper level remained in the range of 35–40 mg kg−1 dw, which corresponds to the Cu content in sedimentary rock shales (45 ppm) and in deep-sea sediments (30 ppm) [1]. The increase after 1850 is continuous until 2000, after which a stabilisation or slight decrease in Cu concentrations is observed, which is more significant in the Bornholm Basin. The observed trends reflect changes in Cu concentrations in river waters, which have been much lower since 2000 (Figure 4). The current concentrations in the Gdańsk Basin are at the level of 50–55 mg kg−1 dw.



In the eastern Gotland Basin, Cu concentrations remain at 35–40 mg kg−1 dw from 1850 to 2018. A different characteristic was noted in the sediment cores of the Vistula Lagoon, where in the years 1850–1950, the concentrations slightly decreased from 30 mg kg−1 dw to 25 mg kg−1 dw, after which the decrease in the level of concentrations in the bottom sediments intensified to 15 mg kg−1 dw—the value observed today (Figure 8). It could relate to the limitation of copper inflow from point sources and the waters of rivers Szkarpawa, Nogat, Elbląg, and Pasłęka entering the Vistula Lagoon. The highest concentrations of copper in bottom sediments were recorded in the Szczecin Lagoon, a natural reservoir of pollution brought by the waters of the Odra (Figure 8). In the area of the Szczecin Lagoon, there are point sources like ports, and a shipping canal connecting Szczecin and Świnoujście runs through it. Until 1950, Cu concentrations did not exceed 30 mg kg−1 dw, after which there was a significant increase to the maximum values of 70 mg kg−1 dw around 2000, after which the copper content stabilised and decreased slightly.




3.4. Copper Toxicity and Environmental Assessment


Toxicological data and analysis of copper concentrations in various elements of the southern Baltic Sea, considering changes in the historical aspect, were used to set threshold values defining the boundaries between good and not good environmental status. This is essential for a reliable assessment of the state of the marine ecosystem in terms of copper contamination, which, under certain conditions, can pose a significant threat to marine organisms and humans. The need to define good environmental status by setting quality standards (threshold values) also results from the requirements of the legislation, in the case of the Baltic Sea as one of the EU marine areas from the provisions of the Marine Strategy Framework Directive (Directive 2008/56/EC of the European Parliament and of the Council of 17 June 2008 establishing a framework for community in the field of marine environmental policy). The study also considered the anticipated changes in the physicochemical characteristics of the waters of the southern Baltic Sea in connection with the observed climate change.



The first step was determining Cu concentrations in seawater corresponding to toxicity conditions. Models describing the dependence of acute toxicity on the parameters characterising the physicochemical conditions of marine areas (temperature—T, pH, salinity—S) were used for the calculations [4,46]. Equation (2) was used to calculate acute toxicity depending on pH, and T [4]. Acute toxicity was also determined based on single parameters: T (Equation (3)), pH (Equation (4)), and S (Equation (5)) [46].


    L o g   10     T   a c u t e   = − 1.36 + 0.46 × p H − 0.029 × T  



(2)






  L n   T   a c u t e   = 6.55 − 0.1 × T  



(3)






  L n   T   a c u t e   = − 8.64 + 1.53 × p H  



(4)






  L n   T   a c u t e   = − 0.004 ×   S   2   + 0.13 × S + 3.17  



(5)







Studies have shown that the acute toxicity of Cu increases with temperature and decreases with increasing pH [4,44]. This means that the process of ocean acidification will also increase Cu toxicity. Still, in the conditions of the Baltic Sea, the eutrophication effect, including the intensity of blooms and the use of CO2 in photosynthesis, causes the pH in surface waters to increase (unpublished results). The dependence of copper toxicity on salinity is more complex, as in the range of 0 to 15, the toxicity increases, while at higher salinity, it begins to decrease [46]. The calculations were carried out using data from 2008–2022 and for 2100, considering the expected change in seawater temperature [44], pH and salinity (unpublished data) resulting from climate change. For the calculations, the maximum values of the temperature in each year were taken for calculations to account for extreme conditions. For most years, the copper concentrations corresponding to acute toxicity were at the level of 100 μg L−1. In 2014 and 2018, when the seawater temperature of the southern Baltic Sea exceeded 24 °C, acute toxicity could occur at a concentration of 60 μg L−1 (Figure 9).



Assuming an increase in the temperature of the southern Baltic Sea by 0.6 °C per decade [44], the forecast maximum temperature will be 27 °C, and acute toxicity may occur already at concentrations below 50 μg L−1. Considering pH levels, acute toxicity occurs in the range of 45 μg L−1 to 80 μg L−1, and assuming an increase in pH in surface layers, the toxicity limit can be shifted to approx. 100 μg L−1 (Figure 9). Considering both parameters, the toxicity is determined by the range of concentrations 65–95 µg L−1. Due to the lack of significant changes in the salinity of the surface waters of the southern Baltic Sea, the copper concentration corresponding to the conditions of acute toxicity is also relatively constant. Chronic toxicity values calculated based on T and pH remained in the range of 7.1 μg L−1 to 13.5 μg L−1 during the study period, while assuming forecasts for 2100, it may fall to 5.7 μg L−1 (Figure 9). The current legislation in Poland allows copper levels up to 10 μg L−1.



The current recommendation on acceptable copper levels in marine waters is based on the Voluntary Risk Assessment Report (VRAR) for copper, copper(II) sulfate pentahydrate, copper(I) oxide, copper(II) oxide, dicopper chloride trihydroxide submitted to ECHA based on industry initiative to follow the risk assessment procedures of Existing Substance Regulation (EEC) No 793/93 [47]. In the VRAR-Cu, Predicted-No-Effect-Concentrations (PNEC) were developed for terrestrial, freshwater, and marine ecosystems based on the chronic toxicity data used to prepare species sensitivity distribution (SSD) curves. PNEC-value was derived using the 50% confidence value of the SSD curve’s 5th percentile (HC5). The reported HC5 value was 5.2 μg L−1 (when normalised to DOC = 2 mg L−1). An assessment factor (AF) of 2 was applied to the marine environments as a precautionary approach. Finally, a PNECmarine of 2.6 μg Cu/L was proposed and accepted by the European Commission’s Scientific Committee on Health and Environmental Risks (SCHER).



Cui and his team set water quality standards considering both the current situation and the changes in the marine environment in terms of temperature and pH projections based on climate scenarios (RCP2.6, RCP4.5, and RCP8.5) [4]. They used an analogous method by determining WQS as the 5th percentile of SSD curves based on acute and chronic toxicity data. The results showed that the short-term water quality standards values (SWQC) were 1.53, 1.41, 1.30, and 1.13 μg L−1 for 2020, 2099-RCP2.6, 2099-RCP4.5, and 2099-RCP8.5, respectively [4]. The WQS value for the marine environment, similar to that determined in the VRAR-Cu, is recommended by the United States Environmental Protection Agency (USEPA)—4.8 μg L−1 [48]. Based on the PNEC value determined in the VRAR-Cu without applying the assessment factor and indicated by the USEPA, it could be recommended to adopt a new value for the southern Baltic equal to 5 μg L−1 (WQS).



Based on the data on the levels of Cu concentrations in coastal waters obtained as part of the State Environmental Monitoring in the years 2011–2022, no copper concentrations in seawater were found that would correspond to the toxicity conditions and remain below the recommended threshold value. The average copper concentration in coastal waters for the period 2011–2022 was 3.2 μg L−1. In 2016–2017, the average annual copper values for all water bodies ranged from 1 to 4 μg L−1. In 2021–2022, the highest average values were recorded in the Szczecin Lagoon 8 μg L−1 and the Vistula Lagoon 5 μg L−1. In 2022, in the transitional and coastal waters of the West Pomeranian coast, the annual average values of copper in water ranged from 2 to 3 μg L−1, while for the eastern coast, the values were below the limit of quantification (LoQ).



Based on the newly adopted in this study threshold value for water (WQS) and the characteristics of the bioaccumulation capacity of the studied macrobenthic plant species, the value of the environmental quality standard for plants (PQS) (Table 2) was determined using the procedure proposed for other metals [42].



Based on the mean concentrations of Cu in the tissues of selected species (CPL) and the mean concentration of Cu in seawater (CSW), bioconcentration factors (BCF) were determined according to the formula:


  B C F =      C   P L       C   S W       



(6)







A higher bioaccumulation capacity of copper characterises red algae; BCF values remain in the range of 7500 to 8300 dm3 kg−1 (Table 2). The exception is F. lumbricalis, where the BCF value (5900 dm3 kg−1) is comparable to the value determined for Z. palustris representing vascular plants, of which the other two species have lower BCF values, averaging 3500 dm3 kg−1. These differences result directly from the method of uptake of elements from the environment (the entire thallus in the case of red algae and mainly the root system in the case of vascular plants) and the size of the uptake area (much larger in the case of V. fucoides than in F. lumbricalis [49,50].



The next stage was to determine the PQS based on the BCF values determined for the studied species, considering also maximum concentrations and the new WQS value:


  P Q S = B C F × W Q S  



(7)







Based on the PQS value for species that ranged from 17 to 83 mg kg−1 dw, a universal PQS value for macrobenthic plants equal to 50 mg kg−1 dw was determined, the adoption of which means, taking into account the average concentrations of Cu in the studied species, the achievement of good environmental status in all areas (Table 2).



Fish and shellfish are essential parts of the diets of seafood-dependent countries [51]. Correspondingly, fish and shellfish are well-known indicators of heavy metal pollution [45]. Examining the metal concentration in fish and shellfish meat is important to ensure food safety regulations and consumer protection compliance. Once metal assimilates in biota, it tends to biomagnify in the food chain and becomes difficult to break down into less dangerous compounds [52]. Currently, the permissible concentration of copper in commercially exploited fish is not limited by EFSA (there is only defined an acceptable dose from all sources), unlike metals that have no positive function in the body, such as mercury, cadmium, lead, or arsenic.



The Acceptable Daily Intake (ADI) for copper from all sources in food is set at 0.07 mg/kg bw based on an updated evaluation of scientific evidence. Based on the concentration of Cu in the fish tested in 2022 and assuming consumption of 2.88 kg of fish per year and the average body weight of an adult—70 kg, EDI was calculated (Table 3). For herring, the mean EDI value was 0.20 mg/kg bw; for flounder, the mean value was calculated to be 1.06 mg/kg bw, while for perch, the respective value was 0.61 mg/kg bw (Table 3). In the case of fish from fisheries in the southern Baltic region, the consumption of fish alone would cause the acceptable dose of copper to be exceeded by the human body with a specific intake and average body weight and was higher than recommended ADI from all sources: 0.07 mg/kg bw (Table 3). Considering the recommended dose for consumption and the statistical consumption of fish, the recommended, safe concentration of copper in fish is a value not exceeding 0.63 mg kg−1 ww, which can be considered a threshold value used to assess the state of the environment. This value has not been achieved in any of the areas, but the values are very close in two areas (the Władysławowo fishery and the Vistula Lagoon). The worst situation is in the case of a flounder from the Pomeranian Bay (Table 3). Therefore, daily intake of copper from fish may have a harmful effect on public health, especially benthic fish. Assuming the consumption of fish to be the only source of Cu in the human body, the safe ADI level would be exceeded by an intake at about higher than 0.50 g per day in the case of flounder muscles to higher than 2.41 g per day by eating herring muscles (Table 3). This means that the consumption of 2–3 servings (1 serving equals ca. 100 g) of fish per month does constitute a threat.



Considering the copper levels in the bottom sediment layers formed during the period of limited anthropogenic pressure (before the period of intensive industrial development, i.e., before 1850), the sediment quality standard (SQS) was proposed at 35 mg kg−1 dw. Because of the total organic carbon (TOC) content in sediments on copper bioavailability, the SQS value was normalised to 5% TOC, resulting in a final value of 40 mg kg−1 dw, which is in high agreement with the copper content in the Earth’s crust (45 ppm). Previous studies based on toxicity analysis recommend using a threshold value for bottom sediments equal to 52 mg kg−1 dw at 5%TOC [53,54]. This means that the value proposed in this study is more restrictive. Taking this value as the boundary, good status, assessed based on the current Cu concentrations in sediments, was achieved only in the eastern Gotland Basin and the Vistula Lagoon, while in other areas, Cu concentrations exceed the proposed SQS value.





4. Conclusions


Studies covering key elements of the marine ecosystem based on current and historical data obtained as a result of long-term analyses of copper in samples and through the use of the dating method made it possible to assess the current situation in terms of Cu concentrations in commercially used fish and benthic plants and in surface bottom sediments, as well as to analyse the temporal variability of copper levels in relation to changes in its inflow to the of the southern Baltic Sea. The complex indicator was developed to assess the state of the environment covering multiple aspects of the entire marine ecosystem (distribution in the water column as a result of the introduction of Cu to the marine environment, bioaccumulation in organisms (fish and plants) and accumulation in bottom sediments. Based on the current Cu concentrations in the studied elements and using the proposed threshold values, which can be used for assessments carried out in accordance with the requirements of MSFD, it should be concluded that good environmental status has been achieved in the case of seawater and plants and has not been achieved in the case of sediments and fish for consumption.



The average concentrations of Cu in herring, flounder and perch in 2022 range from 1.89 mg kg−1 ww to 3.85 mg kg−1 ww. A much higher value was identified in the case of flounder from the Pomeranian Bay (16.12 mg kg−1 ww), which is also associated with an increase in concentrations over time in this case, in contrast to other areas where a gradual decrease in Cu levels in fish is observed. A comparison of the current concentrations to the proposed threshold value (1.86 mg kg−1 ww) indicates that the concentration of Cu at the current level may pose a threat to the potential consumer, which would indicate the need to take further measures to limit the inflow of copper from various sources. The results of the micronucleus test as a method of assessing environmental genotoxicity showed that the limit value (0.39) was not exceeded in 2014 and 2022 for herring from both fisheries and in 2022 for perch from the Vistula Lagoon.



Mean Cu concentrations at the level of 16–32 mg kg−1 dw were characterised by red algae and were higher than those observed in green algae and vascular plants, which is related to the method of uptake of elements from the environment and plant morphology. At the same time, it was shown that the efficiency of bioaccumulation strongly depends on the temperature of the seawater.



The highest concentrations of Cu at the level of 50 mg kg−1 dw in contemporary bottom sediments were recorded in the Gdańsk Basin, which is under the influence of inflowing river waters. Good environmental status was not achieved in the Bornholm Basin, the Gdańsk Basin and the Szczecin Lagoon, where Cu levels exceeded the proposed threshold value (40 mg kg−1 dw).



The study showed that climate change, the main feature of which is an increase in seawater temperature, has a significant impact on the distribution and levels of copper in individual elements of the marine environment. It extends the growing season, influences the bioaccumulation efficiency and is crucial for copper toxicity to marine organisms.







Author Contributions


Conceptualization, T.Z.; methodology, B.D., T.Z., M.S., B.W. and M.M.-M.; validation, B.D., T.Z., M.S. and B.W.; formal analysis, B.D., T.Z., M.S. and B.W.; investigation, B.D., M.S. and B.W.; resources, B.D., M.S., B.W. and M.M.-M.; data curation, B.D., T.Z., M.S., M.I. and B.W.; writing—original draft preparation, T.Z., B.W., J.B.-Z. and M.S.; writing—review and editing, T.Z., B.W., J.B.-Z., M.S. and M.M.-M.; visualization, T.Z., B.W. and M.I.; funding acquisition, M.M.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Data are contained within the article.




Acknowledgments


Data on copper concentrations in fish, macrobenthic plants, sediments, and sea and river water come from studies conducted as part of the State Environmental Monitoring, which is coordinated in Poland by the Chief Inspectorate of Environmental Protection and financed by the National Fund for Environmental Protection and Water Management.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Turekian, K.K.; Wedepohl, K.H. Distribution of the Elements in Some Major Units of the Earth’s Crust. Geol. Soc. Am. Bull. 1961, 72, 175–192. [Google Scholar] [CrossRef]

	



Gauss, M.; Gusev, A.; Aas, W.; Shatalov, V.; Ilyin, I.; Rozovskaya, O.; Klein, H.; Nyiri, A.; Vulyh, N. Atmospheric Supply of Nitrogen, Copper, HCB, BDE-99, SCCP and PFOS to the Baltic Sea in 2019, EMEP MSC-W TECHNICAL REPORT 1/2021, ISSN 1504-6206, 2021 Oslo. Available online: https://emep.int/publ/helcom/2021/MSCW_technical_1_2021.pdf (accessed on 20 August 2024).

	



Inputs of Hazardous Substances to the Baltic Sea (PLC-8). Baltic Sea Environment Proceedings N°196. HELCOM 2024. Available online: https://helcom.fi/wp-content/uploads/2021/09/Inputs-of-hazardous-substances-to-the-Baltic-Sea.pdf (accessed on 20 August 2024).

	



Cui, L.; Cheng, C.; Li, X.; Gao, X.; Lv, X.; Wang, Y.; Zhang, H.; Lei, K. Comprehensive Assessment of Copper’s Effect on Marine Organisms under Ocean Acidification and Warming in the 21st Century. Sci. Total Environ. 2024, 927, 172145. [Google Scholar] [CrossRef] [PubMed]

	



Cui, L.; Wang, X.; Li, J.; Gao, X.; Zhang, J.; Liu, Z. Ecological and Health Risk Assessments and Water Quality Criteria of Heavy Metals in the Haihe River. Environ. Pollut. 2021, 290, 117971. [Google Scholar] [CrossRef] [PubMed]

	



Solomons, N.W. Biochemical, Metabolic, and Clinical Role of Copper in Human Nutrition. J. Am. Coll. Nutr. 1985, 4, 83–105. [Google Scholar] [CrossRef]

	



Österberg, R. Physiology and Pharmacology of Copper. Pharmacol. Ther. 1980, 9, 121–146. [Google Scholar] [CrossRef]

	



Tapiero, H.; Townsend, D.M.; Tew, K.D. Trace Elements in Human Physiology and Pathology. Copper. Biomed. Pharmacother. 2003, 57, 386–398. [Google Scholar] [CrossRef]

	



Tsang, T.; Davis, C.I.; Brady, D.C. Copper Biology. Curr. Biol. 2021, 31, R421–R427. [Google Scholar] [CrossRef]

	



Collins, J.F. Copper Nutrition and Biochemistry and Human (Patho)Physiology. In Advances in Food and Nutrition Research; Elsevier: Amsterdam, The Netherlands, 2021; Volume 96, pp. 311–364. ISBN 978-0-12-820648-5. [Google Scholar]

	



Bulcke, F.; Dringen, R.; Scheiber, I.F. Neurotoxicity of Copper. In Neurotoxicity of Metals; Aschner, M., Costa, L.G., Eds.; Advances in Neurobiology; Springer International Publishing: Cham, Switzerland, 2017; Volume 18, pp. 313–343. ISBN 978-3-319-60188-5. [Google Scholar]

	



Alimba, C.G.; Dhillon, V.; Bakare, A.A.; Fenech, M. Genotoxicity and Cytotoxicity of Chromium, Copper, Manganese and Lead, and Their Mixture in WIL2-NS Human B Lymphoblastoid Cells Is Enhanced by Folate Depletion. Mutat. Res. Toxicol. Environ. Mutagen. 2016, 798–799, 35–47. [Google Scholar] [CrossRef]

	



Grillo, C.A.; Reigosa, M.A.; Fernández Lorenzo De Mele, M.A. Does Over-Exposure to Copper Ions Released from Metallic Copper Induce Cytotoxic and Genotoxic Effects on Mammalian Cells? Contraception 2010, 81, 343–349. [Google Scholar] [CrossRef]

	



EFSA Scientific Committee; More, S.J.; Bampidis, V.; Benford, D.; Bragard, C.; Halldorsson, T.I.; Hernández-Jerez, A.F.; Bennekou, S.H.; Koutsoumanis, K.; Lambré, C.; et al. Re-evaluation of the Existing Health-based Guidance Values for Copper and Exposure Assessment from All Sources. EFSA J. 2023, 21, e07728. [Google Scholar] [CrossRef]

	



Gledhill, M.; Nimmo, M.; Hill, S.J. The Toxicity of Copper (II) Species to Marine Algae, with Particular Reference to Macrolgae. J. Phycol. 1997, 33, 2–11. [Google Scholar] [CrossRef]

	



Moore, J.W.; Ramamoorthy, S. Applied Monitoring and Impact Assessment. In Heavy Metals in Natural Waters; Springer: Berlin/Heidelberg, Germany, 1984. [Google Scholar]

	



Khellaf, N.; Zerdaoui, M. Growth Response of the Duckweed Lemna gibba L. to Copper and Nickel Phytoaccumulation. Ecotoxicology 2010, 19, 1363–1368. [Google Scholar] [CrossRef] [PubMed]

	



Schramm, W. Investigations on the Influence of Organic Substances Produced by Seaweeds on the Toxicity of Copper. In Macroalgae, Eutrophication and Trace Metal Cycling in Estuaries and Lagoons, Proceedings of the COST 48 Symposium, Thessaloriiki, Greece, 1993; Rijstenbil, J.W., Haritonidis, S., Eds.; Institut für Meereskunde (Institute of Marine Science}, Universität Kiel: Kiel, Germany, 1993; pp. 106–120. Available online: https://core.ac.uk/download/pdf/158572307.pdf (accessed on 20 August 2024).

	



Šesták, Z.; Lobban, C.S.; Harrison, P.J. Seaweed Ecology and Physiology. Biol. Plant. 1996, 38, 396. [Google Scholar] [CrossRef]

	



Woody, C.A.; O’Neal, S. Effects of Copper on Fish and Aquatic Resources. 2012; 26p. Available online: https://www.conservationgateway.org/ConservationByGeography/NorthAmerica/UnitedStates/alaska/sw/cpa/Documents/W2013ECopperF062012.pdf (accessed on 20 August 2024).

	



Rougier, F.; Troutaud, D.; Ndoye, A.; Deschaux, P. Non-Specific Immune Response of Zebrafish, Brachydanio Rerio (Hamilton-Buchanan) Following Copper and Zinc Exposure. Fish Shellfish Immunol. 1994, 4, 115–127. [Google Scholar] [CrossRef]

	



Eisler, R. Handbook of Chemical Risk Assessment; CRC Press: Boca Raton, FL, USA, 2000; ISBN 978-0-367-80139-7. [Google Scholar]

	



Craig, P.M.; Wood, C.M.; McClelland, G.B. Water Chemistry Alters Gene Expression and Physiological End Points of Chronic Waterborne Copper Exposure in Zebrafish, Danio Rerio. Environ. Sci. Technol. 2010, 44, 2156–2162. [Google Scholar] [CrossRef]

	



Tierney, K.B.; Baldwin, D.H.; Hara, T.J.; Ross, P.S.; Scholz, N.L.; Kennedy, C.J. Olfactory Toxicity in Fishes. Aquat. Toxicol. 2010, 96, 2–26. [Google Scholar] [CrossRef]

	



Fenech, M.; Chang, W.P.; Kirsch-Volders, M.; Holland, N.; Bonassi, S.; Zeiger, E. HUMN Project: Detailed Description of the Scoring Criteria for the Cytokinesis-Block Micronucleus Assay Using Isolated Human Lymphocyte Cultures. Mutat. Res. Toxicol. Environ. Mutagen. 2003, 534, 65–75. [Google Scholar] [CrossRef]

	



Rigonato, J.; Mantovani, M.S.; Jordão, B.Q. Comet Assay Comparison of Different Corbicula Fluminea (Mollusca) Tissues for the Detection of Genotoxicity. Genet. Mol. Biol. 2005, 28, 464–468. [Google Scholar] [CrossRef]

	



HELCOM 1999, Guidelines for Monitoring of Phytobenthic Plant and Animal Communities in the Baltic Sea, Annex for HELCOM COMBINE Programme, Annex C-9, 1999; 12p. Available online: https://www.vliz.be/imisdocs/publications/265080.pdf (accessed on 20 August 2024).

	



Zalewska, T.; Woroń, J.; Danowska, B.; Suplińska, M. Temporal Changes in Hg, Pb, Cd and Zn Environmental Concentrations in the Southern Baltic Sea Sediments Dated with 210Pb Method. Oceanologia 2015, 57, 32–43. [Google Scholar] [CrossRef]

	



Zalewska, T.; Przygrodzki, P.; Suplińska, M.; Saniewski, M. Geochronology of the Southern Baltic Sea Sediments Derived from 210Pb Dating. Quat. Geochronol. 2020, 56, 101039. [Google Scholar] [CrossRef]

	



Griboff, J.; Wunderlin, D.A.; Monferran, M.V. Metals, As and Se Determination by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) in Edible Fish Collected from Three Eutrophic Reservoirs. Their Consumption Represents a Risk for Human Health? Microchem. J. 2017, 130, 236–244. [Google Scholar] [CrossRef]

	



Gall, J.E.; Boyd, R.S.; Rajakaruna, N. Transfer of Heavy Metals through Terrestrial Food Webs: A Review. Environ. Monit. Assess. 2015, 187, 201. [Google Scholar] [CrossRef] [PubMed]

	



Ginsberg, G.L.; Toal, B.F. Quantitative Approach for Incorporating Methylmercury Risks and Omega-3 Fatty Acid Benefits in Developing Species-Specific Fish Consumption Advice. Environ. Health Perspect. 2009, 117, 267–275. [Google Scholar] [CrossRef]

	



Roditi, H.A.; Fisher, N.S. Rates and Routes of Trace Element Uptake in Zebra Mussels. Limnol. Oceanogr. 1999, 44, 1730–1749. [Google Scholar] [CrossRef]

	



Terlecki, J. 2000a. Okoń (Perca Fluviatilis) (w:) Ryby Słodkowodne Polski, Brylińska M. (Red.). PWN, Warszawa, Ss. 455–461. Available online: https://archiwum.bdpn.pl/dokumenty/roczniki/rb30/art01.pdf (accessed on 20 August 2024).

	



Schwantes, D.; Gonçalves Junior, A.C.; Manfrin, J.; Campagnolo, M.A.; Zimmermann, J.; Conradi Junior, E.; Bertoldo, D.C. Distribution of Heavy Metals in Sediments and Their Bioaccumulation on Benthic Macroinvertebrates in a Tropical Brazilian Watershed. Ecol. Eng. 2021, 163, 106194. [Google Scholar] [CrossRef]

	



Kowobari, E.D.; Oladeji, T.A.; Adedapo, A.M.; Fagbohun, I.R.; Opanike, O.O.; Akindele, E.O. Heavy Metal Bioaccumulation in the Macroinvertebrate Functional Feeding Guilds of an Impaired Stream in South-West Nigeria. Chem. Ecol. 2024, 40, 241–259. [Google Scholar] [CrossRef]

	



Jackson, T.A. The Biogeochemical and Ecological Significance of Interactions between Colloidal Minerals and Trace Elements. In Environmental Interactions of Clays; Parker, A., Rae, J.E., Eds.; Springer: Berlin/Heidelberg, Germany, 1998; pp. 93–205. ISBN 978-3-642-08208-5. [Google Scholar]

	



Carrasco, K.R.; Tilbury, K.L.; Myers, M.S. Assessment of the Piscine Micronucleus Test as an in Situ Biological Indicator of Chemical Contaminant Effects. Can. J. Fish. Aquat. Sci. 1990, 47, 2123–2136. [Google Scholar] [CrossRef]

	



Guner, U.; Gokalp Muranli, F.D. Micronucleus Test, Nuclear Abnormalities and Accumulation of Cu and Cd on Gambusia affinis (Baird & Girard, 1853). Turk. J. Fish. Aquat. Sci. 2011, 11, 615–622. [Google Scholar] [CrossRef]

	



Zalewska, T. Seasonal Changes of 137Cs in Benthic Plants from the Southern Baltic Sea. J. Radioanal. Nucl. Chem. 2012, 292, 211–218. [Google Scholar] [CrossRef]

	



Zalewska, T. Distribution of 137Cs in Benthic Plants along Depth Profiles in the Outer Puck Bay (Baltic Sea). J. Radioanal. Nucl. Chem. 2012, 293, 679–688. [Google Scholar] [CrossRef]

	



Zalewska, T.; Danowska, B. Marine Environment Status Assessment Based on Macrophytobenthic Plants as Bio-Indicators of Heavy Metals Pollution. Mar. Pollut. Bull. 2017, 118, 281–288. [Google Scholar] [CrossRef] [PubMed]

	



Zalewska, T. Bioaccumulation of Gamma Emitting Radionuclides in Polysiphonia Fucoides. J. Radioanal. Nucl. Chem. 2014, 299, 1489–1497. [Google Scholar] [CrossRef]

	



Zalewska, T.; Wilman, B.; Łapeta, B.; Marosz, M.; Biernacik, D.; Wochna, A.; Saniewski, M.; Grajewska, A.; Iwaniak, M. Seawater Temperature Changes in the Southern Baltic Sea (1959–2019) Forced by Climate Change. Oceanologia 2024, 66, 37–55. [Google Scholar] [CrossRef]

	



Bełdowska, M.; Jędruch, A.; Bełdowski, J.; Szubska, M. Mercury Concentration in the Sediments as a Function of Changing Climate in Coastal Zone of Southern Baltic Sea—Preliminary Results. E3S Web Conf. 2013, 1, 06002. [Google Scholar] [CrossRef]

	



Cui, L.; Li, X.; Luo, Y.; Gao, X.; Wang, Y.; Lv, X.; Zhang, H.; Lei, K. A Comprehensive Review of the Effects of Salinity, Dissolved Organic Carbon, pH, and Temperature on Copper Biotoxicity: Implications for Setting the Copper Marine Water Quality Criteria. Sci. Total Environ. 2024, 912, 169587. [Google Scholar] [CrossRef]

	



European Copper Institute, 2008 European Copper Institute, 2008. Voluntary Risk Assessment Report (VRAR) for Copper, Copper(II) Sulfate Pentahydrate, Copper(I) Oxide, Copper(II) Oxide, Dicopper Chloride Trihydroxide. Available online: https://echa.europa.eu/copper-voluntary-risk-assessment-reports (accessed on 23 August 2024).

	



USEPA—United States Environmental Protection Agency. Draft Aquatic Life Ambient Estuarine/Marine Water Quality Criteria for Copper-2016; EPA-822-P-16-001; Office of Water: Washington, DC, USA, 2016.

	



Schnitzler, J.G.; Thomé, J.P.; Lepage, M.; Das, K. Organochlorine Pesticides, Polychlorinated Biphenyls and Trace Elements in Wild European Sea Bass (Dicentrarchus Labrax) off European Estuaries. Sci. Total Environ. 2011, 409, 3680–3686. [Google Scholar] [CrossRef]

	



Castritsi-Catharios, J.; Neoafitou, N.; Vorloou, A.A. Comparison of Heavy Metal Concentrations in Fish Samples from Three Fish Farms (Eastern Mediterranean) Utilizing Antifouling Paints. Toxicol. Environ. Chem. 2015, 97, 116–123. [Google Scholar] [CrossRef]

	



Pieniak, Z.; Verbeke, W.; Scholderer, J. Health-related Beliefs and Consumer Knowledge as Determinants of Fish Consumption. J. Hum. Nutr. Diet. 2010, 23, 480–488. [Google Scholar] [CrossRef]

	



Malhotra, N.; Ger, T.-R.; Uapipatanakul, B.; Huang, J.-C.; Chen, K.H.-C.; Hsiao, C.-D. Review of Copper and Copper Nanoparticle Toxicity in Fish. Nanomaterials 2020, 10, 1126. [Google Scholar] [CrossRef]

	



Sahlin, S.; Ågestrand, M. Copper in Sediment EQS Data Overview; Department of Environmental Science and Analytical Chemistry (ACES) Stockholm University: Stockholm, Sweden, 2018. [Google Scholar]

	



Campana, O.; Simpson, S.L.; Spadaro, D.A.; Blasco, J. Sub-Lethal Effects of Copper to Benthic Invertebrates Explained by Sediment Properties and Dietary Exposure. Environ. Sci. Technol. 2012, 46, 6835–6842. [Google Scholar] [CrossRef]








[image: Water 16 02411 g001] 





Figure 1. Location of sampling stations and areas. 
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Figure 2. Temporal changes in mean Cu concentration in fish muscle: herring from the Kołobrzesko-Darłowskie (a) and Władysławowskie (b) fisheries, flounder from the Pomeranian Bay (c) and Gulf of Gdansk (d), and perch from the Szczecin Lagoon (e) and Vistula Lagoon (f). 
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Figure 3. Mean yearly copper concentration in the Vistula and Odra waters discharged to the Baltic Sea in the years 1989–2022 (dot lines—trend lines). 
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Figure 4. Comparison of the values obtained for the micronucleus [MN] test in fish blood to the mean Cu concentration in fish muscle: herring (a) from 2014 to 2022 and perch (b) from 2018 to 2022. The green line represents the good environmental status (GES) value for the MN test, which is equal to 0.39. 
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Figure 5. Mean copper concentrations in macrobenthic plant species (green algae—green; red algae—red; brown algae—brown; characea—yellow; vascular plants—orange) in 2008–2010 and 2013–2022. 
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Figure 6. Mean copper concentrations in red algae species (a) and vascular plants species (b) and average temperature of the surface layer (T (0 m)) and layer to a depth of 10 m (T (0–10 m)) of the waters of the southern Baltic Sea. 
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Figure 7. Dependence of average copper concentrations in Vertebrata fucoides tissue on its biomass at the indicated depth in the Gulf of Gdańsk (KO) (a) and change in mean copper concentrations in Vertebrata fucoides tissue at depths for five locations (b) (calculations are based on data for all measurement campaigns). 
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Figure 8. Copper concentrations in dated sediment. 
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Figure 9. Copper concentrations corresponding to acute toxicity depending on temperature, pH and salinity in 2008–2022 and the forecast for 2100. 
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Table 1. Correlation of copper concentrations in individuals of three species with ichthyological parameters determined using the Spearman rank method (for values in bolded red: r-value: p < 0.05).
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	Species
	Herring
	Flounder
	Perch





	Mean Cu (mg kg−1 ww)
	3.8
	12.0
	4.2



	
	
	r coefficient
	



	length [cm]
	−0.07
	0.05
	0.29



	mass [g]
	−0.32
	0.10
	0.30



	gonads stadium
	−0.54
	−0.24
	−0.10



	age
	−0.19
	0.16
	−0.07










 





Table 2. Mean copper concentrations in macrobenthic plants, bioconcentration factors, and plant quality standards.
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Mean (Min–Max) Cu Concentration (mg kg−1 dw)

	
Bioconcentration Factor

(BCF)

(dm3 kg−1)

	
Plant Quality Standard (PQS)

(mg kg−1 dw)

	
Recommended PQS

(mg kg−1 dw)






	
Red algae

	
Vertebrata fucoides

	
24.7 (3.8–83.0)

	
7717

	
38.6

	
50




	
Furcellaria lumbricalis

	
18.8 (5.5–56.8)

	
5880

	
29.4




	
Coccotylus truncatus

	
24.2 (7.6–39.6)

	
7548

	
37.7




	
Ceramium diaphanum

	
26.5 (4.0–72.7)

	
8287

	
41.4




	
Vascular plants

	
Stuckenia pectinata

	
11.0 (3.6–29.2)

	
3431

	
17.2




	
Zannichellia palustris

	
18.8 (6.7–87.5)

	
5869

	
29.3




	
Zostera marina

	
12.2 (3.0–24.4)

	
3807

	
19.0




	

	
Seawater

	
3.2 µg L−1

	

	
recommended

5 µg L−1 WQS

	











 





Table 3. Estimate of Daily Intake rate (EDI) determined for copper concentrations in fish muscle in 2022 with reference to the Acceptable Daily Intake (ADI) value set by The European Food Safety Authority (EFSA) in 2022.
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Species

	
Fishery

	
Cu [mg/kg]

	
EDI

	
Target Consumption [g/day]

	
ADI

	
Target Cu [mg/kg]






	
herring

	
LWLA

	
1.79

	
0.20

	
2.41

	
0.07

	
0.63




	
LKOL

	
2.27

	
0.25




	
flounder

	
Pomeranian Bay

	
16.12

	
1.77

	
0.50




	
Gdańsk Bay

	
3.85

	
0.42




	
perch

	
LZSZ

	
3.53

	
0.39

	
1.78




	
LZW

	
1.98

	
0.22
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