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Abstract

:

Biotic samples from Algeciras Bay (South-west Europe) were studied to assess its ecological status, complementing the previous abiotic monitoring of trace metals in water and sediments. This bay is a densely populated area with intense port traffic and is highly industrialised with metal inputs. To study the impact of this, Zn, Cd, Pb, and Cu contents were determined in tissues of benthic (Solea senegalensis) and benthopelagic species (Scorpaena porcus, Trigloporus lastoviza, and Diplodus sargus sargus). Notable levels of Zn and Cu were found in the liver and gills of all fish species. Compared to international muscle guidelines, Pb sometimes exceeded the most restrictive values, outstanding S. porcus with 27% of samples above the permissible value. Metal pollution indexes revealed that the liver and gills of benthic species were more affected by metal pollution than benthopelagic species, especially in most industrialised sites. Particularly, S. senegalensis presented a higher accumulation factor from sediment of Cd and Cu in the liver (30.1 and 345.1), probably due to the close interaction as benthic species. Among the species studied, S. senegalensis and D. sargus sargus proved to be the best representative and useful bioindicators of metal-polluted environments as this bay. The results were consistent with the findings from the abiotic samples.
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1. Introduction


Food safety is an issue of global concern, which makes it essential to determine the toxic elements in foods and their toxicological effects on human health. Therefore, organisations such as the World Health Organization (WHO), Food and Agriculture Organization (FAO), Environmental Protection Agency (EPA), and European Commission (EC) set maximum acceptable levels on foods in order to protect the health of consumers and promote good practices in the food trade [1,2].



The Mediterranean diet, which is highly valued internationally, is characterised by high fish consumption since it has been proven that it can reduce the appearance of cardiovascular and chronic inflammatory diseases, as well as certain types of cancer. Apart from the Mediterranean diet, local fish species are beneficial to socio-cultural aspects and the local economy since small-scale fisheries play an important role in the region [3,4].



Fish have high nutritional value, making them an important source of amino acids, proteins, and other essential elements for humans [3]. This concurs with the fact that fish can be affected by contaminants such as heavy metals, especially in aquatic environments influenced by anthropogenic activities. In general, aquatic organisms can accumulate sublethal metal concentrations that can cause damage to their biochemical, physiological, and reproductive functions, affecting long-term population survival [5,6]. Fish, being higher on the food chain, serve as potential bioindicators for aquatic environments [7,8,9,10], accumulating metals from food, water, and sediments [11]. Metal contents in different fish tissues can differ significantly due to metabolic mechanisms. Metal bioassimilation also depends on uptake pathways, tissue function, physiological exposure, reproductive activity, sex, and life stage [12,13,14]. Edible tissues are more critical to human health than other organs due to the biomagnification process throughout the food chain [15,16]. While muscle tissue is not highly active in accumulation, assessing its content is crucial since it is the main part consumed by humans [17].



Fish can be classified depending on where they live. Pelagic fish live in surface waters (up to 200 m), and demersal fish can be benthic if they live permanently on or near the seabed (irrespective of the depth of the sea) or benthopelagic if they inhabit close to the bottom (preferably in deep water) [18]. In general, benthic fauna has higher metal concentrations due to its direct contact with contaminant-rich bottom sediments together with their different habitats, feeding, and interaction among trace metals and species. The less spatial movement of benthic species can be a problem in contaminated areas [19]. It has been reported that benthic fauna, which can consume crustaceans, molluscs, and shrimps, has significantly higher levels of Cd, Cu, and Zn than pelagic. The presence of Cd is likely due to crustaceans’ tendancy to accumulate this element in high levels [20,21].



The biomonitoring studies in Algeciras Bay proposed in this work focused on the metals zinc (Zn), cadmium (Cd), lead (Pb), and copper (Cu), which are of great interest due to the anthropogenic activities affecting the bay, posing threats to aquatic life and human health. Industries, settlements, and ports in this area contribute to elevated metal levels. Zn sources include fossil fuel burning, traffic emissions (gasoline), and industrial/domestic wastewater. Cd sources may be metal smelting and refining, fuel burning, metal processing, and wastewater treatment. Pb presence is linked to petrochemical industries, coal combustion, traffic emissions (maritime transport), and marine engineering. Cu may result from traffic emissions (diesel oil), marine engineering, and industrial/domestic wastewater. Phosphate fertilisers may contribute to high Cd and Cu levels [22,23]. Pb and Cd, non-essential metals, are EU-WFD priority hazardous substances; Zn and Cu are essential and act as important co-factors in many biochemical processes but become toxic above a threshold concentration [24,25].



The aims proposed in this work were to determine the ecological status of Algeciras Bay using the following approach: (i) to determine the Zn, Cd, Pb, and Cu levels in gill, liver, and muscle tissues of fish species common in Algeciras Bay (benthic (Solea senegalensis) and benthopelagic species (Scorpaena porcus, Trigloporus lastoviza (accepted as Chelidonichthys lastoviza) and Diplodus sargus sargus)), studying the possible spatial and seasonal influences; (ii) to assess the potential health risks associated with the consumption of these metals by comparing the metal levels in the tissues with guideline and permissible levels; (iii) to compare the metal levels in fish with those from other ecosystems in the literature; (iv) to evaluate metal pollution indexes (MPI) to provide overall metal content for the different species and tissues at each site, and compare it with values from other ecosystems; (v) to evaluate the potential impact of the abiotic phases (liquid or solid) on metal accumulation in fish habitats, calculating the biota-water and biota-sediment accumulation factors (BAFs) and analysing correlations among fractions found in the aquatic compartments of the bay; for this last purpose, the studies of water and sediment from the bay, reported in Ecological Status of Algeciras Bay, in a Highly Anthropised Area in South-West Europe, through Metal Assessment—Part I: Abiotic Samples, were used.




2. Materials and Methods


2.1. Description of the Area and Sampling Sites


The Bay of Algeciras is an important industrialised area located on the Mediterranean coast of southwestern Spain, limited by Punta del Carnero (Algeciras) and Punta Europa (Gibraltar) [26]. This bay covers an area of about 9 km × 11 km2, with a maximum depth of almost 400 m [27]. Five cities with more than 275,000 inhabitants are located around the bay (Algeciras: 122,368, Los Barrios: 24,069, La Línea de la Concepción: 63,271, San Roque: 33,018) [28]; Gibraltar: 32,714; total: 275,440 [29]). The bay holds two important ports sited on Algeciras and Gibraltar, with intense marine traffic that can cause discharges and accidental spills [30], and also numerous industrial plants distributed along its coastline [27], including stainless steel manufacturing plants, refineries, and petrochemical installations, thermal power plants, ironworks, shipyards, and docks [26,31,32]. Furthermore, urban wastewater discharges may occur due to the high population density of the bay, coming from the main population centres of the cities of Algeciras, Los Barrios, San Roque, La Línea de la Concepción, and Gibraltar. The bay also receives the water discharge from the Guadarranque and Palmones rivers. The water of the bay has a high turnover because of its proximity to the Strait of Gibraltar, where the Mediterranean Sea and the Atlantic Ocean meet with strong currents. These geographical conditions could disperse pollutants into the water [26]. Nevertheless, marine pollution is a realistic risk and a major problem in this area subject to persistent anthropogenic pollution. The Bay of Algeciras exhibits high biodiversity, hosting approximately 50 fish species. Of these, only 35% are pelagic, while the remaining 65% consist of demersal fish (25% benthic and 40% benthopelagic), such as the species studied in this work [33].



Biotic samples (fish) were collected from 5 representative sampling sites (Figure 1): 1—Getares beach (control site with maritime traffic and limited urban influence), and four other pollution hotspots named 2—Isla Verde (with road and maritime traffic due to the port activity of the Port of Algeciras), 3—Palmones (area characterised by the presence of a steel manufacturing plant, a thermal power plant, the Palmones river, and urban influence), 4—Guadarranque (close to a Chemical Pole with refineries and a thermal power plant, apart from the presence of the Guadarranque river and urban influence), and 5—Puente Mayorga (close to power thermal plants, port activities, and maritime traffic from the Port of Gibraltar). The selection of these sites was based on previous studies [34], where the metal content in sediment samples from 17 sites along Algeciras Bay was studied. The different samples were consecutively collected during four samplings, as follows: sampling 1 (1st autumn), sampling 2 (1st spring), sampling 3 (2nd autumn), and sampling 4 (2nd spring). More information about sampling can be found in Table S1 of the Supplementary Material.




2.2. Equipment and Reagents


All analytical instruments and equipment used in this work are listed in Table S2 of the Supplementary Material.



All chemicals and standard solutions used for trace metal analyses were of Suprapur and Pro Analysis quality purchased from Merck (Darmstadt, Germany) or Sigma-Aldrich (Steinhein, Germany). The standard solutions required for the calibration curves were prepared by diluting 1000 mg/L commercial standard solutions.




2.3. Collection, Pretreatment and Analysis of Biotic Samples


Fish species of sole (Solea senegalensis), scorpionfish (Scorpaena porcus), streaked gurnard (Trigloporus lastoviza) and white seabream (Diplodus sargus sargus) were collected at sampling sites. Trammel nets and bottom trawling were used at night to conduct fishing operations and to catch the demersal species. Captured live fish were handled with care and transported in aerated tanks to the port, ensuring a journey of no more than 30 min, where they were anaesthetised and dissected. The size and weight of the fish sampled were measured, and tissue subsamples (liver, gills, and muscle) were quickly extracted from the species and stored at −80 °C using liquid nitrogen during transport to the laboratory. Samples were lyophilised and acid-digested by microwave heating, as reported previously [35], and metal concentrations were analysed using ICP-MS.



The experiments described comply with the Guidelines of the European Union Council (86/609/EU) and the Spanish Government (RD 1201/2005) for the use of animals in research.



The limits of detection of the metal analysis in the different tissues are shown in Table S3 of the Supplementary Material.




2.4. Quality Control and Quality Assurance


All experimental procedures were carried out using latex gloves and a second pair of disposable PE gloves, which are free of trace metals and usually used in clean rooms. Plastic and glass labware were cleaned using a 2 mol/L nitric acid bath overnight, followed by rinsing with ultrapure water and air drying in a laminar flow hood. The materials were finally sealed in polyethylene bags until use. Each sample was prepared and processed in duplicate and analysed in three replicates (n = 3) to ensure the reliability of the methods and measurements. In all cases, blank samples were performed following the same protocols described for samples. Standard solutions for metal calibration curves were prepared in matrices similar to the samples. Standards and blanks were also run between every 10 sets of samples for quality control of the measurements. The average values of the relative standard deviations (%RSD)—obtained from the three replicates of standards and samples—were most often <10%. The limits of detection (LD) of the metal analysis were determined (defined as 3·s/m, where s is the standard deviation of 10 blank measurements and m is the slope of the calibration curve [36]; Table S3 of the Supplementary Material). The following certified reference materials were analysed following the same procedures as for the samples obtaining successful recoveries rates (Table S4 of the Supplementary Material): biological materials NRCC DOLT-3 (dogfish liver, recoveries of 94.7–97.4%) and DORM-2 (dogfish muscle, recoveries of 92.9–105.5%), purchased from the National Research Council of Canada (NRCC, Ottawa, ON, Canada).




2.5. Statistical Software


Statistical analyses of the obtained data were performed using the STATISTICA 7 software package (STATSOFT 2004, Inc., Tulsa, OK, USA). First, Levene and Brown-Forsythe tests were used to measure the homogeneity of the data, and the normality of results was checked by the Shapiro-Wilk test (n < 30) or the Kolmogorov-Smirnov test (n > 30). Some data were neither homogeneous nor normally distributed even when they were mathematically transformed (log x, log (1 + x), 1/x, 1/(1 + x), x2). In these cases, a series of non-parametric tests were carried out. The evaluation of significant differences of analysed metal levels within samplings and sites for the different samples was estimated using the parametric one-way ANOVA or the non-parametric Kruskal-Wallis test and the multiple comparison tests. The Pearson matrix was used to determine the correlation between the concentrations of the pollutants in the different environmental compartments for homogeneous and normal data, while the Spearman’s Rank correlation was employed for non-homogeneous and non-normal distributions. The results of the testing were considered significant at p ≤ 0.05. The spatial distribution maps for the Metal Pollution Indexes in different tissues for benthic and benthopelagic fish at each sampling site have been generated using ArcGis Desktop 10.8.2 (Copyright © 2021, Esri, Madrid, Spain).





3. Results and Discussion


3.1. Metal Content in Fish Samples


The total metal content in gills, liver, and muscle tissues was determined making use of different specimens of sole (Solea senegalensis) (n = 46), black scorpionfish (Scorpaena porcus) (n = 15), streaked gurnard (Trigloporus lastoviza) (n = 21) and white seabream (Diplodus sargus sargus) (n = 5). Table 1 shows the ranges of concentrations found as well as the average values in the different tissues at each sampling site (considering all species). For Zn and Cd, average metal concentrations were higher at sampling site 2 in liver tissues (206.8 and 1.36 mg/kg, respectively); for Pb were higher at sampling sites 1 and 5 in gills (3.05 and 2.58 mg/kg) and liver tissues (2.76 and 2.35 mg/kg); and these sampling sites also presented higher concentrations for Cu in the liver (313.3 and 268.4 mg/kg). On the other hand, Figure 2 depicts Box-Whisker plots for metal concentrations in the different tissues of each fish species using median values. In general terms, the highest concentrations were found in the following tissues and specimens: Zn in gills and liver of all species, Cd in liver of all species, Pb in gills and liver of sole and white seabream and Cu in liver of sole and white seabream. According to these experimental data, general metal content was classified as Zn ≥ Cu > Pb ≥ Cd. Regarding the metal accumulation in each tissue, it can be ordered as follows: Zn > Cu ≈ Pb > Cd (gills), Cu ≈ Zn > Pb ≈ Cd (liver) and Zn > Cu > Pb ≈ Cd (muscle). The higher levels of Zn and Cu compared to Cd and Pb can be explained by the fact that they are essential metals for fish, necessary for metabolic activities and normally easily absorbed by them [37]. The average weight and length of sampled fish were: (a) sole 197.1 ± 86.1 g and 27.0 ± 4.0 cm; (b) black scorpionfish 246.5 ± 121.8 g and 23.3 ± 5.5 cm; (c) streaked gurnard 268.9 ± 99.7 g and 30.5 ± 5.3 cm; and (d) white seabream 116.3 ± 40.9 g and 21.1 ± 9.4 cm. The relationship between metal concentrations and the length of fish was not found, probably due to the low variability of this morphological data in the samples (benthic length average: 27.0 ± 4.0 cm; benthopelagic length average: 26.6 0 ± 7.2 cm). The only exception was the Cd content in the liver of the benthopelagic species, which showed a negative correlation of −0.5344. This result for Cd has been described in the literature as likely due to size-specific metabolic rates associated with fish growth [38].



Liver and gill tissues are involved in fish xenobiotic transformation, storage, and elimination. For this reason, these organs are considered major targets for toxicity assessment. In contrast, muscle is an organ that does not tend to bioaccumulate this type of heavy metals as much and is less sensitive to detecting possible contamination of aquatic ecosystems [14,39,40].



Significant variations between sites and samplings for the different fish and tissues were observed using non-parametric Kruskal-Wallis ANOVA analysis: (a) for sites: Zn in gills of scorpionfish (sites 1–4, p = 0.02440 and sites 2–4, p = 0.02298), and Pb in gills of sole (sites 3–4, p = 0.02121); (b) for samplings: Cd in liver of streaked gurnard (samplings 1–3, p = 0.04271), Pb in gills of sole (samplings 3–4, p = 0.03715), Cu in gills of streaked gurnard (samplings 2–3, p = 0.04709), and Cu in liver of sole (samplings 1–4, p = 0.04159). The differences between sites were more significant than between samplings.



3.1.1. Comparison with Guide Levels and Other Ecosystems


The results obtained for muscle samples were compared with limit values for muscle content found in the literature (by the Food and Agriculture Organisation of the United Nations (FAO), World Health Organisation (WHO), Ministry of Agriculture, Forestry and Fisheries (MAFF), European Commission (EC), European Union (EU), and Turkish Food Codex (TFC)) (Table 2). The conversion of the limit values from wet to dry weight has been performed using a factor of 0.208 (considering 79% moisture content) [17]. This table also shows the concentration ranges and the percentage of samples that surpass the most restrictive value.



The results showed that only 5% of streaked gurnard muscle samples exceeded the most restrictive values of Zn and Cd (FAO values: 143 and 0.24 mg/kg d.w., respectively), while all species exceeded the most restrictive value of Pb (FAO value: 0.11 mg/kg d.w.) with percentages of 13%, 27%, 19%, and 20% of sole, black scorpionfish, streaked gurnard, and white seabream muscle samples, respectively. The maximum limit of Cu was not exceeded. There are no reference or limit values for other tissues and therefore they could not be compared. However, as observed throughout this study, the concentrations in gills and liver would be higher than in muscle. The results for all tissues have also been compared with other studies found in the literature using sole, black scorpionfish, or white seabream species. No studies have been found for the specie-streaked gurnard. Table 3 shows the average concentrations as well as the calculated ratio between the concentrations in Algeciras Bay and other sites, where the positive values in red mean the times that our results are higher compared to the others, and the negative green values mean the times they are lower.



Values from this study below the detection limit could not be compared. In general, the values in sole were not too different among them (up to 2.0 times higher and 2.2 times lower), with the exception of Pb in liver tissues, where the values of Algeciras Bay (this study) were up to 34.3 and 20.9 times exceptionally higher than those of Cádiz Bay and the Senegalese coasts, respectively [48,49]. No great difference was observed with respect to the Huelva Estuary, an estuary with evidence of metallic contamination. The values in black scorpionfish from Algeciras (this study) were especially higher than the others found for Pb in muscle [50,51,52,53,54]. The values were also especially higher for Cu in muscle. Cu values from Algeciras were up to approximately 38 times higher in gills, 39.2 in liver, and 14 times in muscle than in those reported for the Black Sea [53]. The high Zn values in Algeciras also stand out compared to the Black Sea [52] and the Tuscany coast [51]. For white seabream, the highest ratios were also found in the case of Pb, up to approximately 13.4 times higher in Algeciras than in the Cassidaigne canyon (muscle) [54], 11 and 10 times in muscle and liver, respectively, and 7.2 times for Zn (muscle) in the Canary Islands [57]. On the contrary, the level of Pb in the muscle of Algeciras was 57 times lower than in the Seixal Bay [59] because this bay was affected by several effluents non treated and showed a biomagnification phenomenon for Pb. Additionally, 10.6 times for Pb in muscle of white seabream from Cádiz Bay were found [61].



Therefore, in general, it can be concluded that the concentrations of Pb in Algeciras Bay were notably higher than in the others for the three species, as well as Cu values in comparison to values reported in some ecosystems for black scorpionfish or Zn in muscle for black scorpionfish and white seabream. This fact revealed a possible phenomenon of pollution by the non-essential element Pb in this industrialised area.




3.1.2. Assessment of Fish Quality Using Metal Pollution Index (MPI)


The metal pollution index (MPI) of each tissue in fish was calculated in order to estimate the total amount of metals in the different tissues using the following equation [62]:


  M P I =   (   M   1   ·   M   2   ·   M   3   · …     M   n   )     1   n      



(1)




where Mn is the concentration of metal n (mg/kg dry wt.) in each tissue.



The spatial distribution of the MPI index for the different tissues is represented for benthic and benthopelagic fish for the different tissues in Figure 3.



The lack of values in certain points is due to the fact that specific specimens of fish could not be caught. The MPI values can be ordered according to this trend: liver > gills > muscle, being more affected benthic than benthopelagic fish by metal contamination. For the liver, the high MPI values are similar throughout the bay, highlighting site 2 (Algeciras port). For the gills, higher values were obtained for sites 3 and 5, which were characterised by different industrial activities. These types of fish can be influenced by high concentrations of Cu and Pb in sediments (higher or very close to TEL levels, respectively). However, for muscle, there are no major differences due to the low variability of the index, which ranges between 0 and 1.



Also, several MPI indexes have been found or calculated (for the four metals under study) from the literature (Table 4) for sole (S. senegalensis) [35,48,49], black scorpionfish (S. porcus) [50,51,52,55], white seabream (D. sargus sargus) [58,59], Moroccan white seabream (D. sargus cadenati) [57], and other fish species [9,17,35,61,63,64,65,66,67].



The highest MPI values for gills in Algeciras corresponded to D. sargus sargus (3.71) and S. senegalensis (2.81). These metal pollution indexes were lower than those found for S. senegalensis (4.79) in Cadiz Bay (Spain) [48], S. senegalensis (6.86) and S. aurata (4.35) in the Huelva Estuary (Spain) [35] or S. solea (32.29) and S. aurata (22.81) in the Iskenderun Gulf (Turkey) [9], which showed high MPI values. For liver, the highest values in Algeciras corresponded to S. senegalensis (15.75) and D. sargus sargus (12.45), lower than those reported for S. senegalensis (17.85) and S. aurata (27.93) in the Huelva Estuary [35] or S. solea (80.87) and S. aurata (41.49) in the Iskenderun Gulf [9] with reported persistent contamination over time. For muscle, D. sargus sargus (3.41) and S. porcus (2.18) presented the highest values in Algeciras. They were higher than the rest found in the literature, except in comparison with the values in the Iskenderun Gulf (11.53 and 9.42) [9] or Seixal Bay (5.30) [59].



As previously stated, and based on these results, the liver and, secondly, the gills can be considered the main target tissues, compared to muscle, for the assessment of metal content in fish in most ecosystems. However, the values obtained for muscle samples in this study are high compared to the rest of the reported values. Among the studied fish species, S. senegalensis and D. sargus sargus could be considered representative and useful bioindicators of metal-polluted environments. The marine flatfish Solea senegalensis is one of the most abundant and representative species of the Atlantic coasts of Europe and Africa and is farmed in southern European countries, with high ecological and commercial values [68,69]. Thereby, it has been chosen for several environmental studies in order to assess environmental habitat quality [69,70,71,72,73,74,75,76,77,78,79,80,81].





3.2. Bioaccumulation Factors (BAFs)


The risks associated with metal levels in fish tissues were assessed by means of the bioaccumulation factor (BAF). This factor evaluates the bioaccumulation of a certain element with respect to the environmental matrices [82]. The biota-water accumulation factor (BWAF) can be calculated as the ratio between the concentration of metal ions in fish tissue (mg/kg, dry weight) and the concentration in water (µg/L), while the biota-sediment accumulation factor (BSAF) refers to the concentration in the sediment compartment (mg/kg, dry weight). It has been established that fish tend to accumulate metal content if BWAF > 1, but it is significant when it exceeds 100 or more [83]. On the other hand, tissues can be classified as macroconcentrators (BSAF > 2), microconcentrators (1 > BSAF < 2) or deconcentrators (BSAF < 1) [84].



The number and percentage of fish samples that surpassed the reference BWAF and BSAF values are indicated in Table 5. The most significant results are marked in red. In many cases, BWAF values were above 1, especially in the gills and liver of the species studied, and were above the value of 100 (BWAF > 100) for Zn in 83% of black scorpionfish liver samples as well as 55% of sole liver samples for Cu. These cases reflected an important bioaccumulation in the biota from water.



Regarding BSAF values, they were above 2 (BSAF > 2) in a high percentage of liver samples of sole (69% for Zn, 57% for Cd, and 92% for Cu), black scorpionfish (92% for Zn and 75% for Cd) and white seabream (100% for Zn and 67% for Cd), as well as in white seabream gills samples for Zn (80%). In these cases, these tissues can be considered as macroconcentrators of these metals. As microconcentrators (1 > BSAF < 2), the gills of sole (83%) and black scorpionfish (80%) and liver of streaked gurnard (65%) stand out for Zn. In general terms, the rest of the gills and muscle tissues revealed their deconcentrator nature (BSAF < 1).



The BWAF and BSAF values calculated for all samples can be found in Table S5 (Supplementary Material). In general terms, BWAF values were higher than BSAF values (except for Cd and Cu in the liver, where the opposite happens), and the liver presented the highest values compared to gills and muscle (the latter with the lowest values). Zn was the element with the highest values of BWAF and BSAF. Specifically, the maximum BWAF values obtained for gills were as follows: 1343.1 for Zn (an anomalous high value for site 1, white seabream), 1.7 for Cd (site 2, sole), 81.3 for Pb (site 1, white seabream), and 68.5 (mg/kg)/(µg/L) for Cu (site 5, sole); for liver: 586.2 for Zn (site 1, streaked gurnard), 19.3 for Cd (site 2, sole), 28.0 for Pb (site 1, sole) 319.3 for Cu (site 5, sole); and for muscle: 47.1 for Zn (site 2, white seabream), 4.1 for Cd (site 3, streaked gurnard), 11.4 for Pb (site 1, black scorpionfish), and 4.2 for Cu (site 5, sole). On the other hand, the maximum BSAF values for gills were as follows: 27.5 for Zn (site 1, streaked gurnard), 0.80 for Cd (site 2, black scorpionfish), 2.7 for Pb (site 1, sole), and 3.4 for Cu (site 5, sole); for liver: 12.0 for Zn (site 1, streaked gurnard), 30.1 for Cd (site 1, sole), 0.8 for Pb (site 5, sole), and 345.1 for Cu (site 1, sole); and for muscle: 3.7 for Zn (site 3, streaked gurnard), 2.2 for Cd (site 3, streaked gurnard), 0.14 for Pb (site 1, black scorpionfish), and 0.67 for Cu (site 3, streaked gurnard). It can be stated that fish, especially sole species, presented greater bioaccumulation of Cd and Cu from the sediment from where it seems that they have taken the most bioavailable fraction due to their benthic character.



Recent studies on bioaccumulation factors for different fish tissues have been found in the literature. Ahmed et al. studied bioaccumulation in edible tissues of seven important commercial species from the Meghna River Estuary in Noakhali district (southeastern Bangladesh), obtaining high mean BWAF values for Pb > Cr > As > Cd > Cu (mg/kg)/(mg/L), with a higher concentration of metals in demersal than in pelagic species [85]. Rubalingeswari et al. studied BWAF values in six species of commonly edible fish from the Adyar Estuary (India) and observed the highest BWAF values for Cu, Cr, and Zn, where Cu had a high biomagnification impact in all the fish studied, especially in the liver and muscle, while Zn showed greater biomagnification in the liver and gill tissues [86]. Kontas et al. investigated the metal bioaccumulation and the assessment of potential health risks in different tissues of three fish species from Edremit Bay (Aegean Sea, Turkey). BSAF values were notable mainly for Hg, Zn, Cd and Cu in the liver and, to a lesser extent, in the gills, whereas the lowest values were mostly found in the muscle tissues of the fish species [68]. Adani et al. estimated the BWAF and BSAF of different metals using a pelagic fish and a benthic fish, respectively, in the coastal waters of Kalpakkam (southeast coast of India). The highest BWAF value was obtained for Cu, and for Zn in the case of BSAF. These data showed that these metals tend to accumulate more in benthic species [87]. Monier et al. determined the BWAF and BSAF in the liver and muscle of three fish species from the Damietta Port (North Egypt) on the Mediterranean coast. In general, the order in both tissues for the BWAF values was as follows: Zn > Cu > Pb > Cd, while the BSAF were much lower following this trend: Cu > Cd > Zn ≈ Pb [17].



The concentration of heavy metals in the different fish species and tissues varies depending on several factors, such as the aquatic ecosystem, bioavailability, habitat, life cycle, feeding nature or physiological conditions. Thus, to determine these concentrations and bioaccumulation in different fish species is essential for assessing the risk to the environment and human health [17,40]. Some studies have reported that gills and the liver accumulate higher metal concentrations compared to muscle. The uptake of trace metals through water involves the direct transfer of these elements from the water to the gills and body surfaces [13]. The high levels of heavy metals (such as Cu or Zn) in liver tissue are related to the detoxifying function of this organ, which is the site of metal metabolism [88]. Metallothioneins are proteins in hepatic tissues that act as essential metal stores to fulfil several enzymatic and metabolic demands. The presence of Cd can be explained by the capacity of this metal to displace essential metals normally associated with metallothioneins in hepatic tissues [89]. According to several studies, Cd is one of the most concentrated metals in benthic organisms since molluscs accumulate the most Cd, and they have been identified as pollution indicators. Lead and cadmium have the highest biomagnification levels from prey to predator. In contrast, copper has the least sign of biomagnification in the food chain [20,23]. It has been also reported that demersal fish and benthic communities generally have higher concentrations of arsenic, cadmium, chromium, copper, and zinc [90], which is consistent with the results of this study.




3.3. Correlation among Fish, Water and Sediment Metal Contents


Spearman correlation tests (p < 0.05) were performed to determine the relationship between metal concentrations in the different compartments. Correlations were found in black scorpionfish species: a considerable positive correlation for Zn between the metal content in the gills and the exchangeable fraction of the sediments (RSpearman = 0.67363) and the metal concentration in the liver and the reducible fraction of sediments (RSpearman = 0.7233); and, on the other hand, negative correlations between the gills and the oxidisable and residual fractions of the sediments (RSpearman = −0.72849 and −0.71005, respectively), explained by the lower availability of these fractions. The correlation between the Zn content in the gills and the exchangeable fraction can be explained because this is the fraction that is most easily released into the environment, and the gills are the first organ in contact with water. In the liver, the release of Zn bound to Fe and Mn (hydr)oxides could also affect these fish species. No more significant correlations were found for the rest of the fish species and water or sediments. However, high concentrations of metals were found in several samples, revealing the influence of anthropogenic activities in the bay.





4. Conclusions


The total metal contents of Zn, Cd, Pb, and Cu were determined in the gills, liver, and muscle of the following four fish species common in Algeciras Bay: the benthic species sole (S. senegalensis) and the benthopelagic species black scorpionfish (S. porcus), streaked gurnard (T. lastoviza), and white seabream (D. sargus sargus). The trend in metal content was Zn ≥ Cu > Pb ≥ Cd, and for each tissue Zn > Cu ≈ Pb > Cd (gills), Cu ≈ Zn > Pb ≈ Cd (liver), and Zn > Cu > Pb ≈ Cd (muscle). The highest levels of Zn and Cu were found mainly in the liver and gills from sites characterised by anthropogenic activities. Compared to guideline values, percentages of 13%, 27%, 19%, and 20% of the muscle samples of sole, black scorpionfish, streaked gurnard, and white seabream, respectively, exceeded the most restrictive guideline value for Pb (FAO value: 0.11 mg/kg d.w.). Therefore, the consumption of these fish species may pose a potential risk to human health in relation to Pb. On the other hand, MPI values revealed that the liver and gills of benthic species were more affected by metal contamination than benthopelagic species, especially at most industrialised sites. Regarding the bioaccumulation factors, it can be stated that the liver of the sole species presented a high bioaccumulation of Cd and Cu from the sediment (BSAF). These benthic fish were the most affected by the sediments in this area. From all the studies accomplished, it could be concluded that, among the fish species studied, S. senegalensis and D. sargus sargus can be considered representative and useful pollution bioindicators.



All these results were consistent with the findings in Ecological Status of Algeciras Bay, in a Highly Anthropised Area in South-West Europe, through Metal Assessment—Part I: Abiotic Samples: elevated Zn levels in water, indicative of anthropogenic influence; a notable percentage of dissolved Cd, the most available form; higher Pb levels in water compared to other affected ecosystems; the highest metal contents in sediments at sites 3 and 4, exceeding the TEL for Cu and nearing it for Pb; and substantial availabilities of Cd (fraction F1) and Pb (F1 + F2) in sediments and their potential resuspension into the water column, impacting fish species.



These integrative environmental studies have effectively revealed Algeciras Bay’s ecological status, highlighting potential impacts from industrial, maritime, and urban on the aquatic ecosystem and biota. Hence, the control of Zn, Cd, Pb, and Cu pollution and monitoring of fish and seafood for human consumption would be advisable in this area.
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Figure 1. Map of Algeciras Bay showing the sampling sites and principal anthropogenic activities in the area. 
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Figure 2. Box–Whisker plots for Zn, Cd, Pb, and Cu (mg/kg d.w.) in fish tissues (gill, liver, and muscle) taken from Algeciras Bay (S: sole; Sco: scorpionfish; Str: streaked gurnard; Ws: white seabream). 
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Figure 3. Metal pollution indexes for Zn, Cd, Pb, and Cu in tissues (gill, liver, and muscle) of the benthic and benthopelagic species at each sampling site. 
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Table 1. Ranges and average metal concentrations (mg/kg d.w.) for fish tissues at each sampling site.
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Site

	
Tissue

	
Zn

	
Cd

	
Pb

	
Cu






	
1

Getares beach

	
Gills (n = 40)

	
(6–1153) 98 ± 196

	
(<LD) <LD

	
(<LD–39.1) 3.05 ± 7.35

	
(0.6–10.8) 3.22 ± 1.60




	
Liver (n = 33)

	
(17–503) 121 ± 86

	
(0.06–2.90) 0.96 ± 0.70

	
(<LD–7.71) 2.76 ± 2.05

	
(4–1492) 313 ± 335




	
Muscle (n = 40)

	
(12.3–43.8) 20.1 ± 7.5

	
(<LD) <LD

	
(<LD–3.13) <LD a

	
(0.28–1.98) 0.82 ± 0.37




	
2

Isla Verde

	
Gills (n = 9)

	
(38.5–80.7) 61.2 ± 12.0

	
(<LD–0.21) <LD

	
(<LD–4.63) 1.25 ± 1.45

	
(1.20–3.78) 2.45 ± 0.93 b




	
Liver (n = 7)

	
(72–475) 207 ± 137

	
(0.23–3.83) 1.36 ± 1.55

	
(<LD–2.06) 0.73 ± 0.81

	
(9–636) 104 ± 234




	
Muscle (n = 8)

	
(12.5–46.6) 24.0 ± 11.5

	
(<LD) <LD

	
(<LD) <LD

	
(0.30–2.02) 0.74 ± 0.67




	
3

Palmones

	
Gills (n = 18)

	
(<LD–74.30) 65.8 ± 17.4

	
(<LD–0.10) <LD

	
(<LD–7.06) 2.14 ± 1.78

	
(<LD–31.83) 4.37 ± 8.23




	
Liver (n = 18)

	
(68–250) 127 ± 44

	
(<LD–2.53) 0.38 ± 0.58

	
(<LD–5.12) 1.03 ± 1.39

	
(10–426) 92 ± 132




	
Muscle (n = 21)

	
(<LD–260) 30.0 ± 53.1

	
(<LD–0.40) <LD

	
(<LD–1.06) <LD

	
(<LD–2.48) 1.17 ± 0.64 c




	
4

Guadarranque

	
Gills (n = 12)

	
(58–111) 69.7 ± 19.5

	
(<LD–0.11) <LD

	
(<LD–2.31) 0.76 ± 0.74

	
(1.39–9.87) 2.91 ± 2.28




	
Liver (n = 11)

	
(14–299) 139 ± 90

	
(<LD–1.73) 0.79 ± 0.51

	
(<LD–2.56) 0.88 ± 0.96

	
(7–262) 69.1 ± 89.6




	
Muscle (n = 11)

	
(11.7–41.5) 22.0 ± 8.0

	
(<LD–0.10) <LD

	
(<LD–1.49) 0.20 ± 0.45

	
(0.4–10.1) 1.55 ± 2.86




	
5

Puente Mayorga

	
Gills (n = 8)

	
(<LD–151) 67.7 ± 41.4

	
(<LD–0.52) <LD

	
(0.51–8.20) 2.58 ± 3.06

	
(2.1–34.1) 7.4 ± 10.8




	
Liver (n = 7)

	
(63–127) 104 ± 27

	
(<LD–1.22) 0.47 ± 0.48

	
(<LD–7.56) 2.35 ± 2.90

	
(2–1505) 268 ± 548




	
Muscle (n = 7)

	
(16.3–25.5) 19.5 ± 3.0

	
(<LD) <LD

	
(<LD–0.29) <LD

	
(0.57–2.10) 1.03 ± 0.53








a n = 39; b n = 8; c n = 20.













 





Table 2. Permissible levels of metals in muscle meat of fish found in the literature and this study (referred to mg/kg of dry weight).
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Organisation a

	
Zn

	
Cd

	
Pb

	
Cu

	
Reference






	
FAO maximum limit for fish

	
30–100 (143–476) b

	
0.05–5.5 (0.24–26.2) b

	
0.5–6.0 (0.11–28.6) b

	
10–100 (47.6–476) b

	
[41]




	
WHO 1989

	
100 (476) b

	
1 (4.8) b

	
2 (9.6) b

	
30 (143) b

	
[42]




	
England MAFF

	
50 (238) b

	
0.2 (0.96) b

	
2 (9.6) b

	
20 (95.2) b

	
[43]




	
EC, EU

	

	
0.05 (0.24) b

	
0.3 (1.4) b

	

	
[44,45,46]




	
TFC

	
50 (238) b

	
0.1 (0.48) b

	
1 (4.8) b

	
20 (95.2) b

	
[47]




	
Algeciras Bay

	
Zn

	
Cd

	
Pb

	
Cu

	
Reference




	
Minimum-maximum values

	
This study




	
    sole

	
<LD–32.3

	
<LD–0.1

	
<LD–0.35

	
<LD–10.1




	
    black scorpionfish

	
14.0–41.5

	
<LD

	
<LD–3.1

	
0.3–2.0




	
    streaked gurnard

	
12–260

	
<LD–0.4

	
<LD–1.5

	
0.4–2.5




	
    white seabream

	
16.0–46.6

	
<LD

	
<LD–0.9

	
0.3–1.3




	
Percentage surpassing the most restrictive FAO limits c




	
    sole

	
0%

	
0%

	
13%

	
0%




	
    black scorpionfish

	
0%

	
0%

	
27%

	
0%




	
    streaked gurnard

	
5%

	
5%

	
19%

	
0%




	
    white seabream

	
0%

	
0%

	
20%

	
0%








a FAO: Food and Agriculture Organisation of the United Nations, WHO: World Health Organisation, MAFF: Ministry of Agriculture, Forestry and Fisheries, EC: European Commission, EU: European Union, TFC: Turkish Food Codex; b Conversion from wet to dry weight (conversion factor of 0.208 considering 79% of moisture content) [17]; c Zn: 143, Cd: 0.24, Pb: 0.11, Cu: 47.6 mg/kg of dry weight.













 





Table 3. Comparison of average values of total metal concentrations (mg/kg d.w.) in fish species with other studies a.
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Tissue

	
Zn

	
Cd

	
Pb

	
Cu

	
Site

	
Reference






	
Sole




	
  Gills

	
58.5

	
<LD

	
2.76

	
5.29

	
Algeciras Bay (Spain)

	
This study




	
  Liver

	
98.7

	
0.84

	
2.95

	
356




	
  Muscle

	
17.5

	
<LD

	
<LD

	
0.98




	
  Gills

	
73.7 (−1.3)

	
0.56

	
4.52 (−1.6)

	
11.9 (−2.2)

	
Huelva Estuary (Spain)

	
[35]




	
  Liver

	
88.2 (+1.1)

	
1.82 (−2.2)

	
1.46 (+2.0)

	
433.5 (−1.2)




	
  Muscle

	
23.7 (−1.4)

	
0.01

	
0.4

	
1.41 (−1.4)




	
  Gills

	
94.5 (−1.6)

	
0.4

	
2.72 (1.0)

	
5.12 (1.0)

	
Cádiz Bay (Spain)

	
[48]




	
  Liver

	
120.8 (−1.2)

	
0.55 (+1.5)

	
0.086 (+34.3)

	
441.6 (−1.2)




	
  Muscle

	
26.1 (−1.5)

	
0.1

	
0.01

	
0.78 (+1.3)




	
  Liver

	
78.0 (+1.3)

	
0.7 (+1.2)

	
0.14 (+20.9)

	
426.5 (−1.2)

	
Senegalese coasts (Africa)

	
[49]




	
  Muscle

	
17.4 (1.0)

	
<LD

	
<LD

	
0.49 (+2.0)




	
Black scorpionfish




	
  Gills

	
68.2

	
0.014

	
0.76

	
2.28

	
Algeciras Bay (Spain)

	
This study




	
  Liver

	
223.7

	
1.01

	
0.20

	
17.6




	
  Muscle

	
26.3

	
<LD

	
0.32

	
0.98




	
  Muscle

	
43.2 (−1.6)

	
0.024

	
0.026 (+12.1)

	
0.56 (+1.7)

	
Northwestern Mediterranean Sea (France)

	
[50]




	
  Muscle

	
4.37 (+6.0)

	
0.002

	
0.013 (+24.9)

	
0.22 (+4.5)

	
Tuscany coast (Italy)

	
[51]




	
  Muscle

	
2.40 (+11.0)

	
0.01

	
0.02 (+15.9)

	
0.10 (+9.8)

	
Black Sea (Turkey)

	
[52]




	
  Gills

	

	
<LD

	
0.04 (+19.1)

	
0.06 (+38.0)

	
Black Sea (Turkey)

	
[53]




	
  Liver

	

	
<LD

	
0.03 (+6.7)

	
0.45 (+39.2)




	
  Muscle

	

	
0.02

	
0.04 (+7.9)

	
0.07 (+14.0)




	
  Muscle

	

	
0.001

	
0.04 (+7.8)

	

	
Cassidaigne Canyon (France)

	
[54]




	
  Muscle

	
95.3 (−3.6)

	
0.80

	
0.66 (−2.1)

	
0.73 (+1.3)

	
Black and Aegean Seas (Turkey)

	
[55]




	
  Muscle

	
10 (+2.6)

	

	
0.5 (−1.6)

	

	
Augusta Bay (Italy)

	
[56]




	
White seabream




	
  Gills

	
198.5

	
<LD

	
6.87

	
2.23

	
Algeciras Bay (Spain)

	
This study




	
  Liver

	
113.2

	
1.50

	
2.09

	
133.9




	
  Muscle

	
32.5

	
<LD

	
0.19

	
0.88




	
  Liver

	
83.0 (+1.4)

	
2.67 (−1.8)

	
0.21 (+10.0)

	
23.7 (+5.7)

	
Gran Canaria (Canary Islands, Spain)

	
[57]




	
  Muscle

	
4.51 (+7.2)

	
0.003

	
0.02 (+11.0)

	
0.57 (+1.5)




	
  Liver

	

	
3.15 (−2.1)

	
0.68 (+3.1)

	
44.4 (+3.0)

	
Ria Formosa (Portugal)

	
[58]




	
  Muscle

	

	
0.005

	
0.036 (+5.2)

	
1.52 (−1.7)




	
  Muscle

	
17.3 (+1.9)

	
1.48

	
10.6 (−56.7)

	
2.91 (−3.3)

	
Seixal Bay (Portugal)

	
[59]




	
  Muscle

	
28.8 (+1.1)

	

	
0.11 (+1.8)

	
2.25 (−2.6)

	
Bay of Toulon (France)

	
[60]




	
  Muscle

	

	
0.001

	
0.014 (+13.4)

	

	
Cassidaigne Canyon (France)

	
[54]




	
  Muscle

	
46.1 (−1.4)

	
0.11

	
1.99 (−10.6)

	
1.53 (−1.7)

	
Cádiz Bay (Spain)

	
[61]








a Positive/negative values in red/green mean the times the results of this study are higher/lower compared to the others.













 





Table 4. Comparison of MPI indexes in different tissues of fish species for Zn, Cd, Pb, and Cu with other studies.
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Fish Specie

	
MPI

	
Site

	
Reference




	
Gills

	
Liver

	
Muscle






	
S. senegalensis (sole)

	
2.81

	
15.8

	
1.34

	
Algeciras Bay (Spain)

	
This study




	
S. porcus (black scorpionfish)

	
1.80

	
5.21

	
2.18




	
T. lastoviza (streaked gurnard)

	
2.15

	
4.75

	
0.73




	
D. sargus sargus (white seabream)

	
3.71

	
12.5

	
3.41




	
S. senegalensis

	
4.79

	
7.09

	
0.38

	
Cádiz Bay (Spain)

	
[48]




	
-

	
7.55

	
0.27

	
Senegalese coast (Africa)

	
[49]




	
S. porcus

	
-

	
-

	
0.35

	
Northwestern Mediterranean Sea (France)

	
[50]




	
-

	
-

	
0.07

	
Tuscany coast (Italy)

	
[51]




	
-

	
-

	
0.08

	
Black Sea area

	
[52]




	
-

	
-

	
2.46

	
Black and Aegean Seas (Turkey)

	
[55]




	
D. sargus sargus

	
-

	
-

	
5.30

	
Seixal Bay (Portugal)

	
[59]




	
-

	
-

	
1.98

	
Cadiz Bay (Spain)

	
[61]




	
D. sargus cadenati

	
-

	
5.76

	
0.10

	
North coast of Gran Canaria (Canary Islands)

	
[57]




	
D. vulgaris

	
-

	
-

	
0.87

	
Cádiz Bay (Spain)

	
[61]




	
M. barbatus

	
-

	
-

	
1.42




	
M. surmuletus

	
-

	
-

	
0.98




	
P. acarne

	
-

	
-

	
1.54




	
P. erythrinus

	
-

	
-

	
1.09




	
P. auriga

	
-

	
-

	
1.49




	
P. pagrus

	
-

	
-

	
1.27




	
S. aurata

	
-

	
-

	
1.17




	
L. aurata

	
-

	
6.37

	
0.23

	
Odiel Estuary (Spain)

	
[63]




	
A. anguilla

	
-

	
3.95

	
0.42




	
S. vulgaris

	
-

	
4.15

	
0.27




	
L. aurata

	
-

	
2.13

	
0.16

	
Cadiz Bay (Spain)




	
A. anguilla

	
-

	
2.39

	
0.26




	
S. vulgaris

	
-

	
2.02

	
0.18




	
S. senegalensis

	
6.86

	
17.85

	
0.60

	
Ría de Huelva (Spain)

	
[35]




	
S. aurata

	
4.35

	
27.93

	
0.72




	
L. abu

	
1.02

	
-

	
0.75

	
Tigris river (Turkey)

	
[64]




	
C. regium

	
0.62

	
-

	
0.42




	
C. macrostomus

	
0.94

	
-

	
0.64




	
B. mystaceus

	
0.19

	
-

	
0.19




	
C. trutta

	
0.13

	
-

	
0.16




	
C. gibelio

	
0.16

	
-

	
0.36




	
G. oyena

	
2.19

	
2.83

	
0.54

	
Hurghada City, Red Sea (Egypt)

	
[65]




	
S. sordidus

	
1.45

	
0.75

	
0.62




	
L. lentjan

	
1.62

	
3.63

	
0.81




	
S. rivulatus

	
1.60

	
13.61

	
0.43




	
M. vanicolensis

	
2.81

	
3.35

	
0.98




	
S. solea

	
32.29

	
80.87

	
11.53

	
Iskenderun Gulf (Turkey)

	
[9]




	
S. aurata

	
22.81

	
41.49

	
9.42




	
L. tanakae

	
-

	
-

	
0.68

	
Shandong Peninsula, Yellow Sea (China)

	
[66]




	
O. kenojei

	
-

	
-

	
0.88




	
C. stigmatias

	
-

	
-

	
0.56




	
C. joyneri

	
-

	
-

	
0.57




	
S. schlegelii

	
-

	
-

	
0.63




	
L. litulon

	
-

	
-

	
0.53




	
P. polyactis

	
-

	
-

	
0.92




	
P. indicus

	
-

	
-

	
0.68




	
L. micropterus

	
-

	
-

	
0.40




	
S. niphonius

	
-

	
-

	
0.69




	
K. punctatus

	
-

	
-

	
0.56




	
M. cephalus

	
-

	
2.97

	
1.89

	
Damietta Port (Egypt)

	
[17]




	
P. pagrus

	
-

	
0.97

	
0.56




	
S. aurita

	
-

	
0.65

	
0.33




	
M. merluccius

	
1.33

	
5.98

	
0.36

	
Edremit

Bay, Aegean Sea (Turkey)

	
[67]




	
M. barbatus

	
0.99

	
4.01

	
0.33




	
P. erythrinus

	
1.82

	
11.25

	
0.45











 





Table 5. Number and percentage of fish samples surpassing reference BWAF and BSAF values (most significant results (>50%) in red font).
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Tissue

	
Factor

	
Values

	
Zn

	
Cd

	
Pb

	
Cu






	
Sole




	
Gills

	
BWAF

	
>1

	
46/46 (100%)

	
2/4 (50%)

	
27/43 (63%)

	
12/13 (92%)




	
>100

	
1/46 (2%)

	
0/4 (0%)

	
0/43 (0%)

	
0/13 (0%)




	
BSAF

	
<1

	
5/46 (11%)

	
22/22 (100%)

	
43/46 (94%)

	
42/46 (92%)




	
1–2

	
38/46 (83%)

	
0/22 (0%)

	
2/46 (4%)

	
2/46 (4%)




	
>2

	
3/46 (6%)

	
0/22 (0%)

	
1/46 (2%)

	
2/46 (4%)




	
Liver

	
BWAF

	
>1

	
39/39 (100%)

	
2/2 (100%)

	
34/36 (94%)

	
11/11 (100%)




	
>100

	
8/39 (21%)

	
0/2 (0%)

	
0/36 (0%)

	
6/11 (55%)




	
BSAF

	
<1

	
3/39 (8%)

	
6/21 (29%)

	
39/39 (100%)

	
0/39 (0%)




	
1–2

	
9/39 (23%)

	
3/21 (14%)

	
0/39 (0%)

	
3/39 (8%)




	
>2

	
27/39 (69%)

	
12/21 (57%)

	
0/39 (0%)

	
36/39 (92%)




	
Muscle

	
BWAF

	
>1

	
45/46 (98%)

	
0/4 (0%)

	
0/42 (0%)

	
5/12 (42%)




	
>100

	
0/46 (0%)

	
0/4 (0%)

	
0/42 (0%)

	
0/12 (0%)




	
BSAF

	
<1

	
46/46 (100%)

	
22/22 (100%)

	
45/45 (100%)

	
46/46 (100%)




	
1–2

	
0/46 (0%)

	
0/22 (0%)

	
0/45 (0%)

	
0/46 (0%)




	
>2

	
0/46 (0%)

	
0/22 (0%)

	
0/45 (0%)

	
0/46 (0%)




	
Black scorpionfish




	
Gills

	
BWAF

	
>1

	
15/15 (100%)

	
-

	
8/13 (62%)

	
1/1 (100%)




	
>100

	
2/15 (13%)

	
-

	
0/13 (0%)

	
0/1 (0%)




	
BSAF

	
<1

	
2/15 (13%)

	
15/15 (100%)

	
15/15 (100%)

	
14/14 (100%)




	
1–2

	
12/15 (80%)

	
0/15 (0%)

	
0/15 (0%)

	
0/14 (0%)




	
>2

	
1/15 (7%)

	
0/15 (0%)

	
0/15 (0%)

	
0/14 (0%)




	
Liver

	
BWAF

	
>1

	
12/12 (100%)

	
-

	
2/10 (20%)

	
1/1 (100%)




	
>100

	
10/12 (83%)

	
-

	
0/10 (0%)

	
0/1 (0%)




	
BSAF

	
<1

	
0/12 (0%)

	
2/12 (17%)

	
12/12 (100%)

	
8/12 (67%)




	
1–2

	
1/12 (8%)

	
1/12 (8%)

	
0/12 (0%)

	
3/12 (25%)




	
>2

	
11/12 (92%)

	
9/12 (75%)

	
0/12 (0%)

	
1/12 (8%)




	
Muscle

	
BWAF

	
>1

	
15/15 (100%)

	
-

	
3/13 (23%)

	
0/1 (0%)




	
>100

	
0/15 (0%)

	
-

	
0/13 (0%)

	
0/1 (0%)




	
BSAF

	
<1

	
15/15 (100%)

	
15/15 (100%)

	
15/15 (100%)

	
15/15 (100%)




	
1–2

	
0/15 (0%)

	
0/15 (0%)

	
0/15 (0%)

	
0/15 (0%)




	
>2

	
0/15 (0%)

	
0/15 (0%)

	
0/15 (0%)

	
0/15 (0%)




	
Streaked gurnard




	
Gills

	
BWAF

	
>1

	
19/21 (91%)

	
0/12 (0%)

	
16/18 (89%)

	
1/1 (100%)




	
>100

	
1/21 (5%)

	
0/12 (0%)

	
0/18 (0%)

	
0/1 (0%)




	
BSAF

	
<1

	
14/21 (67%)

	
20/20 (100%)

	
21/21 (100%)

	
21/21 (100%)




	
1–2

	
6/21 (28%)

	
0/20 (0%)

	
0/21 (0%)

	
0/21 (0%)




	
>2

	
1/21 (5%)

	
0/20 (0%)

	
0/21 (0%)

	
0/21 (0%)




	
Liver

	
BWAF

	
>1

	
20/20 (100%)

	
9/12 (75%)

	
9/17 (53%)

	
2/2 (100%)




	
>100

	
3/20 (15%)

	
0/12 (0%)

	
0/17 (0%)

	
0/2 (0%)




	
BSAF

	
<1

	
1/20 (5%)

	
6/19 (31.5%)

	
20/20 (100%)

	
12/20 (60%)




	
1–2

	
13/20 (65%)

	
7/19 (37%)

	
0/20 (0%)

	
4/20 (20%)




	
>2

	
6/20 (30%)

	
6/19 (31.5%)

	
0/20 (0%)

	
4/20 (20%)




	
Muscle

	
BWAF

	
>1

	
21/21 (100%)

	
1/14 (7%)

	
2/18 (11%)

	
1/1 (100%)




	
>100

	
0/21 (0%)

	
0/14 (0%)

	
0/18 (0%)

	
0/1 (0%)




	
BSAF

	
<1

	
20/21 (95%)

	
19/20 (95%)

	
21/21 (100%)

	
20/20 (100%)




	
1–2

	
0/21 (0%)

	
0/20 (0%)

	
0/21 (0%)

	
0/20 (0%)




	
>2

	
1/21 (5%)

	
1/20 (5%)

	
0/21 (0%)

	
0/20 (0%)




	
White seab